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Abstract

Time-of-Flight (TOF) studies have been carried out to measure the charge

transport in Merck polymers, Polytriarylamine (PTAA) and poly[2,5-bis(3-

alkylthiophen-2-yl)thieno(3,2-b)thiophene] (pBTTT). Both conjugated polymers

are hole transporters displaying different chemical and physical properties.

PTAA is amorphous, producing room temperature hole mobilities of the order of

10-3 cm2/Vs. The molecular weight (MW) dependence of hole transport in PTAA

was studied in monomodal, bimodal and blended samples. Small MW PTAA

(~7´103 g/mol) displayed faster hole transport (~10-3 cm2/Vs) while high MW

(~8´104 g/mol) resulted in slower transport (~10-5 cm2/Vs). Bimodal PTAA

displayed both a fast arrival time and a slow arrival time (resulting in two

mobilities, 5×10-3 cm2/Vs and 3×10-4 cm2/Vs) as a double transit in a single

sample. This was reproduced by blending different MW fractions, and shown to

come about as a result of phase segregation (confirmed by dynamic mechanical

thermal analysis (DMTA)). Mobility measurements were carried out parametric

in field and temperature. The results were analysed using both the Gaussian

Disorder Model (GDM) by H. Bässler and coworkers and the Correlated

Disorder Model (CDM) by S. V. Novikov and coworkers, and showed two sets of

data for the energetic (88 meV versus 153 meV using σB, or 98 meV versus 170

meV using σN) and positional (3.6 versus 4.6 using S, or 5.6 versus 7.9 using

G ) disorders. pBTTT is a semicrystalline polymer that shows liquid-crystalline

properties. Hole mobilities at room temperature are poor in comparison to most

polymers (~10-6 cm2/Vs). By annealing pBTTT above the LC transition

temperature, permanent mobility enhancement was achieved (~10-5 cm2/Vs).

The enhanced ordering was observed by XRD and in the improvement of both

the energetic (88 meV versus 133 meV using σB, or 99 meV versus 148 meV

using σN) and positional (0.88 versus 2.7 using S, or 1.5 versus 2.4 using G )

disorders.
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Chapter 1

1. Introduction

This chapter introduces conjugated polymers and how charge transport occurs

in them. It also gives a brief overview of the growing interest in polymers as

organic semi-conductors, as well as the possible advantages of organic over

inorganic semiconductors.

1.1 Conjugated Polymers

The increasing interest in conjugated polymers is due to their ability to

transport charge. Organic semiconductors are employed in devices such as

light-emitting diodes (OLEDs) [1-3], field effect transistors (OFETs) [4-6] and

photovoltaic cells (OPVs) [7-9].  In contrast to inorganic semiconductors,

polymers are generally easy to process (at low temperatures) and therefore

potentially inexpensive to produce. Since they are easily soluble, they can be

cast or rolled into convenient shapes making them extremely useful for flexible

applications, for example, electronic displays [10-11]. Low cost solution

processing techniques include spincoating [9, 12], inkjet printing [9, 11, 13-15]

and screen printing [11]. This makes them economically advantageous over the

presently, more commonly used inorganic devices.

1.1.1 Electronic Configuration

Organic polymers contain neutral carbon atoms. Each carbon atom has six

electrons giving it a 1s22s22p2 electronic configuration.  The four electrons in
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the outer shell take part in chemical bonding with neighbouring atoms and

molecules. The 2s and 2p orbitals go on to form either sp3 (s, px, py pz) or sp2 (s,

px, py) hybrid orbitals. While the sp3 orbitals such as those contained in ethane

are electrically insulating due to the strong covalent single bonding formed

between the carbon and hydrogen atoms, the sp2 hybrid configuration is an

essential requirement to enable the polymer to become electrically conductive

[16]. This is because conjugated polymers, such as polyacetylene (figure 1.1(c))

consist of alternating single (σ-bond) and double (σ-bond and π-bond) bonds on

the polymer backbone.  The π-bond arises from the overlap of the pz orbitals on

both the carbon atoms and the neighbouring pz orbitals [10].  In addition to

this, since conjugated polymers repeat their structure in long chains, the

arrangement allows for continuous overlap of the pz orbitals along the backbone

giving rise to an extended delocalised π-conjugated system.

sp2

pz

(a) (b)

(c)

sp2

sp2

pz

sp2

pz

(a) (b)

(c)

sp2

sp2

pz

Figure  1.1:  (a)  sp2 hybrid orbitals, and the molecular structure of (b) ethylene and (c)

polyacetylene. H atoms have light shading. Adapted from reference [16]

In figure 1.1, it can be shown that the sp2 orbitals on adjacent carbon atoms

(sometimes in combination with nitrogen, sulphur and oxygen atoms [16])
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overlap to form σ-bonds, while the pz orbitals extending out of the plane of  the

bonds, overlap adjacent to each other to form π-bonds (figure 1.2) between

molecules. The delocalisation along the backbone of the polymer means π-

electrons are free to move within an individual segment otherwise referred to as

the delocalisation length. It is this characteristic that determines the electronic

properties of conjugated polymers.

σ bond

π bond

π bond

π bond

π bondp overlap

π bond

π bond

π bond

π bond

σ bond

π bond

π bond

π bond

π bond

π bond

π bondp overlap

π bond

π bond

π bond

π bond

Figure 1.2: P-orbital overlap creating a π-bond. Adapted from references [10, 17]

1.2 Fundamentals of Inorganic and Organic

Semiconductors

Inorganic semiconductors are of great technological importance since they are

used in almost all electronic devices. Today, silicon is the leading commercially

used inorganic semiconductor, displaying carrier mobilities of three orders of

magnitude or greater, compared with organic semiconductors [18].  Silicon

exists as thin wafers produced by a crystal growth process (crystallisation from

melt or molten state), which is highly energy consuming. Therefore silicon

semiconductor devices are generally expensive and difficult to produce. Besides

silicon, germanium is also widely used [19].
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1.2.1 Inorganic Semiconductors and Band Theory

An important aspect when considering the electronic properties of an intrinsic

(pure) semiconductor is the band gap [20]. Insulators can be differentiated from

semiconductors based on their larger energy band gap. In semiconductors, at

finite temperatures, there is a possibility that some of the electrons from the

fully occupied valence band (VB) can be excited across the band gap into the

lowest unoccupied energy band, known as the conduction band (CB) which will

then allow a flow of electric current [21-22]. The energy interval between the top

of the valence band and the bottom of the conduction band is therefore defined

as the band gap, measured in electron volts.

E
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gy Conduction Band

Conduction Band

Conduction Band

EF

Valence Band

Valence Band

Valence Band

(a) (b) (c)

Eg Eg

Figure 1.3: Schematic band diagrams for a (a) metal, (b) semiconductor and (c) an

insulator. Adapted from reference [19]

In figure 1.3, it can be shown that there is a clear differentiation between

metals, semiconductors and insulators defined by their band gap, Eg. The band

gap in an insulator is much greater (normally 3eV or more) [20], compared to a

semiconductor (~1 eV for Si) [21]. A conductor differs from a semiconductor and
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an insulator since there is no energy gap and the valence and the conduction

band overlap, which means there is very little energy required for electrons to

flow easily in a metal, making them good conductors [23-24].

The red dotted line in figure 1.3 represents an important parameter known as

the Fermi level or Fermi energy, EF. In accordance to Pauli’s exclusion principle,

no two electrons can exist in identical quantum states [25]. At 0K, the electrons

fill all energy states up to the top of the valence band and will not be able to

excite past the Fermi level. As temperatures increase, the probability that an

electron will occupy the states above the Fermi level is much greater. In metals,

the Fermi energy lies in the conduction band [26], therefore electrons close to

and above the Fermi level will contribute to a current when a potential

difference is applied [26-27].

At 0K, the pure semiconductor acts as an insulator where the Fermi level is

located at the middle of the band gap (i.e. Eg/2). An insulator, such as diamond

requires a large amount of energy to promote the electrons from the valence

band, past the Fermi level and into the conduction band [24] to obtain a small

current. A semiconductor, however, requires less energy and since at room

temperature, the electrons have acquired enough thermal energy to excite past

the Fermi level, more current will flow compared with an insulator, under the

influence of an applied field. Therefore, the number of carriers available for

conduction in semiconductors is highly temperature dependent [22, 24].

In the event of an electron leaving the valence band and entering the

conduction band, two charges are produced - the electron, a negative charge

and a “hole” incurred by the electron leaving the VB state. It is important to

note that the hole produced is just an empty state [26-27] but behaves as a

positive charge carrier in an electric field [26-28]. It is possible, however, for

other electrons from the same state to occupy the hole left by the excited

electron.



6

1.2.1.1 Doping of Inorganic Semiconductors

When an intrinsic semiconductor, for example silicon is doped, the aim is to

introduce impurity sites in the band gap [28] either closer to the conduction

band or to the valence band. Depending on the dopant used, the electron or

hole conductivity can improve considerably [29] by shifting the Fermi level to a

point closer to the energy levels added [23]. These “extrinsic” (doped) [26]

semiconductors are usually doped with group III (acceptor) or group V (donor)

elements [30]. The group III acceptor dopant, such as aluminium (with three

electrons in its outer shell, instead of four as in the case of the “host”, silicon

[29]) creates extra hole sites close to the valence band. When given enough

energy, electrons can be accepted from the filled valence band and more holes

are generated as a result, thus improving the hole transport (or hole

conduction), as a result of electron deficiency. These types of semiconductors

are called p-type semiconductors. Conversely, a group V dopant element added

to silicon, such as phosphorous for example (contributing five valence

electrons), will create extra electron sites near the bottom of the conduction

band. The additional number of electrons can then be promoted to the empty

conduction band, thereby increasing the electron conduction [28]. These types

of extrinsic semiconductors are called n-type semiconductors.

1.2.1.2 Junctions in Inorganic Semiconductors

When a p-type and an n-type semiconductor are placed into contact with each

other, they create a p-n junction [25]. This junction introduces the basic

principle of a diode and how it operates allowing current to flow in only one

direction under an applied bias. In equilibrium, the Fermi level is constant

throughout the junction, while the number of holes and electrons are equal.

The junction itself has a zero charge as holes from the p-side accept electrons

from the n-side – creating a negative charge near the p-n interface, when
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diffusing across the junction [25, 31]. Electrons from the n-side, however,

recombine with the holes from the p-side resulting in a positive charge near the

junction [32]. This region is known as the depletion region (figure 1.4), W,

where band bending is forced to level the Fermi energy level through the

junction [25]. When a p-n junction is reverse-biased (the voltage at the cathode

is higher w.r.t. the anode), current will not flow [33] as the energy required is

too high for the electrons to traverse the barrier. As a result, they are pulled

further away from the barrier thus increasing the depletion region, as well as

the built in potential VBI [25]. Under forward bias conditions, however, holes

and electrons are pushed through the junction [33] as the barrier is lowered,

thus allowing a current to flow.
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Figure 1.4: Schematic of the p-n junction in equilibrium where band-bending is required

for the Fermi energy to become level. Adapted from references [25, 31]

In addition to a p-n junction, there are other semiconductor junctions that are

used in device applications such as a heterojunction, which consists of two

different semiconductors in contact irrespective of p or n-type. Also, metal-

semiconductor junctions have been studied extensively, where a metal is in

contact with a semiconductor [26].

1.2.2 Charge Transport in Organic Semiconductors

Charge transport in organic semiconductors can be compared closely to that of

their inorganic counterparts. In section 1.2.1, the transport in inorganic

semiconductors was said to occur by excitation of an electron from the valence

band to the conduction band. The transport mechanism in organic
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semiconductors, however, differs from more conventionally used

semiconductors.  The molecules are held together by weak molecular forces

known as van der waal bonds [34] (while the conventional Si and Ge are held by

stronger covalent bonds). Previously, in section 1.1.1, it has been mentioned

that when two sp2 orbitals overlap, two bonds are formed; σ-bond and a π-

bond. The π-bonds extend throughout the molecule creating a delocalised π–

system. Within this π–system, an energy gap exists. This is formed during the

splitting of molecular orbitals [23, 35] (i.e. overlap of two pz orbitals).

The highest occupied molecular orbital (HOMO) is the lower energy π orbital

and the lowest unoccupied molecular orbital (LUMO) is the higher energy

antibonding π*-orbital [36]. These are equivalent to the filled valence band and

the empty conduction band in an inorganic semiconductor. See figure 1.5.
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Figure 1.5: Schematic of the 2pz-2pz molecular orbital overlap generating the bonding π-

orbital and the antibonding π*-orbital. Adapted from references [35, 37]

In addition to this, crystallinity in organic systems is poor compared with the

traditional (inorganic) semiconductors [38], thus the LUMOs do not form bands,

but are commonly referred to as discrete states or levels [38]. The transport

occurs in delocalized states formed by the π and π*-molecular orbitals.

Intermolecular transport is observed, as carriers are free to move along, and

between polymer chains. It is therefore accepted that inorganic conduction

occurs via band transport and organic conduction occurs via ‘hopping’
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transport as charge carriers must overcome large barriers between the

molecules or delocalisation sites [39]. Since the pz orbitals extend beyond

molecules, efficient increase of overlap between molecules ensures increased

hopping in an organic system.  Furthermore, unlike inorganic semiconductors,

organic semiconductors are usually intrinsic or undoped and so have no free

carriers at room temperature.

In the dark, organic (as well as most inorganic) semiconductors behave as

insulators. Light is required for the electrons in the HOMO level to excite to the

LUMO level by the absorption of a photon [36-37, 40]. When enough energy is

acquired to excite an electron to the LUMO leaving a hole in its place, it is

possible that electron can recombine with its hole, thus releasing a photon (i.e.

in the form of light) in the process [23]. This process is called

photoluminescence [41]. This is discussed in more detail in section 1.2.3.

1.2.3 Basic Device Physics

It has been mentioned in section 1.2.1 that upon excitation, an electron in an

inorganic material is promoted from the valence band into the conduction

band, leaving a hole in its place (i.e. in the valence band). The equivalent case

also exists in polymer systems. The π-electron can be promoted from the HOMO

to the LUMO upon absorption of a photon (photoexcitation), leaving a hole in

the HOMO. This process is referred to as “neutral excitation”, as the total

charge of the system is unaltered and remains zero [42]. The resulting electron-

hole pair is tightly bound by Coulomb attraction and forms a quasiparticle

called an exciton. The system is said to be excited from ground state to a higher

energy excited singlet state [43]. This singlet spin state is short-lived after the

charge has been photogenerated, the singlet exciton decays back to the ground

state radiatively as it recombines with the hole (~ns). This process is known as

photoluminescence.
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When charges are injected into polymer semiconductors from metal electrodes,

electrons and holes can combine and form excitons. Due to the random spins of

the injected charges and according to spin statistics, when electrons and holes

meet, there are four total combinations. These are both an asymmetric singlet

state and three symmetric triplet states (i.e. in the ratio 1:3). Triplet states are

more strongly bound, have longer lifetimes and lower energy than singlet

excitons. The singlet state has total spin of zero, S=0 and there exists only one

eigenstate ms=0. In the triplet state, S=1 and there exist three eigenstates, ms=

-1, 0, +1. The ms=0 singlet and ms=0 triplet states are composed of

antisymmetric and symmetric linear combinations of exciton spin states (see

figure 1.6)

-2
1

+2
1

ms=0

ms=0ms=+1 ms=-1

Three Triplet States

One Singlet State

Figure 1.6: Representation of a singlet and triplet excited states

In the case of optical excitation, immediately after the charge has been

photogenerated to a singlet excited state, the system will relax, or decay, to a

lower energy state. The charge will then undergo a number of processes before

returning to the ground state [43]: It can decay directly to the ground state
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radiatively, emitting light in the process (fluorescence) or, nonradiatively

(emitting phonons) via internal conversion of the singlet state. It is possible that

excitons may become trapped in the process, either by self trapping or due to

defects in the polymer, formed during synthesis [44]. This is discussed in detail

in Chapter 2. Singlet excitons can also undergo intersystem crossing to the

triplet state which may further decay down to the ground state radiatively

(phosphorescence) or nonradiatively. Finally, excitons may dissociate into a

polaron pair due to electron-phonon coupling. Strong electron-phonon

interaction leads to rapid self-localisation of the charged excitations, the so-

called polaronic effect [45]. The polaron concept can be better explained if we

consider the transport in an organic or polymer semiconductor (see figure 1.7).
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Figure 1.7: Energy Scheme of electroluminescence from the conjugated polymers.

Adapted from reference [44]

Figure 1.7 shows charges injected into the organic material from the electrode

under the influence of an electric field. Electrons are injected from the cathode

into the LUMO of the polymer and holes are injected from the anode into the
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HOMO. The electrons and holes form negative and positive polarons through

electron-phonon coupling. These carriers migrate along the polymer chain

toward the opposite electrode under the influence of the applied electric field

and combine on a segment of polymer to form a singlet exciton. Note that the

polaronic electronic levels do not correspond exactly to the neutral molecular

HOMO and LUMO and that the polaron, therefore possesses some binding

energy.

Since the ratio of singlet to triplet formation is 1 to 3, the probability of a singlet

exciton is therefore 25%, thus implying that 25% of carriers will decay

radiatively (emission of light) and 75% nonradiatively. This is particularly

important when considering the operation of optical devices such as OLEDs

(see section 1.2.3.1).

As previously mentioned, when the positive and negative polarons combine, the

two different spin states can form singlet or triplet states. In polymers, only

radiation from singlet decaying to the ground state is observed [44]. Radiative

relaxation to the singlet ground state from the triplet state is dipole forbidden,

although triplets can, however, relax to a lower lying triplet state.  In OLEDs

and in the absence of phosphorescence, most of the triplet excitons decay by

nonradiative relaxation [46].

1.2.3.1 Operation of OLEDs

Nonradiative decay being the dominant decay mechanism in polymer

semiconductors leads to a number of associated problems in devices such as

OLEDs where most π*-electrons are required to recombine with most of the

holes in the HOMO radiatively. This can be achieved if we have a metal-

semiconductor junction where electrons or holes from the metal electrode can

be donated (or injected) into the semiconductor. Holes are injected into the
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HOMO from a high work function, φ, region while electrons are injected to the

LUMO from a low work function region. Such a device structure is illustrated in

figure 1.8, where the polymer layer is sandwiched between two different metal

electrodes [3] that have different work functions, such as aluminium (cathode)

and indium tin oxide (ITO) (anode). This allows for maximum injection of

electrons from the cathode and holes from the anode, resulting in maximum

quantum efficiency [47]. The energy required to surmount the barrier between

the electron injecting cathode and the LUMO level of the polymer is called a

Schottky barrier (refer to figure 1.7), which is present in nearly all OLED

devices (also shown in figure 1.8).

There are advantages associated with organic LEDs when compared with the

conventional inorganic LED devices. The most important being that there are

broader emission spectra achievable, possible through chemical modification

which can improve light output of the device, for example, white light output is

shown to be “better quality” in OLEDs, when compared to their inorganic

counterparts [48].

φAl φITO

HOMO

LUMO

No Bias

Organic
layer

φAl φITO

No Bias

Organic
layer

Figure 1.8: Schematic of an ideal device structure where no bias is applied. The work

function Al ≈ 4.08 and ITO ≈ 4.3eV
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When the OLED device operates in forward bias (figure 1.9), the polarons are

transported along the polymer towards the opposite electrode. As they transit

they can combine to form excitons. Radiative decay to the singlet ground state

from the excited state emits light corresponding to the energy gap of the

polarons [44] (figure 1.7).
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Figure 1.9: Schematic of device structure in forward bias

In the OLED configuration, there are two ways for the carrier injection at the

polymer-metal rectifying contact. The first is a thermally activated process at

low fields (called the thermionic emission) and the second is tunnelling at a

high field (called field emission) [44]. In the thermally activated process, carriers

are thermally excited above the injection barrier and are injected into the LUMO

of the polymer. Tunnelling of the electrons takes part at the rectifying contact

into the LUMO through the barrier. Here, the carrier relaxes to a lower state

(where it is unstable) or becomes trapped. Either a radiative process or a

nonradiative process may follow. Tunnelling injection depends on the applied
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field while the thermally activated process depends on the temperature [44].

The dominant injection mechanism in an OLED can be determined by

performing temperature dependent study of the I-V characteristics (see section

1.2.4.1).

It is important to note that for photoluminescence, in contrast to

electroluminescence, occurs when electrons and holes recombine shortly after

photogeneration to the singlet excited state, therefore the theoretical quantum

efficiency of electroluminescence is 25% of the corresponding

photoluminescence quantum efficiency [46].

In OLEDs, two important efficiencies, an external and internal quantum

efficiency, ηext and ηint, are taken into account. The external quantum efficiency

is defined as the number of photons emitted from the device divided by the

number of injected electrons into the device [49]. This definition, however, is

not useful for display applications since the total number of photons produced

within the device is significantly higher than those emitted out of the device,

because of internal reflections [49]. The internal quantum efficiency is defined

as the ratio of the total number of generated photons within the device to the

number of injected electrons. The ratio of ηext and ηint is defined as the

extraction efficiency of the photons emitted out of the device that we are able to

view.

Another common method of determining light output properties of an OLED is

the luminous flux or luminous efficiency, ηl. It is defined as the electrical power

in watts needed to give a certain amount of radiated flux measured in lumens

(lm). Therefore, the efficiency is defined in units of lm/W. In addition to this,

the luminous intensity can be measured in candelas (cd) and divided by the

current used to drive the device for a certain light output, giving an efficiency in

cd/A [48].
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1.2.3.2 Organic Solar Cells

Organic solar cells operate oppositely from OLEDs in principle, although both

transport charge through the bulk of the polymer. OLEDs convert electrical

energy into light whereas photovoltaics operate by converting light into electric

energy [50]. They do this by accumulating charge in a metal-semiconductor

photovoltaic cell, where the semiconductor is sandwiched between two metals

which have a different work function [51] (figure 1.10 and 1.11). The difference

in the work functions between the metals provides a built in electric field or a

photovoltage [50, 52], which in turn gives rise to a drift current [43].

Metal electrode (e.g. Au or Al)

Glass
ITO

Organic layer

ħω

Metal electrode (e.g. Au or Al)

Glass
ITO

Organic layer

ħω

Figure 1.10: A schematic of the arrangement of a typical organic solar cell. Holes are

collected at the ITO and electrons at the metal electrode (e.g. aluminium or gold)

φITO

HOMO

Short Circuit

φAl
LUMO

EF

Figure 1.11: A schematic of an organic solar cell in short circuit. The Fermi levels are

aligned i.e. φAl and φITO
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When the device is illuminated, exciton dissociation results in charge

separation of the Coulomb coupled electron-hole pairs [43]. The electrons and

holes either drift in the electric field towards the metal contacts (the electrons to

the lower work function while the holes to the higher work function metal [53])

or diffuse towards oppositely charged electrodes. It is important to note that

heterojunction semiconductors with two metal contacts operate much more

efficiently than homojunction photovoltaic cells in the same arrangement [50,

52] as a binary donor/ acceptor system is created with efficient arrangement of

HOMO and LUMO levels of the two polymers by increasing the dissociation of

excitons (that are normally reduced in homojunction OPV cells due to trapping

of charge) near the interface and thereby improving the device performance.

i

V

Dark

Illuminated

isc

Maximum
Power Point

Voc

(Vm, im)

Figure 1.12: I-V characteristics for an OPV in both dark and light (illuminated). The open-

circuit voltage (Voc) as well as the short-circuit current (isc)  and  the  maximum  power

developed are labelled on the axis. Adapted from reference [49]

Under no illumination, the I-V characteristic for an OPV resembles that of a

typical diode I-V plot. When illuminated, however, the OPV I-V characteristic

effectively shifts downwards as shown in figure 1.12. The open circuit voltage
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(Voc), short-circuit current (isc), the fill factor (ff) and the overall photoelectric

power conversion efficiencies (η) are all critical parameters when determining

the operation of an OPV [54]. Since the power developed by the OPV at both Voc

and isc conditions is zero, there exists a point between the two which the power

developed is at a maximum. This point is labelled Vm, im in figure 1.12.

The open-circuit voltage is the maximum attainable voltage when no current is

drawn from the OPV device. In general, Voc in inorganic devices such as silicon

p-n solar cell are limited to the built in potential. In organic devices, however,

Voc is observed to be higher in experiments [54]. When the device is short

circuited then isc represents the maximum current that the OPV can provide

[49]. The fill factor (ff) is the ratio of the shaded region to the unshaded region

in figure 1.12 and is defined as the ratio between the maximum power (imVm)

delivered to an external circuit and the potential power (equation 1.1) [53].
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The power conversion efficiency η is defined as the ratio between maximum

electrical output power generated (Pm) [49] and the incident (input) optical

power P0:
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The advantage of using an organic solar cell is due to the ability of being able to

“tune” the absorption range by adjusting the chemistry of the polymer [55].

Furthermore, depending on the absorption penetration depth of the polymer

(See Chapter 3, section 3.2.1.4), only a few nanometers thick polymer layer is

required to be able to absorb nearly all of the light shone, compared to a

~300µm penetration depth for a standard silicon wafer [55], which is both cost

effective and environmentally beneficial.
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1.2.3.3 Organic Field Effect Transistors

Organic field effect transistors are thin film transistor (TFT) devices that may be

used in active matrix displays and in the development of organic radio

frequency identification (RFID) tags and electronic displays [6, 56-57].  TFTs

function by surface transport [57] along the organic/insulator interface. A TFT

is normally produced by depositing a thin organic film on a dielectric (insulator)

that is situated on top a gate electrode. The most common arrangement of

bottom contact/bottom gate is shown in figure 1.13. The arrangement of the

OFET here forms a metal-insulator-semiconductor junction. By applying

voltage to the gate electrode, the OFET “switches on” enabling current to flow

from the source to the drain electrode. It does this by generating holes or

electrons at the surface of the semiconductor-dielectric interface, increasing the

S-D current [6].

Gate

Insulator

Source
Drain

Semiconductor

Source L

W

Gate

Insulator

Source
Drain

Semiconductor

Source L

W

Figure 1.13: A schematic of an OFET, where L and W are the channel length and width

Hole transport is much more common in organic semiconductors, so in OFETs

the majority charge carriers are holes [57].  The OFET is therefore said to

exhibit p-channel properties [6]. When a negative bias is applied, holes are

injected from the source and accumulated along the semiconductor-insulator

interface. This results in a low resistance channel or a conducting channel

called the ‘on’ state [58]. This mode is called the accumulation mode due to

induced accumulation of charge carriers at the interface. If we now imagine a

positive bias applied to the gate, we enter depletion mode as holes are repelled

from the semiconductor-dielectric interface increasing the depletion region and

therefore the resistance. This state is called the ‘off’ state. In inorganic FETs,
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where the semiconductor is doped, the gate voltage for on or off states is

determined by the polarity of the dopant [57].

1.2.4 Measurement of Mobility in Devices

To determine charge transport characteristics we must find the mobility in the

bulk of the polymer or through a device. The definition of mobility is the carrier

drift velocity, normalised to the electric field (see Chapter 3). To measure the

bulk transport, one can determine the time the charge carriers need to travel

through the polymer bulk and reach the counter electrode (i.e. transit time)

[59]. To do this, one can employ a number of techniques to either measure the

transit time directly or from fitting data. The transit time can be determined

directly using techniques such as time-of-flight (TOF) and dark injection space

charge limited current (DI-SCLC), while those techniques that require fitting

include I-V and transconductance curves. Note: Although there are other

methods that can determine charge transport, only a few have been discussed

here for comparison with TOF. The TOF technique, as well as the equation for

finding the mobility is discussed in detail in Chapter 3.

The DI-SCLC technique, like TOF and SCLC, measures transport through the

polymer bulk. There are advantages and disadvantages associated with using

SCLC and DI-SCLC to measure transport compared to TOF. We can measure

both hole and electron transport using TOF (using the same device), but

usually hole only, unipolar transport can be determined using DI-SCLC by the

injecting electrodes.

Methods used to measure charge transport in field effect transistor devices use

the transconductance curves to give information about the device performance.

This is surface transport and is discussed in this section together with bulk

transport mechanisms. It important to note that mobility can be calculated
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directly from TOF and DI-SCLC plots by measuring the transit time. In the case

of SCLC and OFET transconductance data, we can obtain mobility by fitting the

data from which we can calculate the mobility.

1.2.4.1 Space-Charge Limited Current

Since the carrier injection and transport determine the electrical properties of a

device such as an OLED, the information on carrier injection and transport

processes can be monitored using the current-voltage (I-V) characteristics [44].

If injection barriers are overcome, a significant number of carriers are injected

into the material from the electrodes. Some carriers, however, can not tunnel

through due to the presence of a space charge layer. Therefore, the current of

the device is limited by this space charge, and it is called space charge limited

current (SCLC), jSCLC. If the material has no traps and the diffusion current is

assumed negligible, then jSCLC is expressed by the Mott-Gurney equation [44,

59]:
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Where d is the is the thickness of the jSCLC layer, μeff is the effective mobility of

the drift carriers, Va is the applied voltage and VBI is the built in field due to the

difference in workfunctions of the two electrodes.

If there are traps present and the number density of carriers is sufficiently

high, then the carriers will fill the traps first and then transport as if no traps

existed [59]. This corresponds to a trap-filled limit (TFL) SCLC. If the traps are

assumed to be distributed exponentially in energy, the current has also the

following relationship with the operating voltage and the thickness:

ú
ú
û

ù

ê
ê
ë

é --
=

d
VVE

d
VV BIaBIa

eff
)(

898.0exp
)(

8
9j 3

2

0SCLC eme (1.4)



22

The I-V characteristics of an OLED include injection dominated processes such

as tunnelling, thermionic emission and bulk dominated processes such as

ohmic conduction and SCLC [44]. To determine mobility, one can fit equation

1.4 to the experimental I-V characteristic curve data [59].

1.2.4.2 Dark Injection Space-Charge Limited Current

Similar to an OLED setup, the sample consists of an organic layer sandwiched

between an ohmic hole injecting and an electron-blocking electrode. This is the

case for a hole-only device. In a DI-SCLC experiment a step voltage excitation is

applied to the sample and the resulting current transient is recorded [59-60].

After the application of the voltage step, the current rises from an initial value

of j0=0.445jTFSCLC to a peak value of j1=1.21 jTFSCLC (theoretically) and decays to

jTFSCLC, the steady-state value for the trap-free SCLC. The position of j1 at the

time t1 is related to the transit time t0 as t1=0.786 t0. The reduction of t0 by a

factor 0.786 (figure 1.14) accounts for the fact that the electric field is not

uniform during the carrier flow through the sample [59]. The mobility can be

calculated from

)(
786.0

1

2

BIa VVt
d
-
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0.786t0

t

i

iSCLC

RC Displacement
Current

Figure 1.14: Schematic representing a typical DI transient curve where the position of j1

at the time t1 is related to the transit time t0 as t1=0.786 t0. Adapted from reference [60]
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1.2.4.3 Mobility Measurement in OFET Devices

So far, bulk transport mechanisms have been discussed as a method of

measuring charge transport through a device. An OFET mobility differs as it

measures the charge transport at the surface, i.e. at the metal-polymer

interface. This explains why the mobilities obtained in disordered polymers at

low carrier densities, typical for TOF and SCLC measurements is much smaller

than OFET mobilities, where carrier densities are much higher [47]. In other

words, deep traps control the TOF, SCLC and DI-SCLC mobilities where fully

filled traps control OFET mobility as the threshold carrier densities are

normally much higher than the deep trap concentration. Furthermore, the

interface morphology as well as the dielectric properties can significantly affect

the mobility [59].

A bottom contact/ bottom gate OFET configuration has been discussed in

section 1.2.3.3. From the transfer and output characteristics, we are able to

obtain the mobility of an OFET device.  The field-effect mobility, μOFET (cm2/Vs)

are calculated from the transconductance using:

DSiG

DS

VWC
L

V
I
¶
¶

=m   (1.6)

Where IDS is the drain-source current, VG is the applied gate voltage, W and L

are the channel width and length and Ci is the gate capacitance per unit area.

Typical OFET transconductance and output characteristic curves are shown in

Chapter 4.

1.3 Polyacetylene

Conjugated polymers were first known to exhibit semiconducting properties in

the 1970s. First, polyacetylene was synthesised by Itô et al. (1974) and doping
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giving the n-type and p-type properties of electrical devices, was carried out by

Chiang et al. (1977) [61-62]. This established the field of synthetic metals. In

1977, Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa doped

polyacetylene with iodine making it highly conducting [58]. This resulted in a

Nobel prize in 2000 in Chemistry for the discovery and development of

conductive polymers [12, 16].

1.4 Amorphous and Semicrystalline Polymers

In general, polymers are either considered to be amorphous or semicrystalline.

Amorphous polymers consist of chains that are entangled and since there is no

regularity, therefore they are generally considered to have no structure [58].

They are also well-known to be transparent (or glass like) as they are unable to

scatter light due to the non-crystal structure [63]. At room temperature,

semicrystalline polymers contain a typically amorphous structure with

crystalline (or structured) regions [64].

Amorphous regions

Lamellar stacking
(ordered chain)

(a) (b) Amorphous regions

Lamellar stacking
(ordered chain)

(a) (b)

Figure 1.15: A schematic diagram of the arrangement of chains in (a) an amorphous

polymer and (b) a semicrystalline polymer where there are regions of both ordered

(lamellar stacking) and disordered chains
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Figure 1.15 shows schematically what we would expect to observe in either

amorphous or semi-crystalline polymers. It is clear that amorphous polymers

have no real structure, whereas semicrystalline polymers have regions of

ordered and disordered chains. Lamellar stacking [17, 64] occurs in regions of

order when polymers fold back onto themselves which enables the π-orbitals to

be “stacked” close to each other. It is this arrangement that is believed to

improve interchain transport, and therefore device efficiency [17].

In general, the performance of amorphous and crystalline polymers is affected

by certain factors. This includes the chemical structure, ambient conditions

such as light, humidity and temperature, as well as molecular weight which in

turn, affects the way the atoms and molecules are arranged or distributed

within the polymer (a term known as stereochemistry) [39, 65-66]. Also, the

processing conditions influenced by factors such as the degree of conjugation

along the polymer chain that can lead to stiffness and may make the polymer

difficult to solubilise [13, 43], and therefore affecting the electronic transport

properties of the device.

1.4.1 Thermal Properties of Polymers

An important concept of polymers is their glass transition, Tg [67-68]. The glass

transition determines the physical properties of the material. Below the glass

transition of the polymer, the polymer behaves in a brittle or glass-like fashion.

Above this temperature, the polymer exhibits rubber-like properties.

We can determine the Tg temperature as well as other thermal properties such

as melting and crystallization temperature of the polymer using thermal

analytical techniques. The two main techniques used are Differential Scanning

Calorimetry (DSC) (see Chapter 5, section 5.1.1) and Dynamic Mechanical

Thermal Analysis (DMTA) (see Chapter 4, section 4.5.2) [64]. Both techniques
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involve heating and cooling the material over a certain temperature range in

which phase changes can be observed in terms of heat loss and heat gain.

Both amorphous and semicrystalline materials change viscosity when heated.

Their molecular motion increases when heated above their Tg, and they are

therefore more susceptible to deformation. Like Tg, Tm (or melting temperature)

is important when considering the polymer’s properties. Between Tg and Tm,

polymers become viscous melts. Amorphous polymers, however, generally do

not flow as easily as semicrystalline materials [65].

Amorphous polymers do not have a sharp melting point like semicrystalline

materials and are unable to retain their tensile strength above glass transitions

as opposed to semicrystalline polymers, where increased crystallinity increases

the rigidity and strength of the material [65]. For this reason, interest in

semicrystalline polymers has grown substantially over the years, especially with

polymers like poly(3-hexylthiophene) (P3HT), where recently morphological

effects have been studied in detail in order to improve the crystallinity [68], and

therefore device efficiency.

1.4.2 Polydispersity

Frequently the term polydispersity is discussed [69-70] when considering the

polymerisation process of a particular polymer. This is simply the spread of

molecular weight distribution [70] arising from the different sized molecules

within a polymer system. It is a term used describing not only the average

molecular weight, but its dispersion pattern as well [69] and is defined as

MnMw /  where Mn is the number-average molecular weight [71] and is

determined by computational experimental methods that count the number of

polymer molecules in a sample of the polymer [69]. Mw is the weight-average
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molecular weight [70] and is often termed the molar mass [72] making the

polydispersity expressed as the molar mass distribution.

It is desirable to know the exact distribution of molecular weights as the

polymer's application may depend on it [71]. If information of a particular

polymer's chain length is required the polymer containing the greatest number

of the molecular chains of that length can be determined from the molecular

weight range [71-72]. For this reason, methods such as gel permeatation

chromatography (GPC) have been devised to determine these properties and

they normally appear in distribution plots of a molar mass (g/mol) Vs mass

percentage.

1.4.3 Small Molecules

Further to the discovery of the conducting polymer polyacetylene, there has

been increasing demand as well as development in areas of other conducting

organic materials including small molecules. The simplest example of a small

molecule is pentacene [53, 74-76] (figure 1.16).

Figure 1.16: Chemical structure of Pentacene (C22H14). Reproduced from reference [18]

Pentacene consists of five linearly-fused benzene rings [57]. The π-orbitals

extend over the conjugated part only in contrast to conjugated polymers where

the π-orbitals can extend over a segment of polymer. It is favourable over most

organic materials as it has device efficiency almost comparable to inorganic

devices [13]. Since pentacene is insoluble, the method of deposition is

evaporation [76-77]. Because of this, polymers have been in increasing demand

in the field of organic devices [75-76]. Other small molecules include
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Phthalocyanines (figure 1.17) [77-80] that are frequently used since, like

pentacene, they are usually environmentally stable as well as possess a high

degree of molecular order when forming semicrystalline films [79]. Liquid

crystals are another group of small molecules but unlike pentacene, they have

the ability to flow like liquids whilst maintaining their ordered crystal-like

structures [80-81].

Figure 1.17: Schematic representation of the molecular structure of the Copper

Phthalocyanine (CuPc) model. Reproduced from reference [82]

1.5 Concluding Comments

It is clear that the device performance of any organic device is largely dependent

on the charge transport within the organic material [83]. In this thesis, the

charge transport mechanism in conjugated polymers is studied in detail via the

time-of-flight (TOF) technique from which we can deduce electron and hole

mobilities. The TOF technique is discussed in Chapter 3.
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The mobilities obtained in polymer semiconductors vary under different

conditions such as temperature, ambient conditions and morphology. We

investigate and identify these factors, pivotal to improving the development of

electrical devices such as those introduced in this chapter, namely OFETs,

OLEDs and photovoltaics [84].

The charge transport of two different types of polymers, amorphous

polytriarylamine (PTAA) and semicrystalline poly(2,5-bis(3-dodecylthiophen-

2yl)thieno[3,2-b]thiophene) (pBTTT) have been investigated via TOF. Chapters 4

and Chapter 5 investigate the different transport properties of the two

polymers.   Both DSC and DMTA are also described in detail.

__________________________________________________________
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Chapter 2

2. Hopping Transport Models and Trapping

2.1 Hopping Transport

In Chapter 1, conduction in conjugated polymers was discussed. It was

mentioned that the conduction in inorganic semiconductors occurs via band

transport and organic conduction occurs via hopping transport as charge

carriers must overcome large barriers between the molecules or delocalisation

sites.  As such, hopping transport is simply transport at the limit where every

site is a scattering centre. Figure 2.1 shows a schematic of transport or hopping

sites (p, q, r) in a polymer. It is clear that under no bias, the probability χ of a

charge carrier from site q occupying site p or r, is equal. In such a case, no drift

would be observed (figure 2.1(a)).  When a bias is applied, however, the

probability χqr is far greater than χqp so a drift can be observed (figure 2.1(b)).

(a)

(b)

R
p q r

p
q

r

χqp

χqr

χqp χqr

R
p q r

p
q

r

χqp

χqr

χqp χqr

Figure 2.1: Schematic representing the probability of a carrier from site p occupying sites

q and r when (a) no bias is applied (b) under the influence of a bias. The parameter R is the

intersite distance
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In reality, the hopping site arrangement within a polymer, varies both

positionally (figure 2.2(a)) and energetically (figure 2.2(b)).

(a)

(b)

Figure 2.2: Schematic representing the hopping sites a carrier experiences when there is

(a) positional disorder and (b) energetic disorder within a polymer system

In a region of (crystalline) ‘order’, the charge carrier mobility tends to improve

due to the “short and organised (hopping) distance among molecules” [1]. Most

polymers, however, contain a complex microstructure with a high degree of

disorder [2]. Disorder includes structural disorder and the presence of chemical

inhomogeneities [3]. These abnormalities introduce trapping sites. The most

common trap sites arise from impurities such as catalyst residues [4], oxidation

of the polymer or the presence of moisture in the air during sample

preparation, and grain boundaries in semicrystalline polymers [4].

Furthermore, atoms that are not completely bound at crystal defects give rise to

dangling bonds [3] but can behave as states by a donation and/ or removal of

an electron. Charge carriers entering these localised sites may require a large

amount of energy to ‘detrap’ either through photon or phonon (intermolecular

vibrations) assisted methods.  The traps associated with the intramolecular and

intermolecular imperfections (where interaction between polymer chains is

generally weak [5]) complicates the electronic properties, delivering low

mobilities in such systems.

A number of disorder models have been developed to try to understand and

quantify the disorder, which can be possibly used to improve the ordering of the
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hopping transport within the electronic structure of the bulk of the material.

This thesis focuses on a few of these models, such as Poole-Frenkel like effects,

Bässler’s Gaussian Disorder Model and Novikov’s Correlated Disorder Model.

The Polaronic Correlated disorder Model by Parris et al., although not used in

the disorder analysis, is also discussed in this chapter for comparison of

models.

2.1.1 Types of Trapping

Traps can be classed as either deep traps or shallow traps. These can take the

form of donor traps (hole traps) with occupied energy levels above the top of the

HOMO or acceptor traps (electron traps), where vacant sites are distributed

below the LUMO [3]. The mobility is determined by the depth of these traps (see

figure 2.3), with often, deeper traps contributing to lower mobilities.

Shallow traps

Deep traps

Distance

E
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rg
y

HOMO

LUMO

Shallow traps

Deep traps

Shallow traps

Deep traps

Distance

E
ne

rg
y

HOMO

LUMO

Figure 2.3: Schematic representing the hopping energies required from examples of

shallow and deep trapping sites

In the case of shallow trapping, the depths are only of a few kBT [4] so charge

carriers can follow a diffusive motion or can escape easily at finite



39

temperatures. Detrapping of carriers in deeper traps may require greater

temperatures and/ or increased fields. Some traps are very deep and charges

within them result in space-charge but do not contribute to the current [4].

This may explain why very few polymers are amibipolar, allowing the transport

of both holes and electrons. The presence of oxygen and water molecules act as

deep trapping sites for electrons [6-10] so in polymers, hole transport is

normally dominant.  We can quantify how the mobility in a trap-filled material

is affected [11]. Consider an electron moving with free mobility (in the absence

of traps) μ0 that becomes temporarily trapped in a shallow trapping site. It will

stay there unless enough energy is acquired for it to detrap and continue its

progress, yielding a mobility μ [11]. This mechanism is termed “trap-limited

band transport” and is given by
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where tf is the average time the electron spends free between trapping, td

corresponds to the average de-trapping time. Now, if the ratio of these two

quantities is equal to the ratio of the concentrations of instantaneously free and

trapped carriers, nf:nt, equation 2.1 becomes
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At thermal equilibrium we can yield a relation between free and trapped

carriers by
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where Nc/Nt is the ratio of effective density of states at the conducting level (Nc)

at the band edge, to the total trap site density (Nt) and E is the trap energy

depth, or the activation energy. Using equation 2.3, the mobility then becomes
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At sufficiently high temperatures (Nc >> Nt), the time between trapping events

will dominate over that spent before release therefore, μ≈μ0. At low

temperatures
)/(

0
TkE Be-= mm             (2.5)

The detrapping of charge carriers depends on the energy available. An electric

field may be required to assist the detrapping process [5]. Due to a smaller

number of instantaneously free carriers in intrinsic organic devices, the arrival

time is much slower, in comparison with inorganic devices. The number of

charge carriers contributing to the conduction depends on the number of

trapping sites and on the trap level (i.e. if it is too deep, the charge carrier may

not be able to detrap).

2.1.2 Polarization Effects

An electron moving in a dielectric crystal is subject to a region of lattice

polarization and deformation due to a strong interaction between the charge

carrier and the lattice in the vicinity of “uncompensated charge” [12]. The

associated distortion or polarization of the surrounding lattice of a carrier is

called a polaron. In intrinsic semiconductors there are only a few free charge

carriers nf available to “compensate” the effect of an added charge so there will

be some polarization of the surrounding lattice region [12]. This effect is more

pronounced if the lattice is ionic due to a large concentration of impurities, or if

the carrier is subject to a very high density of deep traps associated with

structural or chemical defects so the carrier becomes localised in a trap.

When an initially empty localised trap site captures a carrier, the total energy of

the system is lowered by the polaronic effect or the distortion of the

surrounding lattice [3]. This is described by the polaron binding energy [13].

Typically, in longer conjugation length polymers, the binding energy is lower as

the charge is more “spaced out”. When electron-phonon coupling is strong, the
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carrier becomes “self-trapped” as a potential well for the carrier is created and

is extremely difficult to escape. This highly localised particle is referred to as a

small polaron that has been studied extensively by Holstein [14-15]. Thermal

fluctuations of the system (or phonon-assisted fluctuations [13]), momentarily

brings a neighbouring site into “coincidence” of the initial trap site [16].  The

carrier is then able to tunnel its way through to the neighbouring site. Large

polarons, in contrast, occur when the polaron is relatively delocalised [17].

In summary, an electron can either hop over, or tunnel through the barrier

depending on the height of the barrier and/or the separation of the sites [16-

17]. To do this, the carrier must either gain enough thermal energy to hop over

from one energy site to adjacent sites, or tunnel through from one site to

another closely positioned site. Hopping is therefore field, and temperature

dependent. See section 2.1.7 for the Polaronic Correlated Disorder Model.

2.1.3 The Poole-Frenkel Effect

In 1938, the Poole-Frenkel (P-F) mechanism was developed to understand the

effect of an applied electric field, E, on carriers trapped in Coulomb potential

wells in an isotropic solid [18]. The P-F effect is currently one of the most

frequently used to describe the charge transport [19]. The barriers localising

carriers within a semiconductor, are lowered by the field. For the P-F effect to

apply, the dielectric must have a wide band gap [3] and must contain trapping

sites. These trapping sites require more energy than is available in order to be

ionised so cannot contribute free electrons and holes to the conductivity

process.

When an electron is removed from a site, a Coulombic force exists between the

electron and the ionised donor, given by
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where r is the distance of separation and ε is the sample permittivity. The

potential energy V(r) is given by
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as r→0, V(r)→-∞ and the width of the ionised donor becomes significant. Under

the influence of an external field, equation 2.7 becomes
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We can determine the maximum in the potential by differentiating equation 2.8

w.r.t. r and then setting this to zero giving equation 2.9. This can be used to

find the position rm at which the maximum in V(r) occurs (see figure 2.4). This

value of rm is used in equation 2.8 to obtain the maximum potential height
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Therefore the maximum potential height (r>0) of the barrier in the field direction

becomes
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Since the P-F effect describes the reduction in ionization energy of a carrier in a

Coulombic potential by an applied field, in the one-dimensional case, the field

dependence of mobility therefore has the relation [19-20]:
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Where κ is the Poole-Frenkel coefficient and is given by
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This describes the temperature dependence of the mobility which has the form

Arrhenius temperature dependence [21]. This P-F electric field dependence of

mobility may be distinguished if the mobility varies with electric field as

2/1),(log EET km µ (2.14)

V(r)

Donor level
r

-Eer

-ΔVm

rm

Figure 2.4: Schematic representation of the electron potential energy due to Coulombic

and electric field near an ionised donor site or level. The black dotted line presents the

case where there is negligible field and the red bold line represents when the carrier is in

a high field. Adapted from references [3, 19]

P-F like field dependent mobility is almost always observed in polymers and

when interpreting SCLC, TOF and OFET measurements [18]. The P-F effect,

however, is very different in polymeric systems that are usually intrinsic [12].

As the free carriers are injected, they will not leave an ionised site on moving.

Unlike P-F, they do not find themselves in a Coulombic potential well [18, 22].

The origin of the potential well in these systems is most probably polaronic.

Conduction can occur by either overcoming a barrier or through tunnelling. The

random correlation between energies and positions of localised states have
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shown to yield a P-F “like” [23] field and temperature dependence of the

mobility measured in TOF experiments. The average energy (intermolecular)

barrier can be reduced for hopping along the field direction. As the disorder

increases, both the energetic and spatial distribution (positional disorder) of

electronic states also increases.

2.1.4 Variable Range Hopping Concept

The Variable Range Hopping (VRH) concept describes the electrical conductivity

in most disordered systems [24], in cases where the intersite electronic coupling

is weak and the electron-phonon interaction is strong. The weak intermolecular

coupling in disordered systems as well as polarization effects leads to the

localization of neutral and charged excitations on conjugated segments [13, 23]

resulting in hopping with a distribution of energies and/or spatial ranges.

Miller and Abrahams have proposed a “jump rate model” [25] that described the

phonon-assisted conduction in lightly doped amorphous inorganic systems, at

low temperatures. The jump rate νqr, from site q to r is given by the following

semi-empirical expression:
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Where ν0 is a typical phonon frequency factor, α is a localisation radius or

coupling matrix element of a charge carrier, R and ΔRqr are the mean and

standard deviation of the intersite distance and εq and εr are the site energies.

Equation 2.15 assumes that hopping to a higher energy site is assisted by

thermal activation, while downward hops are temperature independent. The

term exp(-2αR) quantifies the degree of electronic coupling between transport
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sites due to wave function overlap [25] and limits the possibility of hopping to

the sites further than the nearest neighbours.

The VRH model developed by Mott et al. [24, 26], gives the relation between

charge carrier and the activation energy needed to hop over a certain distance.

The model states that a carrier can hop over a small distance with a high

activation energy, or, hop over a large distance with a low activation energy.

The temperature dependent mobility of such a system can be described as:
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Where T0 is characteristic temperature that is proportional to the width of the

distribution and n is the dimensionality of the polymer system [24].

2.1.5 Bässler’s Gaussian Disorder Model

Bässler et al., proposed a model to describe the charge transport in disordered

systems [27]. There are a few important assumptions made [28];

1. The individual hopping sites in a largely amorphous system are assumed

to be uncorrelated and any polaronic effects can be ignored

2. Higher energy sites are assumed to follow the asymmetric Miller-

Abrahams Jump theory [21, 29], where upward hops are suppressed by

the Boltzmann factor, while downward hops are energy and temperature

independent. Such hopping rates arise from electronic states of a

statically disordered system which are temporarily mixed by vibrational

distortions [21], commonly referred to as phonon assisted hopping within

a localisation radius in regions of high mobility

3. The energy acquired by a charge carrier to hop is determined by energetic

and spatial disordering of the localised sites, neglecting any long range

order.
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The energetic distribution of the site energies in a matrix is of Gaussian shape

[13, 30]. Using Monte Carlo (MC) simulations, Bässler et al. described the static

disorder resulting in random “fluctuations” of the site energy giving rise to

variations in the intermolecular hopping rate [31]. Charge carriers injected into

a system of hopping sites [28] at thermal equilibrium, will relax at an energy

level below the energetic centre of the DOS by –σB2/kBT where σB is the width of

the DOS (see figure 2.5).
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Figure 2.5: Schematic representation of a carrier at thermal equilibrium within a

Gaussian DOS at –σB2/kBT. Adapted from references [13, 28]

At higher temperatures, charge transport will increase. The mobility will

therefore have a temperature dependence of:
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Here, μ0 is the prefactor mobility at zero fields and infinite temperature. This

value is related to degree of electronic coupling between neighbouring hopping

sites [25]. According to MC simulations, the spatial disorder Σ (dimensionless),

is assumed to be uncorrelated with the energetic disorder [30]. It is predicted

together with the field range, the temperature and mobility (in a dispersive

medium [28]) by the GDM to obey the relation:
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The empirical constant is linked to the intersite hopping distance [25] and is

2.9×10-4 (cm/V)1/2 for an intersite distance of 0.6nm in molecular crystals like

anthracene [13, 30]. At high fields, the GDM mobility predicts a P-F-type

behaviour at fields as low as 105 V/cm [13].

It should be noted that the diffusive spreading on an initially ‘δ – shaped sheet’

of charge carriers [30] drifting across a sample is “anomalously” large [13, 30].

This is characteristic of the disorder induced broadening of the waiting time

distribution. It is accompanied with a field-induced increase of the Einstein μ/D

ratio whose value in a discrete system is e/kBT.

2.1.6 Novikov’s Correlated Disorder Model

Although the GDM has been commonly used to describe the transport

properties in most organics, it has a weak point as the Monte Carlo simulations

are limited to the Poole-Frenkel field dependence of mobility above 3-5×105

V/cm [13, 25, 32] even though the field-dependence of mobilities has been

observed as low as 8×103 V/cm experimentally [25, 33]. In 1995, Gartstein and

Conwell showed how this could be resolved by introducing correlation between

the energies of the spatially close sites [13, 34-35], where simulations showed

the Poole-Frenkel relation was valid for much lower fields.  Dunlap et al. [35]

studied a 1D correlated hopping transport but a semi-empirical formula

(equation 2.19) was later developed by Novikov et al. [36-38], known as the

Correlated Disorder Model (CDM). The CDM was derived by using 3D computer
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simulations, in the hope that charge carriers may encounter an event more

easily [30].

The CDM describes a field dependence of the charge-carrier mobility via a

spatially correlated site-energy distribution. The most fundamental difference

between the GDM and the CDM is the Poole-Frenkel field-dependent mobility

that is observed over a larger field range. In addition to this, the P-F behaviour

depends mainly on the long-range fluctuation of potential energies associated

with it and is independent of the type of hopping rate, whereas the GDM

predicts field-dependence based on the Miller-Abrahams rate, where sites are

distributed independently, with no correlations occurring at any length scale

[37-38].

On first impressions, the CDM shows close similarities to the GDM. It is clear

that the disorder parameters can be extracted in the same way as the GDM.

The prefactor mobility μ0 is still of course, the same and is extracted in the

same way as for the GDM as is also the case with σN taking the numerical

prefactor 3/5 (as opposed to 2/3 in the GDM) into account. It should be noted

that σN denotes the total energetic disorder, given as a sum of the individual

dipolar component of disorder σd and the energetic disorder arising from the

van der waals interaction (the nondipolar disorder, which is independent of

charge carrier density) σvdw [25] (i.e. σN2 =σd2 +σvdw2). Since, it is shown that the

difference between σN and σd is very small [25, 37], however, the σvdw component

can be neglected. The spatial disorder factor in the CDM is Г as opposed to Σ2

(Σ= G ). The empirical constant is fixed according to the simulations set by

Novikov et al. at C0=0.78 by choosing a value Г=2. An additional term - the

intersite distance, R (nm) is included in the CDM analysis and is treated as a

variable. Novikov’s semi-empirical equation that was produced for the full field

and temperature dependence of the mobility is given in equation 2.19:
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2.1.7 The Polaronic Correlated Disorder Model

It has been discussed that the two types of interactions contributing to the

energetic disorder, are the van der Waals interaction via varying intermolecular

distances, and the long range potential fluctuations [23]. The disorder models

do not take the electron-phonon interactions of molecules into account. This

interaction can be strong in some polymer systems, resulting in polarisation of

the surrounding lattice and self-trapping [39]. It is known that the transfer of

polarons between adjacent molecular sites may require a certain amount of

activation energy, Ea to overcome the change in site energies due to lattice

polarization effects. Through computer simulations, Parris et al. [40-41] have

derived a modified version of the correlated disorder model to include electron-

phonon coupling due to the small polaron effects (equation 2.20):
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Where all parameters have the same meanings as the CDM and the activation

energy, Ea, is related to the binding energy, Eb, by Ea = Eb/2 [25, 32]. A1, A2 and

Г are constants given the values of 0.31, 0.78 and 1.75, respectively, although Г

is treated as a free parameter to enable comparison with the positional disorder

deducible in the GDM and CDM [32].

______________________________________________________________________________
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Chapter 3

3. Time-of-Flight Experimental Details

The samples measured were prepared identically for most experiments. This

chapter introduces how these samples were prepared as well as the

experimental methods that were used to obtain the TOF data presented in

Chapter 4 and Chapter 5.   The conditions required for TOF measurements are

also discussed.

3.1 Sample Preparation

The polymer samples were prepared by first thoroughly cleaning previously

etched, 20mmx20mm, 30Ω/□ semitransparent ITO glass substrates via a

standard cleaning procedure (see Appendix A.1). The polymer solution

(concentration depended on the thickness required) was prepared by gently

heating it on a hotplate stirrer until fully dissolved. The polymer solution was

then applied onto the ITO substrate by either dropcasting (see Chapter 5,

section 5.2.1) or spincoating (the speed was set according to intended thickness

in revolutions per minute (rpm), see Chapter 4, section 4.3.1) and dried in a

fume cupboard with a funnel placed around the sample, until the solvent had

fully evaporated. Heating gently was sometimes required to assist the drying of

the sample. Semitransparent Al (~50nm) electrodes were deposited via vacuum

evaporation (typical pressure of 10-5 mbar) (see Appendix A.3). The evaporation

rate (on the crystal thickness monitor) was controlled at ~1Å/sec.

Final contact with the sample was made by scratching the polymer film above

the ITO and away from the Al electrode and applying silver paste. Silver paste
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was also applied to the Al electrodes away from the electrode overlap. The

sample was checked for shorts (e.g. arising from cracks in the polymer film),

before copper wires were attached (figure 3.1).
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Figure 3.1: Schematic representation of the sample preparation. Here, it is shown the

polymer is deposited on the pre-cleaned patterned ITO coated substrate and is dried

before depositing the top electrode

The polymer thickness was measured (across a scratch, away from the

electrodes) using a DekTak profilometer. Figure 3.2 shows an actual DekTak

profile sample. It is easy to see the films are not uniform and the thickness

measurement is therefore subject to error. The average sample thickness is

determined by three scratches around the overlap of the Al and ITO electrodes.

The uncertainty in the variation between measurements including the variation

within each measurement, typically result in ~10% error in thickness.
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Figure 3.2: A DekTak profile of a bimodal PTAA sample. A smaller scan width enables us

to view the unevenness of the film. The average thickness in this sample was 1.5±0.2μm
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3.2 The TOF technique

The sample was set up in a modified Linkam LTS350 hotstage and was soldered

to make contact with the BNC connectors. The hotstage is designed to be gas-

tight so measurements can be taken in a nitrogen atmosphere (figure 3.3). This

is particularly suitable for air-sensitive samples. A TMS94 temperature

controller (capable of a temperature range from -196° to 350°C) was used to

heat the sample. The sample was cooled using a LNP94 Liquid Nitrogen Pump

cooling system linked to the temperature controller. The heating rate was kept

constant, mostly between 5-10°C/min.
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Figure 3.3: Schematic representation of the sample holder/ hot stage used in TOF

experiments

A schematic of the TOF experiment is shown in figure 3.4. A sample of

thickness d, was sandwiched between two semitransparent electrodes. The

illuminated electrode was connected to a DC power supply (voltage V) and the

counter electrode was connected to the input resistor (resistance R) of a gain 11

amplifier. The input resistance typically measured between 47W and 2.31kW for

pBTTT and PTAA, although for the short time monomodal PTAA samples, a 50W

termination was used without amplification. The amplifier out was then
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connected to the input of an Agilent Infiniium digitizing oscilloscope. This

measures the potential drop across the load resistor in the circuit, which in

turn can be related to the current flowing through the circuit. The sample was

excited by using a 6ns pulse from EG101 Lambda Physik gas laser (λ=337nm)

or a Quantel Big Sky Laser Nd:yttrium aluminium garnet (YAG) laser

(λ=532nm), depending on the absorption of the sample, illuminating the top

electrode. The resulting photocurrents were displayed as current versus time

(μA vs μs) on a computer connected to the oscilloscope. The measurements and

conditions required to obtain photocurrents and mobilities are discussed in

section 3.2.1.
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Figure 3.4: Schematic of Time-of-flight experimental setup

In addition, signal averaging and background subtraction was carried out on all

signals in order to improve data quality.

3.2.1 Photocurrent Measurements

In Chapter 1 (section 1.2.3.1), a forward bias setup was shown to describe how

an OLED operates. To be able to measure charge transport, we require the
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opposite setup, reverse bias (figure 3.5), where the Al electrode has a smaller

work function (~4.08eV) compared with the ITO electrode (~4.3eV).

φAl φITO
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ħω
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e¯
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R h+

Figure 3.5: Schematic of device structure in reverse bias where recombination cannot

occur as energy required for injecting holes or electrons into semiconductor is too high

When the Al electrode is illuminated, a photon is absorbed close to the surface.

Consequently an exciton is created where a p-electron energetically promoted to

the LUMO is coulombically bound to the resulting hole in the HOMO. If a

positive voltage is applied to the illuminated electrode, the electrons from

dissociating excitons at the electrode/sample interface will rapidly move into

the illuminated electrode leaving holes to drift across the sample to the counter

electrode where they will discharge. This event will be monitored as a

photocurrent transient where the resulting photocurrent, iph plus any dark

current, id present, is measured in the external circuit as a voltage, Vm across

the measuring resistor, Rm

m

m
dphTot R

Viii =+= (3.1)

Similarly, if a negative voltage is applied to the illuminated electrode, then the

holes will be attracted to the negatively charged electrode while electrons will

drift in the opposite direction, enabling us to observe electron transport. The
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resulting voltage is measured in the external circuit across the resistor. It

should be noted hereafter that the sign of the bias indicates the bias of the

illuminated (Al) electrode w.r.t the counter (ITO) electrode, in which case a

positive bias (+V) indicates hole transport and negative bias (-V) indicates

electron transport.

3.2.1.1. Electrostatics of TOF

If two large plates parallel to each other, are kept a constant short distance d

apart and a constant voltage V is applied, we can assume that the electric field,

E produced between them is uniform and can therefore be defined as

E V
d

= (3.2)

In the electric field, if two equal and opposite charges ±q are created near an

electrode [1], the charge that is of the same sign as the electrode will be repelled

and drift towards the oppositely charged electrode. Consequently, transiting

charges will recombine with the opposite charges at the counter electrode.

In order to maintain a constant potential difference between the plates, when q

moves a distance s, a charge, Qm must flow through the external circuit. The

work done on q by the electric field through a potential difference Vs/d is

d
qVsW =  (3.3)

This work done is equivalent to the work done by charge Qm, flowing through

the external circuit, namely QmV

VmQ
d

qVs
=Þ

d
qsQm =\    (3.4)
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The case where the electric field drives q from one electrode to the other, s=d

and so q = Qm, is known as unity gain. Otherwise, if q, d, and Qm are known,

then the range s can be calculated using

q
dQs m

=    (3.5)

The current is defined as the amount of charge flowing per second through the

circuit, or i=dQm/dt. And since Qm is known (equation 3.4), then

i =
dt
d
qsd úû
ù

êë
é

   (3.6)

Þ i =
q ds

dt
d

é
ëê

ù
ûú  = qv

d
d    (3.7)

Where vd is the drift velocity or the average speed at which the charge moves,

simply, νd = ds/dt.

3.2.1.2 Arrival Time

In the ideal case, when a potential is applied, all charges will propagate as a

thin sheet, moving with a common drift velocity vd, and will recombine at the

counter electrode. In this case the arrival time is:

dv
dt =0 (3.8)

In the ideal case, the sheet of charge would traverse a defect-free sample and

will recombine at the counter electrode at the same time, t0. In this ideal case it

is assumed that there is no delay or loss of charge reaching the collecting

electrode, i.e. no charge recombination at trapping sites or diffusion [3] within

the bulk. If there is a delay or diffusion, then there would be a distribution of
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arrival times, and so a tail would be present [3], as indicated by the dotted line

in figure 3.6.

In the case where the trap density is low, the majority of charge carriers will

drift as a thin sheet of charge. A longer or broader tail corresponds to a greater

density of trapping states localised within the bulk [4], characteristic of polymer

films. The polymer semiconductor samples, are capacitive, where the polymer

film forms the dielectric layer of thickness d, sandwiched between two metal

plates, with an overlap area, A. The capacitance is therefore:

d
A

V
QC 0ee
==             (3.9)

tt0=d/vd tt0=d/vd

i(t)

tt0=d/vd tt0=d/vd

i(t)

Figure 3.6: Ideal TOF photocurrent, where all carriers recombine at an arrival time t0. The

dotted line represents the case when there is a delay in reaching the electrode and

appears in the form of a tail

3.2.1.3 Arrival Time Measurements

If an arrival time is to be observed, there are essential requirements or

conditions that must be met. The laser photoexcitation pulse duration should
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be kept short (~ns), well below the transit time, thus ensuring no transit occurs

during the pulse duration.

The amount of charge generated q is kept much smaller than the charge stored

on either electrode, Q. This ensures there are no space-charge effects that

distort the internal field across the device [5-6].  This is to say, q << CV (from

equation 3.9). The shape of the edge of the drifting current can broaden as a

result of ‘mutual repulsion’ of the carriers [5] giving an error in transit time, Δt,

where

CV
q

t
t
»

D

0

(3.10)

The circuit described here, has a characteristic time constant, τ (seconds) given

by τ= C∑R. The response time must be kept short in order to measure

photocurrent as a function of time. This becomes clear when we consider the

following expression for microscopic drift current i(t) through a device [7-8]:

÷
ø
ö

ç
è
æ +=

dt
tdVRCtV

R
ti )()(1)(           (3.11)

When RC is small, the second term can be neglected leaving us with

R
tVti )()( =           (3.12)

This mode is the traditional mode, known as the current (differential) mode and

is used to measure i(t), from which we can measure the transit time from the

inflexion point. Now consider when RC is much larger, equation 3.11 becomes

dt
tdVCti )()( =           (3.13)

Integrating w.r.t. time gives

dt
dt

tdVCdtti òò =
)()( (3.14)
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)()()( tQtCVdtti ==ò (3.15)
]

The recorded signal then becomes a variation of the total charge, Q(t)

accumulated at the collecting electrode [8] that increases with time t. This mode

is called the current integration mode [8-9] or charge mode. The arrival time in

this case is deduced from the Q(t) vs t inflection (figure 3.7).

Q(t)

tt0
Figure 3.7: Typical current integration mode TOF transients in an ideal case where there

are no trapping sites

Before any TOF measurements were conducted, the sample capacitance was

measured.

A final requirement is that the photogenerated charge be produced within a

penetration depth δ much smaller than the thickness of the polymer film [10]

(i.e.  δ << d).  This is explained in detail in section 3.2.1.4.

3.2.1.4 Penetration Depth

We have mentioned previously that laser pulses are required in the process of

photogenerating charge. When the dielectric near the top electrode absorbs

photons, bound electron-hole pairs are created near the illuminated/ injecting

electrode [6]. Under the influence of the applied field, a fraction of the carriers

are free to migrate across the sample to the collecting electrode where the
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transit time can be recorded. The absorption properties are determined by the

absorption coefficient ζ(λ) and its dependence on the electromagnetic radiation

wavelength λ (nm) or photon energy ħω (eV) [11].

We can calculate the penetration depth from the absorption spectrum. To do

this, we must first consider the Beer-Lambert law [15]:
x

T eII )(
0

lz-=           (3.16)

Here, IT is the transmitted intensity of the electromagnetic radiation, x is the

distance that the light has passed through the absorbing polymer. I0 is the

intensity for when x=0 inside the polymer and is called the incident intensity

[15-16].  The transmittance of the light is defined as

xT e
I
IT )(

0

lz-==           (3.17)

Therefore, plotting the transmittance, as a function of the optical path length, x

yields a plot such as figure 3.8.  It is convenient to define δ (penetration depth)

as:

)(
1)( lzld =           (3.18)

T

x

δ

T

x

δ

Figure 3.8: Transmittance as a function of optical path length distance x. Adapted from

references [16-17]
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In this case, when x= δ (the penetration depth), the intensity is simply

e
IxI 1)( 0== d (3.19)

Or 63% of the incident intensity [17] has been absorbed as indicated on figure

3.8.
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Figure 3.9: A UV spectrum of a 300nm thick monomodal PTAA sample showing the region

where the polymer strongly absorbs

Owing to their electronic configurations, most polymers absorb in the UV

(290nm-400nm) and Visible regions (400-700m) of the electromagnetic

spectrum [12-13]. Extended conjugation shifts the observed absorption

maximum to longer and longer wavelengths [14]. Ultimately, the absorption

maximum shifts from the UV into the visible region. When a compound absorbs

a wavelength in the visible region, we perceive this as a colour. In a polymer

containing many conjugated π-bonds, its absorption maximum is between

400nm-550nm (figure 3.9), which corresponds to the energy difference between

the HOMO and LUMO as being smaller than a polymer absorbing in the UV

(between 300-400nm) [14]. Figure 3.9 shows a typical absorption spectrum of
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monomodal PTAA. It is clear that the polymer absorbs strongly at about

~330nm.  At the laser wavelength used (337nm), δ≈58nm (using equations 3.16

and 3.18). In TOF, the condition δ << d was satisfied. The absorption spectra

were taken of both PTAA and PBTTT before the correct laser wavelength was

employed.

3.2.1.5 Dispersive and Non-Dispersive Photocurrents

There are two types of photocurrent transients that can be obtained known as

dispersive and non-dispersive transients.

3.2.1.5.1 Non-Dispersive Photocurrents

We can identify the first stage of a photocurrent showing a sharp exponential

decline before a dispersive or non dispersive photocurrent is observed [18]. The

second stage in a photocurrent is the equilibrium stage, where the observed

current is dominated by charge carriers drifting across the sample to the

counter electrode. The current will appear to be time independent or slowly

decreasing with time.

i

t

t1/2

t0

i

t

t1/2

t0

Figure 3.10: Schematic representation of a typical non-dispersive photocurrent
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The general characteristic of a non-dispersive photocurrent (figure 3.10) is that

a constant current plateau can be observed. This represents the time the

carriers move with constant drift velocity vd across the sample [19] (i.e. minimal

trapping). There is a sharp drop in current which represents the transit time, t0.

This is the time taken for the fastest carriers to cross the sample. The average

transit time is defined as the time taken for the current to drop to half of its

value at the plateau, denoted as t1/2.

From the times t1/2 and t0 we may define a parameter called dispersion W,

which is the average variation in arrival times of the carriers as

2/1

02/1 )(
t

ttW -
= (3.20)

From the arrival times, we are able to deduce the mobility of the charge carries.

The mobility is a constant of proportionality relating the electric field and the

drift velocity and is defined as follows;

E
vd=m (3.21)

Since E =vd/μ and E=V/d (neglecting VBI), these equate to give

0

2

Vt
d

=m (3.22)

The quantity of charge released into the circuit and collected at the counter

electrode can be observed as the area under the photocurrent and is given by

m

t

t
Q

d
sidt =ò

¥=

=0
(3.23)

Since s=d (the unity gain case), equation 3.23 becomes

qQidt m

t

t
==ò

¥=

=0
(3.24)
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3.2.1.5.2 Dispersive Photocurrents

In the dispersive case, there is not a constant current plateau as observed in

the non-dispersive case, but rather a monotonically decreasing current

resembling an exponential decay (figure 3.11). As a result, it may be difficult to

determine the transit time so a double-logarithmic plot is used to identify an

inflection point corresponding to the first arrival time.

In 1975, Scher and Montroll proposed an explanation for this behaviour. They

found that the mean drift velocity of the carriers decreases continuously and

the packet spreads “anomalously with time”, if the time required to establish

dynamic equilibrium exceeds the average transit time [19]. The Scher-Montroll

(S-M) model has been widely used to study the mobility in dispersive transport

associated with disorder, in particular amorphous solids and doped polymer

systems [20]. The S-M model links the relation between mobility and disorder in

the dispersive transport case, based on stochastic hopping [21].
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Figure 3.11: Schematic representation of a dispersive photocurrent

The model describes the motion of carriers undergoing a continuous time

random walk [21] in the presence of a bias and relates to the “waiting time” for

a charge carrier on a given site before it recombines at the counter electrode.
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In an ordered crystalline material, the probability that a carrier will leave a

hopping site is an exponential function of time [20] and is quantified using a

distribution function, Ψ(t)~e-ρt , where ρ is a constant. This describes the “dwell

time” or waiting time a carrier experiences before leaving a hopping site [20]. In

a disordered medium, the waiting time of a carrier on a certain site fluctuates,

therefore the dwell time is a random variable. It appears in the form of a much

longer tail in the photocurrent after the transit time, or a featureless decay. A

log-log plot is therefore devised (figure 3.12) and the current vs time plot should

asymptotically yield two straight lines, one at short times and one at long times

before and after the transit time of an average carrier [21].  Scher and Montroll

have proposed a “dwell time” probability distribution [20-21] to describe the

effect of disorder using a time dependent random walk of carriers on a grid of

sites characterised by a waiting time distribution, Ψ(t).
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Figure 3.12: Schematic of a double-logarithm plot of a dispersive photocurrent. Note the

α for t << t0 and t >> t0 are different according to the Gaussian Disorder Model

)1()( a+-µY tt (3.25)

Where  is a disorder parameter given by

0E
TkB=a (3.26)
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and has values between zero and unity [20] (i.e. 0 ≤ α ≤ 1). In a more disordered

material, α is smaller (α<1) and therefore the more dispersive the photocurrent

[20]. In a more ordered material, namely in a crystalline material, α tends to

unity, yielding a well-defined drift mobility [18]. The S-M model predicts that

‘with increasing time, an increasing fraction of carriers will encounter at least

one long waiting time at some site’ [20]. The mean position of the carrier packet

<l> is given by
atll >µ< (3.27)

where l is the mean displacement of a charge distribution ‘per step’, in the field

direction, which is both field and temperature dependent through the increased

probability of hopping in the material [21].

The current, which is proportional to the velocity of the carrier packet, is then

given by

dt
ldti ><

µ)( (3.28)

The S-M model has shown that for t << t0,

)1()( a--µ tti (3.29)

and for t >> t0,
)1()( a+-µ tti (3.30)

From equations 3.29 and 3.30 the sum of the slopes of the two asymptotic lines

should be equal to -2 [21]. This is not always found to be the case and we find

pre and post transit values of α denoted α1 and α2 respectively. This is because,

according to Bässler [22], the values are said to be different before and after the

transit occurs, and in fact α1 < α2, contradicting the SM model. Bässler argues

that the SM-model may be suited for transport within inorganic solids where

multiple trapping within an exponential trap distribution is dominant (where α

is independent of time) [22] but does not apply to dispersive hopping transport
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in organic materials, in particular polymers, where the dispersion and the

arrival time have an anomalous dependence on sample thickness.

In general to observe a transit time, we use the relation

dtAtti
t

ttò
¥=

=

-µ
0

)( b (3.31)
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where β = (1+α) and so if β >1, we expect a gradient changing from less than -1

to a gradient more steep than -1. That is, it converges.

3.2.1.6 The Dependence of μ on Field and

Temperature

We have discussed the effects of disorder on charge transport, in particular its

effects on the carrier mobility in disordered polymer semiconductors. The

disorder in polymers results in a distribution in energy of the trapping sites

that are present and a distribution in hopping rates due to intersite positional

disorder. Charge is transported via hopping through these lower energy sites.

The mobility is highly field and temperature dependent, i.e. μ=f(E, T) (refer to

Chapter 2, section 2.1.2).

If we first consider testing a sample yielding a set of non-dispersive

photocurrents (i.e. minimal trapping), from which we can calculate the drift

velocity. On plotting vd vs E (figure 3.13) we will get a straight line through the

origin and the gradient is the mobility. In the dispersive case, however, we

normally observe a curve or a non-linear relation between vd and E, showing

clearly that mobility is not constant with field (figure 3.14).
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Figure  3.13:  Expected  plot  of  E  Vs vd for non-dispersive photocurrents. It is clear the

gradient is equal to the mobility
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Figure 3.14: Expected plot of E Vs vd for dispersive photocurrents

In general, we find the drift mobility is not a function of field, μ≠f(E) in the

nondispersive case, and in the dispersive case, the mobility is highly dependent

on field. In addition, the field dependent mobilities in the dispersive case

increase with increasing temperature as is evident in the Poole-Frenkel plots

(figure 3.15), deduced from the relation
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In this case, the gradient, γ is clearly smaller for higher T and larger for smaller

T. Such plots can be used to determine the degree of disorder within each

sample using either the GDM or the CDM (described in Chapter 2).
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Figure 3.15: Typical Poole-Frenkel plots as a function of field and temperature

In all of the experiments carried out, it is important to note that there is no

correction for the built in field at E=0. This is because the built in potential,

due to the difference in electrode work function, is in the order of Volts and

much higher voltages were applied (~10-100V) across the sample, and so

therefore, were neglected in all of our measurements.

The mobility from equation 3.22 is subject to a percentage-error that could

occur within each of the variables used in the calculation, namely the error

arising in the thickness, d, the voltage, V and also in the transit time, t0.  The

error is normally calculated as the difference between the largest and smallest

value divided by the actual value. For example, if we consider the error in the

sample thickness, the %error is:

%100% ´
D

=
d
derror (3.34)
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The thickness contained a ~10% error and therefore contributed an error of

±20% (i.e. 2×∆(d)/d ≈ 2×10%) in the mobility calculation. The field typically

carries an error of ±10% (obtained from equation 3.2), arising from the 10%

error in the thickness, and 0% negligible error in the voltage from the power

supply. Because of this, a ±20% mobility error bar was included in the Poole-

Frenkel plots.

3.2 Disorder Parameter Analysis

To calculate the disorder parameters, we must first consider the following:

At zero fields, in the case of the GDM, for example (as the CDM parameters can

be extracted in the same way), equation 2.18 becomes:
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Taking the logarithm of both sides gives
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which takes the form of the linear equation y=mx+C. Therefore from the Poole-

Frenkel plots we can plot μ(E=0) Vs T-2 using the values μ(E=0) obtained by

fitting equation 3.33 to the experimental data. The plot will produce a negative

slope and therefore a negative gradient. We can then solve for σB.

Now, taking the logarithm of both sides of equation 2.18 we have:
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If we take the partial derivative of lnμ(T, E) with respect to E1/2, we obtain

2
0

2

0
2
1

),(ln
S-÷÷

ø

ö
çç
è

æ
=

¶

¶ C
Tk

C
E

ET

B

Bsm  (3.38)

This derivative is simply the g value obtained by fitting equation 3.33 to the

data. The parameter Σ can then be deduced from the intercept of the best fit

line from the plot g vs (σB/(kBT))2. Since the intercept is -C0Σ2, we can find Σ by

rearranging this equation.

______________________________________________________________________________
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Chapter 4

4. Studies on PTAA

4.4 Polytriarylamine - Literature Review

Polytriarylamine or PTAA (figure 4.1) based semiconducting polymers are

known to possess desirable features. Triarylamine based polymers have been

used in high performance device applications such as OLEDs [1-2] and OFETs

[3-8]. Synthesis and characterisation [9-11] by processes such as microwaving

[9-10], have been developed to improve optical, thermal and electrochemical

properties [10] of polytriarylamines for device applications [9-11]. They were

favoured over other semiconducting materials as they form environmentally

stable as well as photostable films [9, 12]. Since PTAAs are generally

amorphous, the transport properties are considered to be isotropic and as a

result, do not show dependence of the mobility upon orientation nor are they

susceptible to morphology effects as would be the case with semicrystalline

materials [6-7].

N

* *
n

Figure 4.1: Chemical structure of PTAA
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In the study carried out by Veres et al. [6-7], hole mobilities as high as 10-2

cm2/Vs have been reported via TOF in PTAA films. Although the TOF data is

not presented, it is mentioned in most literature [3, 9], particularly those based

on OFET devices using PTAA as the semiconducting layer. No electron

transport has been reported.

In the same study by Veres, high performance OFET mobilities (~ 6×10-3

cm2/Vs) (see equation 1.6 for μFET calculation) were reported using low k

dielectrics.  It is known that the interaction between the insulator and the

semiconducting polymer plays an important role in carrier transport [13]. It has

been suggested that the low-k dielectrics are less susceptible to ionic impurities

compared to the conventional higher k dielectrics, which can possibly drift

when the gate potential is applied causing the device to become unstable [13].

The study investigated a range of organic and inorganic insulators with varying

polarities in order to observe how they affect the field-effect mobilities.

Two PTAA samples of different molecular weights (denoted PTAA1 and PTAA2)

MW of 4000 Da and 10, 200 Da, respectively were tested. It was reported that

the semiconductor layer’s ordering improved significantly when using a low-k

insulator. Device performance improved and lower threshold voltages were also

observed in such devices. These results were reproducible for a range of

materials with permittivities below 2.5.

The insulator was found to affect the morphology of the semiconductor layer as

well as the density of states by local polarization effects. The presence of

random dipole fields at the interface enhanced the carrier localization by

insulators with large permittivities (ε).

Tests to see how the energetic disorder varied in these samples were carried out

as it was believed that the improvement was not due to spatial disorder or

morphological effects. This is because it is believed that the higher k value
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dielectric usually contains polar functional groups randomly oriented near the

active interface [6, 13]. It is this that is thought to increase the energetic

disorder at the interface which resulted in possible lowering of the field-effect

mobility (figure 4.2).

Figure 4.2: Hole mobility against inverse square of temperature in low-field TOF

measurements (close to source-drain fields), in low-k insulators (fluoropolymer and a

copolymer of polypropylene: poly[propylene-co-(1-butene)]) and finally the last data

relates to the more widely used polymethylmethacrylate (PMMA) gate insulator.

Reproduced from reference [6]

The data was analysed using the Polaron Model [14-15] as well as the Gaussian

Density of States (DoS) Model by Bässler [16]. It was shown that the low-k

OFET data analysed had a slightly larger dipolar and energetic disorder

compared with the TOF data. Optimum device performance was achievable

using low-k dielectrics. The OFET mobility (6×10-3 cm2/Vs) was in close

agreement to Veres et al.’s previously observed TOF mobility (figure 4.3) [3, 9].
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Figure 4.3: The transfer characteristics of an OFET using a low-k insulator (ε=2.1) and

PTAA semiconductor (top), and the mobility calculated from this data using the

transconductance equation for the field effect mobility (bottom). Both plots include

forward and reverse scans. Reproduced from reference [6]

Following this work, Veres et al. [7] have continued to investigate the

insulator/semiconductor interfaces in OFETs, choosing numerous organic and

inorganic gate-insulators to study how the molecular ordering as well as device

performance is affected. To do this, both top and bottom gate configurations

were employed. Figure 4.4 represents the transfer curves of a more optimised
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PTAA sample [7] yielding the 10-2 cm2/Vs in OFETs, using low-polarity

insulators.

Figure 4.4: (a) “Transfer curves for an OFET using optimized PTAA arylamine
semiconductor (mobility = 0.01 cm2 V-1 cm-1, subthreshold slope 2.2 V/decade). (b)
Output characteristics of the same device. Note that the mobility curves are only correct
and representative when VG is greater than VD”. Reproduced from reference [7]

Further work on PTAA OFETs has been carried out by Schroeder et al. [8]

where PTAA and pentacene were used as the semiconductor layer and methods

to decrease the injection barrier from metal electrodes to the organic were

investigated. This involved the deposition of Poly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate) (PEDOT/PSS) onto the gold source electrode without

unintended doping of the channel. The drain current injected at the coated gold

interface increases two to six fold compared to that injected from the

unmodified gold electrode. In an OFET with PTAA as the semiconductor layer, a

decrease in threshold voltage was observed, overcoming injection issues. Figure

4.5 shows the hole current when the holes are injected from the PEDOT/PSS

modified gold bottom electrode (positive bias) and when hole injection occurs

from the evaporated gold top contact (negative bias).
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Figure 4.5: “(top) Transfer characteristic (gate sweep) of a PTAA transistor with one

PEDOT/PSS covered electrode. Again, the solid curve uses the PEDOT/ PSS modified gold

electrode as source, and the dashed curve the unaltered gold electrode as source.

(bottom) Below, a gold/PEDOT-PSS (spun)/PTAA/ gold sandwich device, a hole-only

device, is shown. The currents are half an order of magnitude higher when the injection

occurs from the spincast PEDOT/PSS layer. This is to confirm that the PEDOT/PSS really

does have better injection characteristics into PTAA”. Reproduced from reference [8]

4.5 PTAA OFET Results (QMUL)

The results presented in this section were obtained by M. Baklar (QMUL) and

are used for comparison to the reported charge transport behaviour of PTAA

and to the TOF results (section 4.3).
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Fig 4.6: Typical (a) transfer characteristics and (b) output characteristics of a 10μm-L

10mm-W PTAA OFET. Data obtained by M. Baklar (QMUL)

The bottom contact/bottom gate prepatterned transistor was provided by Merck

(see Chapter 1, figure 1.13 for a schematic representation of the device

structure). The device consisted of highly doped silicon with SiO2 as the

insulating layer. This was coated with octadecyltrichlorosilane (OTS) to enable
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the surface to become hydrophobic, whilst also improving the alignment of

polymers in general. Gold electrodes were deposited via evaporation before

spincoating a 10mg/ml PTAA solution initially at 500rpm for 30 seconds, before

increasing the speed to 2000rpm for a further 30 seconds. The field-effect

mobilities, μ obtained (~5×10-3 cm2/Vs) were calculated from the

transconductance using equation 1.6. The OFET mobility was in close

agreement with the literature (such as [6-7]) values, which were of the same

order of magnitude.

4.6 Polydispersity in PTAA

We are interested in the chain length dependence of charge transport and

therefore investigated samples of different molecular weights (MW). Three

samples were investigated, one of which is bimodal (i.e. contains two shoulders

or peaks) in its chain length distribution (figure 4.7, solid line), with prominent

molar masses centred around ~104 g/mol and ~4´104 g/mol (PTAA-B), and two

monomodal polymers (figure 4.7, dashed lines) with molar masses of,

respectively, ~7´103 g/mol (referred to as PTAA-MS) and ~8´104 g/mol (referred

to as PTAA-ML). These were chosen as they approximated the two prominent

chain length distributions found in the bimodal sample.
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Figure 4.7:  Chain length distribution in bimodal PTAA (PTAA-B) and monomodal samples

PTAA-MS and PTAA-ML. This GPC data was obtained by Martin Heeney at Merck

Chemicals
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4.6.1 Sample Preparation

The PTAA-B and PTAA-MS films were prepared by gently heating an 80mg/ml

solution of the polymer with Toluene (BP 118°C) at about 50°C until dissolved.

The polymer solution was then spincoated on a previously etched indium tin

oxide (ITO) coated glass substrate (typically 30W/□) at a speed of 800rpm.

In the case of PTAA-ML, a concentration of 70mg/ml was used and the sample

was spincoated at 1000rpm since the longer chained PTAA-ML solution was

more viscous and the same sample film thickness was required to make

comparison easier between PTAA samples. In addition to these samples, a

50wt% blend of the two monomodal samples was also prepared using the same

concentration as the PTAA-ML solution but was spun at 800rpm to obtain

roughly the same thickness. An aluminium electrode (~50nm) was then

deposited on all thin films using thermal evaporation. The polymer thickness

(~1mm in these samples) was measured using a DekTak profilometer.

4.6.2 Separate Conduction Pathways

On testing a 1 ± 0.1mm PTAA-B sample in air and in a nitrogen atmosphere, it

was apparent that the non-dispersive transient had a rather unusual long tail

at short times. This suggested that not all carriers had reached the counter

electrode. The sample was then tested at the same field for longer times and an

immediate surprising feature of the photocurrent transient was the appearance

of a second arrival time.

The sample was then tested at different fields. Each individual arrival time

scaled linearly with electric field (see figure 4.8). It is clear from figure 4.8 that

the fast arrival time changes from ~0.6ms at 10V bias to ~1ms at 6V bias and
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the slow arrival time from ~9ms to ~15ms respectively. The fast arrival time was

consistently preceded by a non-dispersive transit, while the slow arrival time

was preceded by a dispersive transit denoted tfast and tslow respectively. The

corresponding mobilities differed by a factor of ~20, typically mfast ~  1×10-3

cm2/Vs and mslow ~ 6×10-5 cm2/Vs at room temperature.
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Figure  4.8:  Photocurrent  transients  in  a  1  ±  0.1mm thick film of PTAA-B at different

applied bias (10V upper curve, 6V lower curve) showing both slow and fast arrival times

(tslow and  tfast respectively) scaling correctly with electric field. The curves have been

displaced vertically for clarity and dotted lines added as a guide to the eye

4.3.2.1 Separate Conduction Pathways Observed in

Discotic Liquid Crystal Triphenylene Compounds

Such fast and slow transits have been previously observed in TOF on the

discotic hexagonal coloumnar phase (Dh) of the liquid crystal triphenylene

compound, 2, 3, 6, 7, 10, 11-hexapentyloxytriphenylene (H5T) and its related
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derivatives, H4T and H6T by Haarer et al. [17]. The second arrival time was a

photocurrent feature observable only in the negative charge carrier or, electron

transport. The hole photocurrent showed only one arrival time (figure 4.9 (a)

and (b)).

Figure 4.9: “Linear plots of typical transient photocurrents in the Dh phase of H5T at 100

°C as a function of time for (a) positive charge carrier and (b) negative charge carrier. The

insets show double logarithmic plots of transient photocurrents as a function of time.

The sample thickness was 5μm”. Reproduced from reference [17]

In this study, the fast mobility stayed constant at around 10-3 cm2/Vs,

independent of field and temperature (almost the same as the hole mobility),
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while the slow mobility of 10-5 cm2/Vs, one order of magnitude higher than a

previously reported mobility on the same compound, which depended on

temperature [18].

It was found that this additional slow arrival time observation was due to ionic

transport arising from negative ions being generated when photoelectrons

became trapped at chemical impurities distributed uniformly across the bulk,

presumably during synthesis of the material. It was also observed that the ionic

transport became more dominant with increasing cell thickness with the

electronic conduction disappearing at cell thicknesses of 10μm or higher.

4.3.2.2 Slow arrival time in PTAA-B

The first test was to see if the second inflection point in the photocurrent

transients observed is, in fact, another arrival time and not an artefact

although, it is clear, the second arrival time scales linearly with field.
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Figure 4.10: Hole mobilities calculated from the slow arrival times as a function of

electric field and temperature in PTAA-B
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Table 4.1: Exponential parameters deduced from slow transport data in PTAA-B

Temperature (°C) μ(E=0) (cm2/Vs) γ ×10-3 (cm/V)1/2

100 4.45×10-4 0.71
75 1.36×10-4 2.77
50 3.48×10-5 3.57
25 1.20×10-5 4.76
10 4.53×10-7 7.96
0 2.80×10-8 12.26

-25 2.78×10-9 14.40

The slow transport photocurrents remained dispersive when carrying out

mobility measurements while varying electric field and temperature. A Poole-

Frenkel plot showing the mobility data as a function of electric field and

temperature is shown in figure 4.10 for the slow transport. The parameters

obtained from exponential fits to the data (of the form shown in equation 3.33)

are shown in table 4.1. The plot shows the characteristic increase in mobility as

well as the decrease of the field dependence of the mobility with increasing

temperature, observed in other polymeric systems [19-21].

4.3.2.3 Fast arrival time in PTAA-B

As in the case of the slow arrival time, the mobility over a range of temperatures

was measured for the fast transport in PTAA-B. A Poole-Frenkel plot showing

mobility data as a function of electric field and temperature is shown in figure

4.11 for the fast transport (see table 4.2 for the deduced exponential

parameters).

In the case of the fast transport, the mobility appears to be less field-dependent

with increasing field and temperature, compared to the slow transport. This

was assumed to be due to the non-dispersive nature of photocurrents obtained.
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Figure 4.11: Hole mobilities calculated from the fast arrival times as a function of

electric field and temperature in PTAA-B

Table 4.2: Exponential parameters deduced from fast transport data in PTAA-B

Temperature (°C) μ(E=0) (cm2/Vs) γ ×10-3 (cm/V)1/2

50 3.46×10-3 -1.16
25 2.13×10-3 -0.87
10 1.11×10-3 0.60
0 6.85×10-4 1.07

-25 3.12×10-4 1.26
-50 2.37×10-5 5.14

4.6.3 Explanation of Double Arrival Time

The double arrival time of the PTAA-B sample strongly points to the existence of

two distinct conduction paths where carriers can only recombine at the counter

electrode by travelling through one route or the other. Otherwise, a significant

exchange of the carriers between the conduction pathways would result in an

average transport between the two and only one arrival time would have been

observed.
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In order to confirm this hypothesis, a few tests were carried out involving the

preparation of several PTAA-B samples. First, two samples were prepared with

different thickness (~ 1.5 and 3.2μm). It was observed that both short and long

times scaled with thickness, which showed that the double arrival time was a

feature irrespective of thickness (figure 4.12) that scaled as expected at a given

field (that is, in this case, displaying a thickness independent mobility).

The second test involved carrying out TOF measurements both in reverse bias

(Al electrode illuminated) and in forward bias (ITO electrode illuminated). This

test confirmed that both short (figure 4.13) and long (figure 4.14) arrival times

remained unchanged.

(a)

0.1

1

10

100

0.1 1 10 100
Time (ms)

C
ur

re
nt

 (A
.U

)

1.5μm
3.2μm

0.1

1

10

100

0.1 1 10 100
Time (ms)

C
ur

re
nt

 (A
.U

)

1.5μm
3.2μm

(b)

0.01

0.1

1

10

1 10 100 1000
Time (ms)

C
ur

re
nt

 (A
.U

)

1.5μm
3.2μm

0.01

0.1

1

10

1 10 100 1000
Time (ms)

C
ur

re
nt

 (A
.U

)

1.5μm
3.2μm

Figure 4.12: (a) Short time and (b) long time hole photocurrents in PTAA-B samples of

different thickness all at ~4×104V/cm. Both arrival times increase with increased sample

thickness
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Figure  4.13:  Short  time  hole  photocurrent  transients  in  a  3.2mm  sample  of  PTAA-B  in

forward and reverse illumination (both at 10 V bias)
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Figure  4.14:  Long  time  hole  photocurrent  transients  in  a  3.2mm  sample  of  PTAA-B  in

forward and reverse illumination (both at 10 V bias)

The results presented here strongly suggest the sample consists of an

interpenetrating network between long and short chains giving rise to

horizontally segregated fast and slow conduction pathways that must span the
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whole sample thickness as both arrival times scale with thickness. That is, the

sample does not contain a fast region followed by a slow, resulting in a vertical

phase separation, from which a rise in drift velocity would have been observed,

producing a rising photocurrent, much like that observed in a space-charge

effect (figure 4.15). Since, however, on reversing the sample we still observe

both fast and slow transport, the fast and slow conduction pathways must be

parallel to one another.
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Figure 4.15: Schematic arrangement of (a) forward bias where the fast route is followed

by  the  slow  route,  (b)  what  would  have  been  observed  in  reverse  bias  if  the  phase

separation was vertically segregated, i.e. a sequential arrangement of the slow followed

by the fast transport route and (c) the actual arrangement of the fast and slow

conduction pathways in parallel that show the fast route followed by the slow route

irrespective of the order of sample illumination
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4.6.4    Comparison Between PTAA-B and other

PTAA samples

To investigate the individual pathways further, a comparison was made with

either conduction path of the bimodal sample with a similar chain length

monomodal samples. The viscous nature of the longer chained monomodal

samples was taken into account when preparing the samples to obtain similar

thickness to the bimodal sample.

4.6.4.1 Comparison of Fast Transport with PTAA-MS

A PTAA-MS sample was tested to compare the fast transport properties in the

bimodal sample with PTAA-MS. Typical photocurrent transients obtained in

PTAA-MS at room temperature are shown in figure 4.16, showing the arrival

times increasing from ~0.25ms at 19V bias to ~0.45ms at 10V bias. The sample

was tested at longer timescales and a featureless tail was observed. That is,

there is only one arrival time.

10

100

1000

0.1 1 10
Time (ms)

C
ur

re
nt

 ( m
A

)

10V
19V

10

100

1000

0.1 1 10
Time (ms)

C
ur

re
nt

 ( m
A

)

10V
19V

Figure  4.16:  Hole  photocurrent  transients  in  a  1.1  ±  0.1mm  thick  film  of  PTAA-MS  at

different applied bias (19V upper curve, 10V lower curve). There was no dispersive arrival

time observed at longer timescales
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In addition to this, the mobilities were in close agreement to the fast transport

in the PTAA-B sample (~ 10-3 cm2/Vs). Hole mobility data as a function of field

and temperature is shown in a Poole-Frenkel plot (figure 4.17), again showing

the characteristic trend typical of polymer semiconductors with the increasing

field independence of the mobility with increasing temperature (similar to fast

and slow transport data obtained in PTAA-B figures 4.10 and 4.11).
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Figure 4.17: Hole mobilities as a function of electric field and temperature in PTAA-MS

Table 4.3: Exponential parameters deduced from transport data in PTAA-MS

Temperature (°C) μ(E=0) (cm2/Vs) γ ×10-3 (cm/V)1/2

50 6.19×10-3 -1.59
25 3.57×10-3 -0.88
10 2.20×10-3 -0.57
0 1.41×10-3 5.89×10-3

-10 6.66×10-4 0.93
-25 4.30×10-4 1.20
-50 8.42×10-5 3.29
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4.6.4.2 Comparison of Slow Transport with PTAA-

ML

In a 1.9 ± 0.2mm thick film of PTAA-ML, dispersive photocurrent transients at

room temperature (figure 4.18) yielding similar mobilities (~ 10-5 cm2/Vs) as the

PTAA-B slow sample were obtained. The arrival time scaled with electric field

(changing from ~100ms at 23V bias to ~200ms at 10V).
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Figure  4.18:  Hole  photocurrent  transients  in  a  1.9  ±  0.2mm  thick  film  of  PTAA-ML  at

different applied bias (23V upper curve, 16V lower curve)

Although it is clear that the photocurrents observed in this analysis scale

correctly with field, they, however, appear to be very dispersive. It is important

to note that the photocurrent remained stable over time, after many laser

pulses and the photocurrent transient from the first laser pulse did not change

when averaging over many laser pulses. This is a clear indication that deep

carrier trapping within the bulk of the sample did not occur. This would

normally arise when the trapped charge reduces the electric field magnitude

within the sample with every pulse to eventually zero [22-23] and the resulting

photocurrent could appear as a transit time scaling with field as the electric

field is distorted.  Furthermore, the arrival time of the slow transport in PTAA-B

scaled correctly with field as well as thickness (see section 4.3.3), which
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suggests that the photocurrent shapes observed in figure 4.18 are the result of

recombination of the charge carriers at the counter electrode and not a build up

of trapped charge in the sample. Further analysis could not be carried out due

to limited availability of this batch.

4.6.4.3 Comparison of PTAA-MS:PTAA-ML Blend

with PTAA-B

In order to further confirm that different chain length distributions are

responsible for the observation of separate arrival times, a 50wt% blend of the

two monomodal polymers, PTAA-blend, was measured by TOF. Photocurrent

transients obtained in a 0.9μm thick film of PTAA-blend are plotted in figure

4.19. At each bias these show two arrival times in close agreement to the ones

obtained in PTAA-B (see figure 4.8).
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Figure 4.19: Photocurrent transients in a 0.9 ± 0.1mm  thick  film  of  PTAA-blend  at

different applied bias (10V upper curve, 6V lower curve) showing both slow and fast

arrival times (tslow and tfast respectively). Composite plot of four photocurrents, the curves

have been displaced vertically for clarity and dotted lines added as a guide to the eye
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Calculated mobilities, obtained from the separate arrival times in PTAA-blend,

are also shown in figure 4.20 where they are in excellent agreement with those

obtained from their respective monomodal components.
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Figure  4.20:  Hole  mobilities  obtained  from  the  fast  arrival  times  in  PTAA-B  at  room

temperature, compared to those obtained from the single arrival time in PTAA-MS and

the slow mobilities obtained from PTAA-B compared to those from PTAA-ML. Results for

fast and slow transport in PTAA-blend are also included

4.6.4.4 Mobility Dependence on Molecular Weight

Our observation is in accordance to the findings of Ballantyne et al. [24] and

the study of molecular weight and hole mobility of the highly regioregular

semicrystalline polymer P3HT (poly(3-hexylthiophene)) as well as blends of it

with PCBM ([6,6]-phenyl-C61-butyric acid methyl ester). This study gives a
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detailed explanation as to why the results obtained for (nonannealed) P3HT and

a blend of P3HT:PCBM (1:1) films showed a decrease in hole mobility using TOF

when the molecular weight (MW) of P3HT had increased from 13kDa to

121kDa. The mobility decreased one order of magnitude from ~10-4 cm2/Vs for

12-18kDa to ~10-5 cm2/Vs for 34-121 kDa. It was suggested that this could be

due to a change in packing of the polymer chains when chains become tangled

causing twisting of the polymer backbone, thereby decreasing the “intra-chain”

transport by creating more traps. Also, a reduction in inter-chain charge

hopping by allowing less overlap of conjugated segments is proposed.

Previous measurements carried out by Kline et al. [25-26] and Zen et al. [27],

show that field effect mobility increases with increasing MW even though the

crystallinity decreases. It has been shown that MW is a “dominant factor” which

affects mobilities. It has been claimed that at higher MW, mobilities increased

reaching 10-2 cm2/Vs in OFET devices. In fact, MW one order of magnitude

higher produced four orders of magnitude change in the OFET mobility.

Interestingly, the low molecular weight films showed a sharper peak in the X-

ray diffraction data suggesting increasing crystalline nano-rods, thus increasing

the lamellar ordering.

The higher molecular weight P3HT sample showed a broader peak and therefore

less ordered, isotropic nodule structures [27]. Kline et al. suggested that

although the high-MW formed smaller crystalline domains, they were separated

by disordered regions, it is the better “interconnectivity” of the polymer

networks for increasing MW between regions of order that prevent charge

carriers from becoming trapped in the disordered regions by creating a

“continuous pathway” through the film [28], thereby increasing transport.  That

is, chemical factors such as the strength of interchain interaction contribute to

the device performance, in accordance with Sirringhaus et al. [28] (more recent

work carried out by Sirringhaus et al. [29] and Zhang et al. [30], investigate how

these findings can be applied to transistor characterisation).
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The findings compare with those obtained by Zen et al. [27] which claims the

high ordered low-MW films have an “isotropic nodule structure” giving smaller

domain sizes, resulting in lower device mobilities. Zen et al. suggested that the

lower MW P3HT results in “backbone conformation”, where a reduction in the

effective conjugation length with increasing intrachain torsion can reduce the

hopping rate. It is therefore clear MW is a factor affecting mobilities in devices

differently than those obtained via TOF.

In our analysis, the higher molecular weight PTAA-ML and the longer chain

bimodal sample contribute to mobilities approximately twenty times lower than

the shorter chain bimodal sample and PTAA-MS. This confirms that mobility is

highly MW dependent in our amorphous system, in agreement with Ballantyne

et al.’s findings. In figure 4.21, it can be shown that there is a clear decrease in

mobility with increasing MW. Also, the overlap of the PTAA-Blend data points

with PTAA-MS and PTAA-ML in both figures 4.20 and 4.21, tells us that the

blend of the monomodal components results in a phase separation between the

shorter and longer chains yielding mobilities in excellent agreement with the

individual monomodal samples.
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4.21: Plot showing the relation between the molecular weight (MW) and mobility obtained

(E~1.4×105 V/cm). It is clear from this plot that the higher the MW the lower the mobility
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The lower mobilities in the higher MW samples could be due to the distribution

of traps as it is apparent in the shape of the photocurrent transients where we

earlier stated that the shorter times are more non-dispersive than the longer

times. To gain a clearer understanding of the transport, it is important to study

the microscopic properties of the high and low MW systems and see how they

compare.

4.7 Disorder Model Analysis

The mobility data are analyzed using the Gaussian Disorder Model (GDM) by

Bässler [16] and the Correlated Disorder Model (CDM) by Novikov [31], yielding

corresponding parameter sets. Both these models have been successfully

applied to transport in other polymeric systems, as well as being compared to

one another [32-33] and they are both discussed in detail in Chapter 2. They

have been chosen in order to provide microscopic transport parameters,

enabling us to compare the fast and slow transport occurring in PTAA-B as well

as that occurring in PTAA-MS. Due to limited sample availability, we were not

able to carry out this kind of analysis (mobility parametric in field and

temperature) on PTAA-ML.

The plots lnμ(E=0) Vs (1/T2), determining the energetic disorder, σB or σN,

(extracted in the same way for the GDM or CDM case) and μ0 are shown in

figure 4.22 for fast and slow transport in PTAA-B, and figure 4.23 for PTAA-MS

(note the exponential parameters for 25°C in table 4.3, have not been included

in the fits to reduce scatter). Plots of g versus (s/kBT)2 yielding values for Σ and

C0 are shown in figure 4.24 for both the fast and slow transport in PTAA-B, and

figure 4.25 for PTAA-MS. Similarly, in order to extract the CDM values for G and

R, where the empirical constant is fixed (C0=0.78), the field dependence of the

mobility, g, is used and is plotted against (s/kBT)3/2 for fast and slow transits in

PTAA-B, shown in figure 4.26, and figure 4.27 for PTAA-MS. A summary of both
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GDM and CDM parameters, for all arrival times and for both PTAA-B and PTAA-

MS is shown in table 4.4 (the molecular weight, is also included).
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Figure 4.24: The electric field dependence of the mobility, g, versus (s/kBT) 2 for fast and

slow transport in PTAA-B
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Figure 4.25: The electric field dependence of the mobility, g, versus (s/kBT) 2 in PTAA-MS
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Figure 4.26: The electric field dependence of the mobility, g, versus (s/kBT)3/2 for fast and

slow transport in PTAA-B
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Figure 4.27: The electric field dependence of the mobility, g, versus (s/kBT)3/2 in PTAA-MS
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Table 4.4: PTAA summary of transport parameters derived by both GDM and CDM models.

molar mass
[g/mol] sB [meV] sN [meV] S G R [nm] μ0 [cm2/Vs] C0

PTAA- B fast 1´104 88±5.1 98 ±4.0 3.6±1.2 5.6±0.76 2.4±1.3 0.37±0.43 5.5×10-4

PTAA- B slow 4´104 153±17 170±12 4.6±2.1 7.9±0.52 5.5±1.1 13 (+37, -13) 5.0×10-4

PTAA-MS 7´103 83±14 92±18 3.5±1.5 5.4±1.2 1.8±1.6 0.33±0.51 5.0×10-4
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The reduction in mobility experienced by carriers travelling through the slow

pathways, compared to the fast ones in PTAA-B, could be due to significantly

greater energetic (88meV versus 153meV using σB, or 98meV versus 170meV

using σN) and positional (3.6 versus 4.6 using S, or 5.6 versus 7.9 using G )

disorders. The findings also confirm our decision to attribute the fast transport

to the shorter chain distributions in PTAA-B as there is close agreement

between the energetic disorder parameters obtained for PTAA-B fast transport,

and for PTAA-MS (88meV and 83meV respectively for σB and 98meV and 92meV

respectively for σN). This agreement also occurs where the positional disorder is

concerned, where we obtain S = 3.6 for PTAA-B fast and S = 3.5 for PTAA-MS

(alternatively G  = 5.6 and G = 5.4 respectively). The prefactor mobilities are

also in agreement (0.37 cm2/Vs in PTAA-B fast and 0.33 cm2/Vs in PTAA-MS).

It is worth noting that although absolute values for R are obtained, the use of

the fixed value for C0=0.78, coupled with their unphysically large size (R > nm)

make their absolute values doubtful, so we limit our discussion to their relative

size.

Interestingly, the higher prefactor mobility (13 cm2/Vs) found in PTAA-B slow,

appears contradictory, as the intersite distance which is calculated for this

transport R = 5.5nm for PTAA-B slow, is greater than that calculated for

transport which returns smaller values of μ0 (R = 2.4nm for PTAA-B fast and R

= 1.8nm for PTAA-MS). It is worth noting that the values for the prefactor

mobility obtained by plots such as figures 4.22 and 4.23 are subject to very

large uncertainties.

The relative uncertainties come about as a result of the error bars present in

our values for γ (which in turn have been obtained from the scatter in the

Poole-Frenkel plots). For PTAA-MS, μ0 can lie in the range 0.13 to 0.9 cm2/Vs,

for the fast transport in PTAA-B the range is 0.18 to 0.67 cm2/Vs, for the slow
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transport in PTAA-B, however, the uncertainty is extremely large, ranging from

1.8 to 73 cm2/Vs. Given the uncertainties involved, the contradiction in the

values of R and μ0 is not necessarily surprising.

Positional disorder variations in a polymer of different molecular weights but

possessing the same chemical structure, is expected but it is the variation in

energetic disorder, however, that needs to be addressed. This could be due to

the following factors: 1) A variation in delocalization lengths occurring

differently in polymers with the same chemical structure as a result of the

microscopic morphology of the film. 2) The presence of impurities during the

solubility process, especially the longer chain fractions of the polymer where

longer chains are normally less soluble [34-36].

It is worth noting that the GDM equivalent of R is contained in the free fitting

parameter C0, yet no significant changes are found in our returned values for

C0 in any of the systems. It can be said that in this case this particular CDM

parameter (R) appears more useful than the GDM parameter (C0), even though

the rest of the returned parameters are in agreement between models. The

amount of data scatter in the GDM and CDM figures also appears similar, so no

one model appears to fit the data better than the other.

4.8 Phase Separation

Given the similarity of the mobilities obtained between the fast transport in the

PTAA-B sample with the PTAA-MS sample (~ 10-3 cm2/Vs) we attribute the fast

arrival times to transport regions containing the shorter polymer chains in the

PTAA-B sample. Similarly, we assume the longer polymer chains give rise to the

slower arrival time of the PTAA-B sample. This is confirmed by the fact that the

mobilities obtained by the slow transport are in close agreement of the

mobilities obtained in the PTAA-ML sample (~ 10-5 cm2/Vs). Also, it is evident in
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the PTAA-MS:PTAA-ML blend that the phase separation between the shorter

and longer chains give similar mobilities as those obtained from the individual

monomodal components. That is, the fast mobility of the blend data agrees with

the PTAA-MS results, and slow mobility agrees with the slower mobility of

PTAA-ML. See figures 4.19-4.21.

Further qualitative evidence suggesting the phase separation, can be observed

in the shape of the photocurrent transients. It is clear that both the fast

transport in PTAA-B and the transport in PTAA-MS are non dispersive, whilst

the slow transport in PTAA-B and that in PTAA-ML are both dispersive, (see

figures 4.8, 4.16 and 4.18).

4.5.1. Detailed Explanation of Phase Separation

As with most polymer blend solution-cast films, the phase separation [36]

between the shorter and longer chains is not surprising even when considering

they are chemically identical. The significant difference in the molecular weight

will force the longer and shorter chains to separate. The degree of phase

separation (i.e. based on a coarse or small scale) depends on many factors such

the solidification rate or temperature, with longer chains being less soluble [36-

37].

The resulting phase separation of the PTAA-B sample is difficult to visualize

and an identical chemical structure would prevent measurement of the phase

separation using microscopic techniques such as X-ray diffraction, especially

since they are amorphous and do not possess any discernible structure.

Therefore, it could be possible to measure the phase separation by considering

the corresponding short and long chained regions and using thermal analytical

techniques to observe their distinctive glass transitions. We hypothesize that if
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we have two phases consisting of high and low molecular weight, then we would

observe two glass transitions.

4.5.2. Dynamic Thermal Analysis (DMTA)

The Dynamic Thermal Analysis is a technique that measures the mechanical

properties of elastomers. In the case of polymers, we can use DMTA to measure

the material’s thermal transitions. It involves applying an oscillating force on a

thick polymer film (typically several microns thick to increase robustness when

it is stretched (figure 4.28)). This is done by casting from a polymer solution

and allowing to completely dry before cutting the film into thin strips (5.3mm

wide and between 20-30mm long), from which we are able to measure the

storage modulus and damping of the sample in tension over a temperature

range.

Clamp

Direction of
motion

Sample in
tension

Clamp

Direction of
motion

Sample in
tension

Clamp

Direction of
motion

Sample in
tension

Clamp

Direction of
motion

Sample in
tension

Figure 4.28: Schematic of DMA Q800 instrument with polymer sample in tension and

direction of force

The storage modulus is simply the measurement of energy stored during

deformation and is related to the elastic phase of the elastomer and is denoted

by E’. The damping modulus or tan , is the material’s ability to dissipate

energy in the form of heat [38-39] and is given by the relation
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    tan  = E”/E’ (4.1)

where E” is the loss modulus, the measurement of energy lost during

deformation and is related to the viscous phase of the polymer when subjected

to heat. This technique is particularly favoured over DSC as it is more sensitive

to measuring the glass transition of polymers (figure 4.29). The DSC results

obtained were inconclusive so were not used to confirm the phase separation.

E
’ o

r 
E

” 
(M

Pa
)

Tan
 

Temperature °C

E’
E’’

Tg

Figure 4.29: Schematic of a typical DMTA curve showing the storage modulus, loss

modulus and damping of an amorphous polymer. The glass transition can be observed

from the onset. Adapted from reference [40]

4.5.2.1 Corresponding DMTA Results Obtained for

PTAA-B and PTAA-ML

PTAA samples for DMTA analysis were prepared by gently heating a solution of

~100mg/ml of PTAA in trichlorobenzene (TCB) to about 100°C. This solution

was then cast on to plain glass substrates and left to dry before being removed

and cut into thin strips of 20mm to 30mm length and typical thickness of
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several microns (7mm to 10mm). A DMTA of PTAA-B and PTAA-ML was

investigated. It proved to be very difficult to test a PTAA-MS sample as the films

formed had a tendency to flake. This can be seen in figures 4.30(a), (b) and (c),

where it is clear that the long chained polymer contributes to a tougher, less

brittle, free standing film. This is evident from the PTAA-ML film in figure 4.30

(c).

Figure  4.30:  Photographs  of  the  (a)  PTAA-MS,  (b)  PTAA-B  and  (c)  PTAA-ML  DMTA  films

prepared by dropcasting a PTAA/TCB solution

A TA Instruments DMA Q800 instrument was used to measure the storage

modulus, E’, and tan δ (damping) of such PTAA samples in tension over a

temperature range from -40ºC to +200ºC at 1Hz and 15mm amplitude

oscillation.  The DMTA results obtained for PTAA-B (figure 4.31) show two

(a)

(b)

(c)

(a)

(b)

(c)

(a)

(b)

(c)
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inflection points, the glass transitions for both the low and high molecular

weights (Tg at 46ºC and 98ºC), strongly suggesting phase segregation at a coarse

scale.
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Figure 4.31: Typical DMTA results obtained from PTAA-B showing two glass transition

temperatures at 46oC and 98oC

To further verify that the presence of the two glass transitions was due to the

phase separation between the small and high molecular weights and not an

artefact in DMTA results, a PTAA-ML sample was also tested. The results show

that there is only one phase transition (figure 4.32). The results also show an

increase in storage modulus with increasing temperature, suggesting a

decrease in displacement, associated with a shrinkage of material. This was

consistent with all the samples tested. Why this is the case is unclear, however,

it is apparent that only one transition takes place at about 110°C. This

suggests the second transition in the PTAA-B results is due to the higher
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molecular weight portion of the polymer as it approximates the PTAA-ML DMTA

glass transition.
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Figure 4.32: Typical DMTA results obtained from PTAA-ML showing a single glass

transition temperature at 110oC

4.6     Conclusions

It is our understanding that the transport properties of PTAA are highly

dependent on the molecular weight of the polymer sample. It is observed that

longer chain lengths yield lower mobilities and shorter chain lengths result in

higher mobilities. Our findings are in agreement with Ballantyne et al.’s [24]

findings where the transport properties in P3HT and P3HT blends were highly

dependent on molecular weight, with increasing MW resulting in slower

transport. We disagree with Kline et al. [25-26] and Zen et al. [27] who have
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previously stated that the higher the MW the better the transport due to “better

interconnectivity” of the polymer networks for increasing MW. Also, high

ordered low-MW films have an “isotropic nodule structure” giving smaller

domain sizes therefore resulting in lower mobilities, has also been suggested

(discussed in section 4.3.4.4). It should be noted that defects in polymer films

greatly influence the charge transport characteristics [25, 31-42] in OFET

devices. Since a lower MW polymer results in a more brittle film, it is possible

the OFETs tested may not be accurate. Time-of-flight however, overlooks the

surface faults due to the direction of transport and so the mobility is unaffected

(figure 4.33). TOF is therefore the more accurate technique when determining

the transport properties of an organic material, when compared to OFET

devices.

OFET

TOF

OFET

TOF

Figure 4.33: Schematic representation of the direction of charge transport in an OFET

compared to that of a TOF device (indicated by arrows). It is therefore clear, that the

mobility of an OFET is highly dependent on the surface of the organic layer whereas in

TOF, these defects can be overlooked

It is important to note that the OFET mobility obtained by Moe Baklar using

bimodal PTAA is in close agreement with literature values such as Veres et al.

[6-7] (~ 10-3 cm2/Vs). From the TOF data obtained, there appears to be a phase

segregation between the shorter and longer chains which produces two

separate conduction paths and therefore separate arrival times. These two

conduction paths are distinct and are thought to come about during solution

processing of bimodal PTAA allowing for phase segregation to occur between
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regions of relatively shorter and longer polymer chains and therefore faster and

slower hole transport respectively.

It is shown in our analysis that they possess different features (non-dispersive

for shorter times followed by a dispersive photocurrent at longer times) as well

as different microscopic properties. This is confirmed with the fast arrival time

of the bimodal sample which is in agreement to the PTAA-MS sample, as well as

the slow arrival time that is in agreement with the PTAA-ML sample. Also, the

blend of the two monomodal samples clearly shows the phase separation again

in the form of two separate arrival times, with the corresponding mobilities

agreeing with the individual monomodal samples. The fast arrival time closely

compares with the transport in PTAA-MS and is similar to the OFET mobility

obtained by Moe Baklar, whilst the slow transport in the blend compares with

the transport observed in the PTAA-ML sample.

We observe the phase separation between the chain lengths in the DMTA

results showing two clear glass transitions in a PTAA-B film and only one

transition in the PTAA-ML film. It is observed that the faster transport route is

much less disordered, both energetically and positionally compared to the

slower route.

______________________________________________________________________________
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Chapter 5

5. Studies on pBTTT

5.1 Introduction

Owing to their well ordered molecular structure, alkyl-substituted

polythiophene semiconductors yield high field-effect mobilities. Fused

thiophenes, in particular show higher hole mobilities due to good π-stacking

[1]. McCulloch, Heeney et al. developed poly(2,5-bis(3-tetradecylthiophen-2-

yl)thieno[3,2-b]thiophene) (pBTTT) (figure 5.1), which exhibits a thermotropic

mesophase transition [2], yielding OFET mobilities as high as 0.6 cm2/Vs [3-4].

In addition to its liquid-crystalline properties, pBTTT showed higher air and

charge carrier stability compared to regioregular poly(3-hexylthiophene) (rr-

P3HT) [3-5]. Thermal annealing through the mesophase, shows dramatic

differences in the carrier mobility in OFET devices [4, 6-7]. A series of

thermoanalytical experiments have been carried out by previous groups to

identify morphological changes in pBTTT as a result of annealing. These

experiments have been reproduced using pBTTT-C12 (provided by Merck

Chemicals ltd) by Moe Baklar (QMUL). The link between morphological changes

and charge transport is presented in this chapter.
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Figure 5.1: Chemical structure of poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-

b]thiophene) (pBTTT) where R= C10H21,  C12H25,  C14H29 or  C16H33. Adapted from reference

[3]
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To completely understand how the effects of thermal annealing can change a

device’s performance, we must first consider the material’s phase behaviour,

studied via differential scanning calorimetry (DSC). This, together with the

experimental procedure is explained in section 5.1.1.

5.1.1 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry, or DSC, is a commonly used technique to

measure the phase transitions in a polymer system, in the form of heat flow or

enthalpy change (∆H) [8]. A Mettler-Toledo model DSC882e was used to provide

the measurements in this chapter.

The DSC technique involves placing a sample aluminium pan and an empty

reference aluminium pan in the instrument’s furnace (figure 5.2). The

experiment is carried out in a nitrogen atmosphere, purged at a constant rate of

50ml/min. This is to prevent the polymer from burning, as would be the case if

it was exposed to air or oxygen. The pans are then heated or cooled at the same

rate in separate chambers. Measuring the mass before taking the DSC

measurements is crucial. Around 5 – 20mg is ideal for a sample to be tested.
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Figure 5.2: Schematic of the DSC experimental setup

Both crucibles are covered with lids to prevent vaporization of the sample or a

loss in mass when undergoing the heating cycle. Changes made to the sample
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pan during the heating cycle will apply to the reference pan as well. In other

words, the heat released or absorbed during a transition is due to the enthalpy

difference between the sample and reference pan. This way we can observe the

thermal behaviour in a polymer.

A plot of heat flow versus temperature is produced (figure 5.3). The thermal

transitions appear as peaks in the DSC data. The various transitions that can

be measured include the glass transition Tg, melting point Tm and the

crystallization point Tc. If solvent is present in the sample pan, then an

additional endothermic peak will be present due to vaporization. At higher

temperatures, decomposition can be observed. This is normally in the form of a

sharp rise after the melting transition [9] as it decomposes.
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Figure 5.3: Schematic of a typical DSC curve showing direction of heat flow as well as the

Tg, Tm and Tc of a material. Adapted from references [8-9]

We can also calculate the enthalpy change from the DSC curve. The enthalpy is

simply the energy absorbed, during melting (endothermically), or, the energy
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released during crystallization (exothermically). The enthalpy change can be

determined from the area of the curve. It is given by the relation:

∆Hm = KA    (5.1)

Where m is the mass of the polymer sample, A is the area below peak of the

curve (indicated by the shaded region in figure 5.3) and K is the calibration

coefficient, specific to the DSC instrument used [8].

This type of curve is only observable in semicrystalline polymers. Amorphous

materials will normally show a glass transition only. Different polymers,

depending on the molecular weight, structure and other properties will give

different DSC data. We can distinguish thermal transitions by repeating a cycle

after the sample has cooled. Both the Tm and Tc should be reproducible on

heating and cooling respectively.

5.1.2 Liquid-Crystal Polymers

It has been briefly mentioned in Chapter 1 that liquid crystals (LCs) are

generally able to flow like liquids while retaining their ordered crystal-like

structures. Subsequently, LCs remain crystalline up to a temperature at which

the material loses its long-range ordered structure, while retaining some

orientational and positional order up to a point known as the isotropic point

[10]. An LC polymer (or a thermotropic polymer such as pBTTT) behaves in the

same way, existing in an intermediate phase between an ordered crystal solid

and a disordered isotropic liquid [10-12] known as the mesophase. The polymer

forms a rigid ‘rod-like’ molecular structure which retains some degree of order

above the crystalline melting point [10].  By annealing such polymers above

their Tm, it is possible to develop a high degree of crystalline order in the

mesophase state. Thus in LC polymer chain, reorganisation is possible at

modest temperatures in contrast to non-LC polymers which often decompose

on heating, before the clearing point is reached. When cooled back to room
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temperature, this annealed polymer mesophase may solidify with a high degree

of crystallinity, i.e. the crystalline order becomes locked in. This is because in

its melt form, the LC polymer flows and the stiff polymer chains orient in the

direction of flow, therefore a high degree of orientation results in “exceptional

anisotropic strength in the direction of orientation” [10] or large ordered-

crystalline domains upon cooling. LC polymers normally have high thermal

stability as well as a low melt viscosity, making them ideal candidates in the

developing field of polymer semiconductor devices [12].

5.1.2.1 pBTTT-C12 Crystallinity Tests

Figure 5.4 shows the actual DSC of an as-cast pBTTT film. A 5mg/ml solution

of pBTTT in 1, 2, 4-trichlorobenzene (TCB) was dropcast onto glass slides and

dried before the ~5-6μm films were removed using a scalpel and put into DSC

pans.  The data was taken at a scan rate of 10°C/min. The endotherm of the

maximum peak temperature was deduced from the first heating DSC

thermogram.
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Figure  5.4:  DSC  of  a  ~5mg  as-cast  pBTTT  sample.  A  clear  solid-solid  transition  was

observed around 150ºC. This peak clears at 175ºC as shown by the red dotted arrow. This

data was obtained by M. Baklar (QMUL)
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Figure 5.4 shows two endothermic transitions on heating (upper curve), in

agreement with literature values, such as [2]. The initial peak is thought to be

due to some pBTTT in the film that is not in a “thermodynamic equilibrium

state” [2] but a local free energy minimum that is well defined, rather than

disordered and is often referred to as a metastable state [2]. A solid-solid

transition can be observed at around 150ºC which clears at around 175ºC

(indicated by red dotted arrow). This thermal transition otherwise known as the

mesophase was investigated further by first conducting a wide-angle X-ray

scattering experiment (WAXS) [13-15].  When a monochromatic X-ray beam is

incident on the polymer sample, scattering is observed at angles θ from the

direction of the incident beam [13] and the nature of crystalline phases on an

atomic scale can be observed [15]. Smaller crystallites or amorphous regions

result in broader reflections than larger crystals [15], where sharp peaks are

normally observed [15].
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Figure 5.5: Wide angle x-ray diffractions of pBTTT as-cast film revealing the intensity

diffraction patterns at 10ºC intervals during (a) heating from 25ºC to 175ºC and (b)

cooling back to 25ºC. This data was obtained by M. Baklar (QMUL)
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Figure 5.5 shows the standard transmission WAXS data taken by Moe Baklar

(QMUL) of the pBTTT as-cast film (so direct comparison could be made with the

DSC data), taken using an X’Pert PRO PAN analytical instrument (CuKα-

radiation (l = 1.5418 Å)). Figure 5.5(a) is the WAXS data collected while heating

in 10ºC intervals, starting from room temperature (25ºC) to 175ºC. It is clear

that there is a broader peak at room temperature, characteristic of low

crystallinity. The peak becomes more prominent at around 125ºC. Thereafter,

the peak becomes increasingly sharper, showing there is an improved

crystallinity after 145ºC. The sample was then cooled to room temperature

(figure 5.5 (b)), again in 10ºC intervals. It is clear that the improvement in

crystallinity is permanent.

A UV-Vis spectroscopy was carried out to provide information on the optical

properties of the pBTTT sample undergoing a heating and cooling transition.

This technique provides details on the π-orbital overlap and therefore, the

structure of the sample [16]. A Perkin Elmer Lambda 900 spectrometer (Harrick

Scientific Products, Inc., Model ATC-024-2) equipped with a temperature-

controlled demountable liquid flow cell (TFC-S25) was used. Spin-coated films

(~100nm thickness) were prepared using 0.5 wt% TCB solution on a thin cover

glass at 500rpm for 30 seconds followed by 2000rpm for 30seconds. The films

were mounted for measurements in an N2 atmosphere. The results are

presented in figure 5.6.

There is a noticeable difference in the absorption of the pBTTT thin-film sample

at the mesophase.  A sharp blue shift can be observed on heating the sample

(figure 5.6(a)) and a gradual red shift with a more pronounced shoulder

occurred cooling the sample (5.6 (b)). This phenomenon has been commonly

linked to the ‘interchain aggregation’ of the polymer [5, 17]. It is associated with

the improved morphology and interchain orientation, or more ordered states [5]

as a result of an improved π-stacking.
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Figure 5.6: UV-Vis spectroscopy of a thin film pBTTT sample during (a) heating from 25ºC

to 175ºC and (b) cooling back to 25ºC. This data was obtained by M. Baklar (QMUL)

5.2 Objectives of pBTTT TOF Measurements

It is clear and in agreement with previous literature, that there is a drastic

difference in the thermal, optical and morphological properties of pBTTT on

annealing at the mesophase. In OFET devices, the successful method that is

applied to the high-performance devices is by depositing pBTTT on

octyltrichlorosilane (OTS) coated SiO2 substrates, followed by thermal annealing

to achieve highly ordered crystalline structures.

Kline et al. [7] tested the effects of annealing with and without the OTS

treatment and found that treated devices yield better electronic properties. This

was said to be because the OTS prevents chemical interactions between pBTTT

and the SiO2 surface groups, therefore avoiding the presence of trapping sites.

Also, the bare SiO2 layer allows formation of larger crystalline domains as a

result of “a reduced surface nucleation” [7].
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It has also been shown that the deposition solvent influences the charge

transport properties in pBTTT-C14 OFETs. In the study conducted by Wang et

al. [5], OFET films were prepared with different solvents using thermal

annealing to improve the field-effect mobility. In addition to this, pBTTT-c14

was found to be more air-stable compared with rr-P3HT operating

‘unencapsulated’ as well as in the dark with little loss in the field-effect

mobility.

This study was limited to the deposition of “poor” solvents such as toluene and

mixed-xylenes (XYL) and “good” solvents such as chlorobenzene (CB) and o-

dichlorobenzene (DCB). Chloroform was not used, as stronger interchain

association limits solvent processing, making higher MW pBTTT- C14 more

difficult to dissolve due to strong ‘solvatochromism’ (i.e. gelation). The study

revealed that on using poor solvents, both the disordered and ordered states

were locked in and could not be removed by thermal annealing in the liquid

crystalline phase (known as preaggregation), thus reducing the FET mobility.

The solubility decreased as follows: DCB>CB>toluene>XYL, with toluene and

XYL resulting in nanocrystalline aggregates precipitating out with time. It was

found that despite the poor solubility characteristic, successful ink-jet printing

was carried out with 0.1-1mg/ml CB solutions to give working OFETs.

Hamadani et al. [19-20] have shown that the device performance of short-

channel pBTTT transistors can be significantly improved by using platinum as

the source-drain electrodes instead of the traditionally used gold electrodes.

Saturation mobilities of ~1 cm2/Vs were obtained at channel lengths of 5μm in

an undoped solution-processed pBTTT-C14 cast on an oxide gate dielectric [20]

in a bottom-contact configuration. This is thought to be because the higher

work-function of Pt produced a lower injection barrier between the metal and

the ionization potential of pBTTT.  The microstructure of the polymer was taken

into account. This is because thermal annealing was shown to be important in

the device performance, as Hamadani et al. [19] observed a more “pronounced
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dependence on channel length” in the annealed samples, tested with various

channel lengths, than when compared with the unannealed (as-cast) samples.

Since previous literature has focussed on the thermal annealing effects of

pBTTT on OFET devices [2-5, 7, 18-20] (including work on pBTTT solar cells [6,

21]), TOF experiments were carried out to investigate these changes and further

try to understand the behaviour at the mesophase, as well as any possible

annealing effects, through the bulk of the polymer and see how they compare

with OFETs, especially given the different direction of transport in the two

devices.

5.2.1 Sample Preparation

Several samples were prepared by gently heating a 5mg/ml pBTTT in TCB at

80°C until dissolved. The solution was then dropcast onto cleaned substrates

(placed on a hotplate), in a fume cupboard before being covered with a funnel

and heated at 50°C until the solvent had evaporated. This resulted in thick

films, ranging from 3μm to 6μm. A ~60nm layer of Al electrode was deposited

before the sample was measured in a N2 atmosphere.

5.2.2 Transport in an Unannealed pBTTT Sample

The first sample tested was a 3.9±0.7μm unannealed sample at room

temperature (~25ºC) yielding a hole mobility of 3.0×10-5cm2/Vs. The sample

was then tested as a function of electric field and temperature. The hole

photocurrent transients varying in temperature, taken at a 46V bias is shown

in figure 5.7. In all cases an inflection point, arrival time was obtained. The

Poole-Frenkel plot (figure 5.8) shows the characteristic increase in mobility with

increasing temperatures. It also shows the decrease of the field dependence of

the mobility with increasing temperature, observed in other polymeric systems
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[22-24]. Table 5.1 shows the exponential parameters (equation 3.33) deduced

from the exponential fits.
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Table 5.1: Exponential parameters deduced from unannealed pBTTT data

Temperature (°C) μ(E=0) (cm2/Vs) γ ×10-3 (cm/V)1/2

175 4.43×10-5 2.51
100 4.69×10-5 2.23
75 1.60×10-5 3.93
50 6.81×10-6 4.76
25 6.78×10-6 3.91
10 3.35×10-6 4.63
0 1.37×10-6 6.22

5.2.3 Transport in Annealed Polymer Systems

To observe any possible effects of annealing pBTTT in the TOF samples, it was

essential to understand the annealing effects applied to other known polymer

systems. Such an effect has been investigated by Kreouzis et al. [22].

In this study, the field and temperature measurements of hole mobility in

poly(9,9-dioctylfluorene) (PFO) were carried out.  PFO, like pBTTT, possess

several phases, including a thermotropic liquid crystalline phase. Although PFO

generally possess relatively higher hole mobilities (~10-4-10-3cm2/Vs), an

improvement was noted after annealing the samples at 120ºC for 9 and 16

hours (figure 5.9).

It is clear from figure 5.9 that annealing improves the transport as well as

reduces the photocurrent dispersion (changing from dispersive to non-

dispersive) in the PFO samples. The mobility continued to improve on annealing

at higher temperatures, namely 140ºC. The effects of annealing were

permanent.

Like the unannealed pBTTT sample in section 5.2.2 (figure 5.7), an unannealed

4μm PFO sample, tested at the same field (5×105V/cm) showed the similar
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improvement of mobilities with increasing temperature. In figure 5.7, however,

an improvement in the photocurrent characteristics was not observed at 175ºC

(after 100ºC, at the mesophase), perhaps due to the film non-uniformity,

although the improvement in mobility was noted. Kreouzis et al. observed an

improvement in photocurrent characteristics, changing from dispersive at low

temperatures, to non-dispersive at higher temperatures near the annealing

temperature. The PF plot of this sample is shown in figure 5.10.

Figure 5.9: “Typical time-of-flight transients measured in two different samples with

thicknesses 1.9 μm (a), (c) and 1μm (b), (d) and plotted on a double logarithmic scale. (a)

and (b) show transients measured in the nonannealed samples, (c) and (d) present the

transients measured in the same samples, annealed at 120 °C for 16 h(c) or 9 h (d). Insets

in each graph show the same data plotted on a linear scale”. Reproduced from reference

[22]
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Figure 5.10: “TOF hole mobility as a function of electric field and temperature for a 4 μm

thick nonannealed sample”. Reproduced from reference [22]

This data closely compares with the data obtained for the 3.9μm unannealed

pBTTT sample. This data was then compared with an annealed sample to see if

there was any improvement in mobility.

5.2.3.1 Transport in an Annealed pBTTT Sample

A 4.7±0.4μm was annealed at 175ºC for seven hours. At room temperature,

there was no significant improvement in mobilities (possibly due to sample to

sample variation), however, the photocurrents were notably less dispersive and

the field dependence of mobility was reduced compared to the unannealed

sample at room temperature (figures 5.11 and 5.12).
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The mobilities as a function of field and temperature were then measured

(figure 5.13). The data points in figure 5.13 are much closer together (i.e. less

scatter), within an order of magnitude, compared to figure 5.8. Overall, the

mobilities are less field and temperature dependent. These results can be

compared with the data obtained by Kreouzis et al. for an annealed sample

(figure 5.14), where the data points are also less field and temperature
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dependent compared with the unannealed sample (see figure 5.10 and table

5.2).
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Table 5.2: Exponential parameters deduced from annealed pBTTT data

Temperature (°C) μ(E=0) (cm2/Vs) γ ×10-3 (cm/V)1/2

175 1.43×10-4 2.04
100 2.60×10-5 4.12
75 1.59×10-5 5.41
50 9.92×10-6 6.04
25 2.59×10-7 10.40
10 1.03×10-7 10.08
0 8.18×10-8 9.78

There is very little difference in the mobility data for the annealed sample at

100ºC and 175ºC. Such behaviour has been observed in other liquid crystalline
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systems [25] where the characteristic field and temperature independent

mobilities at a phase have been previously linked to the Holstein Polaron model

[25-27].

Figure 5.14: “TOF hole mobility as a function of electric field and temperature for a 2.5

μm thick sample, after annealing at 120 °C for 15 h”. Reproduced from reference [22]

The effects were permanent as can be seen by figure 5.15, where a second pad

was tested (4.2μm) a month later. In addition to this, a WAXS scan was carried

out on a sample annealed for 7 hours to see if there was any improvement in

crystallinity of the sample. Figure 5.16, confirms this, as there is a distinct

peak appearing in the annealed sample, showing an obvious improvement in

crystallinity.
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Figure 5.15: Hole mobility data showing a permanent effect of annealing a month after

testing the sample
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Figure 5.16: Wide angle x-ray diffraction of pBTTT as-cast pre and post annealed samples

for 7hours. Data obtained by M. Baklar (QMUL)

5.2.3.2 Effect of Annealing Time on Mobility

Kreouzis et al. [22] have shown that the mobilities continue to improve with

samples that are annealed for longer times. Two pBTTT samples were tested;

one that was annealed for 9 hours (~5.1μm) and the other that was annealed

for only two hours (4.5 μm) were measured at room temperatures. These were

then compared with the unannealed and annealed (for 7 hours) samples. Figure

5.17 shows the hole photocurrents obtained at annealing for 0 hours

(unannealed), 7 hours and 9 hours at ~1.6×105 V/cm. There is an obvious

qualitative difference the longer a sample is annealed, as the photocurrent

transients become less dispersive with annealing. Figure 5.18 shows the

mobilities of the samples obtained with increasing annealing times. It is clear

that the longer the samples are left to anneal, the more improved the charge

transport properties as is indicated by the 7 hours and 9 hours set of data. Due

to experimental inadequacies and as well as degradation problems, mobility
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measurements as a function of electric field and temperature were not carried

out on both samples.
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Figure 5.17: Hole photocurrent transients at ~1.6×105 V/cm for an unannealed, annealed

for 7 hrs and annealed at 9 hrs pBTTT sample
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Figure 5.18: Room temperature hole mobilities obtained for an unannealed sample (0

hrs), a sample that has been annealed at 2 hrs, 7 hrs and 9hrs
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Since there was an obvious change in the mobility characteristics between the

unannealed and annealed samples, as well as a marked improvement in

crystallinity (figure 5.16), the data was further analysed using the Correlated

Disorder Model by Novikov and the Gaussian Disorder Model (GDM) by Bässler

to confirm any improvement on structure of the pBTTT films (refer to Chapters

2 and 4 section 4.4).

5.3 Measurement of Disorder in pBTTT films

The plots lnμ(E=0) Vs (1/T2), determining the energetic disorder, σB or σN, and

μ0 are shown in figure 5.19 for the unannealed and annealed samples. Plots of g

versus (s/kBT)2 yielding values for Σ and C0 are shown in figure 5.20 for both

the samples. Similarly, in order to extract the CDM values for G and R, where

the empirical constant is fixed (C0=0.78), the field dependence of the mobility, g,

is used and is plotted against (s/kBT)3/2 (figure 5.21). A summary of both GDM

and CDM parameters, for both the unannealed and annealed samples is shown

in table 5.3.
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Figure 5.19: The natural logarithm of the zero field mobility versus T-2 for the unannealed

and annealed samples
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Figure 5.20: The electric field dependence of the mobility, g,  versus  (s/kBT)2 for the
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Figure 5.21: The electric field dependence of the mobility, g,  versus  (s/kBT)3/2 for the

unannealed and annealed samples
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Table 5.3: pBTTT summary of transport parameters derived by both GDM and

CDM models

The unannealed sample compared with the annealed sample showed

significantly greater energetic (88meV versus 133meV using σB, or 99meV

versus 148meV using σN) and positional (0.88 versus 2.7 using S, or 1.5 versus

2.4 using G ) disorders. It is clear that the disorder parameters confirm the

higher level of order associated with crystallinity in the annealed sample. The

findings show a larger prefactor mobility for the unannealed sample than the

annealed sample (8.8×10-2 cm2/Vs versus 1.1×10-2 cm2/Vs). The intersite

distance is larger for the unannealed sample (R=1.2nm versus R =2.8nm). This

has previously been observed in PTAA films (Chapter 4) and was attributed to

the large associated uncertainty. It appears as though the unannealed pBTTT

sample also has a large uncertainty (±0.081 cm2/Vs). The uncertainty may

come about from the large amount of scatter in the unannealed plots.

5.4 Conclusions

It has been shown that annealing at the mesophase can dramatically improve

charge transport properties in liquid-crystalline polymers [2-5, 7, 18-20]. The

work of previous groups has been reproduced by M. Baklar (QMUL). Any

possible annealing effects have been confirmed by the TOF measurements

presented in this chapter through the bulk of the material, much thicker than

the OFET samples [4]. DeLongchamp et al. [2] have proposed that melting of the

side chains result in an increased backbone orientation and π – π stacking

(increased lamellar order), and therefore an increased charge-carrier mobility

on heating above the mesophase. Figure 5.22 shows a schematic representation

sB [meV] sN [meV] S G R [nm] μ0 [cm2/Vs] C0

Unannealed 133±4.8 148±5.1 2.7±0.45 2.4±1.0 2.8±0.47 0.088±0.081 4.6×10-4

Annealed 88±6.15 99±6.9 0.88±0.54 1.5±0.36 1.2±1.1 0.011±1.2×10-3 4.1×10-4
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of the π-stacking and associated order. The microstructure of pBTTT have been

described as “hairy, rigid-rod” [3-4] polymers where the rod is the conjugated

backbone and the hairs are the alkyl side chains. This arrangement generally

leads to ‘hexagonal or lamellar packing systems’ [4] leading to aligned,

organised domains.
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Figure 5.22: Schematic of lamellar and π-stacking for pBTTT. Adapted from reference [4]

with help from Martin Heeney (Merck Chemicals ltd, 2007)

The disorder parameters confirm this increased crystallinity (or ordered

domains), by annealing at the mesophase. The carriers traverse a less

energetically and positionally disordered polymer bulk than when compared

with the unannealed sample.
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It should be noted that although there is clearly a marked improvement in the

annealed data compared with the unannealed pBTTT TOF data, the TOF

mobility is still, however, typically three orders of magnitude lower than the

OFET mobility mentioned in previous literature [2-5, 7, 18-20].  This can be

explained with reference to figure 5.22, where there is smaller interchain

distance in-plane and therefore better π-stacking, leading to enhanced

transport in OFET devices.  The larger interchain distance out of plane,

however, means TOF transport occurs between the layers, resulting in lower

mobilities.

______________________________________________________________________________



143

References:

[1] He, Y. J., Wu, W. P., Zhao, G. J., Liu, Y. Q., Li, Y. F., Macromolecules, 41,

9760 (2008)

[2] DeLongchamp, D. M., Kline, R. J., Jung, Y., Lin, E. K., Fischer, D. A.,

Gundlach, D. J., Cotts, S. K., Moad, A. J., Richter, L. J., Toney, M. F., Heeney,

M., McCulloch, I., Macromolecules, 41, 15, 5709 (2008)

[3] McCulloch, I., Heeney, M., Bailey, C., Genevicius, K., Macdonald, I.,

Shkunov, M., Sparrowe, D., Tierney, S., Wagner, R., Zhang, W. M., Chabinyc,

M. L., Kline, R. J., Mcgehee, M. D., Toney, M. F., Nature Maters., 5, 4,

328 (2006)

[4] Chabinyc, M. L., Toney, M. F., Kline, R. J., McCulloch, I., Heeney, M., J. Am.

Chem. Soc., 129, 3226 (2007)

[5] Wang, S., Tang, J., Zhao, L., Png, R.,  Wong, L., Chia, P., Chan, H. S. O., Ho,

P. K. H., Chua L., Appl. Phys. Lett., 93, 16, 162103 (2008)

[6] Parmer, J .E., Mayer, A. C., Hardin, B. E., Scully, S. R., McGehee, M. D.,

Heeney, M., McCulloch, I., Appl. Phys. Lett., 92, 11, 113309 (2008)

[7] Kline, R. J., DeLongchamp, D. M., Fischer, D. A., Lin, E. K., Heeney, M.,

McCulloch, I., Toney, M. F., Appl. Phys. Lett., 90, 062117 (2007)

[8] Stuart, B. H., Polymer Analysis,  2nd Edition, Published by John Wiley and

Sons (2002)

[9] Schawe, J. E. K., Collected Applications Thermal Analysis, Vol: 1 and 2,

Mettler Toledo (2002)

[10] Seyler, R. J., Assignment of the Glass Transition: Papers presented at the

symposium, Atlanta, Ga. 1993, Published by ASTM International (1994)

[11] Meyers, G. F., Grubb, D. T., Polymer Microscopy: Characterization and

Evaluation of Materials, 3rd Edition, Published by Springer (2008)

[12] Platė, N. A., Schnur, S. L., Liquid-crystal Polymers, Published by Springer

(1993)

http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=3Ap7mbakPKDj36p8C1k&name=He%20YJ&ut=000261767400037&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=3Ap7mbakPKDj36p8C1k&name=Wu%20WP&ut=000261767400037&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=3Ap7mbakPKDj36p8C1k&name=Zhao%20GJ&ut=000261767400037&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=3Ap7mbakPKDj36p8C1k&name=Liu%20YQ&ut=000261767400037&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=3Ap7mbakPKDj36p8C1k&name=Li%20YF&ut=000261767400037&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Richter%20LJ&ut=000258226200029&pos=9
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Toney%20MF&ut=000258226200029&pos=10
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Heeney%20M&ut=000258226200029&pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&amp;search_mode=DaisyOneClickSearch&amp;db_id=&amp;SID=P1hNAdjcJpOM4iODpDl&amp;name=Heeney%20M&amp;ut=000258226200029&amp;pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=McCulloch%20I&ut=000258226200029&pos=12
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Mcculloch%20I&ut=000236530400025&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Heeney%20M&ut=000236530400025&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Bailey%20C&ut=000236530400025&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Genevicius%20K&ut=000236530400025&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Macdonald%20I&ut=000236530400025&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Shkunov%20M&ut=000236530400025&pos=6
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Sparrowe%20D&ut=000236530400025&pos=7
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Tierney%20S&ut=000236530400025&pos=8
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Wagner%20R&ut=000236530400025&pos=9
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Zhang%20WM&ut=000236530400025&pos=10
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Chabinyc%20ML&ut=000236530400025&pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&amp;search_mode=DaisyOneClickSearch&amp;db_id=&amp;SID=P1hNAdjcJpOM4iODpDl&amp;name=Chabinyc%20ML&amp;ut=000236530400025&amp;pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Kline%20RJ&ut=000236530400025&pos=12
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Mcgehee%20MD&ut=000236530400025&pos=13
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Toney%20MF&ut=000236530400025&pos=14
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Parmer%20JE&ut=000254292400100&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Mayer%20AC&ut=000254292400100&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Hardin%20BE&ut=000254292400100&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Scully%20SR&ut=000254292400100&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=McGehee%20MD&ut=000254292400100&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Heeney%20M&ut=000254292400100&pos=6
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=McCulloch%20I&ut=000254292400100&pos=7
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Kline%20RJ&ut=000236530400025&pos=12
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Heeney%20M&ut=000254292400100&pos=6
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=McCulloch%20I&ut=000254292400100&pos=7


144

[13] Bower, D. I., An Introduction to Polymer Physics, Published by Cambridge

University Press (2002)

[14] Reiter, G., Strobl, G. R., Progress in Understanding of Polymer

Crystallization, Published by Springer (2007)

[15] Sawyer, L. C., Grubb, D. T., Polymer Microscopy, 2nd Edition, Published by

Springer (1996)

[16] Chabinyc, M. L., Polymer Reviews, 48, 3, 463 (2008)

[17] Grzegorczyk, W. J., Savenije, T. J., Heeney, M., Tierney, S., McCulloch, I.,

van Bavel, S., Siebbeles, L. D. A., J. Phys. Chem. C., 112, 15973 (2008)

[18] Yuen, J. D., Dhoot, A. S., Namdas, E. B., Coates, N. E., Heeney, M.,

McCulloch, I., Moses, D., Heeger, A. J., J. Am. Chem. Soc., 129, 14367 (2007)

[19] Hamadani, B. H., Richter, C. A., Gundlach, D. J., Kline, R. J., McCulloch,

I., Heeney, M., J. Appl. Phys., 102, 044503 (2007)

[20] Hamadani, B. H., Gundlach, D. J., McCulloch, I., Heeney, M., Appl. Phys.

Lett., 91, 24, 243512 (2007)

[21] Hwang, I., Kim, J. Y., Cho, S., Yuen, J., Coates, N., Lee, K., Heeney, M.,

McCulloch, I., Moses, D., Heeger, A. J., J. Phys. Chem. C., 112, 7853 (2008)

[22] Kreouzis, T., Poplavskyy, D., Tuladhar, S. M., Campoy-Quiles, M., Nelson,

J., Campbell, A. J., Bradley, D. D. C., Phys. Rev. B., 73, 235201 (2006)

[23] Hertel, D., Bässler, H., Scherf, U., Hörhold, H. H., J. Chem. Phys., 110, 18,

9214 (1999)

[24] Abkowitz, M. A., Facci, J. S., Limburg, W. W., Yanus, J. F., Phys. Rev. B.,

46, 11, 6705 (1992)

[25] Baldwin, R. J., Kreouzis, T., Shkunov, M., Heeney, M., Zhang, W.,

McCulloch, I., J. Appl. Phys., 101, 023713 (2007)

[26] Shiyanovskaya, I., Singer, K. D., Twieg, R. J., Sukomlinova, L., Gettwert,

V., Phys. Rev. E., 65, 041715 (2002)

[27] Kreouzis, T., Donovan, K. J., Boden, N., Bushby, R. J., Lozman, O. R., Liu,

Q., J. Chem. Phys., 114, 4 (2001)



145

[28] Ballantyne, A. M., Chen, L., Dane, J., Hammant, T., Braun, F. M., Heeney,

M., Duffy, W., McCulloch, I., Bradley, D. D. C., Nelson, J., Adv. Funct. Mater.,

18, 16 (2008)

______________________________________________________________________________



146

Chapter 6

6. Conclusions and Further Work

Time-of-Flight (TOF) studies have been carried out to measure the charge

transport in Merck polymer polytriarylamine (PTAA) and Merck polymer

poly[2,5-bis(3-alkylthiophen-2-yl)thieno(3,2-b)thiophene] (PBTTT). Separate

TOF studies carried out for both PBTTT and PTAA polymers show remarkably

different charge transport properties when analysed using both the GDM and

CDM.

6.1 PTAA Summary

The amorphous, isotropic structure in PTAA makes comparison between TOF

and OFET mobilities easy to make. Two arrival times have been observed in

PTAA-B – a fast arrival time followed by a slow arrival time. The fast arrival time

agreed with the literature values of OFET mobilities, particularly that of Veres

et al. [1-2]. Hole mobilities of 5×10-3 cm2/Vs and 3×10-4 cm2/Vs have been

obtained in a bimodal PTAA sample, appearing in the form of a double transit

or an arrival time.

Two monomodal PTAA polymers with molecular weights approximating the

shorter and the longer chain lengths in the bimodal sample were investigated.

Mobility measurements were carried out parametric in field and temperature.

The fast and slow data for PTAA-B showed two sets of energetic (88meV versus

153meV using σB, or 98meV versus 170meV using σN) and positional (3.6



147

versus 4.6 using S, or 5.6 versus 7.9 using G ) disorder parameters. The fast

transport values are in excellent agreement with those obtained for PTAA-MS

(88meV and 83meV respectively for σB and 98meV and 92meV respectively for

σN). The positional disorders are also in agreement, where S = 3.6 for PTAA-B

fast and S = 3.5 for PTAA-MS. Due to limited availability of PTAA-ML, a disorder

analysis on this polymer could not be carried out.

The two dramatically different sets of data in the same sample were attributed

to a phase separation between the long and short chains in the PTAA-B sample.

This was confirmed when a sample of PTAA-MS:PTAA-ML blend yielded double

arrival times, in agreement with the individual components. Further to this, the

DMTA results showed two glass transitions in PTAA-B and only one in PTAA-

ML.

The GDM and CDM data confirmed an improvement in charge transport for

shorter chain PTAA samples. As explained in Chapter 4 (section 4.6), short

chain polymers were linked to increased brittleness. This was shown to be the

case with PTAA-MS (figure 4.30(a)). It is important to acknowledge that by

blending short and long chains, we are able to attain the desired transport

properties, characteristic of short chain PTAA-MS and the mechanical

properties that are associated with long chain PTAA-ML, as can be seen in the

bimodal sample (figure 4.30). This is particularly important for flexible

electronic applications as well as OFETs, as they are susceptible to cracks in

the polymer/metal interface which reduces the device performance.

The work carried out by Ballantyne et al. [3] showed an improved OFET

mobility with lower MW P3HT films. This contradicted previous work carried

out by Kline et al. [4-5] and Zen et al. [6] as the opposite was observed with the

same polymer (i.e. higher MW polymers yield higher OFET mobilities). The

variation in the results obtained could be a result of cracks at the interface.
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TOF mobilities overlook any defects in the film owing to the direction of

measurement and will give the transport properties of the polymer sample.

6.2 pBTTT Summary

The DSC data of pBTTT showed many transitions within the liquid-crystalline

polymer. Previous studies have shown that annealing pBTTT at temperatures

greater than 150°C (above the mesophase transition), strongly improves the

hole transport [7-14] in OFET devices due to increased crystallinity. This was

confirmed by using X-ray diffraction (showing a higher intensity peak at the

mesophase) and UV-Vis (showing a blue-shift during heating). These increased

crystalline properties are thought to come about from the improved π-stacking

[8-9]. Although higher OFET mobilities have been obtained through annealing

pBTTT, no work has been carried out to show how TOF mobilities are affected.

This was done by first reproducing the work of others (i.e. XRD and UV-Vis) to

see if the pBTTT provided, essentially behaved in the same way.

Previous work carried out by Kreouzis et al. [15], has shown TOF mobilities

improve considerably on annealing PFO films. By annealing pBTTT at 175°C for

several hours (the clearing point of the mesophase), and measuring the samples

at room temperature, a dramatic improvement in mobilities was observed. This

effect was permanent when measurements were performed on the same sample

a month later. TOF measurements were carried out parametric in field and

temperature for both the annealed and unannealed samples and were analysed

using the GDM and CDM. The two samples were found to behave as two

different polymers with a greater improvement in both the energetic (88meV

versus 133meV using σB, or 99meV versus 148meV using σN) and positional

(0.88 versus 2.7 using S, or 1.5 versus 2.4 using G ) disorders. It is therefore

evident that annealing improves ordering in the bulk of pBTTT films, reducing

both the energetic and positional disorder as a result of increased π-stacking.
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6.3 Concluding Comments and Future Work

The mobility of PTAA-MS and the fast transport in PTAA-B sample closely agree

with each other, as well as with the OFET mobilities obtained by Veres et al. [1-

2] and with M. Baklar (QMUL). This is due to the isotropic nature of the charge

transport through the polymer, associated with its amorphous nature. In

pBTTT, however, there is a mobility difference of nearly three orders of

magnitude between TOF and OFET. This has been attributed to the direction of

transport measurement that occurs in plane with OFET devices, leading to

enhanced π-stacking, therefore higher mobilities. In TOF experiments,

transport is measured out of plane, where there is a large interchain distance

between layers, resulting in poorer mobilities.  We note, however, that the

relative mobility improvement due to annealing is similar in both OFET and

TOF, namely one order of magnitude.

We have used both the GDM and the CDM to deduce the disorder parameters

in both PTAA and pBTTT. It appears as though no one model fits the data better

than the other as the same amount of scatter is present in all of our plots such

as those obtained in Chapter 4, section 4.4 and Chapter 5, section 5.3.  The

models, however, successfully compared the transport properties in both

polymers, showing improved mobility on annealing pBTTT and also the different

transport properties associated with the longer and shorter chains in PTAA-B.

Both models were used since the GDM required no fixed parameters in the

fittings (C0 is treated as a free parameter), whereas the CDM required the use of

the literature value C0 = 0.78, but returned information about the intersite

distance.

In addition to this, in both pBTTT and PTAA, a persistent feature that occurs in

the disorder analysis is the larger prefactor mobility for the unannealed sample

compared with the annealed sample as well as for the slow transport in PTAA-
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B, compared with the fast transport. This is especially contradictory since the

intersite distance R is larger for larger μ0. This behaviour has been observed in

other work such as, Khan et al. [16], where a variation in results between R and

μ0 has been observed. Although there are reservations about the absolute values

of R obtained, meaningful comparisons can still be made between systems by

looking at relative changes, e.g. R = 2.4nm for PTAA-B fast and R = 1.8nm for

PTAA-MS, while R = 5.5nm for PTAA-B slow. Similarly, in the case of pBTTT,

there is a significant difference in the intersite distance for the unannealed (R =

1.2nm) and the annealed (R = 2.8nm) sample. It is, however, important to

investigate this further by testing samples of different thickness and/ or

preparation histories.

Limited availability of PTAA-ML prevented a disorder analysis being carried out.

It would be interesting to compare this batch to other PTAA samples to see

whether it agrees with the slow transport in PTAA-B. Since PTAA-MS is more

brittle compared to PTAA-ML, OFET mobility measurements using both

samples should be carried out before meaningful comparisons can be made in

terms of chain length. Furthermore, the DMTA data for PTAA-ML yielded a

single glass transition and, although this confirms initial expectations, the rise

in storage modulus with increasing displacement can not be explained.

Improved ordering in the bulk of the pBTTT polymer was evident upon

annealing using the disorder models. No such disorder analysis has been

performed on OFETs. This work will prove useful in comparing OFET and TOF

mobilities.

______________________________________________________________________________



151

References:

[1] Veres, J., Ogier, S. D., Leeming, S. W., Cupertino, D. C., Khaffaf, S. M., Adv.

Funct. Mater., 13, 3, 199 (2003)

[2] Veres, J., Ogire, S. D., Lloyd, G., deLeeuw, D., Chem. Mater., 16, 4543

(2004)

[3] Ballantyne, A. M., Chen, L., Dane, J., Hammant, T., Braun, F. M., Heeney,

M., Duffy, W., McCulloch, I., Bradley, D. D. C., Nelson, J., Adv. Funct. Mater.,

18, 16 (2008)

[4] Kline, R. J., McGehee, M. D., Kadnikova, E. N., Liu, J., Frechet, J. M. J.,

Adv. Mater., 15, 1519 (2003)

[5] Kline, R. J., McGehee, M. D., Kadnikova, E. N., Liu, J., Fréchet, J. M. J.,

Toney, M. F., Macromolecules, 38, 8, 3312 (2005)

[6] Zen, A., Pflaum, J., Hirschmann, S., Zhuang, W., Jaiser, F., Asawapirom,

U., Rabe, J. P., Scherf, U., Neher, D., Adv. Funct. Mater., 14, 757 (2004)

[7] DeLongchamp, D. M., Kline, R. J., Jung, Y., Lin, E. K., Fischer, D. A.,

Gundlach, D. J., Cotts, S. K., Moad, A. J., Richter, L. J., Toney, M. F., Heeney,

M., McCulloch, I., Macromolecules, 41, 15, 5709 (2008)

[8] McCulloch, I., Heeney, M., Bailey, C., Genevicius, K., Macdonald, I.,

Shkunov, M., Sparrowe, D., Tierney, S., Wagner, R., Zhang, W. M., Chabinyc,

M. L., Kline, R. J., Mcgehee, M. D., Toney, M. F., Nature Maters., 5, 4,

328 (2006)

[9] Chabinyc, M. L., Toney, M. F., Kline, R. J., McCulloch, I., Heeney, M., J. Am.

Chem. Soc., 129, 3226 (2007)

[10] Wang, S., Tang, J., Zhao, L., Png, R.,  Wong, L., Chia, P., Chan, H. S. O.,

Ho, P. K. H., Chua, L., Appl. Phys. Lett., 93, 16, 162103 (2008)

[11] Yuen, J. D., Dhoot, A. S., Namdas, E. B., Coates, N. E., Heeney, M.,

McCulloch, I., Moses, D., Heeger, A. J., J. Am. Chem. Soc., 129, 14367 (2007)

[12] Hamadani, B. H., Richter, C. A., Gundlach, D. J., Kline, R. J., McCulloch,

I., Heeney, M., J. Appl. Phys., 102, 044503 (2007)

http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Richter%20LJ&ut=000258226200029&pos=9
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Toney%20MF&ut=000258226200029&pos=10
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Heeney%20M&ut=000258226200029&pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&amp;search_mode=DaisyOneClickSearch&amp;db_id=&amp;SID=P1hNAdjcJpOM4iODpDl&amp;name=Heeney%20M&amp;ut=000258226200029&amp;pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=McCulloch%20I&ut=000258226200029&pos=12
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Mcculloch%20I&ut=000236530400025&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Heeney%20M&ut=000236530400025&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Bailey%20C&ut=000236530400025&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Genevicius%20K&ut=000236530400025&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Macdonald%20I&ut=000236530400025&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Shkunov%20M&ut=000236530400025&pos=6
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Sparrowe%20D&ut=000236530400025&pos=7
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Tierney%20S&ut=000236530400025&pos=8
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Wagner%20R&ut=000236530400025&pos=9
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Zhang%20WM&ut=000236530400025&pos=10
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Chabinyc%20ML&ut=000236530400025&pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&amp;search_mode=DaisyOneClickSearch&amp;db_id=&amp;SID=P1hNAdjcJpOM4iODpDl&amp;name=Chabinyc%20ML&amp;ut=000236530400025&amp;pos=11
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Kline%20RJ&ut=000236530400025&pos=12
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Mcgehee%20MD&ut=000236530400025&pos=13
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Toney%20MF&ut=000236530400025&pos=14


152

[13] Hamadani, B. H., Gundlach, D. J., McCulloch, I., Heeney, M., Appl. Phys.

Lett., 91, 24, 243512 (2007)

[14] Kline, R. J., DeLongchamp, D. M., Fischer, D. A., Lin, E. K., Heeney, M.,

McCulloch, I., Toney, M. F., Appl. Phys. Lett., 90, 062117 (2007)

[15] Kreouzis, T., Poplavskyy, D., Tuladhar, S. M., Campoy-Quiles, M., Nelson,

J., Campbell, A. J., Bradley, D. D. C., Phys. Rev. B., 73, 235201 (2006)

[16] Khan, R. U. A., Poplavskyy, D., Kreouzis, T., Bradley, D. D. C., Phys. Rev.

B., 75, 035215 (2007)

______________________________________________________________________________

http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Kline%20RJ&ut=000236530400025&pos=12
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=Heeney%20M&ut=000254292400100&pos=6
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P1hNAdjcJpOM4iODpDl&name=McCulloch%20I&ut=000254292400100&pos=7


153

Appendix A

A.1 Standard Cleaning Procedure

1. Clean substrates with detergent with tap water by hand

2. Place substrates in substrate holder and beaker containing distilled water

with half a teaspoon of detergent. Leave in sonicator for 15 minutes

3. Rinse with distilled water and sonicate for a further 15 minutes with

distilled water only

4. Fill beaker with acetone and place in sonicator for 10 minutes. Do this

twice

5. Finally, wash in Chloroform for 5 minutes in sonicator twice

A.2 Etching ITO Coated Substrates

Preparation:

6. Clean ITO coated substrates thoroughly and prepare two aluminium foil

trays.

7. Heat Oven to 90°C and place a beaker half filled with water on the hot

plate (heat to 100°C). You will need to use a stand to attach a

thermometer above the water.

8. Prepare etching solution containing 50% distilled water, 48% HCl and 2%

HNO3. Put about 40ml of this solution in a small beaker and place this

inside the larger beaker containing water on the hot stage. The solution

will need to be heated to approximately 50-52°C.

9. Prepare NaOH solution containing 25% NaOH and 75% distilled water(1)
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10. Clean a small beaker with acetone on the sonicator (for about 5 minutes)

and put in roughly 10ml of Photoresist solution (slow spin).

Method:

1. Dry the washed substrates and place them ITO side up in one of the

Al trays prepared earlier, by checking for resistance.

2. Pipette about 10 drops of photoresist and spincoat (ca. 4000rpm) and

place substrates in aluminium tray.

3. Place tray inside the oven and heat for 15 minutes. Allow to cool for 5

minutes.

4. Prepare mask on UV exposure unit and carefully place substrates ITO

side down and expose to UV for 1 minutes.

5. Place exposed substrates into the NaOH solution prepare and wait for

photoresist to come off (this should take about 2 minutes)

6. Place immediately after into a beaker containing distilled water and

allow to dry for about 5 minutes.

7. When dry, place the substrates into the heated etching solution four

about 4 minutes. Initially, the temperature will drop rapidly in which

case you will need to adjust the time accordingly.

8. Place immediately in distilled water and put on US for a few minutes.

9. Change the water once and leave on sonicator for a further few

minutes and place in acetone for a few seconds.

Note: Clean substrates through the normal cleaning process (see A.1) before

depositing the polymer.

________________________________________________________________________

(1) Weaker solutions comprising of 20% NaOH and 80% water may not be

strong enough to remove photoresist (after exposing substrates to UV)
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A.3 Evaporation of Electrodes

Consider figure A.1.
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Figure A.1: Schematic of vacuum evaporation system

1. Turn on water supply

2. Open diffusion pump (valve 1) and leave to warm up for 20 minutes

3. Open air inlet to allow air in and remove glass chamber

4. Place aluminium hooks on the tungsten filament and check for a closed

circuit by seeing if a current is drawn

5. Place substrates into mask

6. Clean glass chamber using acetone, including around rim to ensure a

better vacuum

7. Place chamber back over the samples and close the air inlet valve

8. Close the valve 1 and open the rotary pump, valve 2
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9. Wait until the pressure is ≤ 5×10-2 mbar and open valve 1

10. Close valve 2 and open valve 3

11. Pour in liquid nitrogen into the diffusion pump

12. Wait until the vacuum pressure drops to ≤ 2×10-5 mbar

13. Draw current at a rate of ~1Å/sec until the required electrode thickness

is achieved

14. Switch off current and allow to cool for ~30 minutes

15. Close valve 3 and allow air into evaporation system

16. Once samples have been removed, reassemble evaporation system and

turn off diffusion pump and close valve 1

17. Open valve 2 and wait for a few minutes

18. Close valve 2 and open valve 1

19. Wait for ~10 minutes to cool before switching everything off

______________________________________________________________________________


