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Abstract

The potential of organic electronic devices, over the past few years, has
been proven tremendous. Flexible and transparent electronic devices
will soon enter the market, but there are still some challenging aspects
requiring further improvements. A generic approach to enhance the
charge transport properties of the organic semiconductors is by introduc-
ing molecular additives. In particular for thin film transistors, doping
the semiconductor layer leads to higher charge carrier mobility, as well
as improving several parameters of the device. The work in this thesis
focuses on identifying suitable molecular additives that can dope organic
semiconductors for thin film transistors.

Chapter 5 presents the application of tris(pentafluorophenyl)borane
B(CsF5)s as an effective p-type dopant. B(CsFs)s was applied in several
small molecule:polymer blends and the improvement in the charge trans-
port properties, as measured from organic thin film transistors (OTFTs),
was remarkable. In particular the blend diF-TESADT:PTAA and the
Cs-BTBT:Ci-IDT-BT showed hole mobility of 8 and 11 cm?/Vs, respec-
tively. OTFT parameters, such as the threshold voltage and the contact
resistance were significantly reduced with the addition of molecular ad-
ditives. The impact of the dopant addition in the blends was studied by
AFM and XRD, which revealed that long-range crystallinity was induced
in certain systems.

Chapter 6 presents the DMBI-BDZC as a new n-type dopant. For
transistors integration into circuits balanced charge transport is required
and thus extensive optimisation is still required for n-type materials.
DMBI-BDZC was used to dope a small molecule (NDI3BHU-DTYM?2)
and a polymeric (N2200) semiconductor. In both systems free electron
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generation was observed at an optimum dopant concentration, as mea-
sured by electron paramagnetic resonance (EPR). OTFTs with enhanced
charge carrier mobility and reduced contact resistance was achieved with
the dopant addition. By further analysis of the device characteristics,
reduction in both activation energy and density of traps states was ob-
served in the doped devices. The morphology studies of the organic
semiconducting thin films revealed that the dopant addition is not dis-
rupting the structure. Furthermore, the reduction in activation energy
at low voltages is in accordance with the trap density calculations as
performed from the OTFTs.

In chapter 7 a single organic layer light emitting transistor (OLET) is
demonstrated. The key behind this device structure was the identifica-
tion of the polymer PDITTT. This polymer combines high charge trans-
port properties (1 cm?/Vs) as well as having green light emission. The
properties of the polymer allowed the fabrication of a single layer organic
semiconducting OLET. Blending the polymer with the small molecule
Cg-BTBT resulted in enhanced charge transport OTFTs. OTFTs and
OLETSs were fabricated from both the PDITTT and Cs-BTBT:PDITTT.
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Chapter 1

Introduction

A brief overview of thin film transistors’ history, since
their discovery to the commercialy available electronic
devices with organic semiconductors is given in this
section. (Left panel: Iphone XS with an OLED display
and an Apple A12 Bionic system on chip.) [1]
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CHAPTER 1. Introduction

1.1 Background

It has been over 80 years since the first patent was filed, describing the concept of a
transistor device, by Julius Lilienfeld. [2—4] A few years later in 1947, the first transistor
from germanium was reported by John Bardeen, Walter Brattain and William Shockley
at Bell Laboratories. [5, 6] For this ground breaking research they were awarded with
the Nobel Prize in Physics in 1956. [7] It was only a few years later, in 1954, when
germanium was replaced by silicon, fabricated from silicon single crystals, as it was
reported from Bell Laboratories. Silicon transistors were easier to fabricate than the
germanium, and that was the beginning of the Silicon Age. Rapid development then
followed, which lead to the first transistor based computer in 1953, which was built at
the University of Manchester. [8]

The first thin film transistor (TFT) was reported in 1962, by K. Weimer, of which
active layers were deposited by thermal evaporation. [9] Several structures for thin
film transistors were then discovered, and at around 1973 the first active-matrix liquid-
crystal display (LCD) by incorporating cadmium selenide TFTs was reported. [10] A
milestone for this field arose from the development of amorphous silicon (a-Si) transis-
tors. [11] A few years later, in 1980, the first full-colour LCD based on a-Si TFTs was
produced by Hotta et. al. [12]

Since then several semiconducting materials, including inorganics and organics,
and various TFT device architectures were reported in the literature. [13, 14] The
first organic TFT was reported by Koezuka et al. from thiophene molecules with
charge carrier mobility of 2 x 10 ¢cm?/Vs. [15] This finding lead to an increased
interest by the academic community and industry, where chemists are still developing
organic semiconductors with enhanced charge transport properties. Other material
categories have been incorporated in TFTs, including fullerene, graphene and metal
oxides. [13, 16, 17]

The miniaturisation of transistor devices, along with their increased performance,
led to electronics devices with smaller dimensions, as we use them today in our everyday
life. Transistors are the building block of computers and it was predicted by Gordon
Moore in 1965, that the number of transistors in an integrated circuit double every
year; this is known as the Moore’s law. [17, 18] The end of Moore’s law is approaching,
as for instance Apple in October 2018 announced the new iPhone generation, iPhone
X, which has the Apple A12 Bionic system on a chip. [19] This chip has 6.9 billion
transistors, an increase of 60% over the A1l technology, which was only realised a year
ago.

Over the past few years significant interest from industry and academia has been
focused on the development, of new organic materials. The progress of organic semicon-

ductors is incredible with applications including flexible screens, automotive displays
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- r—_.....
! Flexible
|

Plastic

‘ p Substrate]
{  RedOLED
H Green OLED

..... 2 T

Figure 1.1: Organic electronic devices: (a) a flexible OLED TV from LG, (b) flexible
displays for the automotive industry from Flexenable and (c¢) wearable sensor based on
organic electronics from Berkeley. [20-22]
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Figure 1.2: Number of ToT connected devices worldwide from 2015 to 2025. [23]

and devices for medical applications using organic light emitting diodes (OLEDs).
(Figure 1.1, [20-22])

The incorporation of device electronics in our daily life has increased over the last
years and it is expected that it will grow rapidly. With the fast pace development of the
electronic devices and their integration into the internet of things (IoT), the number
of connected devices is projected to be 75.44 billion worldwide by 2025, as predicted
by Information Handling Services (IHS). (Figure 1.2, [23])

19
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1.2 Motivation

Its has been only a few years since organic electronics have been demonstrated in con-
sumer applications, but there are still several challenges that must be resolved. The
stability of the electronic device, the charge carrier mobility and the overall OTFT
parameters require further improvements. In the past few years, new organic semicon-
ducting materials were able to achieve charge carrier mobility of 5 cm?/Vs, which is
the minimum requirement for instance to drive an LED. Parameters, such as threshold
voltage and contact resistance of the OTFTs should be eliminated in order to operate
them with minimum voltage application. There are several ways to tackle these issues,
with the main one being the molecular doping. This concept was adapted [rom the
inorganic semiconductors field. Doping is a simple method where small amounts of a
molecular dopant are added in the organic semiconducting solution. Doping leads to
organic semiconductors with enchanced charge transport properties, as well eliminates
issues OTFT’s performance.

For integrated circuits it is required to have balanced transport between electrons
and holes, thus studying the doping of both p and n-type organic semiconductors
is essential. Hole transporting semiconductors have higher mobility than the n-type
semiconductors. Thus doping of n-type organic semiconductors (OSCs) is of great
importance. There are several limitations on identifying potential n-type dopants,
with the main one being that the majority of them are not air stable, due to the
position of their energy levels. Molecular doping of n-type OSCs has been proven
rather challenging and thus the synthesis or identification of new materials that can
effectively dope the n-type OSCs is crucial. In summary, molecular doping of organic
semiconductors for thin film transistors appears to provide a generic approach not
only to increase the charge carrier transport properties, but also improve the overall
performance of the device, which are required for commercial applications.

Depending on the properties of the organic semiconductors, they have application
in several devices. Thus, identifying the properties of new materials can lead to new

device applications.
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1.3 Thesis Outline

The focus of this thesis is the development of high performing organic thin film tran-
sistors (OTFTs) from both p and n-type organic semiconductors (OSCs). This was
achieved by the addition of a molecular dopant in the OSC formulations. An increase in
the charge transport properties and reduction in the parasitic resistance was observed
for the p and n-type systems studied. An organic polymer:small molecule blend is also
demonstrated for its application in organic light emitting transistors (OLETS).

Chapter 2 gives an overview of organic semiconductors including their electronic
properties and various models used to describe their charge transport properties. A
literature review of the OSCs used for OTFTs then follows for both small molecules
and polymeric materials. Furthermore, a brief description of the operation mechanisms
of the TFTs is given along with the crucial interfaces of the device, which affect the
charge carriers. Finally, a brief overview of the light emitting transistors (OLETS)
structures and organic materials used so far is given.

Chapter 3 highlights the importance of molecular doping for OTFTs and discuss
the doping mechanisms. The different doping approaches, along with their effect in
the OTFTs then follows.

Chapter 4 describes in detail the experimental methods used to fabricate OTFTs
and OLETs. An overview of the basic principles of the experimental techniques used
to study the device’s properties and the thin films is also given.

Chapter 5 is based on the research performed on p-type OSCs. The use of B(CgF5)3

as an effective p-type dopant is demonstrated in several small molecules, polymers and
their blends. The molecular dopant showed it has a dual function in the OSC layer to
increase the performance of the OTFT and to induce long range crystallinity.
This research is published in: J. Panidi, A. F. Paterson, D. Khim, Z. Fei, Y. Han,
L. Tsetseris, G. Vourlias, P. A. Patsalas, M. Heeney, T. D. Anthopoulos, ‘Remark-
able enhancement of the hole mobility in several organic small-molecules, polymers,
and small-molecule:polymer blend transistors by simple admixing of the Lewis acid
p-dopant B(CgF5)s” Advanced Science 2018, 5, 1700290.

Chapter 6 demonstrates the use of a new n-type OSC as a molecular dopant in a

small molecule and a polymeric semiconductor. Doping was verified by both theoreti-
cal and experimental techniques.
This research is published in: J. Panidi, J. Kainth, A. F. Paterson, S.Wang, 1.. Tset-
seris, M.A. McLachlan, M.Heeney, T.D. Anthopoulos, ‘Introducing a nonvolatile n-type
dopant drastically improves electron transport in polymer and small molecule organic
transistors’, Advanced Functional Materials 2019, 29, 1902784.

Chapter 7 demonstrates the first light emitting transistor fabricated from a single

organic semiconductor layer, with the use of a light emitting polymer, which also has

21



CHAPTER 1. Introduction

high charge transport properties.

This research is published in: M. U. Chaudhry, J. Panidi, A. Smith, J. Lim, K. Tezner,
P. A. Patsalas, G. Vourlias, W. Y.Sit, Y. Firdaus, M. H. Heeney, D.D. C. Bradley,
T. D. Anthopoulos, ‘Polymer light-emitting transistors with charge carrier mobility
exceeding 1cm?/Vs’, Adv. Electron. Mater. 2019, 1901132.

Chapter 8 summarises the key findings of the work as performed for this thesis, as

well as proposes the next steps for future work.
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Chapter 2

Charge transport in OSCs

This chapter gives a brief review of the electronic properties of organic semiconductors
(OSCs) and devices. In the first section, the theory of charge transport carriers is anal-
ysed, including the variable range hopping and multiple trapping and release method.
The next section is then focused on suitable OSC materials for organic thin film tran-
sistor applications. In the last section, the thin film transistors’ principles are described

along with their ability to be used as light emitting devices.

23



CHAPTER 2. Charge transport in OSCs

2.1 Electronic properties of organic semiconductors

Macroscopically, inorganic and organic semiconductors behave in a similar manner;
however they possess significant differences, one of them being their charge transport
mechanisms. In inorganic semiconductors, charges are considered to move within a de-
localised electronic structure in the crystalline lattice and they undergo phonon scatter-
ing. Controversy, in organic semiconductors charge transport is a phonon-assisted pro-
cess with charges hopping from one localised state to another. This chapter describes
the electronic properties of organic semiconductors, explaining the various charge trans-

port models that have been reported. [24, 25]

2.1.1 Molecular Orbitals

Organic semiconductors are materials mostly containing carbon and hydrogen atoms,
with possibly some heteroatoms such as nitrogen and sulfur. Understanding the elec-
tronic structure at the molecular level is required in order to a get an insight in to their
charge transport behaviour.

The organic semiconducting properties arise from the conjugated carbon framework,
whose electronic structure is presented in Figure 2.1. Carbon has six electrons in its
ground state with the electronic structure in the configuration of 1s22s?2p? and thus few
combinations (hybridisation) of s and p-orbitals can be formed. For charge transport in
the organic semiconductor, sp? hybridisation is the most crucial. Electrons from the 2s
orbital are promoted to the 2p molecular orbital and they are distributed into three sp?
and one in 2p, orbitals (Figure 2.1.1a). In the hybridised state, each orbital contains
unpaired electrons and each sp? forms o-bonds, while the 2p. forms a m-bond. When
other atoms, such as carbon or hydrogen approach, the energy difference between the
2s and 2p compensates and new hybrid orbitals are formed. The bonds that are formed
between the molecules depends on the number of hybrid orbitals and the remaining

p-orbitals.

a s DPx Dy Pz b | P:

sp? P,

sp?

Figure 2.1: a) Formation of sp? hybridisation of carbon and b) schematic of atomic
orbitals after the hybridisation.
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The energy levels of the OSCs can be identified from the p-orbitals. Hiickel theory
is applied, since their structure can be approximated by the linear combination of
atomic orbitals (LCAO). This theory only considers the neighbouring interactions and
by following Pauli’s principle, electrons are filling the states with anti-parallel spin until
the highest occupied molecular orbital (HOMO). The next energy level is termed the
lowest unoccupied molecular orbital (LUMO). Considering the two 2p, orbitals, their
overall wavefunction will be a linear superposition of these atomic orbitals leading to
two molecular orbitals; bonding and antibonding. The energy levels will split into two
bands in order to lower the overall energy of the system, where this phenomenon is
called Peierls distortion and is responsible for the semiconducting properties of the
conjugated materials. This gap that has been generated between the HOMO and the
LUMO energy level is known as bang gap (E,). [24, 26]

2.2 Charge transport models

In inorganic semiconductors and highly ordered organic crystals, electrons are loosely
bound within a periodic potential well. Solutions to the Schrédinger equation results
in periodic and continuous electronic bands/levels separated by energy gaps, in the
reciprocal space. Electrons fill the valence band up to the Fermi energy ( Ej), which
is inside the band gap ( E,). According to Fermi-Dirac statistics, at finite temperature
electrons can be found in the conduction band, therefore charge transport under an
electric field is possible. The mobility of the carriers is inversely dependent on the
temperature (1 = (m")®/2 T-*/2), where m” is the effective mass of the carrier and T is
the absolute temperature. This inverse dependence on the charge carrier mobility with

the temperature is a characteristic of the band-like charge transport in semiconductors.

2.2.1 Variable range hopping

In most organic semiconductors due to several factors the band-like model is not ap-
propriate to describe charge transport. These factors include weak orbital overlap,
high levels of disorder and the existence of defects. Thus, several models have been
developed and they can be divided in two main categories, where the rate of charge
transport depends mainly on the hopping rate of the carriers and to those where the
rate depends on the trapping of charges. In the variable range hopping model (VRH),
as developed by Mott, charges are able to hope between sites (localised states).[27]
This model takes into account the distance that the charges are travelling, thus it al-
lows hopping over a large distance with a low energy barrier and short distance with
high energy barrier. The charge carrier mobility is given by Equation 2.1, where p,

is the mobility prefactor and T, is a function of the density of states (DOS), which
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CHAPTER 2. Charge transport in OSCs

determines the number of available states in a system, at Er and the orbital overlap of
the wavefuctions. This model has been applied for amorphous and crystalline organic
semiconductors, but it assumes a constant density of states thus large distance hopping

is often overestimated. [28]

p=po exp(To/T)H* (2.1)

2.2.2 Multiple trapping and release Meyer-Nelson model

The statistical variation between the molecules in organic semiconductors will cause a
broadening in the DOS leading to tail states inside the E,. Moreover, organic semi-
conductors often have chemical impurities, breaks in the conjugation length and grain
boundaries which may cause other localised states/traps. When charges are captured
by the traps, they are not able to contribute to the charge transport and so the conduc-
tivity is dependent on the traps, as shown in Figure 2.2. Charge carriers with thermal
energy may be activated and released up to the transport energy level (E;). The time

it takes for the carrier to become mobile again will be a function of the E, and the

temperature.
Extended states
——————————— - LUMO
Band tail states
Tail trap
states
>
=
g .
sl - Mobility
~ o edge
= Deep traps
-
Tail trap
states
Band tail states
——————————— - HOMO
Extended states
DOS

Figure 2.2: Density of states (DOS) of an organic semiconductor as suggested by the
multiple traps and release model.

The most common model used for organic semiconductors is the Multiple Trap and
Release model (MTR), in which the charge transport rate is dependent on the trapping

and release rate of the carriers below E,. MTR assumes that every single trap will
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capture a charge carrier and it will be only be mobile again after thermal activation.
Thus, the effective charge carrier mobility (per) will be temperature dependent as

presented in Equation 2.2,

N Ea
e o gy (A 2.2
Heft — Ho cw( kT) (2.2)

where N. and Ny, is the density of traps and of the transport states level and E, is
the activation energy. More specifically, E, is the energy level of the trap with respect
to the E; level (E,=E;- E,). A Gaussian DOS is used for the hopping models, but
in this model the tail states are considered too, which are in the band gap between
HOMO-LUMO levels, as shown in Figure 2.2. Thus, an exponential distribution for

the density of traps is more applicable, as it is presented in Equation 2.3,

Ex—F
Ny = NP, exp (—2T> (2.3)

where kT, is the width of the trap distribution. When bias is applied the E;, is
shifted towards the E, and the mobility becomes gate voltage (V) dependent, since
the increase of the gate voltage results in trap filling. Charge carrier mobility increases

with the application of V and it can be described from Equation 2.4.

N. Es  EBa
off = Moo - 2.4
Hetr = N exp( i kTO) (24)

By simplifying Equation 2.4 with the Meyer-Neldel relationship the effective mobility

becomes a function of the activation energy (Equation 2.5).

Ea
e — _ZA 2.
of = lo €ZP ( kT) (25)

The activation energy can then be extracted from the Arrhenius plots of the effective
mobility vs the inverse of temperature by varying the gate voltage. [29-32] Further
analysis on the activation energy and the doping mechanism is given in a latter section

in this thesis (Chapter 3.3.2).

2.3 Organic semiconducting materials

In this section organic semiconductors and their applications in thin film transistors will
be reviewed. In the past few years significant progress has been made in the synthesis
and/or improvement of the organic semiconductors leading to materials with enhanced
charge transport properties. For instance, by careful selection of the side groups of
the molecule, several parameters can be improved such as the solubility, the electrical
properties as well as the packing. Enhanced m-m stacking can also be achieved by

increasing the m-bond orbital overlap, which improves the electronic coupling between
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Figure 2.3: Charge carrier mobility in saturation regime for p and n-type organic
semiconductor over 30 years. [34]

the molecules [33].

Charge carrier mobility of both p and n-type organic semiconductors developed
over time is presented in Figure 2.3, as adapted from the literature. [34] Remarkable
enhancement in the mobility values is observed around the 1990s. Over the past few
years, the number of reports on high mobility materials has increased and it can be seen
that p-type materials generally show higher charge transport properties than n-type

materials, as described earlier.

2.3.1 Polymeric semiconductors

Various polymeric semiconductors with enhanced charge transport properties have
been designed in the past few years. Examples of organic semiconductors with ap-
plication in organic electronic devices are presented in Figure 2.4. Milestone ma-
terials in the organic electronics area are poly(3-hexylthiophene-2,5-diyl) (P3HT),
poly[5,5-bis(3-alkyl-2-thienyl)-2,2-bithiophene| (PQT) with improved performance and
poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno|3,2-b|thiophene) (pBTTT), where it has
been shown that the charge transport is occurring in the m-stacking direction. [35-38]

The synthesis of poly(indacenodithiophene-co-benzothiadiazole) C6IDT-BT showed
the important relationship between molecular rigidity and charge carrier mobility. The
long conjugated chains help to bridge the poorly ordered and amorphous phases with
in the polymer aggregates, where they act as electrical pathways for the charges, re-
sulting in a hole mobility of 3.6 cm?/Vs. [39] Moreover, a molecular weight of 100

kDa in poly[2,6-(4,4-bis-alkyl-4H-cyclopenta-[2,1-b;3,4-b0]-dithiophene)-alt-4,7-(2,1,3-
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Figure 2.4: Molecular structures of a few conjugated polymers often used for organic
electronics applications.

benzothiadiazole)] (CDT-BTZ) films with improved degree of crystallinity resulted in
transistors with a mobility higher than 3 cm?/Vs. [40]. Poly[N,N’-bis(2-octyldodecyl)-
naphthalene-1,4,5,8- bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-dithiophene) [P(NDI20D-
T2) was found to be an n-type material with high mobility (1 cm?/Vs) and air stability.
11, 42|

2.3.2 Small molecule semiconductors

Organic small molecules are another category of semiconducting materials (Figure 2.5);
they are highly crystalline and often they possess higher charge carrier transport prop-

erties than polymers.

2 2
4 <

D

o

‘|'|
c,q \E

diF-TESADT TIPS-pentacene
pentacene anthracene

Figure 2.5: Molecular structures of a few small molecules used for OTFT applications.

A drawback of small molecules, on the other hand, is that it is challenging to pro-

cess them from solutions and sometimes advanced processing techniques are required.
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For example, pentacene molecules are not soluble, but when thin films are deposited by
thermal evaporation, OTFTs result in a charge carrier mobility of 3 cm?/Vs. [43] The
addition of TIPS in the pentacene, as reported by J. Anthony, led to the development
of a soluble derivative, 6,13-bis(triisopropylsilylethynyl) pentacene (TTPS-pentacene).
[44, 45] Other acene molecules were reported including tetracene and rubrene, where
the latter has the highest mobility (15 cm?/Vs) when transistors are fabricated from
single crystals. [46] By combining acene and thiophene units, several small molecules
were synthesised including anthradithiophenes and benzothiophenes. [47, 48] Another
material similar to TIPS-pentacene is 2,8-difluoro 5,11-bis(triethylsilylethynyl) anthra-
dithiophene (diF-TES ADT), which is soluble and has a two dimensional 7-stacked
crystal structure, with a charge carrier mobility of 6 cm?/Vs, when OTFTs were fab-
ricated from single crystals. [49, 50] Several other categories of small molecules exist

for organic optoelectronic applications. [51]

2.3.3 Organic semiconducting blends

Organic semiconductor blends, consisting of a polymer-polymer or a polymer-small
molecule are commonly used for bulk heterojunction solar cell applications [52] and
in organic light emitting diodes. [53] More recently, organic blends composed of a
small molecule and a polymer have been used for thin film transistor applications.
Small molecules offer high mobility, but often they tend to crystallise strongly when
processed from solution. Also due to the formation of high anisotropic films, there is
often device to device variation. Thus the key for high performing devices controlled
crystallisation of the small molecule film is the key. [29, 54-56] On the contrary,
polymeric semiconductors are either amorphous or crystalline over small lengthscales,
which results in excellent film uniformity and thus parameter uniformity across the
substrate. The disadvantage of the polymers are their lower charge carrier mobility.
By blending these two categories of the OSC materials in a specific concentration there
is a significant benefit; the OSC blend will have the mobility of the small molecule and
the film forming properties of the polymer. [57-61]

An interesting mechanism that is occurring in the organic blend semiconductors is
the vertical phase separation, as presented in Figure 2.6. The organic blend solution
contains both the small molecule and the polymer. By solvent evaporation, for example
during spin coating and thermal annealing, the small molecule migrates to the top of
the film surface. In the resulting thin film, the first few nanometers consist only of the
small molecule and the polymer layer is underneath. Several techniques have been used
to verify this theory, including dynamic secondary ion mass spectrometry (D-SIMS),
where it was observed that the first 20-30 nm of the film consist of the small molecule

for the diF-TESADT:PTAA blend. [58] Moreover, to achieve this high mobility device
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the small molecule, since it has higher mobility than the polymer, should be in the

channel of the device, and thus OTFTs in bottom-contact top-gate are desirable.

Nk m—
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Solution on a substrate Solvent evaporation

[l

A4

Figure 2.6: Schematic representation of the vertical phase separation mechanism that
is observed in the small molecule:polymer blends. Initially both the polymer and the
small molecule are distributed in the solution; after spin coating or thermal annecaling
the solvent evaporates and a final thin film is produced, where the small molecule is
on the top and the polymer underneath.

Insulating polymers, such as poly(a-methylstyrene) (PaMS), polystyrene (PS) and
poly(methyl methacrylate) (PMMA) have been blended with TIPS-pentacene and diF-
TESADT, and their charge transport and morphological properties have been studied
by several groups. [55, 56, 58, 61] Another example of a high performing OSC blend is
the Cg-BTBT with PS, which showed high charge transport properties when deposited
by off-center spin coating. [53] A well-studied blend, or otherwise the so-called first
generation blend, the diF-TESADT:PTAA was first reported by Hamilton et al. with
a hole mobility of 2.4 ecm?/Vs from solution processing. [55] This study showed that by
careful optimisation of the small molecule to polymer ratio, the solvent selection and
the thin film processing, higher mobility than the small molecule itself can be obtained.
A few years later Smith et al. replaced PTAA with poly(dialkyl-fluorene-co-dimethyl-
triarylamine) (PF-TAA) in diF-TESADT:PTAA blend resulting in hole charge carrier
mobility of 5 cm?/Vs. [61] More recently, Paterson et al. reported a new blend by using
the small molecule 2,7-dioctyl[1]benzothieno[3,2-b|[1]benzothiophene (Cs-BTBT) and
the polymer indacenodithiophene-benzothiadiazole (CgIDT-BT) with hole mobility to
obtain a 4.7 cm?/Vs. [57]

2.4 Thin film transistor (TFT) model

2.4.1 TFT architectures

Various device architectures are available to fabricate thin film transistors, which are

presented in Figure 2.7. The key in these architectures is the position of the semicon-
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ductor and dielectric layer, as their interface is significant for device operation. For
instance, in a bottom-gate (Figure 2.7a,c) device architecture the dielectric surface
plays a crucial role as it is deposited before the semiconductor layer, whereas in a
top-gate (Figure 2.7b,d) device the surface of the semiconductor is more important.
Further analysis on the importance of the semiconductor-dielectric interface and their
role in the device is given in Chapter 2.4.4. Another parameter that needs considera-
tion when device architecture is chosen, is if in the organic semiconductor layer, vertical
phase separation is occurring as for instance in the OSC blends. Careful consideration
is required for the solvent selection of the organic semiconductor and dielectric layer
when both are prepared from solutions. Common issues, include the solvent of the
second layer dissolving the layer underneath, or due to the difference in polarity of
the solvents dewetting can occur. Furthermore, the contact’s position and the metal
selection influences the electric field distribution in the organic semiconducting layer.
In the work that was performed for this thesis, bottom-contact top-gate devices were
selected as a tool to evaluate the materials used and this will be discussed in the Results

sections.
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Figure 2.7: Thin film transistor architectures for (a) bottom-gate bottom-contact (BG-
BC), (b) top-gate bottom-contact (TG-BC), (¢) bottom-gate top-contact (BG-TC) and
(d) top-gate top-contact (TG-TC).

2.4.2 Operation principles

The following section will explain the operating principles of the thin film transistors
(TFTs) and how device parameters can be extracted, such as the charge carrier mobility

of the semiconductor, threshold voltage and other TFT properties.
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Vp=Vg-Vr

pinch-off
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Figure 2.8: Thin film transistor architecture in bottom gate (G) bottom contact (S,D)
configuration. (a) A uniform channel is formed when a small V,, is applied (linear
regime). (b) By increasing the V,, the channel starts to pinch-off and the resistance is
increased. (c) At higher V, application the channel is pinched-off close to the drain.

A thin film transistor is a three-terminal device, as presented in Figure 2.8, where
the source (S) and drain (D) electrodes are used for injection and extraction of the
carriers into the semiconducting material. The third terminal is the gate (G) elec-
trode, which is separated from the semiconductor by a dielectric layer and modulates
the current flow between the source-drain electrodes. The voltage application in the
drain electrode (V) induces a drain current (I,,) between the source and drain, while
the source remains grounded. The application of the gate voltage (V) causes the ac-
cumulation and depletion of charge carriers at the semiconductor/dielectric interface,
and thus a conductive channel is formed, as shown in Figure 2.8a. The channel’s resis-
tance is controlled by the applied gate voltage (V). The device is in the linear regime,
when it obeys the following condition; the applied V,, < V., — V,, where V, is the
threshold voltage. Threshold voltage is the minimum voltage required to accumulate
enough charge carriers in the device channel to form a conductive pathway between

source and drain. Thus the mobile charge is given by Equation 2.6

Qa=Ci(Va—Vr) (2.6)

where C, is the geometric capacitance. The required time of the charges to travel across
the device channel will be related to the drain current as it is presented in Equation

2.7,
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where W is the width and L is the length of the device channel. By assuming that the
velocity of the charge carriers is constant in the channel, the velocity will be given by
multiplying the mobility (1) with the electric field (E). Thus the velocity will be given
by Equation 2.8.

v=pk= T (2.8)

By combining Equations 2.7 & 2.8 the drain current in the linear (V, < Vo — V)

regime of the transistor can be obtained from Equation 2.9.

w

By further increasing the application of the V,, as such it becomes equal to V-V,
(Figure 2.8b) the channel diminishes its thickness towards the drain electrode (pinch-
off). When V>V .-V, then the device is in saturation regime and a depleted region
is formed close to the drain electrode. This is a high resistance region and the current

equation for the V,>V .-V, (Figure 2.8¢c), region is described by Equation 2.10.

av
Ip = pC;W (Vg — Vo — VC)WC (2.10)
By integrating along the device channel:
L Vp
/ [D = /J,CIW/ ‘/YG — VT — ‘/C d‘/c (211)
0 0

Then the drain current in the saturation regime is (Equation 2.12).

w V2
Ip = pCiw— ((VG —Vr)Vp — 717) (2.12)

2.4.3 Parameter extraction

There are several pieces of information that can be extracted from the transfer char-
acteristics (I, vs V) of a transistor. These include parameters such as the charge
carrier mobility of the semiconductor, the on/off current ratio and the subthreshold
swing (S.S.) of the TFT.

The charge carrier mobility in the linear (Equation 2.13) and saturation regime
can be calculated by the drain-current Equations 2.9 and 2.12. For the linear regime,

where V,<V,—V, the charge carrier mobility is:

1 Ll
T CVp W oV

1 (2.13)
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In a similar manner, the mobility can be extracted from the saturation regime (Equa-

tion 2.14), where V, > V, -V

1 L &*p
= 2.14
b= cvpwave? (2.14)
Otherwise, the second derivative of the drain current can be calculated from the first
derivative of the square root and thus extract the slope of the 12 vs V, as shown in

Figure 2.9 and apply it to Equation 2.15.

1 2L <a\/ﬁ)2 (215)

H=cvpw ave

An example of a transfer curve, as measured for a p-type thin film transistor in
both linear (green curve) and saturation (blue curve) regime is presented in Figure 2.9.
The on and off-states of the device are indicated by the purple line, where by diving
these values the device’s Ion/opr ratio can be extracted. The onset voltage (Von) is
when the 1, sharply increases after the off-state. From the linear fit of the square root
of the I, the threshold voltage (V,) can be obtained. The grey highlighted box in
Figure 2.9 shows the subthreshold swing (S.S,) region, which is the region between the

V, and Vg, and it can be extracted from Equation 2.16.

Vg

55 = Blogin)

(2.16)

E Linear

Log (Ip)
1%°
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Figure 2.9: Transfer characteristic of a thin film transistor in both linear and saturation
regime. The square root of the drain current in the saturation regime is also plotted
(right axis). By a linear fitting of the I1°® the threshold voltage and the slope can be
extracted.

The subthreshold swing is a useful parameter for the device, since it gives informa-

tion about the trap density, as such a small value is required for transistor applications.

Furthermore, the on/off current level depends on several factors of the devices. For
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instance, the on-current strongly depends on the charge carrier mobility of the organic

semiconductor, whereas the off-current depends on the dielectric and the traps states.

2.4.4 Semiconductor - Dielectric interface
2.4.4.1 Their role in the TFT

The semiconductor-dielectric interface is crucial for charge transport in the device.
To begin with, the dielectric is required to have high resistivity in order to block
carriers travelling from the semiconductor to the gate electrode. The selection of the
dielectric material in the OTFTs determines several factors, including the required
applied voltage to operate the transistor. For low power commercial applications,
transistors are desirable to operate in voltages of the order of 5 V. [62] Its role in the
transistor determines the amount of charges that can accumulate in the channel and
its interface affects the charge transport, as traps can be formed. [63-G5]

The relative dielectric permittivity (¢) of the dielectric material is used to calculate
the geometric capacitance (C;), as described by Equation 2.17,

€€,

== (2.17)

where d is the thickness of the dielectric layer. The value of the C; is used to calculate
the charge carrier mobility of the transistor, as explained in Chapter 2.4.3. There are
mainly two categories of dielectric materials that are used for TFT fabrication, the
low-k and the high-k, where k is the dielectric constant. Depending on the device
application and device structure the dielectric material should have high dielectric
strength, trap-free surface, low surface roughness and if it’s used from solution the
solvent choice has to be compatible with the semiconducting layer.

In a bottom gate (BG) transistor architecture crucial role plays the roughness and
the traps in the dielectric layer. BG TFTs usually are fabricated on a heavily doped
silicon wafer, which has a silicon oxide layer on top. In this case, the silicon’s role
is the gate electrode, whereas the silicon oxide is used as the dielectric. The silicon
oxide layer has traps on its surface, due to the present of —-OH groups, thus passivation
with a self-assembled monolayer is required. Materials including hexamethyl disilazane
(HMDS) and octadecyl trichlorosilane (OTS) are often used to passivate the SiOx
surface. [66, 67|

For a top-gate (TG) transistor the dielectric constant and the polarity play an
important role. Using polymeric materials as dielectrics, usually with lower ¢ than in-
organics, leads to an increase in device performance. On the contrary, high-k materials
have randomly oriented dipole moments which will lead to a broadened DOS due to

the presence of more deep traps. [68, 69] For solution processed dielectrics, orthogonal
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solvents should be used not to damage the organic semiconducting layer.

2.4.4.2 Trap density estimation

Electronic states below the energy transport level, which are called traps as described
earlier, can arise from material impurities, disorder and defects in the semiconductor
layer. From the transfer characteristics of a transistor, the trap concentration per unit
area Dy, [energy|™ [length|2, the surface trap density Ny [length]? and the relative
surface trap density ANy, can be extracted.

The density of traps per unit area at the semiconductor — dielectric interface is

given by Equation 2.18

Ci eS.S.
Da=% (kTZn(lO) - 1) (2.18)

where C; is the geometric capacitance, e is the elementary charge, S.S. is the sub-
threshold swing, k is the Boltzmann constant and T is the temperature. The surface
trap density and the relative surface trap density are given by Equations 2.19 and 2.20,

respectively.

_ Ci|lVr — Vol
e

Ny (2.19)

~ Ci|AVq|
N €

AN, (2.20)

where V. is the threshold voltage and Von is the onset voltage. These calculations
assume that the majority of the injected charges, by the application of voltage in the

transistor measurement, are trapped until V, = V. [70, 71]

2.4.5 Metal - Semiconductor interface

The metal - organic semiconductor interface is important for transistor applications, as
the ability to inject or extract charge carriers depends on the alignment of the energy
levels of the metal and the semiconductor material. Fermi energy (k) alignment is
occurring when a metal is brought next to a semiconductor and as a result of band
bending a potential barrier is formed, called a Schottky barrier (¢y,) (Figure 2.10 a).
For an n-type semiconductor, electrons will be injected into the LUMO of the semicon-
ductor (for p-type, holes will be injected into the HOMO), thus the metal workfunction
(¢m) should be close to the LUMO level of the OSC. The interaction between the metal
and the OSCthat will lead to the formation of interface dipoles and the vacuum level
(E,..) will shift (Figure 2.10b). In the case of a weak interaction, the E,,, is close to

zero and the Mott-Schottky barrier limit will be obtained for the charge injection.
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Figure 2.10: Metal — organic semiconductor interface band structure for electron in-
jection from the LUMO (a) at the Mott Schottky barrier limit and (b) at the presence
of an interface dipole.

An ohmic electrical contact can be achieved by careful material selection. More
specifically, selecting a metal with a workfunction close to the energy level of the OSC
of which the charge transfer is occurring, is important. A way to achieve this, is with
the use of self-assembled monolayers (SAMs), as the workfunction of the metal can be
tuned. SAMs covalently bond on the metallic surface thus modifying the workfunction,
for instance, a fluorinated thiol (PFBT) is able to tune the workfunction of gold by 1
eV. [72]

For transistor applications, the injection barrier which is created between the metal
— semiconductor interface leads to parasitic contact resistance (R.). This parasitic
resistance is responsible for the device function, for instance high threshold voltages,
high turn-on voltage and non-linear output characteristics at low drain voltages. Fur-
thermore, OTFTs which are suffering from R. are not following the ideal transistor
model, and thus a few extracted parameters, such as charge carrier mobility, can be
overestimated.[73, 74]

There are several methods, one can calculate/measure the contact resistance in
OTFTs, including the Y-function, the scaling law method, the 4-point probe method
and the transfer line method (TLM). All of these methods can be used for OTFTs,
but the TLM also takes into account the V dependence of the charge carrier mobility
and the total resistance (Equation 2.21).

Vp

Rtotal - % (221)

By plotting the Ry multiplied by the width of the transistor channel versus the
channel length for different values of V, the contact resistance can be extracted from

the resulting slope. This method to extract the contact resistance was applied in the
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projects in this thesis. For device commercialisation the contact resistance should be
as small as possible. [75, 76] There are several ways to eliminate contact resistance,
with the main one being the use of molecular additives, which will be discussed in the

next sections.

2.5 Organic light emitting transistors (OLETsS)

Organic light emitting transistors (OLETs) are based on thin film transistors with their
main difference being that light emission occurs when a voltage is applied in the device.
OLETs have a broad spectra of applications in opto- and nanoelectronics, such as their
incorporation in logic circuits, optical communication systems and displays. [77-81] As
in the OTFTs, high mobility organic semiconductors, low contact resistance and high
on/off ratio are required. Most importantly, the organic semiconductor should also
emit light. The combination of the requirements of high mobility and light emitting
properties of the organic semiconducting materials has proven to be challenging. The
reason behind this is that by reducing the strength of the interchain interactions in the
molecules in order to enhance light emission this often has a negative effects on the

charge transport properties.[82]

Figure 2.11: OLET device architecture when using (a) an ambipolar OSC, (b) a bilayer
of OSCs, (c) a bulk heterojunction and (d) a unipolar device.

For light emitting devices the same structures, as described for thin film transistors
(Chapter 2.4.1) can be applied. The light emitting layer can be a single layer, bilayer

or in a bulk heterojunction structure. This depends on the properties of the organic
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semiconductor used; for instance if the material is unipolar or ambipolar. Ambipolar
organic semiconductors can generate both type of charge carriers, whereas a unipolar
material only generates one. For highly efficient light emitting devices, both carriers
are required.

The schematic illustration in Figure 2.11 shows the different types of light emitting
materials that can be used. Figure 2.11a presents an ambipolar organic semiconductor,
where the voltage application can accumulate both holes and electrons in the channel.
Recombination of charge carriers occurs, when holes and electrons meet in the middle
of the device channel. Red and green emissive OLETs were reported by Sirringhaus et
al. using F8BT-based OLETSs in a bottom-contact top-gate device architecture. [82]
A bilayer structure using a,w-dihexylquaterthiophene (DHT4) as a hole transporting
layer and NN’ ditridecylperylene - 3,4,9,10 - tetracarboxylic diimide (PTCDI-C;3Ha7)
as electron transporting layer was demonstrated by Dinelli et al. with the emission zone
being at the bilayer interface. [83] A bulk heterojunction OLET was reported by Rost
et. al, where they used quinquethiophene (a-5T') as the hole transporting material and
N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (P13) as the electron injecting
material. Hepp et. al. reported unipolar OLETSs based on a tetracene thin film, where
the charge recombination was occuring next to the drain electrode of the device.[84]

The device operating principle is the same as in the OTEFT case (Section 2.4.2),
where in OLETSs both type of charge carriers will be generated in the device channel.
Charges will then recombine and emit light. The position of the emission zone depends
on the type of majority carriers in the channel. From the transfer curve’s parameters,
charge carrier mobility, threshold voltage, on/off current ratio by following procedures

as described in Section 2.4.3, can be extracted.

2.6 Summary

In this chapter, the electronic properties of OSCs are described along with the main
charge transporting mechanisms. The variable range hopping and the multiple trap
and release model are explained. The main difference of these models is attributed to
the crystallinity of the organic semiconductor. In particular the variable range hopping
is applicable for amorphous OSCs, where charge transport is mainly due to hopping
between the chains of the polymer. The multiple trap and release model takes into
account the trap states in the organic semiconductor, which are formed from either
impurities and/or grain boundaries. In crystalline semiconductors trap states exist
and should be quantified, in order to understand the charge transport mechanism.

A brief review of polymer and small molecule OSCs then follows, as these have
already been reported for thin film transistor applications. Furthermore, the basics

of the transistors are then discussed, including the various device architectures, the
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operation principles and methods for parameter extraction. For a thin film transistor
not only the transporting layer plays a significant role, but the OSC-dielectric inter-
face, as well as the metal-OSC injection barrier. The importance of these interfaces
and the issues that can affect the overall device characteristic are discussed. Lastly,
the operating principle of an organic light emitting transistor along with the current

limitations in this field are described.
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Molecular Doping

In this chapter a brief overview of molecular doping of the organic semiconductors is
discussed. Several models are used in order to explain the charge transport in the doped
0SCs systems with the main ones being the ground state integer charge transfer and
the hybrid charge transfer. Furthermore, emphasis is placed on the different doping

methods for OTFTs and how it affects the device performance.
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3.1 Introduction

Heeger et al., in 1977 first reported that exposing films of polyacetylene in chlorine,
iodine or bromine vapour increases the conductivity by several orders of magnitude.
[85] This breakthrough result led to an exciting research field with great technological
applications. [86] Several reports since then have been published showing the range of
applications of doped semiconductors and various models are used to explain the charge
transport mechanisms. The molecular doping of organic semiconductors is a generic
approach to enhance the charge transport of the materials and improve the device per-
formance. Doping of organic semiconductors for organic photovoltaic devices (OPVs)
[87, 88] and organic light emitting diodes (OLEDs) [89, 90] has proven a successful
technique as it results in stable and high performing devices. In this section, both the

materials and the mechanisms are discussed for thin film transistors applications.

3.2 Doping mechanism

3.2.1 Ground state integer charge transfer

Several models have been reported so far in order to examine the doping mechanism
of OSCs, with the most studied one being the ground state integer charge transfer
(ICT) mechanism. The key behind a successful charge transfer between the organic
semiconductor (host) and the dopant is the position of their energy levels, according to
the ICT mechanism. More specifically, for p-type organic semiconductors, the energy
difference between the HOMO of the host and the LUMO of the dopant should be
small (and vice versa for an n-type system). As shown in Figure 3.1 for a p-type OSC
system, the HOMO of the OSC and the LUMO of the dopant should be energetically
close in order for charge transfer to occur, whereas for an n-type system the energy
difference between the HOMO of the dopant and the LUMO of the OSC plays a crucial
role. [91]

Several examples of p-type doping have been reported so far based on this charge
transfer mechanism. The polymer poly(3-hexylthiophene) (P3HT) was effectively
doped by ICT when 2,3,5,6 - tetrafluoro7,7,8,8 - tetracyanoquinodimethane (F4-TCNQ)
was added. The doped system showed a 30-fold increase in the charge carrier mobility,
as well as a shift in the threshold voltage of the transistors closer to zero voltage. [94]
The small molecule [N,N,N,N-tetrakis(4 -methoxyphenyl)-benzidine] MeO-TPD it was
found to be successfully doped by Fg-TCNQ, via the conventional ICT mechanism.
The doping was verified by a shift in the Fermi level, as the dopant was filling the trap
states. [92]

An organic semiconducting blend, consisting of the small-molecule 2,7-dioctyl[1]

benzothieno[3,2 - b]|[1]benzothiophene (Cg - BTBT) and the polymer indaceno-dithiophene-
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Figure 3.1: Integer charge transfer mechanism for (a) a p-type OSC system, where
electrons are transferred from the HOMO of the OSC to the LUMO of the dopant and
(b) for a n-type OSC system, where electrons are transferred from the HOMO of the
dopant to the LUMO of the OSC.

benzothiadiazole (CigIDT - BT), showed that it can be doped by CgoFs resulting in
stable and high charge carrier hole mobility devices (13 cm?/Vs). ICT was shown to

have occurred, due to the position of the energetics of the organic blend semiconductor

and the C60F4g. [937 94]

3.2.2 Hybrid charge transfer complex

For the ICT mechanism, a complete electron transfer from the host organic semicon-
ductor to the dopant occurs, as described in Section 3.2.1. There are several cases
where partial electron transfer has been observed with the formation of a supramolec-
ular charge transfer complex (CTC). The energy levels of the complex are derived from
the HOMO of the host, in its neutral case, and of the LUMO of the dopant. This charge
transport mechanism results in a localised charge on the ionised dopant and a mobile
hole, in the OSC. [91, 95] A schematic of the intermolecular hybridisation for a p-type
OSC and a p-type dopant is presented in Figure 3.2.

vacuum
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Figure 3.2: Charge transfer complex formation for a p-type OSC and a dopant system.

In several organic systems CTC has been observed, when F,-TCNQ doped the small
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molecule Cg-BTBT. [96] Intermolecular hybridisation was also observed in pentacene
doped F4,-TCNQ, by ultraviolet photoelectron spectroscopy (UPS). [97] A charge trans-
fer complex formation was also observed in the case of P3HT:F,-TCNQ by using a com-
bination of techniques including density functional theory (DFT) and X-ray absorption
near edge structure measurements (XANES).[98] A complex was formed between the
indenopyrazine polymer and a Lewis acid B(CgF5)s, when a small amount of the acid
was added in the polymer and a significant increase in the charge carrier mobility
was obtained. [99] Negative radical formation in [6,6]- phenyl Cg; butyric acid methyl
ester (PCBM) was observed when (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-
yl)phenyl)dimethylamine (N- DMBI) was added, resulting in increased conductivity.
[100]

3.3 Doped organic semiconductors

3.3.1 Doping methods

In this section various doping methods are discussed, including bulk and contact dop-
ing, as presented in Figure 3.3. A simple way is the bulk doping method, where a
controlled amount of dopant molecules is added to the organic semiconductor solution
prior deposition. An important requirement for this technique is that the dopant has
to be soluble in the same solvent as the host, as they are both prepared in the same
solution. Bulk doping has been a successful method to enhance the device performance
for several OSC systems. For example, the addition of Lewis acid B(CgF5)3 in p-type
polymers (IP-T & IP-TT) showed enhanced hole charge carrier mobility by the Lewis
acid-base complex formation. [99] When a fluorinated fullerene derivative CgoFyg was
added to a small molecule:polymer blend solution, it resulted in effective p-type doping
and an improvement in the OTFT characteristics, including the charge carrier mobil-
ity. More recently, another Lewis acid was reported, the Zn(CgF5)2, which resulted in
OTFTs with a maximum hole mobility of 20 cm?/Vs, whereas the pristine OSCs had
hole mobility of 3 cm?/Vs. [34] A disadvantage of bulk doping is that the dopant ad-
dition may disrupt the morphology of the OSC layer and thus affect the charge carrier
transport pathways. Thus morphology studies are required for the doped films in order
to examine the impact of the dopant in the morphology of the organic semiconducting
layer.

Contact doping is another approach, which is often employed as an interlayer be-
tween the contacts and the organic semiconducting layer. Contact doping can be
either performed via thermal deposition or from solution. Several studies show that
this method improves the contact resistance of the device significantly, as the dopant

layer adjusts the workfunction of the metal electrode and thus the energetic barrier be-
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tween them is reduced. Materials that are often used for contact doping, include SAMs
with thiol groups, i.e. PFBT [101-103] and injection layers, such as FeClz. [104-107]
Transition metal oxides such as MoO3z, WO3 and V505 have also been used as injecting

layers to produce high performing organic transistor devices. [108, 109]

dopant
a / b
S D S D
I

0SsC 0sC dopant

OSC + Dopant

Figure 3.3: OTFTs in a BG-TC configuration showing the different doping methods
for (a) contact doping, (b) doping layer and (c¢) bulk doping.

3.3.2 Charge carrier mobility

Molecular additives in the organic semiconducting layer of the transistor have several
effects, with an important one being, the charge carrier mobility. The dopant can
either be added in the organic semiconducting solution or by thermally evaporating
a layer in contact with the semiconductor. As mentioned in Chapter 2.2.2 organic
semiconductors have several trap states, which are detrimental for the charge transport
properties of the OTFTs. Doping at low concentration fills the trap states in the
organic semiconductor, resulting in pinning of the Fermi level. By increasing the doping
concentration (N4), higher than the trap density (N7), charge carrier generation will
start to occur. As such the Fermi level (Eg) shifts towards the HOMO level and
at higher doping concentrations this shift will saturate. [110, 111] This mechanism is
described in Figure 3.4, where it shows the shift in Ex of a p-type organic semiconductor
upon doping.

Enhancement in both the linear and saturation mobility with an optimum amount
of the dopant is expected. This phenomena is related to both an increase in the charge
transport of the material, but also the improvement of the transistor characteristics,

as a result of trap filling. Discussion the transistor’s parameters follows in the next
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Figure 3.4: Energy level diagram showing the shift of the Fermi energy (Ep) level
towards the HOMO level of a p-type organic semiconductor upon doping, where Ep
is the transport energy level, E4 is the activation energy and E, is the an effective
valence band energy.

sections. Extracting the charge carrier mobility of a semiconductor from a transistor
is a reliable method, but it is strongly affected by the device configuration, the metal-
semiconductor interface and the semiconductor-dielectric interface and the trap states
in the semiconductor.

It has also been observed that the charge carrier mobility follows a similar trend, of
increasing with the dopant evolution, before it eventually saturates and then decreases.
This point, where the mobility stops increasing, strongly depends on the semiconductor
and the dopant and thus it varies with different systems. Several reasons behind this
phenomenon include changes in the morphology of the doped film, changes in the
carrier transport mechanisms at high amounts of the dopants, as well as the saturation

of the shift of the Fermi level.

3.3.3 Threshold voltage and contact resistance

Threshold voltage (V) is another transistor parameter which is affected by the trap
states. V., is basically related to the voltage at which the field effect carriers will fill
the trap states in the organic semiconductor. In an ideal transistor, where no traps
exist, V; should be zero. The application of V in a transistor should automatically
switch on the device, but due to the existence of trap states, in the non-ideal case, the
device turns on at higher voltages. [112] There are several ways to decrease the Vy,
including device engineering and molecular doping. By filling the trap states with the
dopant addition in the semiconductor, V. shifts closer to zero. Contact resistance Re
can also be reduced with the dopant addition which, as described in Chapter 2.4.5, is
alfected by the energetic barrier between the metal and the semiconducting layer. For
the commercialisation of OTFTs, Re is as crucial as the charge carrier mobility of the

device and thus it is important to find ways to reduce it.
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3.4 Summary

In this chapter, the molecular doping of organic semiconductors is discussed, by de-
scribing the different charge transport mechanisms. Although doping is a rather old
concept, it remains an interesting concept to study, since there are several parameters
to consider in order to understand the charge transport behaviour. In particular, for
OTFTs, doping has proven a successful technique to not only enhance the transport
properties but also to improve important device parameters. The reduction in the
contact resistance is one of them, where it can effectively reduce the operating voltage
of the device. This is due to the fact that the molecular additive is filling the trap

states in the organic semiconductor/dielectric interface.
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Chapter 4

Experimental Methods

This chapter is mainly focused on the
experimental procedures that were used
for the work as presented in this the-
sis. In the first part of this chapter, a
detailed description of the device fabri-
cation s given, including the solution
processing of the OSCs. The electri-
cal characterisation is then discussed for
both the OTFT and OLET devices. In

the last section, a brief description of the

thin film characterisation is given, in terms of the OSC morphology, energy levels and

their optical properties. (Left panel: POM image of a diF-TESADT thin film)
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4.1 Device fabrication

4.1.1 Substrate preparation

Glass substrates, as purchased from Instrument Glasses Ltd in dimensions 2x2 cm,
were used for thin film transistor fabrication and material characterisation. Silicon
substrate wafers were also used, as purchased from Active Business Company GmbH
with different silicon oxide layers. Finally, quartz substrates were purchased from
UQG Optics Ltd and used for optical measurements. Regardless of the type of the
application, the cleaning of the substrates was the same. Substrates were sonicated for
10 minutes in the following solutions: in the beginning, substrates were sonicated in a
detergent ‘Decon 90’ in a 20 wt% solution in deionised water, followed by sonication
in deionised water to remove the detergent. Sequential sonication in isopropanol and
acetone were then followed. All substrates were dried with a nitrogen blow gun. Thin
film deposition and the device fabrication were performed in a glovebox (purchased
from Jacomex) filled with nitrogen, of which oxygen and water levels were monitored

daily.

4.1.2 Contacts deposition

For thin film transistors source-drain and gate electrodes were deposited by thermal
evaporation after cleaning the glass substrates. Thermal evaporation was performed
under high vacuum (10 mbar) using a Kurt J. Lesker evaporator embedded in a
nitrogen filled glovebox. Metal evaporation was performed through shadow masks for
source-drain and gate electrodes. The source-drain masks were designed to provide
transistors with channel dimensions varying from 30 to 1000 pum. Different metals
were used for source-drain (40 nm) depending on the organic semiconducting layer,
including gold (as purchased from Testbourne Ltd. with 99.99% purity) and aluminium
(purchased from Testbourne Ltd.). Aluminium (50 nm) was used for the gate electrode
of the transistors.

For the light emitting transistors source-drain electrodes were deposited through
separate masks, as different metals were used for source and drain. To achieve asym-
metric electrodes for the charge injection, a 40 nm thick layer of gold was used for
source, while for the drain electrode a bilayer of Cs;CO3/Ag (40 nm) (both purchased
from Testbourne Ltd.). Finally, a 20 nm thick layer of aluminium was evaporated to

form the gate electrode.

4.1.3 Contact workfunction modification

Modifying the workfunction of the evaporated metals for thin film transistors is a

crucial step. The workfunction of the metal is required to be close to the organic
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semiconducting layer to reduce the injection/extraction barrier, as described in Chapter
2.4.5. For p-type devices gold source-drain electrodes were treated with a self-assembled
monolayer (SAM) of 2,3,4,5,6-pentafluorothiophenol (PFBT, purchased from Sigma-
Aldrich), in order to decrease the workfunction of gold of about 0.8eV. PFBT on a metal
surface induces strong surface dipoles, which leads to a shift in the workfunction. [72]
The substrates were immersed in a 5 mM PFBT solution in isopropanol for 30 minutes.
Substrates were then rinsed with clean isopropanol and dried with a nitrogen blow gun,
before transferring them to a nitrogen filled glovebox for the next steps of the device

fabrication.

4.1.4 Solution processing: p-type doping of OSCs

The solution preparation for the experiments, as presented in Chapter 5, are described
in this section. Organic semiconducting solutions were prepared one day in advance
prior to deposition, in order for the materials to become fully dissolved in anhydrous
solvents. Solutions were prepared in a nitrogen filled glovebox and stirred for at least
10 hours on a magnetic hotplate. All chemicals and solvents were purchased from
Sigma-Alridch, unless the supplier is stated in brackets. The materials were stored in
a glovebox.

As a p-type dopant tris(pentafluorophenyl)borane [B(CgF'5)3] was applied in several
small molecule and polymer transistors. The dopant was added in the organic semicon-
ducting hosts 2 hours prior to the spin-coating deposition. The amount of the dopant
to the host was calculated in mol% with respect to the organic material. For the calcu-
lation of the molar mass of the polymers, the molar mass of one repeat unit was used
for the calculation. The solvent of the dopant was kept the same as the organic host for
the single compound TFTs, while for the blends it was 1,2-dichlorobenzene. Table 4.1
shows the OSC concentration [C], the solvent for each solution, the dopant concentra-
tion [D], as well as the heating temperature [T] of the solution prion spin coating and
the thin film annealing temperature [Ty] and time for the several organic semiconduc-
tors. 2,8-Difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TESADT) was
supplied by Merck Chemicals Ltd, 2,7-dioctyl[1]-benzothieno[3,2-b][1]benzothiophene
(Cs-BTBT) was purchased from 1-Material and 6,13-bis(triisopropylsilylethynyl) pen-
tacene (TTPS- pentacene) were supplied by Prof. John Anthony (Department of Chem-
istry, University of Kentucky). The polymer indacenodithiophene-benzothiadiazole
(C16IDT-BT) was synthesised by Dr. Zhuping Fei and Prof. Martin Heeney (De-
partment of Chemistry, Imperial College London) and poly(triarylamine) (PTAA) was
purchased from Flexink.

For the organic semiconducting blend studies, the solutions were prepared as shown

in Table 4.2. Organic semiconductors were prepared in separate solutions and they were
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Table 4.1: Solution preparation for single compound p-type organic semiconductor
solutions for TF'Ts which shows the concentration, the solvent (cb: chlorobenzene, tol:
toluene), the solution heating temperature, the dopant concentration and the thin film
annealing temperature in bracket.

p-type OSCs [C] (mg/mL) Solvent T, (°C) [D] (mg/mL) T¢ (°C)

diF-TESADT 5 Ch 50 5.1 100 (107)
Ce-BTBT 2 Cb 50 0.1 100 (10°)
TIPS-pentacene 5 Cb 50 5.1 100 (107)
C16-IDTBT 2 Cb 50 0.1 100 (107)
PTAA 10 Tol 70 0.1 100 (10)

then added in one formulation. The blend ratio and total blend concentration [C], the
solvent, the solution heating temperature [Ty], the dopant concentration [D] and the

thin film annealing temperature are provided [Ty].

Table 4.2: Solution preparation for blend organic semiconductors, which shows the total
concentration of the blend (the mixing ratio), the solvents (Cb is the chlorobenzene
and Tet is the 1,2,3,4 tetrahydronapthalene), the solution heating temperature, the
dopant concentration and the thin film annealing temperature in bracket.

OSC blend [C] (mg/mL)  Solvent T, (°C)  [D] (mg/mL) Tr (°C)
diF-TESADT:PTAA 10 (1:1) Ch:Tet (1:1) 50 5.1 100 (157)
Cg-BTBT:C,¢-IDTBT 10 (3:1) Cb:Tet (1:1) 50 0.1 120 (2))
TIPS-pentacene:PTAA 10 (1:1) Ch:Tet (1:1) 50 5.1 100 (157)

4.1.5 Solution processing: n-type doping of OSCs

For the n-type doping of organic compounds, which is studied in Chapter 6, (12a,18a)-
5,6,12,12a,13,18,18a,19-Octahydro-5,6-dimethyl-13,18[1’,2"|benzenobisbenzimidazo [1,2-
b:2’,1’-d]benzo[i][2.5] (DMBI-BDZC) was used as the n-type dopant and purchased
from Strem Chemicals. The dopant was used from 1x10M solution in chlorobenzene.

As an organic host poly[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis
(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene) P(NDI20D-T2) (N2200) was syn-
thesised by Dr. Simeng Wang and Prof. Martin Heeney (Department of Chemistry,
Imperial College London) and the naphthalene diimides fused with 2-(1,3-dithiol-2-
ylidene)malononitrile groups (NDI-DTYM2) (NDI3HU-DTYM?2) small molecule was
supplied by Merck KGaA. Solutions were prepared as presented in Table 4.3.
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Table 4.3: Solution preparation for n-type doping of organic semiconductors, which
shows the concentration of the solution, the solvent, the solution heating temperature,
the dopant concentration and the thin film annealing temperature.

n-type OSCs [C] (mg/mL) Solvent T, (°C) [D] (mg/mL) Ty (°C)
N2200 5 P-xylene 50 0.2 150 (15)
NDI3BHU-DTYM2 9.8 Mesitylene 50 1 100 (15")

4.1.6 Solution processing: OLETSs

For the organic light emitting transistors (Chapter 7), poly[[6,6,12,12-tetrakis(4-hexadecylphenyl)-
6,12-dihydroindeno[1,2-blindeno[2’,1":4,5] thieno[2,3-d]thiophene-2,8-diyl] thieno[3,2-b]thiophene-
2,5-diyl] (PDITTTT) and 2,7-dioctyl[1]-benzothieno[3,2-b][1]benzothiophene (Cs-BTBT)

were used. PDITTTT was supplied by Merck KGaA [115] and Cs-BTBT was purchased

from 1-Material. Devices from single components and their blend were fabricated. The

solution preparation method is presented in Table 4.4. After preparing the single com-

ponent solutions, the Cg—BTBT:PDITTTT blend was mixed in a 1:3 ratio.

Table 4.4: Preparation for single compound p-type organic semiconductor solutions for

TFTs, showing the concentration, the solvent (ch: chlorobenzene, tol: toluene), the

solution heating temperature, the dopant concentration and the thin film annealing
temperature in brackets.

OSC material [C] (mg/mL)  Solvent Ty (°C) Ty (°C)

PDITTTT 10 Tet 50 100 (157)
Cs-BTBT 10 Cb 50 100 (15)
For the OSC blend
PDITTTT 15 Tet 50 120 (157)

Cs-BTBT 20 Cb 50 120 (15)

4.1.7 Organic thin film deposition

After treating the source-drain contacts, the organic semiconductors were deposited
via spin coating followed by thermal annealing. Organic thin films in this project for
device fabrication and characterisation were prepared by spin coating in a nitrogen filled
glovebox. Spin coating is a widely used technique for depositing solution processed
materials. The solution is dropped onto the surface and the thin film is formed by
spinning the substrate as shown in Figure 4.1. By spinning of the substrate, excess

solution of the material is spun off due to centrifugal forces. The solvent evaporates
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during spinning. The amount of the evaporated solvent depends on the spin speed and

duration, as well as the boiling point of the solvent and the viscosity of the solution.

Figure 4.1: Steps of the spin coating technique: (a) Solution (blue) is dropped onto
the substrate. (b) Spin of the substrate spreads the solution and excess is spun off due
to centrifugal forces while solvent is evaporating. (c¢) The thin film is produced.

The spinning conditions for the solutions used in this project varied depending on
the solvent used and the organic semiconducting material. For the organic semicon-
ducting blends. A two-step spin coating procedure was applied starting at 500 rpm for
10 seconds followed by 2000 rpm for 30 seconds with acceleration 9 (9 is the slowest
speed increment). For the single component organic semiconductors, the spin speed
was 2000 rpm for 30 seconds. All organic semiconducting thin films were then annealed
at different temperatures. When thin film transistors were fabricated, the gate dielec-
tric layer was spin coated after the organic semiconductor layer. CYTOP (as purchased
from AGC Chemicals) was used as the gate dielectric without further processing. As
it is a viscous solution, prolonged spin time was used; 2000 rpm for 60 seconds re-
sulting in a film of 900 nm thickness (with geometric capacitance 2.1 nF/cm?). The
gate dielectric was thermal annealed at 100°C for 1 hour. Poly(methyl methacrylate)
(PMMA) was used as the gate dielectric for the N2200 OTFTs of Chapter 6. PMMA
was spin coated from 80 mg/ml solution in butyl acetate at 2000 rpm for 60 seconds

producing a film of 560 nm thickness (with geometric capacitance 5.5 nF/cm?).

4.2 Electrical Characterisation

Data analysis was performed using the following programs: Origin, Matlab and Python.

4.2.1 Current - voltage measurements

The transfer and output curves of the thin film transistor devices were measured with
an Agilent B2902A semiconductor parameter analyser (SPA) in combination with a

probe station in a nitrogen filled glovebox. The SPA has several source measurement
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units (SMUs), which were connected to the terminals of the transistors. A set of micro-
positioning needles were used to make contacts with the device’s electrodes with the

help of a camera.

4.2.2 Low - temperature measurements

For the low-temperature current-voltage measurements a cryogenic probe station (Fig-
ure 4.2) (Janis ST-500) was connected to an Agilent B2902A. The chamber of the probe
station cooled down with liquid nitrogen to 73 K in high vacuum (~10- mbar). Tran-
sistor characteristics were measured in a range of temperatures starting from 73-310 K
with an increment of 10 K. A script as written in Autohotkey was used to control the
measurements to make sure that the difference in temperature from the two embedded

sensors in the chamber for each measurement was kept constant.

Liquid
nitrogen

Figure 4.2: Experimental set-up of the low temperature system used to measure TFTs
with a cryogenic probe station.

4.2.3 Brightness measurements

The device luminance for the OLETSs were evaluated from the photodiode current.
The photodiode current was initially calibrated with an organic light emitting diode
(OLED) by using a luminance meter (Konica Minolta 1.S-100). The calibration of
the photomultiplier tube was performed with a super-yellow (SY) based OLED with a
known area and brightness (Figure 4.3). The controlled SY OLED had a photocurrent
of 71 nA per cd m™ with an area of 0.92 mm?.

These measurements and data analysis, as presented in Chapter 7, were performed

by Dr. Mujeeb Ullah Chaudhry at Durham University.

55



CHAPTER /. Experimental Methods

Photocurrent

Parameter -
Analyser

/ Ve (V)

Figure 4.3: Experimental set up of the spectrometer used to determine the evolution
of the brightness of the OLETs. The photomultiplier tube converts the light detected
by the photodetector.

4.2.4 External Quantum Efficiency

The external quantum efficiency (EQE) is an important parameter for the OLET de-
vices, as it quantifies their efficiency. EQE is defined as the ratio of the generated
photons per number of injected photons. This parameter can be extracted from the
current-voltage (transfer curve) of the OLET. Assuming a Lambertian emission, where
the radiation is directly proportional to the cosine of the angle (8) formed between the
surface and the incident light. Thus, the total luminous flux ®, can be calculated as

Equation 4.1 shows

/2
D, = 27T[0/ cos0sin0do (4.1)
0

where [, is the luminance (cd m™?) of the emission. By simplifying Equation 4.1, the

luminous flux (Equation 4.2)

D, = 1l,A (4.2)

where A is the area of the emission zone of the device and thus the units of ®v are (cd
sr). A human eye response curve was used to weight all the spectral components of
the measured light. The curve has a sensitivity peak at 555 nm and flux of 683 Im/W.

Thus the power and the measured flux can be related, as Equation 4.3 describes,

[ ER(\)EL(\)d)

T EI(\)dA (4.3)

b, = 683 Power
where ER is the eye response curve and El is the area under the electroluminescence
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curve. Then the number of the emitted photons (n) can be calculated as Equation 4.4
shows,
nhe

B == (4.4)

where h is Planck’s constant, c is the speed of light and A is the wavelength of the light
being measured. Since different wavelengths were used, the calculation of the centroid

wavelength A\, was required:

f ElL(N)dA
A = G 4.5
’ f El(N\)dA (45)
and thus the number of emitted photons (n,,) per second is:
El(A)dX 1
Nph = Powerf ) (4.6)

JEIN)dA he
By dividing the drain current by the fundamental charge the number of injected elec-
trons per second can be calculated. Finally, EQE is the ratio of the number of photons
emitted from the device divided by the number of electrons injected into the device.
The EQE analysis (Chapter 7) was performed by Dr. Mujeeb Ullah Chaudhry at

Durham University.

4.3 Thin film characterisation

4.3.1 Polarised optical microscopy

Polarised optical microscopy (POM) was used in this thesis to evaluate the thin film’s
morphology. Information such as thin film uniformity and crystallinity of the films can
easily be examined. By combining the images with the open source software ImagelJ,
the crystalline domains of the films can be observed. This technique was also used to
measure the transistor channel’s dimensions.

The polarised optical microscope is based on the birefringence of asymmetrically
ordered materials, which in this case are the organic semiconductors. When a beam
of light is incident on a birefringent medium it splits in to ordinary and extraordinary
beams (perpendicularly polarised), as shown in Figure 4.4. Whilst these beams travel
through the medium they interact with the refractive index of the crystal and due to
their difference in speed they exit the crystal out-of-phase. A polarising filter is placed
before the birefringent medium so that only two polarisations can pass through. A
second polarising filter (analyser) perpendicular to first one is used to combine these
two beams. In order for the light to pass through, the cross-polarisers have to change
its polarisation. An interference pattern is then created due to the phase difference

between the ordinary and extraordinary beams.
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Figure 4.4: Schematic configuration of a polarised light microscope.

The polarised optical microscope used in this work was a Nikon LV 100, equipped

with 5-50x magnification lenses connected to a CCD camera for capturing the images.

4.3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) is a powerful technique for morphological characteri-
sation of thin films. A helium-neon laser radiates the tip which is on a cantilever and
a photodiode detects the deflection in case of the topography. The sample is placed
on a piezoelectric tube where with the feedback loop constructs the topography image.
The schematic set-up is shown in Figure 4.5.

The scanning windows can vary between 0.5x0.5 pym (HR-AFM) to 50x50 pm de-
pending on the desired resolution and scanning area. There are various scanning modes
available, but for organic materials it is common to use the tapping mode. This is a
non-contact scanning method, where the cantilever oscillates on top of the sample sur-
face. Information such as the topography, the amplitude and the phase of the sample
can be recorded. By further data analysis, the film roughness, the height distribution
and analysis of the crystalline layers can be obtained.

In this work, an Agilent 5500 AFM was used under an ambient environment with
a silicon tip with resonant frequency 300 kHz and force constant 40 N/m (purchased

from Budget Sensors). Data analysis was performed with Gwyddion.
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Figure 4.5: Cartoon schematic of the AFM system. A laser beam is irradiating the
tip and the photodiode detects the signal which then via the feedback loop and the
piezoelectric tube (PZT) converts the signal to image. The sample in this figure is an
n-type organic small molecule in 3D which it was used in this work.

4.3.3 X-Ray Diffraction

X-Ray diffraction is a common technique used to identify the crystallinity and the
material’s structure. X-Rays are generated in a cathode ray tube by heating a filament
to produce electrons. By applying a voltage, electrons are accelerated towards the
target sample. Only when the electrons have enough energy to remove an electron
from the inner shell can X-ray spectra be produced.

As presented in Figure 4.6 the scattered rays from the crystal can interfere either
constructively or destructively. The detector only collects the signal when constructive
interference occurs. Constructive interference only occurs if the path difference (2d
sinf) is a multiple of the wavelength of the X-Ray beam, according to Bragg equation
(nA=2d sind).

For the p-type doping and light emitting transistor’s materials analysis (Chapters
5&7), XRD measurements were conducted by Panos Patsalas and George Vourlias,
(Department of Physics, Aristotle University of Thessaloniki, Greece), using a Rigaky
Ultima diffractometer equipped with a copper anode was used. Thin film organic
semiconductors were deposited on heavily doped Si" ' substrates.

For the n-type project (Chapter 6) XRD measurements were performed by Jaspreet
Kainth and Dr. Martyn McLachlan (Department of Materials, Imperial College Lon-
don, U.K). A PANanalytical X’Pert Pro MPD with a copper anode was used. Samples
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Figure 4.6: Schematic representation of Bragg’s law.

were prepared on a glass substrate.

4.3.4 Kelvin Probe & Air Photoemission Spectroscopy

A combination of Kelvin Probe (KP) and Air Photoemission Spectroscopy (APS) are
valuable analytical tools for metals and semiconductors, as their energy levels can be
determined. KP measures the potential difference between the vibrating tip and a
conductive grounded sample. The tip vibrates 0.2-2 mm away from the sample surface
and an electrical contact between them is made. A parallel-plate geometry capacitor is
formed between the tip and the sample. Due to the electrical contact, the Fermi level of
the tip and sample align resulting in charge flow. Surface potential is then determined
by the charge flow. KP is a non-contact and non-destructive way to measure the surface
potential of the topmost 1-3 layers of atoms of the sample.

APS is used to measure the absolute work function (valence band) of the semicon-
ductor by photoemission in air. An incident light with excitation range 3.3 to 6.8 eV is
used and it is based on the photoelectric effect. By varying the energy of the incident
light, the absolute work function can be measured. The HOMO energy level of the
organic semiconductor was extracted by applying Fowler’s analysis on the cube root of
the photoelectron versus incident photon energy. [113]

In this work a KP Technology Kelvin Probe SKP5050/APS02 system was used to
measure the work function of the pristine and doped organic semiconductors as well as
the work function of the evaporated metals. Silver was used as reference sample and
the incident light for the APS measurement was scanning from 6 to 4 eV, recording

the photocurrent response in a nitrogen filled chamber.
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4.3.5 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) is a spec-
troscopic technique which detects unpaired electrons. An external magnetic field is
applied, and the paramagnetic electrons could either orient parallel to the field di-
rection or antiparallel. Two very distinct energy levels are created for the unpaired
electrons, which allow us to measure them. In this project, EPR was used to explore
whether the molecular additives had generated unpaired electrons.

The EPR results, as presented in Chapter 6, were measured by Abdul — Hamid
Emwas and Dr. Alexandra F. Paterson (King Abdullah University of Science and
Technology (KAUST), Saudi Arabia). OSCs were deposited via drop casting on glass
substrates. The EPR was measured using a 5 G modulation amplitude, 100 kHz
modulation frequency and 25 dB microwave attenuation. All spectra were measured at
low temperatures, which were achieved using liquid helium (~4 K). A Bruker x-band
continuous wave EMX PLUS spectrometer was used to record all the EPR spectra,
where the latter was operated at (9.384688) GHz with a standard resonator, CW-EPR,

allowing for high sensitivity signal detection.

4.4 Optical properties of thin films and devices

4.4.1 Ultraviolet-visible-near infrared absorption spectroscopy
(UV-Vis-NIR)

UV-Vis-NIR spectroscopy technique is often used to study the optical properties of
organic semiconductor materials. Thin films were deposited on quartz substrates by
spin coating. A beam of monochromatic light passes through the sample and the
transmittance in percentage can be measured. Quartz substrates were used as the
reference sample. The absorption results, as presented in Chapter 7, were measured

by Alice Smith (Oxford University, U.K.) using a Shimadzu UV-2600.

4.4.2 Electroluminescence and Photoluminescence

In the electroluminescence measurements the applied field is responsible for charge
recombination and light emission, whereas in photoluminescence measurements the
excitation of charges is via light. The electroluminescence (El) and photoluminescence
(P1) of the light emitting transistors were measured using an optical fibre coupled
(Ocean-Optics USB4000-XR) spectrometer. The experimental results, as presented in
Chapter 7. Dr. Mujeeb Ullah Chaudhry performed the EQE measurements and data

analysis in Durham University.
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4.4.3 Steady state and time-resolved PL & solid-state photo-

luminescence quantum efficiency (PLQE)

The time-resolved PL measurements provide useful information to understand the re-
combination mechanism, as the PL intensity is monitored over time (nanoseconds).
These measurements were performed by Dr. Sungho Nam (Oxford University, U.K.),
using a time correlated single photon counting apparatus (FluoTime 300, PicoQuant
GmbH). Thin films were deposited on quartz substrates which were excited with a
frequency of 10 MHz using a 405 nm pulsed laser head (detection wavelength 537 nm).
The instrument response function (IRF) was also considered for the calculation of delay
times. A biexponetial fit was used to extract the decay parameters for the samples.
The data analysis is presented in Chapter 7.

Solid-state photoluminescence quantum efficiency (PLQE) measurements were per-
formed in thin films and are presented in Chapter 7. Alice Smith (Oxford University,
U.K.) conducted the measurements using a Horiba Scientific FloroMax-4 Spectropho-
tometer and Horiba Scientific Quantum-¢ Integrating Sphere. Directly and indirectly
excited emission spectra were recorded for the thin films at a slit width of 0.9 nm.
The PLQE was then calculated using the de Mello method [114], with the Jacobian

correction applied to all wavelength/energy spectral conversions. [115]

4.5 Summary

In this chapter the experimental techniques, as used for the work in this thesis are
presented in detail. In the first section the device fabrication is described, including
thin film deposition and metal evaporation. Then the OSC and doping solutions are
listed for the result chapters separately. The electrical characterisation (I-V) of the
thin film transistors then follows. Lastly, the thin film characterisation is discussed
including POM, AFM, XRD and KP and APS, as well as the techniques to understand
the optical properties of the thin films.
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P-type Doping OTFTs
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This chapter describes a simple method for
enhancing the charge lransporl properties
of several organic semiconducting systems
including p-type small molecules, polymers
and their blends. This method is based on
admizing the Lewis acid B(CgFs)s in the
semiconductor formulation. In two organic
semiconducting blended systems B(CgF} )3
showed a remarkable improvement in the
hole charge carrier mobilily; for blends

of 2,8-difluoro 5,11-triethylsilylethynyl an-

poly(triarylamine) (diF-TESADT:PTAA), and 2,7-dioctyl[1]-

benzothieno[3,2-b][1]  benzothiophene:  indacenodithiophene-benzothiadiazole (Cg-

BTBT: Cis-IDTBT), hole mobilities of 8 and 11 ¢cm?/Vs, respectively were obtained
from OTFTs. From further analysis of the single and blend materials B(CsFs)s re-

vealed that it has a dual role: an effective p-type dopant and a microstructural modifier

in the organic layer of the device.



CHAPTER 5. P-type Doping OTFTs

5.1 Introduction

In the field of organic electronics the continuous demand for high performing or-
ganic thin film transistors (OTFTs) has been the driving force behind the tremendous
progress witnessed during the past decade. New synthetic routes have been explored
leading to new materials with enhanced charge transport properties. [34, 42] An-
other approach to enhance charge transport in organic semiconductors and improve
the overall OTFT performance, is by the addition of molecular dopants. [57, 116] In
this chapter, the addition of Lewis acid molecules in several p-type organic semiconduc-
tor blends is investigated. OTEFTs were studied from both pristine and doped organic
semiconductors with the Lewis acid. Further analysis on the morphology of the thin

films were obtained by several techniques.

5.2 Organic Semiconducting Blends

In this chapter, the impact of the Lewis acid B(CgF5)3 in several organic semiconduct-
ing blends was investigated. Blending a small molecule and a polymeric material is a
common approach to achieve high film uniformity and good charge transport properties.
It has been shown that when blending 2,8-difluoro-5,11-bis(triethylsilylethynyl) anthra-
dithiophene (diF-TESADT) with poly (triarylamine) (PTAA) the charge carrier mobil-
ity increases to 2.4 cm?/Vs, of which structures are presented in Figure 5.1a. [55] By
further analysis of the organic compounds the system tends to undergo vertical phase
separation with the first 15-25 nm consisting of diF-TESADT. [55, 61, 117, 118] The
same behaviour was observed when 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-
pentacene) TIPS-pen:PTAA and 2,7-dioctyl[1]- benzothieno[3,2-b][1]benzothiophene
(Cs-BTBT) and the indacenodithiophene - benzothiadiazole (C1,IDT-BT) are blended.
[65, 57] The charge carrier mobility values of several organic blend systems are pre-
sented in Table 5.2.1 as measured in BC-TG OTEFTs configuration. Further information

on the solution processing and device fabrication can be found in Chapter 4.

Table 5.1: Hole charge carrier mobility of pristine organic semiconducting blend sys-
tems as measured in this project.

0SC blend Hole mobility (cm?/Vs)

diF-TESADT:PTAA 2.4
TIPS-Pentacene:PTAA 1.1

Cs-BTBT:CsIDT-BT 2.5

With reference to the organic semiconductor blends, as presented in Table 5.1, the
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effect of the Lewis acid tris(pentafluorophenyl) borane B(CgF5)s when added in the
organic blend formulations was studied in terms of charge transport properties and

thin film morphology.

5.3 Doping Mechanism

As described in Chapter 3, there are several mechanisms explaining the doping pro-
cedure in organic semiconductors. A range of techniques was used to extract the en-
ergy levels of the OSC, including density functional theory (DFT) calculations, cyclic
voltammetry measurements, Kelvin Probe (KP) and Air Photoemission Spectroscopy

(APS) technique.

a - diIF-TES ADT B(CaFs)s
RN F
I PTAA F F
: n F F
s
200¢ o]
E N
s e F F
f : F FF F
Si F F
{3
c
p 2.2
| 305 LUMO 301 (cV)
% % = 312 (OF)
T4 Es ;
8 . | < 481
£ |
TR I 35
T_i
LUMO HOMO v AT
(312 eV) (717 eV)

Figure 5.1: (a) Chemical structures of diF-TESADT, PTAA and B(CsF5)3. (b) LUMO
and HOMO energies for B(CgF5); calculated via the DFT method. The HOMO is pre-
dicted to be localised on phenyl groups whilst the LUMO is delocalised over the whole
molecule. (¢) HOMO and LUMO energies of diF-TESADT, PTAA and B(CsF5)s.

The chemical structures of the first organic semiconducting blend system included
the diF-TESADT as a small molecule and the PTAA as the polymer are presented in
Figure 5.1a, along with the structure of the dopant B(CgF5)3. Density functional theory
(DFT) calculations for the B(CgF5);3 showed that the highest occupied molecular orbital
(HOMO) is at -7.17 eV, whereas the lowest unoccupied molecular orbital (LUMO) is at
-3.12 eV (Figure 5.1b). Figure 5.1c presents the energy levels of the organic materials,
and as it can be seen, a large energy offset is observed between the dopant and the
host from CV and DFT studies. Although the latter picture may appear to rule out
ground state integer electron transfer from the blend to the B(CgI'5)3, a recent study

suggests that such a process is possible since they reported the LUMO energy level of
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B(CgF5)s3 at -4.81 eV. However, the way that they measured or calculated this value is
not stated [120]. The LUMO energy value for B(CgF5)s of -3.01 eV was measured by
CV as taken from reference [119].

An alternative proposed mechanism for this doped system, is the Lewis acid-base
interactions between certain chemical species and the dopant. Integer electron transfer
may occur from the organic semiconductors to the B(CgF)s, resulting in a formation

of radical cations and thus p-type doping of the organic hosts.

5.4 p-Type Thin Film Transistors

In order to evaluate the p-type doping hypothesis bottom-contact top-gate (BC-TG)
organic thin film transistors (OTFTs) were fabricated, where structure and an array
of OTFTs are presented in Figure 5.2. The contacts of the devices were deposited
via thermal evaporation of gold and aluminium metals under high vacuum. For the
organic semiconductor and the dielectric deposition, spin-coating was used. Further

details on the experimental procedure can be found in Chapter 4.

i Al
CYTOP

S Blend D

substrate

Figure 5.2: Bottom-contact top-gate (BC-TG) thin film transistor a) device architec-
ture and b) array of fabricated OTFTs on a glass substrate.

5.4.1 Organic Semiconductor Blends

As the organic semiconductor layer, the diF-TESADT:PTAA blend was used, of which
transfer curves are presented in Figure 5.3 with the green line (0 mol%). Introducing
molecules of B(CgF3)3 in the organic semiconducting blend affects the transfer char-
acteristics (Figure 5.3a), where a clear increase in the on-current (Ipy) is observed by
adding 1.5 and 2.4 mol%. The increase of the (Ipy) is more pronounced in the square
root of the drain (I,,) current vs the gate voltage (Vi) plot, Figure 5.3b. Moreover,
the off-current (I..) is also increased when molecules of B(CgF5)s, were added in
the diF-TESADT:PTAA blend. This phenomenon has been observed in other doped
semiconducting systems and it is attributed to the increased bulk conductivity, which
is due to the increased concentration of free charges in the semiconducting layer. [121]

Representative output curves (I, vs V) of the best performance devices for diF-

TESADT:PTAA and diF-TESADT:PTAA: B(CsF5)3 (2.4 mol%) are presented in Fig-
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Figure 5.3: Transfer characteristics as measured for top-gate, bottom-contact dikF-
TESADT:PTAA transistors with different B(CgF5)3 concentrations in the range of
0-3.6 mol%.

ure 5.4. The increase in the [, is more obvious in the output curves. Minimal hysteresis

is also observed in these OTFTs, indicating a good quality semiconductor/dielectric

interface.
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Figure 5.4: Output characteristics (I, vs V) for the organic semiconducting blend (a)
diF-TESADT:PTAA and (b) diF-TESADT:PTAA:B(CsF5)3 (2.4 mol%)

By further analysis of the transistor’s characteristics the field effect mobility was
extracted by using the equations as described in Chapter 2.4 for both linear and sat-
uration regime. Pristine (0 mol%) TFTs exhibit hole charge carrier mobility on av-
crage in the saturation regime (u, sam)) of 2 cm?/Vs, as presented in Figure 5.5a.
By admixing the B(CgF5)s in the organic semiconducting blend an increase in both

linear (pun (Liny) and saturation regime is observed. The highest hole mobility of ~8

67



CHAPTER 5. P-type Doping OTFTs

cm?/Vs in the saturation regime was found when 2.4 mol% of B(C¢F5)3 was added in
the diF-TESADT:PTAA blend. This value is higher than reported for single-crystal
diF-TESADT OTFTs (6cm?/Vs). [49] For OTFT applications, parameters such as
threshold voltage (Vrn), on-off current ratio Ton/orr and contact resistance (Re) are
crucial. Figure 5.5b shows the evolution of the Vi, by varying the mol% concentra-
tion of B(CgF5)s in the diF-TESADT:PTAA blend. A sharp decrease in the Vrpy, is
observed once B(Cgl's)3 was added up to 1 mol%, which then remains at relatively con-
stant voltages. Increasing B(CgF5)3 concentration to >2.4 mol% results in an increase
in the channel off-current and on/off ratio deterioration, as presented in Figure 5.5c¢.
A further positive effect associated with the presence of B(CgF3)s, is the reduction of
the contact resistance (R¢). Figure 5.5d shows the evolution of Re for pristine and
B(CgF5)s-doped (2.4 mol%) OTFTs as calculated using the transmission line method
(TLM). [122] Although the dependence of R¢ on 'V, for the pristine and doped devices
appears similar, B(CglF's)3-doped OTFTs exhibit significantly reduced Re. This is an
important finding and highlights the important role of R¢ on the mobility enhance-
ment observed (Figure 5.5a) while indirectly supports the p-doping effect, as the trap

states in the semiconducting layer have been filled by the dopant.
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Figure 5.5: (a) Evolution of hole mobility (un) as a function of B(CgF5)s concentra-
tion for the diF-TESADT:PTAA: B(CgF5)s blend. (b) & (c) display the evolution of
threshold voltage (V) and current on-off ratio, respectively, as a function of B(CgF5)3
concentration and (d) evolution of contact resistance (R¢) versus Vi, calculated for the
pristine and B(CgF5); (2.4 mol%)-doped diF-TESADT:PTAA OTFTs.

To investigate whether the Lewis acid doping approach is applicable to other or-
ganic semiconductors the study was extended to two other already known organic
semiconducting blend systems in the literature: 6,13-bis(triisopropylsilylethynyl) pen-

tacene (TIPS- pentacene) with poly(triarylamine) (PTAA), TIPS-pen:PTAA and the
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small molecule 2,7-dioctyl[1]- benzothieno[3,2-b|[1]benzothiophene (Cg-BTBT) with
the indacenodithiophene- benzothiadiazole polymer (C;IDT-BT), Cs-BTBT:C,4IDT-
BT. TIPS-pen as well as Cg-BTBT are highly crystalline small molecules with good
charge transport properties. The chemical structures of the compounds as well as
their HOMO energy levels are presented in Figure 5.6. The HOMO energy level of the

semiconductors was measured via Air Photoemission Spectroscopy (APS).
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Figure 5.6: (a, b) Chemical structures of the additional organic semiconducting mate-
rials used for blends and (c¢) their HOMO energy level, as measured by APS.

The conditions for blending these materials were by as described in Chapter 4.
The dopant was used in the range of 0-0.5 mol% for the Cg-BTBT:CysIDT-BT blend
and in the range of 0-5 mol% for TIPS-pen:PTAA, in order to find the optimum
dopant concentration where the OTFTs showed the best performance. Figure 5.7
shows representative transfer characteristics of the pristine (0 mol%) blends and OTFTs
with the optimum amount of B(CgF35)3 in each system. For the OTFTs with the Cs-
BTBT:CyIDT-BT, the optimum amount of B(CgF5); was found when 0.05 mol% were
added, while for the TIPS-pen:PTAA blend at 2.4 mol%. For the Cg-BTBT:C4IDT-
BT blend OTFTs, the enhance in the Ipy is significant, since from 4.7x107 increases
to 2.2x10™A for the 0.05 mol% B(CsF5)s-doped, whereas in the TIPS-pen:PTAA it
was less pronounced.

The hole charge carrier mobility was extracted from several devices for each blend by
following the gradual channel approximation equations, as presented in the histograms
of Figure 5.8. Pristine Cg-BTBT:C14IDT-BT OTFTs show charge carrier mobility in
the saturation regime in the range of 1-4 cm?/Vs, which is in accordance with reported

values for this particular organic semiconducting blend. [57] Addition of only 0.05
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Figure 5.7: Transfer characteristics measured for top-gate, bottom-contact (a) Cs-
BTBT:CIDT-BT and (b) TIPS-pen:PTAA blends.
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Figure 5.8: Histograms of saturation mobility for (a) pristine Cs-BTBT:Cy6IDT-
BT:B(C¢F5)3 (0 mol%) and doped Cg-BTBT:CjsIDT-BT:B(C¢F5); (0.05 mol%)
and (b) pristine TIPS-pen:PTAA: B(CglF5)3(0 mol%) and doped TIPS-pen:PTAA:

mol% B(CgF5)3 led to a significant improvement in the hole transport with values
now reaching ~11 ¢cm?/Vs. A similar but less pronounced effect is observed for the
TIPS-pen:PTAA blend, which upon doping with 2.4 mol% demonstrates charge carrier
mobility of ~3.7 cm?/Vs.
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Overall, a positive impact is observed in hole charge transport properties of the
organic semiconductor blends when admixing them with B(CgF5);. Not only is the
charge carrier mobility enhanced, but other important parameters for OTFTs are im-

proved, such as the decrease of the Vg4, and the reduction of the R¢ upon doping.

5.4.2 Single component TFTs

To further explore the impact of B(CgF5)3 in the organic semiconducting materials used
for the OSC blend OTFTs, OTFTs from single OSCs were fabricated. The purpose of
this experiment was to understand whether B(CgF5)3 has higher impact in the small
molecules, the polymers or in both materials. For this reason, BC-TG OTFTs were
fabricated from the small molecules diF-TESADT, Cg-BTBT and TIPS-pent, as well
as from the polymers PTAA and CigIDT-BT. Experimental details of the solution

preparation and the device fabrication are described in Chapter 4.
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Figure 5.9: Transfer characteristics for the small molecule OTFTs with (a) diF-
TESADT:B(CgF5)3 0 mol% & 2.4 mol%, (b) TIPS-pen:B(C¢F5)s 0 mol% & 0.5 mol%
and (c) Cg-BTBT:B(CgF5)3 0 mol% & 0.1 mol%.

Figure 5.9a shows the transfer characteristics of the small molecule diF-TESADT
pristine (0 mol%) and doped diF-TESADT:B(CgF5)3 (2.4 mol%) OTFTs. An increase

in the Ipy is observed when the dopant is added, which led to an increase in the hole
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charge carrier mobility from 0.5 to 1 cm?/Vs for the linear and from 1 ¢cm?/Vs to 1.7
cm?/Vs for the saturation regime. A small decrease in the threshold voltage is also
observed of ~5 V, which is attributed to trap filling caused by the dopant addition.
Tips-pen:B(CgF5)3 showed a similar behaviour when 0.5 mol% of B(CgF5)3 was added,
as shown in Figure 5.9b. From the transfer characteristics an increase in both Ipy and
lorr is observed, where the former has an impact in the mobility and the latter is a sign
of effecting p-type doping. Charge carrier mobility is enhanced from 0.5 to 1.2 cm?/Vs
for the linear and from 0.8 cm?/Vs to 1.9 cm?/Vs for the saturation regime. Lastly,
an increase in the mobility of the Cs-BTBT doped OTFTs with 0.1 mol% of B(CgF5)3
was also observe; the transfer curves of pristine and doped OTFTs are presented in
Figure 5.9c. An increase in the hole mobility was observed from 0.2 to 0.8 cm?/Vs
for the linear and from 0.4 cm?/Vs to 1.4 cm?/Vs for the saturation regime. Overall
for the three small molecules, as tested, B(CgF'5)3 has a positive impact in the charge
transport properties, with an increase in the hole mobility and decrease in the threshold

voltage.
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Figure 5.10: Transfer characteristics for the polymer OTFTs with (a) PTAA: B(CgF5)3
0 mol% & 0.1 mol% and (b) C16IDT-BT: B(CgF5)30 mol% & 0.1 mol%.

Next, OTFTs fabricated in BC-TG configuration from the two polymers, PTAA
and the C1gIDT-BT, were measured and their transfer curves are presented in Figure
5.10 from pristine and doped solutions. For both systems, the addition of 0.1 mol%
of B(CgF5)3 show an increase in the Ipy and in the hole mobility. In particular, a
small increase in the charge carrier mobility was observed for the PTAA OTFTs from
0.003 to 0.007 cm?/Vs for the linear and from 0.005 to 0.01 ¢cm?/Vs for the saturation
regime. More significant was the impact for C,IDT-BT, whose mobility was enhanced
from 0.09 to 0.2 cm?/Vs in the linear and rom 0.16 to 0.34 cm?/Vs for the saturation

regime when 0.1 mol% were added in the host solution. Both polymers show that the
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addition of B(CgF5)3 has a positive impact on the charge carrier mobility as measured
from the OTFTs.

From the single component OTFT results, B(CgF5)3 shows that it dopes both the
small molecules and the polymer materials used in this work. Charge carrier mobility
was improved with the addition of an optimum amount of the dopant, threshold voltage

was reduced and a small increase in the 1, was observed in some cases.

5.5 Thin film morphology

5.5.1 POM and AFM imaging

The morphology of the organic semiconducting layer is important for OTFT appli-
cations. Several techniques were used in order to examine whether the addition
of B(CgI'5)3 has affected the microstructure of the thin films, as the semiconduc-
tor/dielectric interface is crucial for the transistors. Polarised optical microscopy
(POM) in combination with Atomic Forced Microscopy (AFM) were applied for the
organic thin films.

From the POM images (Figures 5.11a&Db), the common spherulite type microstruc-
ture of diF-TESADT crystals was observed [29, 56, 117]. The two films of diF-
TESADT:PTAA and diF-TESADT:PTAA:B(CsF5); (2.4 mol%) appeared to have sim-
ilar microstructure, in which the latter forms smaller crystals. To confirm this finding,
thin films were studied with AFM in tapping mode and their topographic images are
shown in Figures 5.11c&d. From the height distribution (Figure 5.11e) of the films as
extracted from the topography images, different types of microstructure were revealed.
The diF-TESADT:PTAA layers exhibit two broad peaks, one with a centre at ~5.8
nm (peak 1) and one at ~30 nm (peak 2). These peaks are assigned in the different
regions of the surface where peak 1 is attributed to the flat regions on the film surface
(highlighted by box 1), whereas peak 2 refers to regions with a larger height variation
(box 2) in Figure 5.11c.

On the other hand, the diF-TESADT:PTAA:B(Cgl'5); (2.4 mol%) film exhibited
well defined multimodal height distribution indicating the presence of molecularly
flat crystalline plateaus. From the height distribution of the (Figure 5.11e) diF-
TESADT:PTAA: B(CgF5)s (2.4 mol%) layer three peaks are observed, one centred
at ~5 nm (peak 1), ~16 nm (peak 2) and ~31 nm (peak 3). These features are vis-
ible in the high-resolution AFM scan (Figure 5.11d) where the numbered boxes are
attributed to each peak of the height distribution.

From the AFM scanning, the pristine and doped samples show two different surface
topographies as presented in the cartoon schematic of Figure 5.11f. The most drastic

change in the microstructure is the formation of molecular terraces in the doped film,
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with the crystalline plateaus extending to >10 pm, i.e. distances comparable to the

channel length of the OTFTs employed.

B(C,F,),-doped Pristine
| (2.4mol%) blend  blend (0 mol%)
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Figure 5.11: Polarised optical microscopy images of diF-TESADT:PTAA (a) a pris-
tine (0 mol%) and (b) B(CgFs5)s-doped (2.4 mol%) blend layer. Topographical AFM
images of diF-TESADT:PTAA (a) a pristine (0 mol%) and (b) B(C¢Fs5)s-doped (2.4
mol%) blend layer and (e) their corresponding height histograms. (f) Cartoons repre-
senting schematics of the layer cross-section of the pristine and B(CgFs5)3-doped diF-
TESADT:PTAA layers.

The molecularly flat domains which were found in the B(CgF35)3 layer resemble
molecular terraces, as reported previously in the literature for single crystals diF-
TESADT [49] and polycrystalline layers [123]. The diF-TESADT terraces are multiples
of the dgg1 spacing of 16.3 A of the triclinic P1 space group.[49, 124] More specifically,
the peak 1 of the height distribution of the diF-TESADT:PTAA:B(C¢F5); (2.4 mol%)
film (Figure 5.11e) centred at ~8 nm corresponds to an average terrace height profile
of five monomolecular layers assuming a monolayer (ML) height of ~16A. Similarly,
peaks 2 and 3 represent terraces compromised of 10 and 20 monomolecular layers. The
value of the one ML (~16A) is close to the dgo; spacing of the triclinic diF-TESADT
crystal. High-resolution AFM scans along with further analysis of the highlighted
region (box A) as shown in Figure 5.12a revealed the coexistence of single monolayers
(IML) ~1.6 nm (line scan 1) in height (Figure 5.12¢) and multiple monomolecular
terraces (line scan 2) in agreement with Figure 5.11e.

From the AFM analysis, the B(CgF5)s doped diF-TESADT:PTAA layer exhibit
long range molecular terracing with the c-axis of the diF-TESADT oriented orthog-
onal to the substrate, whereas the a-b parallel to it. Since these features are only
present in the doped layers, the addition of B(CeF5); mediates the small molecule

crystallisation with profound impact on the layer microstructure. The drastic im-

74



CHAPTER 5. P-type Doping OTFTs

n 2:4'mol% n Line scan T~

-
[9)]

~11.3 nm (7 ML)

Height (nm)
o
Height (nm)

-
o
T

14 { s
"""""""""
13 | 1 | 1 5 | 1
02 04 06 08 0.4 0.8 12
Scan distance (um) Scan distance (um)

Figure 5.12: (a) AFM topography image for diF-TESADT:PTAA:B(CgF5)s- doped
layer and (b) high resolution AFM image of region A (box) highlighted in (a). (c¢) Line
scans 1 and 2 obtained from the AFM image in (b).

provement in the crystallinity of the upper phase separated diF-TESADT layer in the

diF-TESADT:PTAA:B(CsF5)3 (2.4 mol%) blend is playing an important role in the
hole mobility enhancement in the OTFTs.
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Figure 5.13: POM images for (a) Cs-BTBT:Cj4IDT-BT & (b) Cs-BTBT:Cy4IDT-
BT:B(CgF5)3 (0.05 mol%). Topographical images for (c) pristine Cs-BTBT:Cy6IDT-
BT, (d) doped Cs-BTBT:C4IDT-BT: B(CsF5); (0.05 mol%) and (e) their correspond-
ing height distribution histograms.
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POM and AFM morphology analyse were also applied for the Cg-BTBT:Cy4IDT-
BT and the TIPS-pen:PTAA blends for both pristine and B(CgF5)s doped thin films.
Figures 5.13 a&b shows POM images of the Cg-BTBT:C4IDT-BT pristine (0 mol%)
and 0.05 mol% B(CgF5)3 doped thin films. Spherulitic type morphology is observed
from the POM images, which is attributed to the small molecule Cg-BTBT. There
were no obvious differences between the pristine and the doped films. For further
analysis, AFM was used in tapping mode, and the topography scans are presented
in Figure 5.13c&d. Analysis of the height histograms as presented in Figure 5.13e
revealed a significant difference between the pristine and doped films. The pristine film
exhibited broader height distribution, as compared to the doped, with the latter being
characterised by a smoother surface and several distinct peaks indicative of molecular
terracing, caused by the addition of B(CgFj5)s.

Furthermore, the TIPS-pen:PTAA blend films also show a spherulitic type morphol-
ogy. The B(Cgls)3 doped sample exhibits smaller crystals compared to the pristine
film, as shown in Figures 5.14a&b. To gain further information in their morphology,
AFM in tapping mode was applied and their topographic scans are presented in Figures
5.14 c&d. The B(CgF5)3 dopant has a similar smoothing effect on the layer’s surface
topography, which can be observed from the AFM images and their corresponding
height histograms (Figure 5.14e), since the peak of the pristine is broader. However,
unlike the other two blend systems, there is no evidence of molecular terracing in the

TIPS-pen:PTAA:B(C4F5)3 film.

o

-

o
=)
T

N
<

Pristine

N
<
®

Log (counts / a.u.)

N
e
%

0 50 100
Height (nm)

Figure 5.14: POM images for (a) TIPS-pen:PTAA & (b) TIPS-pen:PTAA:B(CgF5)3
(2.4 mol%). Topographical images for (c) pristine TIPS-pen:PTAA, (d) doped TIPS-
pen:PTAA:B(C¢F5)3 (2.4 mol%) and (e) their corresponding height distribution his-
tograms.

To conclude on the film morphology, as examined by the POM and AFM analyses,
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on the three blend systems diF-TESADT:PTAA, Cg-BTBT:C;sIDT-BT and TIPS-
pen:PTAA, B(CgF5)s has a positive impact on their morphology. In these organic
blend systems enhanced crystallinity was observed by the POM images with smaller
size crystals. The AFM analysis revealed that B(CgF5)s addition in certain systems

exhibit long-range molecular terracing.

5.5.2 XRD Analysis

Further analysis was conducted on the diF-TESADT:PTAA blend, in order to gain a
better understanding of the impact of the B(CgF5)3 on the crystallinity of the films
by X-ray Diffraction (XRD) in Bragg Brentano geometry. The XRD diffractograms
of diF-TESADT, diF-TESADT:PTAA and diF-TESADT:PTAA:B(CsF5)s (2.4 mol%)
are presented in Figure 5.15. A thin film of PTAA was also measured, but did not show
any peaks, since it is a completely amorphous polymer. The samples exhibit strong
diffraction peaks at 2.72-2.74°, which correspond to the dgg; spacing of the triclinic
diF-TESADT crystal (P1 space group). This finding is in accordance with the AFM
observations, where the diF-TESADT peaks were identified as multiples of the dgg;
spacing. Peaks at higher angles were also identified and they correspond to the (00h)
family of planes suggesting a (001) lamellar structure parallel to the substrate. The

doon spacing values along with the peak position of the measured samples are presented

in Table 2.3.
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Figure 5.15: XRD diffractograms for diF-TESADT, diF-TESADT:PTAA and diF-
TESADT:PTAA:B(CgF5)s (2.4 mol%) thin films.

In order to quantify the XRD results the prominent (00h) diffraction peaks were
fitted with Voight curves which they are consisting of a Lorentzian and Gaussian con-

tribution. For the single peak analysis the size broadening is Lorentzian, whereas the
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strain broadening is Gaussian. [125] In this case, the size broadening is related to
variations in the vertical grain size (G,), while the latter is related to the microstrain
(es), which in turn relates to structural defects and the microscopic strain field around

them.[126]

Table 5.2: The Bragg angles (0) of the three stronger peaks of the films and the
corresponding d001 values.

Sample 001 003 004

6° d(mm) 6 d@mm) 6 d(om)

diF-TESADT 274 161 814 162 1089 1.63

diF-TESADT:B(CgF5)3 273 161 822 161 11.01 1.61

diF-TESADT:PTAA 272 161 819 162 1099 1.61

diF-TESADT:PTAA:B(CgF5); 271 162 816 162 N/A N/A

The cartoon schematic in Figure 5.15 illustrates the origin of microstrain in the
case of lamellar layer type of morphology, due to the existence of grain boundaries
(GB).[29, 117] As the diffracted X-rays are propagating through the crystalline layers
they interact with the strained regions surrounding the diF-TESADT grain boundaries
(GBs). The contribution of the strained regions to the XRD signal is expected to be
associated with the increased density of GBs in the film. Thus microstrain (es) and
grain size (G,) can be used as indicators of the lateral and out-of-plane crystallinity,
respectively. A Gaussian broadening (WG) was used to estimate microstrain (es), while
a Lorentzian broadening (WL) was introduced in to Scherrer’s formula to determine
G, along the z-direction.

The Voigt fit was applied in the (001) diffraction peaks as they offer the best compro-
mise between the intrinsic angular resolution limits of the XRD measurements and the
signal-to-noise ratio. Figure 5.16 shows the (001) peak with the corresponding Voigt fits
for the diF-TESADT, diF-TESADT:PTAA and diF-TESADT:PTAA: B(CsFs); (2.4
mol%) films. Data analysis (Table 5.2) revealed that diF-TESADT:PTAA layers ex-
hibit inferior crystallinity, both out of plane (small G,) and laterally (large €es), as com-
pared to neat diF-TESADT layers. On the other hand, doped diF-TESADT:PTAA:
B(CsF5)s (2.4 mol%) layers yield substantially reduced G, and es values suggesting
the existence of thinner layers with enhanced lateral long-range crystallinity. These
results are in good agreement with the molecular terraces seen in the AFM analysis.
It also suggests that diF-TESADT:PTAA:B(Cgls)s (2.4 mol%) layers contain fewer
GBs, which are known to be associated with hole trap states [117], and may explain

the improved OTFT performance.
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Figure 5.16: X-ray diffractograms around the (001) peak and the corresponding Voigt
fits for the diF-TESADT, diF-TESADT:B(CgF35)3, diF-TESADT:PTAA, and the diF-
TESADT: PTAA:B(CgF5)3 (2.4 mol%) films.

Table 5.3: The vertical grain size (G,) and the microstrain (es) as determined from
the three stronger peaks of the films. G, is an indicator of the vertical crystallinity,
whereas €s is an indicator of the lateral crystallinity.

Sample Gz €8
(001)  (003) (004) | (001) (003) (004)
diF-TESADT 269.59 50.04 57.50 | 0.0064  0.0048 0.0022

diF-TESADT:B(CsF5)3 130.97 36.40 54.08 | 0.0168 0.0380 0.0379
diF-TESADT:PTAA 84.66 27.16 12.48 | 0.0139 0.0592 6.46x108

diF-TESADT:PTAA:B(CsF5); 44.16 13.96 N/A | 0.0050 1.94x10-16 N/A

5.5.3 Energy levels

The energy levels of the semiconducting pristine and B(CgF5)3 doped layers were mea-
sured by Kelvin Probe (KP) and Air Photoemission Spectroscopy (APS). The former
was used to obtain information for the workfunction, whereas the latter was used for
the HOMO energy level of the OSC thin films.

For the diF-TESADT:PTAA blend (Figure 5.17a) a decrease in the workfunction
level once B(CgF5)3 was added in the blend was observed. At higher doping concen-
trations (5 mol%) the reduction of the workfunction is about 0.2 eV, while the HOMO

level stays at the same level across all samples. The impact of the B(CgF5); in the
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Figure 5.17:  Workfunction (¢) and HOMO energy levels for the (a) diF-
TESADT:PTAA, (b) Cs-BTBT:Cy6IDT-BT and (c¢) TIPS-pen:PTAA blends by vary-
ing the B(CgF5)s concentration.

Cg-BTBT:CysIDT-BT blend is significant, as the workfunction decrease is about 0.5
eV in the range of 0-0.5 mol%. The HOMO level remains unchanged for this blend too.
Lastly, for the TIPS-pen:PTAA blend the overall decrease of the workfunction is about
0.3 eV in the range of 0-5 mol% of B(CgF5)3. Overall, the shift in the workfunction
is associated with filling the trap states in the organic semiconductor layer due to the
existence of the B(Cgl'5)3 dopant in the organic semiconducting blends. Trap filling
due to dopants has been studied from several groups via UV photoemission (UPS) and

inverse photoemission spectroscopy (IPES). [127, 128]

5.6 Summary

In this chapter, the use of B(CgF5)3 as a molecular additive in several organic semicon-
ducting materials is investigated. DFT calculations in a combination with experimental
techniques such as KP and APS were used in order to extract the energy levels (HOMO
and LUMO) of the semiconducting compounds. As a model organic semiconductor
initially the diF-TESADT:PTAA blend was studied, which is a highly crystalline com-
pound — an ideal material for p-type OTFT applications. The energy level difference
between the LUMO of the B(CgF5)3 (-3.12 eV via DFT) and the HOMO level of the
semiconductors (~5.2 eV) suggested high energy offset and thus ground state integer
charge transfer is not favourable. However, a recent study suggested that this is pos-
sible to happen as they reported the LUMO of B(CgF5)3 at 4.81 eV without stating
how they measured it. [120] If integer charge transfer took place in these systems, it
would most likely involve the charge transfer from the IIOMO level of the blend to the
LUMO level of B(CgF5)3 resulting in the formation of radical cations, which then lead
to p-type doping.

To evaluate the doping effect in the organic semiconducting blends, BC-TG OTFTs

were fabricated by varying the concentration of B(CgF5)3. Hole charge carrier mobili-
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ties up to ~8 and 11 em?/Vs for the diF-TESADT:PTAA and the Cg-BTBT:Cy4IDT-
BT blends, respectively were obtained. Doping the TIPS-pen:PTAA blend also resulted
in an improved mobility of 3.7 cm?/Vs. Further analysis on the data indicated the re-
duction of the contact resistance due to trap filling by B(CgF5)s. Single component
OTFTs were also fabricated seperately in order to examine the effect of B(CgF5)3 on
each component of the blends. It was shown that B(Cgl's); is a powerful dopant in
both small molecules and polymers.

A further important discovery was the positive impact of the B(CgF5); in the thin
film microstructure of the organic semiconductor blends, with certain systems exhibit-
ing long-range molecular terracing. X-Ray diffraction is in accordance with the AFM
analysis, where the results suggested that the doped diF-TESADT:PTAA layer consist
of single or multiple molecular terraces of 1.6 nm. Furthermore, the shift in the work-
function upon doping was measured by KP and APS technique for the three blends
presented in this work. To conclude, the semiconducting blends undergo simultaneous

p-doping with enhanced charge transport properties along with improved crystallinity.
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In this chapter, a new and non-volatile
n-type molecular dopant (12a,18a)-5,6,12,
12a,13,18,18a,19- Octahydro-5,6 -dimethyl-
13,18[1°, 2’]- benzenobisbenzimidazo[l,2-
b:2’,17-djbenzo[i][2.5] benzodiazocine potas-
stum triflate adduct (DMBI-BDZC) is pre-
sented for doping the organic semiconduct-
ing layer of thin film transistor. There is a
need of new organic semiconducting mate-
rials that can perform as n-lype dopants.
According to DFT calculations and due
to the position of the HOMO level of the
DMBI-BDZC, ground state integer charge
transfer is possible to occur between the
selected OSCs for this study. To inves-
tigate this experimentally, FPR was used
and the generation of unpaired electrons in

the doped samples were observed. OTFTs

were also used to study the impact of the DMBI-BDZC' in films of a small molecule and

a polymer as an n-type dopant. Not only the charge carrier transport of the doped films

was enhanced, but also other crucial OTFT parameters were significantly improved,

including the contact resistance and the threshold voltage of the devices. Finally, the

impact of the dopant on the morphology of the semiconducting thin films was evaluated

with AFM and XRD studies.
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6.1 Introduction

Doping the organic semiconductor materials for electronic applications is a common
approach to improve the semiconductor properties. [93, 104] For thin film transistors
not only the charge carrier mobility is enhanced, but other crucial device parameters
are improved. Although extensive work has been performed in doping p-type organic
semiconductors, limited work is available for n-type OSC materials. One reason be-
hind this is the requirement of electron deficient units in the OSC molecule with lowest
unoccupied molecular orbitals (LUMO) energy levels that are not too low. [34] Ma-
terials with low LUMO levels usually result in molecules which are not air stable and
difficult to chemically synthesise; the LUMO level should be below ~4 eV in order to
be air stable. Identifying materials that can be used as n-type molecular dopants is

significantly challenging and this was the motivation behind this project.

6.2 Organic semiconducting materials

The use of a previously unidentified n-type material which can be used as a molecular
additive for n-type organic semiconductors is presented: the (12a,18a)-5,6,12,12a,13,18,18a,19-
octahydro -5,6-dimethyl-13,18[1°,2’]- benzenobisbenzimidazo[l,2-b:2’,1’-d|benzoli][2.5]
benzodiazocine potassium triflate adduct (DMBI-BDZC). Density Functional Theory
(DFT) calculations were used to identify the energetics of the organic semiconducting
materials and the dopant. The energy of the frontier orbital of the LUMO of the DMBI-
BDZC was found to be -0.74 eV, whereas the HOMO was at -3.84 eV. As organic semi-
conducting hosts NDI semiconductors were selected: the polymer poly((N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt- 5,5’-(2,2’-bithiophene))
(N2200) and small molecule naphthalene diimides fused with 2- (1,3-dithiol-2-ylidene)
malononitrile groups (NDI-DTYM2) (NDIBHU-DTYM2), whose molecular structures
are presented in Figure 6.1.

Both materials are known from the literature for their electron transporting prop-
erties and high charge carrier mobilities in OTFTs. [129-131] According to DFT
calculations, N2200 has dimer HOMO and LUMO energy levels at -5.8 and -3.8 eV
respectively, consistent with previous reported values. [41] As presented in Figure 6.2
there is a minimal energy offset (0.04 eV) between the HOMO of the DMBI-BDZC
and the LUMO of N2200. Ground state integer charge transfer is possible between
DMBI-BDZC and N2200 polymer.

Furthermore, for the small molecule NDI3BHU-DTYM?2 the HOMO energy level was
found to be at -7.09 eV and the LUMO at -4.80 eV from the DFT calculations. The
energy offset for the NDISHU-DTYM2 and the DMBI-BDZC is higher and thus charge
transfer is most likely to occur between them. Due to its low HOMO level (3.84 eV)
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Figure 6.1: Molecular structures of n-type organic semiconductors and their energy
levels as predicted by DFT calculations (a) for the molecular dopant DMBI-BDZC,
(b) the polymer N2200 and (c) the small molecule NDI3BHU-DTYM2.

according to the DFT calculation, DMBI-BDZC is a strong candidate for n-type doping

of organic semiconductors.
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Figure 6.2: Energy levels as predicted by DFT calculations (a) for the molecular dopant
DMBI-BDZC, (b) the polymer N2200 and (c) the small molecule NDI3HU-DTYM?2.

6.3 Electron Paramagnetic Resonance Measurements

Electron paramagnetic resonance was used to evaluate whether DMBI-BDZC has dop-

ing effect on the N2200 and NDISHU-DTYM2 semiconducting host materials, as pre-
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dicted by the DFT calculations. As described in Chapter 4.3.5, the EPR technique
has been widely used in organic semiconductors to assess doping, as it can detect the
presence of unpaired electrons. [129, 132] A magnetic field was applied to promote
the transition of the free electrons in the n-type pristine (0 mol%) and DMBI-BDZC
doped layers. Figures 6.3a&c show the EPR signal for the pristine and doped N2200
and NDI3HI-DTYM?2 doped layers. In both cases the pristine films show no EPR sig-
nal, whereas with a small amount of DMBI-BDZC there is a clear increase in the signal
intensity, which is evidence of successful n-type doping of the host semiconductors. For
the N2200 polymer, as seen in Figure 6.3b the energy offset (AE) between the HOMO
of the DMBI-BDZC and the LUMO of the N2200 is small (0.04 eV), thus electron
transfer is occurring. In the case of NDI3BHU-DTYM2, AE is larger (~ 1 eV) leading
to successful n-type doping, as shown in the EPR results of Figure 6.3b. According to
the EPR results, a small addition of DMBI-BDZC in the organic semiconducting host

solutions generates [ree charge carriers.
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Figure 6.3: EPR measurements (a&c) and doping mechanism (b&d) for the n-type
doped layers with DMBI-BDZC for the (a&b) N2200 and (c&d) NDI3BHU-DTYM2.
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6.4 Electrical Characterisation

To study the charge transport properties of the pristine (0 mol%) and DMBI-BDZC
doped N2200 and NDI3BHU-DTYM2 materials, thin film transistors were used. OTFTs
in bottom contact-top gate (BC-TG) configuration were fabricated on glass substrates.
Further experimental details on the device fabrication and solution processing are pre-
sented in Chapter 4.1. For the polymer N2200, doping was explored in the range of 0-1
mol%, whereas for the small molecule NDI3HU-DTYM?2 the range was varied from 0
to 2 mol%. Vg

6.4.1 N-type OTFTs

Representative transfer (I, vs V) and output curves (I, vs V) of N2200:DMBI-BDZC
(0-1 mol%) OTFTs with their corresponding square root of the drain current vs gate
voltage (I* vs V) are presented in Figures 6.4a,b&e. Transfer curves were measured
by applying V,=80 V for the saturation regime.

From the transfer curves (Figure 6.4a) the doping effect can be clearly seen, as
there is a small increase in the off-current I, until 0.8 mol% followed by a large
increase when 1 mol% of DMBI-BDZC were added in the N2200 solution. From the
I/* (Figure 6.4b) the shift of the threshold voltage (AV;) towards less positive values
of about 20 V can be observed, as well as the increase in the on-current Ipy upon
doping. The shift on the V. is mainly attributed to two factors: the increased density
of free charge carriers in the channel and due to the filling of trap states caused by
the dopant addition. [136,137] Representative output curves of N2200:DMBI-BDZC
(0-1 mol%) are presented in Figure 6.4e as measured by applying V=80 V, where the
increase in the I, is clear with the dopant addition.

In a similar manner, doping of the small molecule NDI3BHU-DTYM?2 was explored
in the range of 0-2 mol%. There is a clear increase in the I, (Figure 6.4c), which
is caused by the traps filling and it is more pronounced in the case of the NDI3HU-
DTYM2 when comparing with the N2200 polymer. DMBI-BDZC also causes a positive
shift in the V. as presented in Figure 6.5b. Representative output curves of NDISHU-
DTYM2:DMBI-BDZC (0-2 mol%) are presented in Figure 6.4f, as measured by apply-
ing V=100 V, where the difference in the drain current between the pristine and the
doped is pronounced. Evidently, DMBI-BDZC has a notable impact on the OTFTs
based on both organic semiconducting materials with significant signs of n-doping.

Doping with DMBI-BDZC also has a profound effect on the electron transport
characteristics of both polymer and small molecule OTFTs, since the channel current
is enhanced. The electron charge carrier mobility was extracted for both linear and
saturation regimes and their evolution with the DMBI-BDZC mol% addition is pre-

sented in Figures 6.5a&b. The pristine (0 mol%) N2200 OTFTs show charge carrier
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Figure 6.4: Transfer characteristics (a&c) of the (a) N2200:DMBI-BDZC TETs and
(b) NDI3HU-DTYM2:DMBI-BDZC with their corresponding square root of the I, vs
Ve plots (b&d). The output curves (e&f) for the N2200:DMBI-BDZC (e) (0-1 mol%)
and NDI3BHU-DTYM2:DMBI-BDZC (f) (0-2 mol%).

mobilities of 0.1 and 0.2 cm?/Vs in the linear and saturation regimes, respectively. A

maximum mobility of 0.4 and 0.7 cm?/Vs was obtained when a 0.2 mol% solution of

DMBI-BDZC was added to the N2200 solution.
A similar behaviour was observed for the NDI3BHU-DTYM2 OTFETs, where the

pristine devices showed charge carrier mobilities of 0.4 in the linear regime and 0.8
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cm?/Vs in the saturation regime, whereas the highest electron mobility was achieved
with the addition of a 0.5 mol% solution of DMBI-BDZC OTFTs with values reaching
0.8 and 1.1 ¢cm?/Vs in the linear and saturation regime, respectively. For both systems
there is a similar trend in the charge carrier mobility, whereas when the dopant con-
centration increases beyond the optimal amount, the mobility reduces. The addition of
the DMBI-BDZC has also a drastic impact on the threshold voltage V., as can be seen
in Figures 6.5 a&b. V; reduces with 0.1 mol% of DMBI-BDZC and then remains at
similar levels for the higher doping concentrations. Finally, the characteristic decrease
in the on-off ratio (Ioy,orr) can be observed in both N2200 and NDI3HU-DTYM2
OTFTs upon doping (Figure 6.5 a&b). The main reason behind this degradation is
the increase in the off current by the dopant addition in the OSC.
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Figure 6.5: Electron charge carrier mobility, threshold voltage and on/off current ra-
tio evolution for (a) N2200:DMBI-BDZC (0-1 mol%) and (b) NDI3HU-DTYM2 (0-2
mol%) OTFTs. (c¢) Contact resistance for pristine (0 mol%) and DMBI-BDZC doped
OTFTs as calculated via the TLM method.
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Another important parameter of the OTFTs is the contact resistance (R¢), in
which has been proven that addition of the molecular dopants can reduce the value
significantly.[34] Parasitic contact resistance affects the device operation and leads to
inaccurate device parameter extraction, such as overestimation of the charge carrier
mobility. [133] Contact resistance was calculated from transistor characteristics by
following the TLM method, as described in Chapter 2.4.5. Figure 6.5¢ shows R¢ with
increasing V. as calculated for the pristine and best performed DMBI-BDZC doped
OTFTs with N2200 and NDI3BHU-DTYM2 as host semiconductors. In N2200 OTFT's,
R¢ is found to be reduced from 1.8 to 4.8 MQ c¢cm at V,; =10 V. In the case of NDI3HU-
DTYM2 OTFTs, n-doping with DMBI-BDZC reduces R¢ by approximately one order
of magnitude at low V values (Vo = 10 V), but approaching similar values at higher
V.

Overall, for the OTFTs with N2200 and NDI3BHU-DTYM?2 the addition of DMBI-
BDZC not only to enhances the charge transport properties of the semiconductors,
but also improves important OTFT parameters such as the threshold voltage and the

contact resistance.

6.4.2 Low temperature measurements

To gain a better understanding in the charge transport properties caused by the ad-
dition of the DMBI-BDZC dopant, transfer curves of the OTFTs were measured over
a temperature range of 77 to 310 K. Transfer curves in the linear regime (V,= 10
V) for N200:DMBI-BDZC 0 & 0.2 mol% and NDI3HU-DTYM2:DMBI-BDZC 0&0.5
mol% from OTFTs with channel width 1000 pgm and length 40 and 30 pm, respec-
tively are presented in Figure 6.6. The effect of the temperature on the OTFTs is
more pronounced for the polymer (N2200) devices when comparing them with the
small molecule (NDIBHU-DTYM?2).The reason behind this is attributed to the fact
that the polymer and the small molecule have different intermolecular interactions.
The electronic overlap in the polymer is much smaller than the small molecule and so
the polymer requires more thermal energy in order to achieve enough orbital overlap
for effective charge transport. [134]

The drain current in the linear regime of the devices was used for the activation
energy (E,) calculations. As described in Chapter 2.2.2 the extraction of E, was based
in the Multiple Trapping and Release (MTR) and Meyer-Neldel models, which relate
the effective mobility (perr) with the activation energy and the temperature. This
analysis averages all {rap states over the deep traps and tail states in the band gap.
The activation energy is considered as the trap energy level relative to the transport
level. The Arrhenius plots of the In(uess) vs 1000/ T for the pristine and DMBI-
BDZC doped N2200 and NDIBHU-DTYM2 OTFTs are presented in Figures 6.7 a-d
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Figure 6.6: Temperature dependent charge transport measurements performed in the
range 78-310 K. Transfer characteristics of (a) pristine & (b) 0.2 mol% DMBI-BDZC-
doped N2200 OTFTs, with channel width 1000 gm and length 40 pgm. Transfer charac-
teristics of (c¢) pristine & (d) 0.5 mol% DMBI-BDZC-doped NDI3BHU-DTYM2 OTFTs,
with channel width and length of 1000 and 30 um, respectively.

for different drain voltages V. In both systems, temperature activated charge carrier
transport with two distinguishable conduction regimes is observed. This effect has
been observed in other organic semiconducting systems and it is related to the higher
thermal energy required for the additional charge transport pathways, which result in
higher activation energy at higher temperature. [32, 134, 135]

The temperature value which separates the low from the high temperature regime
is different for the pristine and doped OTFTs. For the pristine N2200 OTFTs this
temperature is at ~193 K, while for the 0.2 mol% it is ~178 K, both highlighted in
the shaded areas in Figure 6.4.4a&b. This area in both 0 and 0.2 mol% DMBI-DBZC
doped N2200 OTFTs is well defined and remains unchanged by increasing the V. The
electron mobility of the pristine OTFTs varies over three orders of magnitude with a
minimum value of ~10% c¢m?/Vs at 78 K and a highest value of 0.1 ¢cm?/Vs at 300
K. On the other hand, doping the N2200 devices with 0.2 mol% DMBI-BDZC seems
to have a significant effect on the electron mobility which shows a maximum at 0.6

em?/Vs (300 K) and a minimum of ~10"2 cm?/Vs (78 K).

90



CHAPTER 6. N-type Doping OTFTs

a N2200 b N2200:
DMBI-BDZC
(0.2 mol%)
2 w=| 2
~ e 80 ~
5 CH -
2 460 2
= 5 Vs (V) =
= v =
<= 50 = gooo o o @ 80
AlAA: | Be gg
© 40 LoyvYvyv Y v w50
© Y00 0 o © 40
OO O
-9 L1 O(TOOOOP P |030| I L |<> I ° |<><> 3|0
4 6 8 10 12 14 4 6 8 10 12 14
10° T (10° K™") 10° T (10° K™)

NDI3HU-DTYM2 d NDI3HU-DTYM2:
DMBI-BDZzZC
(0.5 mol%)
\ Ve (V) = 2 Vg (V) =
Aﬁgao . 100| g 8 100
2288 0 228 gt 8§Agg ng
Qo 3 v
> 58998 9;8 i’ 888537 o 70
l>[>> > > = ~ 60
> 50 >"e > . ™ s0
0%%o P
© 40
Joo o ¢ 40
_35 1 1 1 1 1 1 _3.0 1 1 1 1 1 1
4 6 8 10 12 14 4 6 8 10 12 14
10° T (10°K™) 10° T (10°K™)
e 180 f 28
N2200 NDI3HU-DTYM2
160 -
ristine 245
P pristine
< 140 <
() [0
£ £ 20t
wi“ 120 | i
16
100
o
80 1 1 1 1 1 1 12 1 1 1 1 1 1 1
30 40 50 60 70 8 40 50 60 70 80 90 10
Vg (V) Ve (V)

Figure 6.7: Arrhenius plots of N2200:DMBI-BDZC OTFTs with channel width 1000
pm and length 40 pm for (a) 0 mol% & (b) 0.2 mol% and NDI3HU-DTYM2:DMBI-
BDZC with channel width 1000 ym and length 30 pm for (¢) 0 mol% and (d) 0.5
mol%, as extracted from OTFTs when measured by applying V,= 10 V. Activation
energy E4 as function of Vg, as extracted from (a-d) for (e) N2200:DMBI-BDZC and
(f) NDI3BHU-DTYM2:DMBI-BDZC OTFTs.
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The activation energy was calculated for both systems as presented in Figure 6.7e
by varying the V. A decrease in the activation energy is observed as the gate voltage
increases, which is related to the charges filling the lower-lying state induced by the
gate voltage. [134] More importantly, there is a significant difference in the E4 of the
pristine and 0.2 mol% doped OTEFTs, as E4 decreases by almost 50 meV from its initial
value of 170 meV for the pristine (at Vo = 30 V). The decrease in the E4 is expected
as the dopant fills the trap states and shifts the Fermi energy towards the LUMO level.
[136]

Regarding NDIBHU-DTYM2 OTFTs, for the pristine devices the transition tem-
perature is at 169 K, whereas for the 0.5 mol% DMBI-BDZC it is 175 K, as indicated
by the highlighted box as in Figures 6.7c&d. The reduction of the E4 in this case is
less dramatic, as in the 0.5 mol% doped OTFTs it only reduces by 2 meV at V=40 V.
This observation is possible due to the highly crystalline nature of the material, which

has the tendency to expel the dopant molecule away from its lattice upon nucleation.

6.4.3 Trap density

From the data analysis, as presented in Section 6.4.1-6.4.2, the DMBI-BDZC is acting
as an effective n-type dopant in the two OSC systems presented by filling the trap states
in the OSC/dielectric interface. To verify this, the trap density and trap concentration
were extracted from the transfer characteristics (Figure 6.6) of the OTFTs. By using
the formulas described in Chapter 2.4.4.2, the relative variation of ANy and ADy,

versus the DMBI-BDZC concentration is presented in Figure 6.8.
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Figure 6.8: Relative trap density (ANy,) and trap concentration (ADy,) for the (a)
N200:DMBI-BDZC and (b) NDI3BHU-DTYM2:DMBI-BDZC OTFTs as calculated from
the transfer curves.

Both trap density and trap concentration decrease by introducing the dopant in the

N2200. This finding is consistent with the reduction in the activation energy of ~50
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meV (Figure 6.7) and the reduced contact resistance and threshold voltage (Figure
6.5). Moreover, the dopant in the small molecule NDI3BHU-DTYM2 does not affect the
N2200 OTFs the trap concentration as much, which was also evident in the activation
energy analysis (Figure 6.7). On the hand, the trap density decreases when 0.1-0.5
mol% solutions of DMBI-BDZC were added in the NDISHU-DTYM?2, followed by a
sharp increase at higher doping concentrations. This observation is likely to be related
to structural defects induced in the small molecule layer upon doping, which is in

agreement with previous reports. [66, 129

6.5 Morphology Characterisation

The morphology of the organic semiconducting thin film is important in order to un-
derstand whether addition of the dopant molecules caused any disruption in the lattice
of the hosts. Thus in this section, several morphology characterisation techniques are
presented including polarised optical microscopy (POM), X-Ray diffraction (XRD) and
Atomic Force Microscopy (AFM). A brief description of these techniques is given in
Chapter 4.3.

Polarised microscopy is a useful technique which enables the observation of the
crystalline features in the organic semiconductor layers. Figure 6.9 shows POM images
of the small molecule pristine NDISHU-DTYM2 and DMBI-BDZC doped in the range
of 0.1-2 mol%. The material is highly crystalline with needle-type morphology. Obvious
conclusions can not be drawn to understand the impact of the dopant in the small

molecule.

Figure 6.9: POM images of NDISHHU-DTYM2:DMBI-BDZC 0-2 mol% thin films.

On the other hand, using POM to analyse the morphology of the polymer N2200,
revealed that the material is not crystalline and thus no patterns could be observed by

the polarised microscope. Further experimental techniques are required to investigate
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their morphology.

6.5.1 AFM Characterisation

Atomic force microscopy (AFM) was used for both pristine and DMBI-BDZC doped
N2200 and NDISHU-DTYM2 thin films.
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Figure 6.10: AFM morphology analysis for N2200:DMBI-BDZC (0-1 mol%) (a) To-
pography AFM scans of thin films, (b) their corresponding height histogram and (c)
the surface roughness (RMS) as a function of DMBI-BDZC mol%, as extracted from
the topography scans.

Information about the thin film morphology, crystalline layers and their roughness
can be extracted by the topography scans. Figure 6.10a shows the AFM scans of the
pristine (0 mol%) and 0.2-1 mol% DMBI-BDZC N2200 thin films. A similar fibril type
surface morphology was observed for all the films. However, a significant shift (~ 2
nm) in their height distribution towards smaller height values indicates that the dopant
addition leads to a smoother film surface (Figure 6.10b). The width of the peaks also
decreased, when comparing the pristine and doped samples leading to lower root mean
square (RMS) surface roughness values, as presented in Figure 6.10c. The RMS value
decreases by about 2 nm when a 0.1 mol% of solution DMBI-BDZC was added to the

N2200. At higher dopant concentrations RMS stays at a similar value.
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AFM analysis was also performed for the pristine NDI3BHU-DTYM2 and DBMI-
BDZC doped small molecule thin films. Topography scans are presented in Figure
6.11a, where they show high crystalline terrace-like morphology. Further information
arose from the height distribution (Figure 6.11b) of the films as extracted from the
topography scan, where the presence of distinct peaks was revealed. The peaks on
the height distribution correspond to different plateau/terraces as they are indicated
on the AFM scan images. The height difference between the terraces, as calculated
from the distance between the peaks, is between 2-3 nm for most of the films. Further
morphological investigation is required to understand better the impact of the dopant

in the organic semiconducting thin films.
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Figure 6.11: AFM morphology analysis for NDI3HU-DTYM2:DMBI-BDZC (0-2
mol%). (a) Topography AFM scans of thin films and (b) their corresponding height
histogram.

6.5.2 X-Ray Diffraction Characterisation

X-Ray diffraction analysis was performed in pristine and DMBI-BDZC doped thin films
of N2200 and NDIBHU-DTYM2 in order to gain a better understanding whether their
crystallinity was affected by the dopant. Thin films were deposited on glass substrates
and the XRD patterns are presented, as measured in the range of 2-25°, in Figure 6.12.

The N2200 thin film exhibits a lamellar structure with diffraction peaks (100) and
(200) at 260 = 3.57° and 7.22°, respectively, with a lamellar packing distance of 2.41
and 1.22 nm, as showed in Figure 6.12a. Also, a-m-7 stacking peak (010) at 20 =
22.92° is observed, which corresponds to a 7m-7 stacking distance of 0.39 nm. These
observations are in good agreement with previously reported data in the literature.

[129] DMBI-BDZC addition in the range of 0.2-2 mol% does not change the diffraction
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Figure 6.12: X-Ray diffraction patterns for pristine and DMBI-BDZC doped (a) N2200
and (b) NDI3BHU-DTYM?2 thin films.

peaks and thus the packing of the polymer is not affected, which is in accordance with
the results from the AFM analysis (Chapter 6.5.1).

Figure 6.12b shows the XRD patterns of the pristine NDISHU-DTYM2 thin films
and DMBI-BDZC doped in the range of (0.1-2 mol%). Similar patterns are observed
for all the films with diffraction peaks at 26 = 4.16°, 8.27° and 12.34°, with d-spacing
of 2.13, 1.07 and 0.72 nm, respectively, which is in accordance with previously reported
data.[130] The DMBI-BDZC addition in the small molecule leads to an additional peak
at 5.70°, with a d-spacing of 1.55 nm (indicated by the asterisk in Figure 6.12b). It
can be observed that by increasing the dopant amount (mol%) the intensity of this
peak is also increasing; this can be related to either the dopant segregation or change
in the packing motif of the small molecule. Interestingly, the XRD results suggested
a d-spacing of ~2 nm which is in accordance with the difference in the terrace height
different as extracted from AFM analysis (Figure 6.10), indicating the presence of large

monomolecular terraces, in agreement with previous reports. [130]
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6.6 Summary

In this chapter, a previously unidentified material, DMBI-BDZC, is presented as a
strong candidate for the application of an n-type dopant for organic electronics. In
particular, due to its HOMO energy level at -3.84 eV, doping is occurring via the
conventional ground state integer charge transfer mechanism, as predicted by the DFT
simulations. Two organic semiconductors were used as hosts, the polymer N2200 and
the small molecule NDISHU-DTYM?2 and it was showed via DFT that electron transfer
is possible to happen. This hypothesis was confirmed with the EPR measurements,
where an increased signal intensity observed for the doped films, in comparison to the
pristine films. This signal is attributed to the unpaired or [ree electrons generated in
the host semiconductors with the addition of the dopant.

As an application of this new dopant, organic thin films transistors were fabricated
from both the small molecule and the polymer from pristine and doped solutions. The
charge carrier mobilities in linear and saturation regimea were increased when small
amounts of the DMBI-BDZC were added to N2200 (0.2 mol%) and NDI3HU-DTYM?2
(0.5 mol%). A large decrease on the threshold voltage was obtained, which is attributed
to the successful filling of the trap states from the dopant. Thin film transistor devices
were also measured under different temperatures in the range of 70-320 K, in order to
study the effect of the dopant in the activation energy. For the N2200 devices a drastic
decrease on activation energy on the doped devices was found, which is in agreement
with our results on successful doping. A less profound difference was observed in the
activation energy for the pristine NDISBHU-DTYM2 and doped OTFTs.

In the last section of this chapter, morphology characterisation of the pristine and
doped thin films is presented. POM showed high crystalline films were fabricated from
the NDISBHU-DTYM2 small molecule, whereas no patterns were observed for the poly-
mer N2200. Furthermore, AFM analysis revealed that the dopant has a smoothening
effect, on both materials, since for all the doped thin films lower values of RMS were
measured. XRD on N2200 showed that the dopant addition is not affecting the struc-
ture of the material. On the other hand, for the NDISHU-DTYM2 small molecule
a new peak was observed in the XRD pattern which might be related to the dopant
segregation or change in the packing motif of the small molecule.

Overall, this chapter demonstrates DMBI-BDZC as a new n-type dopant for organic
semiconductors with application in organic thin film transistors and opens a new arca
for research. The applicability on this material for other device applications, such
as solar cells will be an interesting next step. Further research is also required to
gain a better understanding on the impact of the dopant on the morphology of small

molecules.
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Chapter 7

Organic Light Emitting Transistors

This chapter describes the development of
an organic semiconducting blend for light
emitting transistors (OLETs). The use
of a high mobility light emitting polymer
blended with a small molecule enabled the

fabrication of single layer OLETs. A

charge carrier hole mobility =1 cm?/Vs
was achieved, which is an important devel-

opment for high perfomance OLETs.




CHAPTER 7. Organic Light Emitting Transistors

7.1 Introduction

In the past decade progress in light emitting transistors (OLETS) has been significant,
due to their potential applications, including optical communication systems, electro-
luminescent displays, solid state lighting sources [137, 138] and electrically pumped
organic lasing. [77] OLETs combine the electrical characteristics of the organic thin
film transistors with the light emitting properties of the organic light emitting diodes
(OLEDs). [81, 139]

OLETs were first introduced in early 2000s with the use of sublimed tetracene as
the organic light emitting material. [78, 84, 140] Since then, unipolar OLETSs have
improved by following different strategies, such as the application of asymmetric elec-
trodes, shortening the channel dimensions of the device and by incorporating bilayer
transporting layers. [141] The first ambipolar OLETs were based on active layers of
PPV derivatives via solution processing, where the recombination zone could be tuned
by simply varying the applied voltage in the device. [142] More recently, green light
emitting OLETs were fabricated from poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(F8BT) by modifying the source and drain electrodes with zinc oxide, reaching an
external quantum efficiency of 8%.[143, 144]

Depending on the active layer that is incorporated in OLETSs devices, they can
either be unipolar or ambipolar. For the unipolar devices, exciton generation is hap-
pening close to one of the contact electrodes — the source or the drain, where for the
ambipolar the recombination zone is often in the middle of the accumulation zone,
where the electrons recombine with the holes. [145]Ideally for efficient OLETSs, am-
bipolar organic semiconductors are required, as both type of carriers are present in the
device channel and efficient exciton generation is occurring.

A major issue, which still remains for OLETS, is the fact that high mobility ambipo-
lar light emitting materials are rather limited and different approaches in the device
designs have to be employed. [141, 146, 147] Although significant progress has been
accomplished, further development is required for OLETSs in both external quantum
efficiency and luminance, but also their power efficiency needs improvement. This
can be achieved by optimising the organic semiconducting material to offer both bal-
anced carrier mobility and high luminescence efficiency. Another approach is by device
engineering to minimise losses and exciton quenching.

In this chapter, a polymer that has not been reported before for OLET applications
is presented. This material has high charge carrier hole mobility and it is light emit-
ting. This polymer was also blended with a high mobility small molecule to enhance
its charge transport properties, without disturbing its morphology or luminescence

efficiency.
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7.2 Organic semiconducting materials

For OLETS, as described in Chapter 7.1, organic light emitting materials with high
charge transport properties are required. For this reason, the use of the poly[[6,6,12,12-
tetrakis(4-hexadecylphenyl)-6,12-dihydroindeno|1,2-b] indeno [2°,1°:4,5] thieno [2,3-d]
thiophene-2,8-diyl|thieno[3,2-b]thiophene-2,5-diyl] (PDITTTT) [148], with Mw 242 kDa
and polydispersity of 2.85, as measured by GPC against polystyrene standards, is ap-
plied in this project. This polymer hasn’t been reported before for its possible appli-
cation in OLETs and it has a hole charge carrier mobility of 1 cm?/Vs. [149)

The polymer was also blended with the 2,7-dioctyl[1] -benzothieno [3,2-b[1] ben-
zothiophene (Cg-BTBT) small molecule, in order to achieve higher change transport
properties and improved thin film morphology. Cs-BTBT possess a large optical band
gap (~3.6 eV) and high hole charge carrier mobility, when deposited by sublimation
(~5 ecm?/Vs) [150]. The molecular structures of the materials used in this project,
PDITTTT and Cg-BTBT, as well as their HOMO energy levels as measured by the

KP technique, are presented in Figure 7.1.
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Figure 7.1: Chemical structures of (a) PDITTTT & (b) Cs-BTBT and (c) their HOMO
energy level.

7.2.1 Optical properties

The absorbance and the photoluminescence (PL) of PDITTT and Cg-BTBT: PDITTTT
thin films before and after annealing are presented in Figure 7.2. The PL of the thin
films was measured at 534 nm pumped at 405 nm.

The vibronic absorption and PL of the PDITTTT films (Iigure 7.2a) do not show

high levels of disorder and thus its long side chains are not impacting the planarity
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Figure 7.2: Normalised absorption spectra and photoluminescence (PL) for (a)
PDITTTT polymer and (b) Cg-BTBT: PDITTTT blend films. The solid lines (left
ordinate) are absorption and the dashed lines (right ordinate) PL, with black for as
spin-coated and blue for post-annealing.

of the polymer molecules. The structure of the Cs-BTBT:PDITTT blend, as seen in
Figure 7.2b, is not affected by the Cg-BTBT addition. However, the scattering tail
seen in the ‘as-spun’ Cg-BTBT:PDITTT absorbance can be attributed to a rougher
film surface, which then decreases once the film has been annealed.

The photoluminescence quantum efficiency (PLQE) was also measured for the
PDITTTT and Cs-BTBT:PDITTTT films. In order to investigate the contribution
of Cg-BTBT to the PLQE of the system, the blending ratio of the small molecule
to the polymer was varied. For the PLQE measurements and data analysis, the de
Mello method was applied, which involves direct, indirect and blank excitation.[156]
The photoluminescence quantum efficiency (Figure 7.3) of PDITTTT is 11.7% and for
Cs-BTBT:PDITTTT varies from 10-13.3% depending on the concentration of polymer.
The highest PLQE value was observed when 75% of the blend was PDITTTT.
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Figure 7.3: PLQE and absorption of the thin films by varying the concentration of the
polymer PDITTTT in the small molecule:polymer blend.
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Figure 7.4: Normalised time-resolved PL (537 nm, pumped at 405 nm) for PDITTTT
polymer (a) as-spun and (b) annealed and for the Cs-BTBT: PDITTTT blend films

(¢) as-spun and (d) annealed.

In order to gain a better understanding of the optical properties of the organic
semiconductors, time resolved PL was performed in polymer and blended thin films.
PL (pumped at 405 nm) pulsed studies were conducted before and after annealing the
thin films at 120°C, and the data presented in Figure 7.4. A bi-exponential decay was
observed with slightly longer decay times for the Cg-BTBT: PDITTTT blend than the
PDITTTT polymer, whose values are presented in Table 7.1.

102



CHAPTER 7. Organic Light Emitting Transistors

Table 7.1: Decay time as extracted by fitting the experimental data of the time-resolved

PL for the PDITTTT and Cg-BTBT: PDITTTT films before and after annealing
(120°C).

Decay time PDITTTT C8&-BTBT:PDITTTT

As spun  Annealed Asspun  Annealed

71 (ns) 0.05 0.08 0.09 0.07

7o (ns) 0.78 0.89 1.00 0.80

7.2.2 Thin film morphology

The microstructure of the thin films was studied by Atomic Force Microscopy (AFM)
and X-Ray Diffraction (XRD) measurements. Thin films on glass substrates were pre-
pared for both techniques annealed at 120°C. Figure 7.5 show the topography images
from the PDITTTT and Cg-BTBT: PDITTTT blend as well as their height distribu-

tion, as extracted from the AFM scans.

PDITTTT

Cg-BTBT:PDITTTT

Counts (a.u.)

L I L I !
0 2 4 6 8 10 12
Height (nm)

Figure 7.5: AFM topography images for (a) PDITTTT and (b) Cs-BTBT: PDITTTT.
(¢) Their height distribution as extracted from (a) & (b).

The polymer (Figure 7.5a) seems to be very smooth with surface roughness of 0.8
nm, large disorder and no evidence of crystallinity in the film. On the other hand,
the film of the blend (Figure 7.5b) appeared to be highly crystalline due to the small
molecule phase separated in the first few nanometers. The film roughness as extracted
from the topographic images is 1.2 nm, with crystalline plateaus of ~ Inm. These
results are in accordance with the scattering observed in the absorption spectra in the
film of the blend (Figure 7.2b), due to rougher surface film.

X-Ray diffraction patterns were recorded for the organic semiconducting compounds
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and their blend. As seen in Figure 7.6 the PDITTTT does not show evidence of

diffraction peaks, as the polymer is amorphous.
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Figure 7.6: X-Ray diffraction pattern for Cg-BTBT, PDITTTT and the Cg-BTBT:
PDITTTT blend. Peak position of Cs-BTBT according to previously reported values.
[151]

On the other hand, the Cg-BTBT small molecule is highly crystalline with strong
diffraction peaks at 6° and 9° which correspond to the (00h) planes, which is in
accordance with previous reported Cg-BTBT XRD pattern.[151] For the Cs-BTBT:
PDITTTT blend the existence of the (020) peak is observed, which is usually mani-
fested under strain. [152] This is also confirmed by the shift of the (002) peak upon
blending, as shown in the inset of I'igure 7.6, which indicates a substantial deformation
of the Cg-BTBT crystals. The shift is accompanied by changes in the profile of this
peak, which are related to reduced strain and increased broadening.

In order to quantify the XRD results, the (002) peaks were fitted with the Voigt
profile, which is a convolution of a Lorentz and a Gauss function. The Lorentzian
contribution is associated with the vertical size grain size (G,), while the Gaussian
contribution is related to microstrain (e;). Microstrain in the films is attributed to
structural defects and the microscopic strain field around them. The microstrain was
found to be exceptionally small and similar across both samples, suggesting that the
deformation of Cg-BTBT within the blend is of a hydrostatic nature and does not cause
any additional structural defects. In addition, G, was calculated to be 69 and 38 nm

for pure Cg-BTBT and the blend, respectively. Given that the lateral lamellar size is
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not affected by blending, it seems that the polymer is distributed in between of the

wide Cg-BTBT lamellae along the z-direction resembling an intercalation process.

7.3 Organic semiconducting devices

7.3.1 OTFTs

Organic semiconducting devices were fabricated to evaluate the charge transport and
electrical properties of the PDITTTT polymer. To begin with, thin film transistors
(OTFTs) were fabricated from PDITTTT and Cg-BTBT: PDITTTT blends in dif-
ferent blending ratios. The best performing OTFTs resulted by blending the organic
semiconductors in 1:3 ratio of small molecule to polymer. OTFTs in bottom-contact
top-gate configuration were fabricated as described in Chapter 3, as this device config-
uration is more suitable when organic semiconducting blends are used, due to the phase
separation that is occurring in the blends. The device structures for both polymer and
small molecule:polymer blend OTFTs are presented in Figure 7.7. For the OTFTs,
gold source-drain electrodes were treated with a self-assembled monolayer (SAM). The
organic semiconducting layer and the dielectric were deposited by spin coating in a
nitrogen filled glovebox. The device fabrication was completed with the deposition of

aluminium to form the gate for the devices.

cﬂo?

: r oS
plend 059

polyme?

Glass

Figure 7.7: Device structure for bottom-contact top-gate (BC-TG) OTFTs for the (a)
polymer PDITTTT and (b) Cs-BTBT:PDITTTT blend devices.

Representative transfer and output curves of the bottom-contact top-gate (BC-TG)
OTFTs with PDITTTT and Cg-BTBT:PDITTTT (1:3) blend are presented in Figure
7.8. The PDITTTT OTFTs show excellent hysteresis-free p-channel operation in both
liner (V, =-20 V) and saturation regime (V, =-100 V) with charge carrier mobility
of 0.7 and 1 ¢cm?/Vs, respectively. The devices exhibit a low threshold voltage (V. ~
-18V as extracted from 10 devices) and high current ON/OFF ratio (Iox/orr ~ 10°).
For the Cg-BTBT:PDITTTT devices higher charge carrier mobilities was extracted

from both linear (1.1 ¢cm?/Vs) and saturation (1.6 cm?/Vs) regime on average from
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10 devices. The OTFTs had channel

dimensions of 50 pym length and 1000 pm width.

As expected blending the PDITTTT polymer with Cs-BTBT enhances the charge

transport properties of the semiconductor.
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Figure 7.8: Transfer (a&c) and output (b&d) curves for (a&b) PDITTTT and (c&d)
Cs-BTBT:PDITTTT BC-TG OTFTs.

7.3.2 OLETSs

In a similar manner, organic light emitting transistors (OLETSs) were fabricated in

bottom-contact top-gate configuration as presented in Figure 7.9. For the OLET de-

vices asymmetric electrodes, metals with different workfunction, were used in order to

achieve balanced carrier injection.

Figure 7.9: Device structure for bottom-contact top-gate (BC-TG) OLETS for the (a)
polymer PDITTTT and (b) Cs-BTBT:PDITTTT blend devices.
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Gold electrodes were treated with a self-assembled monolayer (SAM) which were
used for hole injection, whilst a bilayer of caesium carbonate/ silver were used as the
electron injection electrode. The organic and the dielectric layer were then deposited
by spin-coating followed by thermal annealing. The devices were completed with 10
nm of aluminium as the gate electrode; further experimental details on the device
fabrication and solution processing are presented in Chapter 4.1.6.

Representative transfer and output curves for the pure PDITTTT and blend Cg—
BTBT:PDITTTT OLETSs are presented in Figure 7.10. As can be seen, the OLET
devices exhibit p-type operation only, however electron injection from the Cs,CO3/Ag
electrode into the LUMO of the organic semiconductor occurred since light emission
was observed. The PDITTTT OLETs have on average 0.4 and 0.8 cm?/Vs linear
and saturation mobilities with a threshold voltage of —45 V. The Cg-BTBT:PDITTTT
OLETSs have hole mobility of 2.3 and 3.6 cm?/Vs on average for the linear and satu-
ration regimes, respectively. Transfer and output characteristics of the OLET devices
exhibit similar behaviour with the OTFTs (Figure 7.8) as fabricated from the same

materials.
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Figure 7.10: Transfer (adc) and output (b&d) curves for (a&b) PDITTTT and (c&d)
Cs-BTBT:PDITTTT BC-TG OLETs.
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7.3.3 Device Characterisation

Since OLETs had no significant differences from the OTFTs, despite the use of dif-
ferent metals for electrodes, the devices showed good charge transport in the p-type
region. The electrical and optical characteristics of the devices were then measured
by combining an Agilent B2902A semiconductor analyser and a probe station fitted
with two calibrated photodiodes positioned below and above the active region of the
OLETs. The luminance of the OLETs was determined from the photodiode current
and the emission zone was calculated from the intensity profiles of the microscopic
images of the OLETSs. Finally, the external quantum efficiency (EQE) was calculated
using the photocurrent, the source- drain current and the emission spectrum under the

assumption that the emission is Lambertian. [141, 153]
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Figure 7.11: Luminance and EQE voltage dependence for the PDITTTT (polymer)
and Cg-BTBT:PDITTTT (blend) OLET devices. Both top (black) and bottom (red)
emission is showed.

Figures 7.11a&b shows the luminance (cd m™) and external quantum efficiency
(EQE) for the PDITTTT as a function of the gate voltage (V). An increase in the
luminance (L= 100 c¢d m™2) is observed at V, = -150 V with EQE= 3.1x102% for
the bottom emission, whereas L.=300 cd m?2 at V, = -150 V with the same EQE
was observed for the top emission. The better performance of the latter is mainly
due to the difference between the transmittance of the glass substrate and the semi-

transparent aluminium electrode. Luminance and EQE are higher in the case of Cg-
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BTBT:PDITTTT blend OLETS, as seen in Figures 7.11c&d. For the top emission,
luminance is at 500 cd m2 with EQE= 1x10"2%, whereas L~ 1700 cd m™? with EQE=
3.1x1072% for the bottom emission. The maximum current density for the PDITTTT
devices was found to be 1.6 A/cm?, whereas 3.6 A/cm? for the blend OLETs, which
indicates that the blended devices have better optical performance than the polymer

only devices.
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Figure 7.12: Photoluminescence and electroluminescence spectra for (a) PDITTTT
and (b) Cs-BTBT:PDITTTT thin films, along with the microscope images of their
emission zone (scale bar: 250 pm)

The emission zone of the devices appeared to be close to the electron injecting
electrode as a narrow zone, which does not move in the middle of the channel. This
observation is attributed to the unipolarity of the organic semiconductors. The emis-
sion zone was calculated by measuring the intensity profiles of the images, as recorded
from the microscope (inset of Figure 7.12). The emission zone of the PDITTTT OLETs
was found to be ~6 um, whereas for the Cg-BTBT:PDITTTT found to be ~14 pm.
The photoluminescence (PL) and electroluminescence (EL) were measured from the
top-emission of the PDITTTT and Cg-BTBT:PDITTTT OLET devices, as presented
in Figure 7.12. Vibronic emission is observed from both materials with peak at 531
nm, with a good matching of their PL spectra.

Since the organic semiconducting polymer and the blend are both p-type materials
the light emission is happening close to the drain electrode, as expected. The operating
principle of the light emitting devices is presented in Figure 7.13. The application of
negative gate (V) drain voltage (V) injects holes from the gold electrode, which
are then accumulated at the semiconductor-dielectric interface and they are travelling
in the channel of the device. Electrons, on the other hand, are injected from the
aluminium electrode which then recombine with the holes. Electrons in this case are
the majority charge carrier in the channel, since the organic semiconductors are p-
type. Due to this fact, the exciton formation and light emission is occurring near the

aluminium electrode of the device.
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Figure 7.13: OLET (a) structure and (b) charge transfer mechanism.
7.4 Summary

In this chapter, the application of light emitting transistors (OLETSs) is investigated
from a polymer and a small molecule:polymer blend of organic semiconductors. In
particular for this project, a p-type polymer is presented as a good candidate for OLET
application, since it combines both good charge carrier mobility and effective light
emission. The charge transport properties of the polymer and blend were investigated
via the fabrication of thin film transistors, which showed charge carrier mobilities
of 1 and 1.6 cm?/Vs in the linear and saturation regimes, respectively. OLETSs were
employed in the same configuration resulting in devices with an enhanced charge carrier
mobility of 3.6 cm?/Vs, which is significantly higher than any previously reported
polymer OLET. Devices with green light emission and brightness of 1700 c¢d m™ and
quantum efficiency of ~1072% were achieved by employing asymmetric electrodes.
These findings highlight the use of a high mobility light emitting material that has not

been reported before.
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Chapter 8

Conclusion & Future Work

The thesis is focused on organic semiconductors for solution processed thin film tran-
sistors. A generic approach to enhance the charge transport properties of the semicon-
ductors is via the addition of molecular dopants. Doping the organic semiconductors
in order to increase the charge carrier mobility and improve the overall performance of
the device was demonstrated for both p and n-type transistor devices.

A Lewis acid B(CgF5); was demonstrated as an effective p-type dopant for organic
small molecule, polymers and their blends. Similar patterns were observed in all the
organic semiconductors which were tested, including a significant increase in the hole
mobility, increase in the off-current of the device, reduction in both the threshold volt-
age and contact resistance of the transistors. The doping was also verified by the
shift of the workfunction level towards the HOMO upon dopant addition in the semi-
conductors. Furthermore, B(CgF5); induced long-range molecular terracing in certain
systems. According to their energy levels, as calculated from DFT, integer charge
transport is not a possible doping mechanism due to the mismatch of their energy lev-
els, whereas charge transfer complex formation between B(CgF5); and certain elements
of the semiconductors is more feasible. The understanding of the doping mechanism
between B(CgI'5)3 and several organic semiconductors is under study through collabo-
ration between theoretical physicists and spectroscopists collaborators. As future steps,
thin film transistors should be measured under low temperatures, in order to study the
charge transport mechanism of the doped systems. Furthermore, B(CgF5)s should be
explored in other electronic devices, such as the addition in the hole transporting layer
of the solar cell.

There is extensive progress in p-type organic semiconductors, whereas research on
n-type OSCs is rather limited. Doping n-type semiconductors is rather challenging, due
to the requirement of the energy level of the dopant. In this thesis, DMBI-BDZC is
presented as an effective n-type dopant, which was tested on an n-type small molecule
and polymer. According to DE'T calculations, their energy level predictions show that

integer transfer from the dopant to the organic semiconductor is possible. The existence
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of unpaired electrons in the doped organic films was verified by electron paramagnetic
resonance measurements. To evaluate this theory, thin film transistors were fabricated
from both the polymer and the small molecule. In particular dopant addition resulted
in an increase in the electron mobility and reduction in the threshold voltage, con-
tact resistance and activation energy. The thin film morphology analysis showed that
the polymer was not disrupted by the dopant, whereas some minor influences in the
packing of the small molecule were noted. Overall, this work demonstrates DMBI-
BDZC as a new n-type dopant for organic semiconductors. Further investigation on
the morphology of the doped layer is required in order to understand the impact of
DMBI-BDZC in the organic semiconducting layer.

Lastly, a single polymer layer light emitting transistor was demonstrated. This was
achieved by using a polymer with high charge transport properties and light emission.
The device was further enhanced with the use of a small molecule: polymer blend,
the small molecule was added in order to further enhance the mobility of the device.
Green light emission was achieved with modest brightness and internal quantum effi-
ciency. These results suggest that the incorporation of organic semiconducting blends
for numerous opto-electronic applications will further improve the field. The device
architecture requires further optimisation in order to enhance the light efficiency, as
well as the organic semiconductor. For instance, replacing the Cg-BTBT with other

small molecules or polymer materials, and/or using different solvents.
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