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Abstract

In this thesis, we have used a Monte Carlo simulation technique to study the charge carrier
mobility as a function of charge carrier density and electric field in disordered organic
semiconducting materials using the lattice model. Our simulations reveal that the charge
carrier mobility versus charge carrier density at lower charge carrier density and disorder
is constant. In contrast, at higher disordered and lower charge carrier density, the charge
carrier mobility increases with charge carrier density. Therefore, the effect of the disorder
parameter (o :k;LT) on the charge carrier mobility is more pronounced than the charge
carrier density at lower charge carrier density. We studied a charge carrier mobility as a
function of the electric field for the case of the regular grid and spatial disorder lattice
site with different lattice site spacing parameter r and the ratio of localization length to
the lattice parameter (i. e, a/b). We show that a charge carrier mobility increases with
an electric field for the case of the regular grid and spatial disorder lattice site of lower or
equal values of lattice site spacing r to the ratio of «/b. But, at a higher value of lattice
site spacing r to the ratio of a//b, the electric field dependence of charge carrier mobility
for spatial disordered lattice sites differs from that of the regular grid case. We observed
that both a localization length and lattice parameter are relevant for the electric field
variation of charge carrier mobility in both the regular grid and spatial disordered lattice

sites at lower or equal values of lattice site spacing 7 to the ratio of «/b cases. However, at

higher values of the lattice site spacing r relative to the ratio of «/b, the only parameter

X1v



responsible for the electric field dependence of charge carrier mobility is the localization

length of disordered organic semiconducting materials.
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Chapter 1

Introduction

1.1 Conjugated polymers

1.1.1 History

A polymer is a substance composed of molecules characterized by multiple repetition of
one or more species of atoms or groups of atoms (constitutional repeating units) linked to
each other in amounts sufficient to provide a set of properties that do not vary markedly
with the addition of one or a few of the constitutional repeating units. Each repeating unit
is known as a monomer. A molecule with only a few constitutional repeating units is called
an oligomer or small molecule. Unlike a polymer the physical properties of an oligomer
vary with the addition or removal of one or a few constitutional repeating units to or from
its molecule. Organic polymers can, in general, be classified as saturated and unsaturated
on the basis of the number and type of the carbon valence electrons involved in the
chemical bonding between consecutive carbon atoms and other neighboring atoms along
the main chain of the polymers. In the case when all the four valence electrons are involved
in valence bonding the polymers are classified as saturated, whereas in the case when only
three of the four carbon valence electrons are involved in covalent bonding the polymers
are classified as unsaturated [1]. Since all the four valence electrons of the carbon atoms
are used up in covalent bonds the saturated polymers are insulators which are classified as

synthetic polymers [2}3]. Because of this, polymers were considered uninteresting from
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the point of view of electronic materials prior to the discovery of conducting polymers,
despite their use for insulating electric current conducting wires. Their mechanical and
chemical properties had also been used mainly for industrial purposes.

The main research had focused on such ordinary polymers until 1960s. After that their
suitability for electronic applications gaind increasing attention. The first observations
of electric conduction in organic materials dated back by more than half a century and
were first made on crystals of small organic molecules [4-9] and later on small organic
molecules embedded in a polymer matrix [10]. A very important step forward in the
field of organic conducting polymers was made by accident after 1960s. In the early 1970s
Hideki Shirakawa of the Tokyo Institute of Technology was working to make the organic
polymer from polyacetylene gas. However, during an experiment a visiting student, su-
pervised by Shirakawa, by mistake added thousand times more catalyst than that was
normally used. The result was not the usual polymer, but a peculiar stretchable film,
the simplest conjugated polymer, which was not electrically conductive. After sometime
the metallic reflective film inspired the interest of Alan G. MacDiarmid, who visited the
Tokyo Institute of Technology to give lectures, whether it could be used as a possible
candidate for his goal to make a nonmetallic electrical conducting substance, a ”synthetic
metal”. For the accomplishment of his purpose and also further studies on the fortuitous
result, he invited Shirakawa to work at the University of Pennsylvania, and so Shirakawa
joined the group of Alan G. MacDiarmid and Alan J. Heeger in 1976. This group have
shown major breakthrough in the area of conducting polymers which occurred later in
1977 when iodine or arsenic pentafluoride was doped to an intrinsically insulating organic
polymer, polyacetylene. And it was discovered that polyacetylene, which has an intrinsic
conductivity lower than 107=° Q~'em™!, could be made highly conducting of conductiv-
ity ~ 103 Q 'em™!, by doping it with acceptors such as iodine or arsenic pentafluoride

[11]. It was also found that polyacetylene can be doped with donors usually alkali metals

and that conductivities larger than 100 Q~'em™! were obtained [11,12]. Allan J. Heeger,
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Alan G. MacDiarmid, and Hideki Shirakawa [13] received the Nobel Prize in chemistry
in 2000 for the discovery of electrical charge-carrier transport in conjugated polymers
in 1977 and the development of these conducting polymers [11,/14]. Following the dis-
covery mentioned above many other conducting polymers such like polythiophene (PTh)
and poly(para-phenylene vinylene) [PPV] were prepared. This discovery induced a lot
of research and especially the interest revived at the end of the 1980s as a result of the
demonstration of high performance electroluminescent organic multi-layer structures of
vacuum-sublimed dye films [15[16]. Moreover, the discovery of electro luminescence (EL)
from diodes based on the conjugated polymer poly(para-Phenylene Vinylene) (PPV) [17]
initiated a lot of activities in the field of conjugated polymers, certainly because of the
commercial applications. The first established electronic application of organic materials
was xerography [18]. The main advantages of conjugated polymers over inorganic semi-
conductors are their flexibility, light weight and ease of processability. Although a number
of problems associated with organic transistors remain to be solved, it now appears in-
creasingly likely that organic thin film transistors will find use in a range of commercial,
industrial, and military applications. Such applications might include flexible flat panel
displays, smart cards, smart inventory tags, supermarket shelf-edge labels, and intelligent

SENnsory arrays.

1.1.2 Electronic structure of conjugated polymers

The m-conjugated organic materials are either small molecules or polymers. Ideally, con-
jugated polymers are infinitely long linear systems regularly built from repeat units con-
taining 7 electrons extended along the infinite length of the chain [19]. The chemical
structure of some of the most studied conjugated polymers; polyacetylene, poly(para-

phenylene vinylene) [PPV], polythiophene and that of the small molecule pentacene are

displayed in Figure [I.1]
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Figure 1.1: Chemical structure of some common conjugated polymers: a) polyacetylene,
b) poly(para-phenylene vinylene) [PPV], ¢) polythiophene, and d) the small molecule
pentacene.

Polyacetylene is the simplest and first studied classic example of conjugated poly-
mers. Poly(para-phenylene vinylene) was the active material used in the first polymer
light-emitting diodes [17]. The soluble derivatives of PPV, which can be spin cast from
organic solutions, are well studied and widely used materials due to their suitability for
various applications. Polythiophenes exhibit broad optical absorption and high conductiv-
ity. Substituted polythiophenes such as poly(3-hexylthiophene) [P3HT] have been used to
build efficient electronic devices. The small molecule Pentacene is widely used in organic
thin-film transistors [20]. It is a family of molecules described by the standard for-
mula Cyy,i0Hopig, where n = 1,2, 3,4,5 correspond to benzene, naphtalene, anthracene,
tetracene and pentacene molecules.

We mentioned in the previous section that the main building block of organic polymers
is carbon atom. We also mentioned that the electronic properties of the polymers are

determined on the basis of the number of valence electrons involved in bonding the carbon
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atom with other carbon atoms and other elements in the neighbors. Carbon atom has
six electrons of electric configuration [1s22s22p®]. The four outer electrons participate in
the bonding but the two inner ones do not participate in the bonding. The number of
electrons on p orbitals used in the hybridization process determine the type of polymer
and its chemical as well as structural properties. In simple compounds like methane,
CH, or ethane, CyHg experimental evidence shows that the properties of 2s electrons
are similar to that of the 2p electrons. This is justified by thinking that one of the 2s
electrons is promoted to a 2p state by taking up some energy, then the 2p orbitals and
the remaining 2s orbital create four tetrahedral equal orbits and form sp? hybrids. The
energy required for this hybridization is compensated by the energy gained while forming
tetrahedral bonds. Each hybridized orbital contains a single unpaired electron, which can
pair with a single 1s electron from hydrogen to form a bond known as ¢ bond. Here, all
the outer electrons of the carbon atom are used up in bonding. It is also possible for one
s and two p orbitals to form three sp? hybridization which are planar trigonal orbitals.
The sp' is also another type of hybridization from one s and one p orbitals. We can
consider a simple hydrocarbon, for instance ethylene, CoH, and describe sp? hybrids. In
ethylene each Carbon forms three o bonds with sp? hybrids with the other carbon and
two hydrogen. One more electron left over on each carbon atom orbits in the vertical
plane as shown in Figure (1.2). These electrons are not independent of each other and
form a looser bond known as a m bond. In ethylene double line between the two carbon
atoms known as a double bond signifies a ¢ bond and a 7 bond. Similarly we can consider
another simple hydrocarbon, for instance, acetylene CyHs has two sp' hybrids on each
carbon and form ¢ bonds that link it to the other carbon and one hydrogen. The two
electrons left over on each carbon atom form two 7 bonds which together with the o
bond form triple bond between carbon atoms. The two electrons in the single m bond
of ethylene are coupled, and results in the energy levels split. The lower energy state is

called a bonding state and the higher one is an antibonding state. The lower energy state
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is occupied and the higher one is empty under normal conditions. When there are more

double bonds in a molecule each energy levels split further.

H H

\C_C

;A Ethylene
H H

bond formed by
spi-s overlap

"~\

Figure 1.2: Example of the formation of ¢ and 7 bonds in the small organic molecule
of Ethylene (Top). (a) The bonds formed for each carbon atom in the molecule. Each
carbon atom shares sigma bond with each other and with its 2 neighboring hydrogen
atoms. (b) The m bond forms double bonds between carbon atoms together with ¢ bond.
(c) The total bonds in the molecule. [Pictures taken from Socratic.org,.|

In electrically insulating polymers all the four valence electrons of the carbon atom
form four sp® hybrids which form ¢ bonds with each of other four atoms in the neighbors.
On the other hand, in unsaturated polymers the four outer electrons form three sp?
hybrids which are involved in ¢ bonding, and one 7 electron which orbits perpendicular
to the plane formed by ¢ bonds. The orbital of 7 electron is called p, orbital since this
orbit is in the vertical plane while the ¢ bonds are in the horizontal plane. This electron
is not independent of another 7 electron and form a looser bond known as 7 bond but
o bonds are stable and determine the structural backbone of the molecule. The 7 bond
is weaker than the ¢ bond because the overlap of the p, wave functions of the adjacent

carbon atoms is small. The two electrons in the single 7 bond of ethylene are coupled,
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hence the energy levels split. The lower energy state is called a bonding state and the
higher is an antibonding state. The lower energy state is occupied and the higher one is
empty under normal conditions. When there are more double bonds in a molecule each
energy levels split further. In benzene and pentacene there are three and five double
bonds which will cause three-fold and five-fold splits.

In polyacetylene each carbon is ¢ bonded to only two neighboring carbons and one
hydrogen atom leaving one unpaired 7 electron on each carbon atom. If the carbon-carbon
bond lengths were equal, the chemical formula, (—CH),, with one unpaired electron per
formula unit, would imply a metallic state. However, in real polyacetylene, the structure
is dimerised as a result of the Peierls instability with two carbon atoms in the repeat unit,
(-CH = CH), as shown in Figure In this structure, (—CH =), single and double
bonds alternate. Polymers with such structures are known as conjugated polymers. This
means that the m bond between one of the two adjacent carbons add one single bond
between one of two adjacent carbons alternately and realizes the formation of single and
double bond-alternate structure known as conjugated polymers or oligomers as shown for
some of them in Figure[l.1] Each energy level of = bond splits into that at 7 and 7* states
and since there are many double bonds in conjugated polymers band structure consisting
of bonding states or lower energy band and an antibonding states or higher energy band
are formed. As each bond can hold two electrons per atom (spin up and spin down), each
orbital in the 7 band is filled with two electrons of antiparallel spin and that of the 7* band
is empty under normal conditions. The energy difference between the lowest unoccupied
molecular orbital (LUMO) in the 7* band and the highest occupied molecular orbital
(HOMO) in the 7 band is the w-7* energy gap known as a band gap [21] usually denoted
by (E,). The m and 7* orbitals are referred as frontier orbitals that play a decisive role
both in chemical activation and optoelectronic properties of conjugated polymers. The
electrons can be excited from occupied orbitals to unoccupied orbitals with the absorption

of energy equal to the energy difference between the two orbitals. The band gap energy
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is the same as the minimum energy required to excite electrons from HOMO to LUMO.
Consequently, since there are no partially filled bands, conjugated polymers are typically
semiconductors. All conjugated polymeric materials have large conjugated units, i.e.,
regions with resonant single and double bonds, which determine their conduction and
valence energy levels and thus their energy gaps.

Several conjugated polymers including the most studied one are insoluble or do not
dissolve in common solvents. However, the addition of side chains to the main chain of the
conjugated polymers induce the solubility and also ease the formation of chain packing
in the solid films. Electronic excitation for a molecule that contains m-electron generally
requires only a modest amount of energy, typically 1 to 3 eV. Thus the corresponding
optical absorptions occur in the visible range and the band gap of conjugated polymers is
within the semiconductor range of 1.5 to 3.5 eV [22] which covers the whole range from
infrared to ultraviolet region. The thermal activation of charge carriers from HOMO to
LUMO states is negligible and because of this a pure undoped organic film is insulator.
If undoped, they have, therefore, essentially no free charge carriers and considered as a
material of high-resistivity or of low conductivity (¢ < 1078Sem™!) at room temperature
[23] except for trans-PA which has conductivity ¢ < 107°Scem™! [14,124]. The high-
resistivity one could possibly find applications particularly in electronics or optoelectronic
provided that free charge carriers are introduced into it either from metal-conjugated
polymer contacts, by doping, or by exciting electrons from HOMO to LUMO by optical
absorption. A free charge carrier refers to an additional electron in an antibonding orbital
or one that is removed from a bonding orbital. In general, polymeric material can have
importance from the point of view of electrical conduction only if free charge carriers are
introduced into it and thereby conductivity is enhanced. The mechanism by which the
charge carriers, either holes or electrons, are added to the HOMO of the © band and the
LUMO of 7* band, respectively, is known as doping. We will discuss the methods in

which doping is accomplished in the next section.
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A chain of conjugated polymers is held together by strong covalent bonds. On the
other hand, the force that exists between molecular chains in a film is a week van der
Waals attraction. Since the intermolecular van der Waals interaction is very weak, molec-
ular crystals are usually soft and flexible. The flexibility character of the molecular chains
of the film render it the structure of unstirred boiled spaghetti. Thin films of polymers are
often formed by solution processing such as spin casting, which result in polycrystalline
or amorphous solids with entangled long polymer chains. The entanglement among the
chains increases the mechanical strength of the film. This property makes these films
more robust than the crystalline films prepared from small molecules though their electri-
cal properties are less compared to that of crystalline solids. In a solid the long polymer
molecules are generally packed together non-uniformly and ends up in forming both crys-
talline and highly disordered amorphous domains. The amorphous regions are composed
of coiled and tangled chains, whereas in crystalline regions linear polymer chains are ori-
ented in a three dimensional matrix. The weak intermolecular van der Waals bonds give
rise to a phonon related dynamical disorder even in perfect small molecule crystals. Con-
sequently, this flexibility nature together with other chemical defects restrict the length of
each chain of conjugated polymers in a film not to stretch indefinitely. Instead it makes
twists or kinks that subdivide the polymer of the same physical chain into a number
of conjugated segments and separate them. Also, these twists or kinks disrupt the 7
bonds and cause each segment to behave like a separate entity, and the molecular film
to be considered as a collection of distinct molecular sites or chromophores. The mean
length of these conjugation segments is known as a conjugation length. This means that
the polymer chains can not be aligned over their wide length due to this disordered de-
fect and as a result the localization length of a m-electron cloud is limited to a definite
conjugation length. Random distribution of conjugation lengths in turn gives rise to a
distribution of transition energies of the m-electrons. These conjugation length segments,

bounded by an energy barrier created by the defects or kinks, have random distributions.
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A charge carrier is then scattered with a mean free path that approaches the distance
between adjacent sites. This means that besides other chemical effects the poor coupling
between the molecules in the solid film leads to a strong localization of charge carriers on
each conjugation length which may move coherently within the conjugation length, and
conduction occurs via a sequence of charge transfer steps from one conjugation length
to another similar to the hopping between defect states in inorganic semiconductors. As
conjugation length is made longer, the electronic transition energies decrease.

A very simple model to verify this is to view a conjugated polymer chain as a sequence
of finite conjugated boxes uncoupled electronically from one another and to consider only
the unpaired 7 electrons of the carbon atoms in a one dimensional box. In such a model
the polymer is characterized by a distribution of box lengths corresponding to conjugation
lengths. If we neglect the interaction between charge carriers, we can approximately write
the single particle energies of the electronic bands in a conjugated segment consisting of
n monomers using Hiickel theory as

km

n =2 . 1.1.1
€ ﬁcosn+1 ( )

where k denotes the k-th level (or orbital) of the band, and S is the electronic transfer
integral between two adjacent monomers. In the transport process we can assume that the
hole (electron) charge carriers occupy the orbital with highest (lowest) energy, that is, the
HOMO (LUMO) in each conjugated segment. Upon charge transfer between neighboring
conjugated segments with different chain length, the energies of the donor and acceptor
levels are therefore different. If the variation in chain lengths is random (within certain
limits), the energies relevant for the transport process will also be random and related to

the chain length in the following way:

EHOMO = Zﬁcosnw (1.1.2)

+1

An electronic transfer integral between adjacent carbon sites in a conjugated system
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is typically around 2.5 eV. Consequently, going from 20 to 40 monomers in the chain, the
HOMO energy increases by 0.04 eV, which is a typical number for the spread in energies of
the states involved in transport. The amorphous molecular film deposited by spin coating
or evaporation has the surrounding polarization that varies spatially in a random fashion
of the absolute values of the molecular energies. These energies are excited state energies

[25] for both neutral and charged excited states and has a Gaussian distribution with a
variance o, a main parameter which designates the energetic disorder.

Therefore, the distribution of segment lengths results in the distribution of electron
states, and the polymer chains are not aligned with each other over their whole length, but
can align only in small crystal regions. The polymer chains may either extend through a
number of crystallite regions or may be folded back on themselves within these regions. In
either case, ordered crystallites are interconnected by amorphous regions. These different
local arrangements modify the energies of the conjugated segments because of the vari-
ation of the electron polarizability and of local dipole interactions between neighboring
chains [22]. This effect, combined with the distribution of segment lengths, broadens
the electronic density of states by about 0.1-0.2 eV and results in localization of charge
carriers [26], and because of this electronic conduction occurs by hopping of the carriers
from one localized state to another. Thus to deal with the charge carriers transport in
amorphous polymeric solids it is convenient to consider conjugated segments of the poly-
mer chain as a randomly distributed chromophores and the interactions between them.
The 7 electrons are delocalized over the individual conjugation length, but conductivity
of the film largely depends on the transfer integral between neighboring conjugated seg-
ments that is strongly affected by the defects. Moreover, the numerous defects introduce

a high density of trap states.

1.2 Doping of conjugated polymers

11



Introduction

The term doping is used to refer a process of charge injection onto macromolecular chains.
Or in a very general sense, any process that results in an addition of electrons in an
antibonding orbitals or removal of electrons from a bonding orbital is said doping. It is a
central process that can control the main electronic and optical properties of conjugated
polymers over the full range from the insulator to metal since there are no free charge
carriers on the molecular units of pristine organic solids under normal situation. There are
different ways of accomplishing this process, and also corresponding important phenomena
and applications. Some of these ways or mechanisms are: chemical doping, electrochemical
doping, photo doping, and charge injection at a metal-conjugated polymer contact or
interface.

Chemical doping of conjugated polymers is a process in which charge carriers are
generated by an electron transfer from polymer chains to acceptor dopants which results
in the formation of free holes or vice versa, that is electron transfer occurs from the donor
dopant to the polymer chain in which free electrons are formed. The process also involves
the associated insertion of counterions to maintain the over all charge neutrality, i.e.,
during the free hole formation (p-type doping) the polymer chain acts as a poly(cation)
and during n-type doping the polymer chain acts as poly(anion). The doping can be
carried out by exposure of the polymer to the vapor phase of an electron acceptor (such
as iodine or AsFj) or donor (such as the vapor phase of an alkali metal), by means of
charge transfer in solution.

In the case of electrochemical doping, the polymer sample is a film deposited on one
of electrodes of an electrochemical cell. Electrons are removed or added to the polymer
electrochemically from the external circuits by controlling the electrical voltage between
this electrode and the counter electrode; and therefore the doping level. Charge neutrality
is maintained by ions that diffuse into (or out of) the polymer structure from the elec-
trolyte to compensate the electronic charge; for example, Li metal can be used as another

electrode with Li*ClO} as electrolyte dissolved in a suitable solvent.
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While increasing the density of charge carriers and thereby conductivity [27], however,
both chemical and electrochemical doping are accompanied by an intercalation of anions
or cations in between the polymer or oligomer chains [28-32]. These ions are too big
to be inserted into the undoped polymer structure which is quite closely packed, and
therefore structural changes are produced. The structural changes can include rotations
or translations of the conjugated polymer chains, or both can be observed depending on
the size of the intercalated ion. This effect weakens the interchain coupling. Also, these
anions or cations create an electrical potential on the chains, which can shift and even
modify the relative positions of the charge carrier levels. Essentially, the positions of the
self-trapped carriers on the chains are determined by the position of the dopants.

In addition to that mentioned above the presence of counterions near the conjugated
polymer chains can play a major role in various processes depending up on their arrange-
ment with respect to the chains. In conjugated polymers since the covalent bonds form
a one-dimensional structure, there are three possible cases. The first is the possibility
for the dopants to form chains parallel to the polymer chain direction, or to form planes
that separate planes of parallel polymer chains, or a third possibility is that a plane of
mixed composition, consisting of alternating polymer chains and dopant linear stacks. In
the third case the dopants distribution is so random that they can be strong source of
disorder. In the first as well as the second cases the dopants separate the chains by layers
and weaken the coupling between the chains of different layers that can lead to anisotropy
in conductivity [28]. During doping, the amount of dopants in a sample increases pro-
gressively from zero to a maximum of one dopant for about two to three polymer repeat
units. However, the ability to dope conjugated polymers or oligomers using especially
chemical techniques is, in general, determined by a combination of the availability of its
unoccupied space and the weak interchain forces that allow the diffusion of dopant ions
between the chains.

For the resultant polymer dopant structure of case two, discussed above, iodine doped
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with ordered pentacene film [27] is a good example provided that the doping level is not
high [31,132]; at the high doping level the dopants form planes between the layers and
also form chains parallel to the chains of pentacene molecules. This means that at high
level of doping the counterions are available in all directions between the chains of the
host molecules. This has an effect of increasing the separations between the chains of
the host molecules and decreasing the coupling between them and consequently degrades
the conductivity. When the doping level has not reached the phase in which conductivity
decreases (or when it is in the conductive phase) the iodine molecules are ionized to I3
anions with the total composition of (PEN)I55. From this composition it is clear that
the total number of iodine anions I; (or anion chains) intercalated between the layers of
pentacene molecules is less than the total number of pentacene molecules. Apparently,
the number of pentacene molecules that are left uncharged is the same as the difference
between the total numbers of pentacene molecules and anion chains. Thus, for equivalent
or less doping level, the system achieves a thermodynamic equilibrium state with a certain
distribution of holes over the total number of pentacene molecules and also a particular
way of anions distribution.

Contrary to chemical and electrochemical doping, a charge carrier can be injected
into the polymer film without introducing counterion into the film from metal-conjugated
polymer contact and also by photo-absorption. Here electrons and holes can be injected
from metallic contacts into the 7* and 7 bands of the polymer, respectively. This can
be clearly explained in terms of injection in the polymer light-emitting diodes, thin-film
transistors and solar cells.

The simplest conjugated polymer based light emitting-diode consists of a single poly-
mer layer contacted by metal electrodes, one of which is transparent, on the top and
bottom of the film. One electrode serves as an electron injecting contact and the other as
a hole injecting contact. When a sufficient voltage bias is applied to the metal contacts,

electrons and holes are injected into the LUMO of 7* and HOMO of the m bands of the
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polymer, respectively. The injected electrons and holes, while drifting by the applied elec-
tric field in the opposite directions through the polymer, form both the singlet and triplet
states of Frenkel excitons upon recombining on a conjugated segment of the polymer film.
An exciton, a bound electron-hole pair, is said to be singlet if its spin is 0 and triplet if it
is in a spin 1 state. Only the singlet state exciton decays by emitting light.

Conjugated polymer field-effect transistors are devices that consist of parallel plates of
metal gate and conjugated polymer which are separated from each other by a thin sheet of
dielectric material known as gate insulator. There are other two contacts between each of
the two ends of polymer length and metal electrodes known as source and drain. When a
bias is applied between the gate and source electrodes polarizing the later negatively, holes
are injected into the polymer film from the source and gate contact. With an additional
bias applied between the source and drain contacts a current flows laterally between these
two contacts. The source to drain current is modulated by the gate voltage producing
the field-effect transistors action.

The mechanism for the photovoltaic cell is the reverse of light-emitting diode. By
photo absorption conjugated polymer locally losses electron and at nearby (it) gains hole
or in other words electron-hole pairs are formed locally and also separated into free carriers
depending upon the energy of excited electron. The process involves the generation of
holes and electrons by a large optical absorption in the visible spectrum which are then
followed by a transport of charges toward electrodes to produce a current.

Thus, as discussed above doping is a common feature of conjugated polymers and
almost all its electronic applications need doped conjugated polymers. Now we consider

the transport properties of the charge carriers across the solid conjugated polymer film.
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1.3 Charge Transport

An easily polarizability property of an organic polymeric solid leads to a pronounced
polaron character of mobile carriers with low mobility, and to a large binding energy
of excitons. Thus it is necessary to briefly investigate the polaron properties and their
consequences for a charge carrier transport in organic polymer solids. The term polaron
known as a quasi particle is referred to a superposition of a moving charge carrier and a
phonon cloud. The phonon cloud accounts for the distortion of the surrounding lattice
(the coupling of a free charge carrier to the polarization of the lattice by the carrier)
which travels with the charge carrier. This quasi particle is called a large polaron if
the radius of the phonon cloud is larger than the lattice constant of a solid film. In
contrast, when a charge carrier induces (polarizes) its environment and gets trapped
by a potential well created by a strong lattice polarization (distortion) occurring within
a unit cell, the carrier is confined to a volume of one unit cell or less, and the quasi
particle is called a small polaron. The self trapped small polaron is distinguished from
a mobile large polaron on the basis of the strength of the electron-lattice interaction
which is described by a dimensionless parameter known as coupling constant. When the
coupling constant is larger than five small polaron is observed. The large polaron moves
much like a quasi free charge carrier described by the Boltzmann equation with scattering
events, whereas the small polaron moves by hopping between neighboring ions. Polymeric
organic semiconductors including the low molecular weight polymeric films are examples
of materials with small polarons. The bandwidth of this material is narrow in which the
conductivity is usually disturbed by phonon scattering, and hopping mechanisms may
prevail even if the material has crystalline structure. The bandwidth of low molecular
weight polymeric crystal is maximum at a temperature close to zero, and decreases with
the increase of temperature. The electron phonon coupling increases with temperature

which in turn increases the polaron mass that also has an influence on the conductivity.
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In organic crystals the mobility of a charge carrier which is the basic parameter for

q
m*

transport is defined as © = L7 where m* is the effective mass of a charge carrier ¢, and
T is a mean time between scattering events. In polymeric organic crystals the mobility at
room temperature is in most cases less than 1em?/(V's), which is very small compared to
a value 103cm?/(V's) for inorganic semiconductors. A major reason for the low mobility
is the poor structural perfection of polymeric organic crystals, which is the cause for the
creation of trap levels and scattering centers. Other reasons are the low dielectric constant
of polymeric materials which is the cause for the charge carrier in this material to behave
as a polaron, and the weak intermolecular interactions in an organic polymeric crystals.
This weak intermolecular van der Waals interaction leads to a localization of the HOMO
and LUMO wave functions in each molecule. This means that the filled HOMO and the
empty LUMO levels of each molecule are separated from those of neighboring molecules
by a potential barrier. If the intermolecular barrier is low, the stronger coupling is related
to a larger overlap of wave functions of adjacent molecules, and bands similar to those
in inorganic semiconductors are formed. Higher potential barriers may still allow charge
carrier conductivity by phonon assisted hopping which will be discussed further below.
The intermolecular barriers are expressed in terms of intermolecular transfer integrals.
These quantities describe the electronic coupling between molecular orbitals of adjacent
molecules (HOMOs and LUMOs) and depend sensitively on the spacing and relative
orientations of the molecules. For acenes the typical values are in the range of some tens of
meV [33]. In the regime of band conduction the bands are formed by linear combinations
of the orbitals of each molecule, and the transfer integral V affects the effective mass of
a mobile carrier moving in a given direction by m* = % where h denotes the Planck
constant, d is the distance between adjacent molecules in the considered direction. If the
electron-phonon coupling is not weak enough to be neglected in the regime of hopping

conduction the transfer integral is involved in the charge transfer rate w for a hopping

transitions between adjacent molecules described by Marcus electron rate equation [34],
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vV 2
w = %,/W;;Texp(_%%), (1.3.1)

where k is the Boltzmann constant, 7" is temperature, and X is a reorganization energy
which describes the vibrational relaxation which is proportional to the electron-phonon
coupling strength. The reason for the existence of reorganization energy is a structural
relaxation shown by organic molecules when a charge is introduced. As mentioned earlier
in the above section the bands in organic crystals are narrow in the range of hundred meV
due to a small amount of wave function overlap of 7 electrons. These two conditions,
molecular or relaxation and narrow band widths impose limits for band like conduction
in organic semiconductors.

In conjugated polymeric solids, as explained in the previous sections, there exists a struc-
tural disorder that gives rise to energetic disorder of charge carriers as well as localization
of the states since many organic polymers cannot be grown as single crystals by evaporat-
ing or spin coating. Particularly, when the length of a polymer backbone chain increases
the polymer chain structure is transformed from a highly ordered chain alignment to that
consists of crystalline and amorphous regions. Even in perfect low molecular weight (small
organic polymer molecule) crystals the weak intermolecular van der Waals bonds give rise
to a phonon-related dynamical disorder which affects the mobility of charge carriers. Thus,
the transport of charge carriers in organic molecular solids along a macroscopic distance
involves different charge carrier transfer dynamics which depends on the structure of the
material at different scales. To see these processes let us consider a solid polymer film
which is the assembly of polymer chains and inject a charge carrier in to the film. At the
beginning the charge carrier migrates inside a given chain, that is, at the intrachain level
of certain conjugation length. When the interchain couplings are ignored, conduction in
such a molecular chain is a one-dimensional process. In such a one-dimensional system as
well as in two-dimensional systems any disorder irrespective of its magnitude will induce

localization [35], which is known as Anderson localization at zero Kelvin of temperature.
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This means that the charge carrier wave function is not delocalized over the total length
of the chain; instead it is restricted to a given chain segment or length of A\ = é In
other words it means that the amplitude of the charge carrier wave function is large in
a limited volume of localization radius A = < (or in a limited length for a conduction in
one-dimension) and decays rapidly outside this volume (or length for the one-dimensional
case). When the chain length is much larger than the localization length, the charge
carrier is not able to cross along the chain and thus the chain is an insulator at absolute
zero temperature. But, when the temperature is larger than zero Kelvin, phonons are
created and assist the charge carrier to move along the chain by hopping, despite the fact
that scattering against these same phonons restrains the motion of the charge carrier.
On the other hand, when the interchain coupling is taken into account interchain trans-
port can take place. In the case when the disorder energy is weak that exists mostly when
the chains are parallel to each other, the interchain coupling, provided that it is large
enough, introduces some three-dimensional charge carriers interaction features. These
three dimensional features give the charge carrier an opportunity to use other paths, and
overcome one-dimensional effects or one-dimensional localization which has an effect of
reducing conductivity. Such a process can be envisaged only if the chains are parallel to
each other so that the overlap integrals for the weak van-der-Waals interactions between
neighboring polymer chains are large enough. This type of film is crystalline and high
quality materials which is prepared at most care, and expensive in comparison to that of
a large molecular weight polymer films which are easily manufactured. In a common con-
jugated polymer film there are no structural regularity and spatially extended electronic
states or in other words there exists strong energetic and spatial disorders in a conjugated
polymer film which have significant influence on the conductivity of charge carriers in all
directions. Such systems are disordered organic semiconductors which include polymers
and low molecular weight systems, and our main focus is on the conduction process of

charge carriers in these systems not in the crystalline ones.
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In all disordered solid media which also include conjugated polymers, all kinds of de-
fects and disorders are present besides the localization effects inherent in one-dimensional
systems. Because of this the charge carriers are located on localized states, or possibly
on limited conducting areas, which can be chain segments or more extended conducting
regions. These localized states are also called sites. Since localized states by themselves
are like traps for charge carriers and behave as a resistance for the passage of current, the
charge carriers conduction in a medium that contains localized states of whatever origin
can only take place by means of transitions of charge carriers from occupied states to
neighboring unoccupied states usually with the assistance of a phonon. The phonon is
either absorbed or emitted so that the energy is conserved in the process of the charge
carrier transition. This transfer of charge carriers between sites localized at different
positions in space is commonly known as tunneling (hopping), and transport occurs via
a sequence of charge carrier transfer steps from one conjugated unit identified as sites
to another similar to the hopping of charge carriers between defect states in inorganic
semiconductors.

The mechanism of hopping conduction was first proposed to explain the temperature
dependence of the DC electrical conductivity in crystalline semiconductors which have
been doped and compensated [36},37]. In this model the conduction occurs by hopping
of electrons between randomly situated localized donor states of time independent dis-
ordered energy landscape which are filled and empty because of the compensation by
acceptors that also create a Coulomb potential which perturbs the donor energy levels.
This model was later extended to the case of conduction in amorphous semiconductors
of sufficiently large disorder potential which has all the states lying in the mobility gap.
In highly disordered or amorphous inorganic semiconductors defects or deviations from
ideal landscape give rise to a continuous tailing of energy states into the band gap. The
deep states in the band gap occur less frequently because the centers which produce such

states are less probable. However, when such deep states occur, each state or defect center
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produces a localized level. The defect centers in the band gap closer to the band edges
are shallower states, when close enough to the band edges their levels broaden into bands,
and the resulting states are no longer localized. Overlapping levels and narrow bands all
merge into the tailing states. Thus, when going from deep tail states to the band states a
transition from localized to delocalized states occur at a critical energy called the mobility
edge. Charge carriers which are thermally activated above the mobility edge contribute
to charge transport, while charge carriers at lower energy are localized in defect states.
The basic difference between amorphous inorganic semiconductors and disordered or-
ganic semiconductors is the shape of the density of states (DOS). In a disordered inorganic
semiconductor the DOS is found to have a mobility edge and a tail of localized states with
an exponentially decreasing distribution extending into the band gap and described as
g(e) = g exp ( — ;) where N is the total concentration of localized states in the band

tail, and ¢, is the energy scale of the DOS distribution. In contrast, the energies of charge

carriers on localized states in disordered organic polymers have a Gaussian distribution

[38] whose DOS has the form

ole) = \/2N7r761:p (—2%22) | (132)

where N is the total number of states (concentrations), ¢ is the energy of a charge carrier

on a site relative to the center of the DOS assumed to be zero in this case, and o is
the energy scale of the distribution that determines the amount of energy disorder whose
values in most disordered organic materials is of the order of 0.1 eV [38]. The cause for
the energetic disorder is believed to be the fluctuation in lattice polarization energies and
the distribution of segment length in the 7 or ¢ bonded main chain polymers discussed in
the previous section. The Gaussian shape of the DOS was assumed based on the Gaussian
profile of the excitonic absorption band and by recognition that the polarization energy
is determined by a large number of internal coordinates, each varying randomly by small

amounts [3§].
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Our consideration of charge carrier transport is for the materials where the disorder
aspect is dominant and the electron-phonon coupling is weak enough to render the pola-
ronic effects in the conduction process, though sufficiently strong to guarantee coupling
to the heat bath. For this mode of transport Miller and Abrahams rate equation [39] is
preferred instead of Marcus expression given by Equation to describe a sequence
of each charge carrier transfer steps from one site to another. The Miller and Abrahams
rate equation [39] for the transition rate v;; for hopping from a localized occupied site i

to an unoccupied site j is expressed as

e:cp(—%) if £; > ¢,
1 if €j < E;-

vij = voexp(—2a|AR;|) (1.3.3)

where |AR;;| = R is the distance between the positions of a charge carrier before and
after hopping. The coefficient 14 is an intrinsic rate, which can be regarded as an at-
tempt frequency is determined by the tunneling (hopping) mechanism, is simply assumed
to be of the order of phonon frequency 10%3s~!. « is the inverse localization length of
charge carriers (o = %) or the wave function decay constant. The localization length is
assumed to be the same for sites ¢ and j. kp is the Boltzmann constant, 7" is temperature,
and ¢; and ¢; are the on site energies of a charge carrier when at sites 7 and j, respec-
tively. These energies have a spectrum which has a Gaussian shape described by Equation

(1.3.2). The term exp(—2aR) in Equation (1.3.3) is the overlap between the sites wave

functions which decreases exponentially with the intersite distance R. The Boltzmann

Ej—&;

kB—T), shows an activated process or the probability of the existence of a

factor, exp(—
phonon of energy equal to €; —; which is either absorbed or emitted in order to conserve
energy in the hopping process. There is no other activation energy except the difference
in charge carrier energies between different sites a carrier has to overcome in order to hop.
The probability for hopping downward in energy is just vpexp(—2aR) by the principle

of detailed balance with the premise that there are phonons that are always existing to

absorb the energy difference between the final and initial states. In a disordered organic
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molecules the intersite distance is subjected to also a variation of intersite electronic wave
function overlap arising from both positional and orientational disorder of nonspherical
molecules 7?7 known as off-diagonal disorder. The overlapp parameter 2aa is subjected
to distribution as well (off-diagonal disorder). In the analysis given in Reference [38], the
off-diagonal disorder is also given by a Gaussian distribution to each site, with a certain

variance.

1.3.1 Nearest neighbor hopping

Using the above rate equation it is possible to formulate the problem of the theoretical
description of hopping conduction which is provided by transition events with the rates
described by Equation in the manifold of localized states with the DOS described
by Equation . The Gaussian form of the DOS makes the problem complicated
for the analytical approach to find the solutions of the hopping transport problems in
disordered organic solids. The problem of finding analytical solutions (or finding transport
parameter such as conductivity) becomes much more complicated in the case when the
energy dependent and distance dependent terms in Equation compete to determine
the transport parameter particularly if the temperature has a value so that the thermal
energy kg1 is about the same or less than the Gaussian width of the localized states.
Because of this, most studies have been on the basis of computer simulations [38,40-45].

However, the transport parameter such like conductivity that is provided by transition
events with the rate described by Equation in the manifold of localized states per
unit volume N is derived analytically for high and low temperatures separately. For the
high temperatures case an equation for the conductivity in the nearest neighbor hopping
regime is derived on the basis of percolation theory [46]. Before applying the percolation
method let us first see the theory described briefly in the next paragraph.

The percolation theory is one of the most important theoretical tools which is used to

describe a charge carrier transport in a disordered system as described in detail elsewhere
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[46]. It is modeled as a resistance network which link a randomly distributed sites (nodes)
where each link between sites ¢ and j assumed as a resistance R;; which has a detrimental
influence on the probability for the transition of a charge carrier across the link. These
resistances are directly related to the transition rates given in Equation for the
case €; < g;. The resistance between two sites is considered to be equal with the distance
between the sites as shown in Figure . According to percolation theory a pair of sites

1 and j are treated as connected if the distance between the sites, R;;, is less than some

i
threshold radius R.. Pairs of nodes that fulfill this criterion, R;; < R., form clusters. The
size of these clusters will depend decisively on the magnitude of R;;; if R;; is large, the
clusters are also large and the system may even be entirely connected. If R;; is small,
many clusters may only consist of two or three connected nodes, and large clusters are

rather unlikely. Between these limits there exist one particular threshold radius R = R,

at which at least one cluster exists that connects two opposite sides of the system.

Figure 1.3: A random resistance network model of charge transport through a system.

If R is small, not many bonds will be formed in the system as shown in Figure (|1.4al),
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and the probability P(R) for the transition of a charge carrier from one end to another

becomes zero. As the magnitude of R increases, more and more bonds are formed in the

system as shown in Figure (1.4b)). In Figure (1.4c), R has become large enough to form a

path that connect nodes through the system, and any node on this path could in principle

be connected to an infinite amount of other nodes. This means that P(R) is greater than

zero and the value of R at which this occurs is called the percolation threshold, denoted

by R..
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Figure 1.4: Percolation in a cluster of sites are shown as (a), (b), and (c) by increasing
the percolation parameter R in the system , from a small value up to the percolation
threshold R,.

The value of R, depends on the dimensions of a system, and in more complex criteria
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for sites being connected, it also depends on several other parameters [47,/48]. In three
dimensions, it is equivalent to finding a node j within a sphere of radius R around the
node i. The percolation threshold, R., is the smallest radius possible that will create a
long chain formed from connecting sites through the system, where every node is within
a sphere of radius R. around the previous node. The critical radius R, can be expressed

in the mean number of bonds per node,

ATNR
=

B. (1.3.4)

where B, = 2.7 £ 0.1 is the average number of neighboring sites available within the
distance smaller than R,.

The basis for applying percolation theory to analyze hopping transport is the concept
of the resistance network used to derive the Miller-Abraham’s rate equation [39]. In
this approach, a charge carrier hopping possibility is assumed between each pair of sites
(4,7) connected by a resistance R;; of an electrical circuit. The resistance of the whole
sample is equivalent to the network constructed from the elements R;;. The value of R;;
is defined as [46./49]

kgT
Rij: B

(1.3.5)

621/7;j
where e is the elementary unit charge carrier, kg is the Boltzmann constant, 7" is tem-
perature, and v;; is the transition rate expressed in Equation (1.3.3)) for the case ¢; < ¢;.

Thus, we replace v;; in to Equation by its value in Equation (1.3.3) and obtain

2R,
R;; = R,exp ( - ) (1.3.6)

kgT
where R, = QL, the conductivity at the percolation threshold radius R.. We know that
e’v,

o

conductivity is inverse of resistivity p which in turn is directly proportional to resistance.
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In accordance with this we can write the conductivity as

0 = 0oexp ( — 2—RC),wh6reao = i (1.3.7)
a Po

Substituting R, in Equation ((1.3.7) by the value we get for it from Equation (1.3.4))

in terms of B, and N, we will write the conductivity as

3B, 13
A )]
o = aoexp( N1/3) (1.3.8)

where the numerical constant v ~ 1.24BY? ~ 1.73 if B. is taken to be 2.7. Due to the

SEEN
2

o = 0o0exp (—

exponential dependence of the transition rates on the distances between the sites, the
rates of electron transitions over distances R < R. are much larger than over distances
R.. Transitions over distances R, are the slowest among those which are still necessary for
the DC transport and hence such transitions determine the conductivity. This equation
was obtained under the assumption that only spatial factors determine transition rates of

electrons via localized states. This assumption is valid only at high temperatures.

1.3.2 Variable range hopping

If the temperature is not as high and the thermal energy kg7 is comparable to or smaller
than the energy spread of the localized states involved into the charge transport process,
the problem of calculating the hopping conductivity becomes much more complicated.
In such a case the interplay between the energy dependent and the distance dependent
terms in Equation determines the conductivity. In that case the hopping rate in
Equation describes variable range hopping and the destination site for each charge
carrier is controlled by the optimum values of both energy difference and the distance
between the final and initial positions. This means hopping may occur to a site at a

larger distance if there are no closer sites with lower energy or to a closer distance with
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a larger energy if there are no closer sites with lower energy as explained by Mott and

shown in Figure (1.5)).

Figure 1.5: Motts variable range hopping model (V