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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 (σ̂ = σ
kBT

) 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, α/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 α/b. But, at a higher value of lattice

site spacing r to the ratio of α/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 r to the ratio of α/b cases. However, at

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

xiv



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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Introduction

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 10−5 Ω−1cm−1, could be made highly conducting of conductiv-

ity ∼ 103 Ω−1cm−1, 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 Ω−1cm−1 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

sensory arrays.

1.1.2 Electronic structure of conjugated polymers

The π-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 π 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 1.1.
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Figure 1.1: Chemical structure of some common conjugated polymers: a) polyacetylene,
b) poly(para-phenylene vinylene) [PPV], c) 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 C4n+2H2n+4, 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 [1s22s22p2]. 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,

CH4 or ethane, C2H6 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 sp3 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 σ 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 sp2 hybridization which are planar trigonal orbitals.

The sp1 is also another type of hybridization from one s and one p orbitals. We can

consider a simple hydrocarbon, for instance ethylene, C2H4 and describe sp2 hybrids. In

ethylene each Carbon forms three σ bonds with sp2 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 π bond. In ethylene double line between the two carbon

atoms known as a double bond signifies a σ bond and a π bond. Similarly we can consider

another simple hydrocarbon, for instance, acetylene C2H2 has two sp1 hybrids on each

carbon and form σ bonds that link it to the other carbon and one hydrogen. The two

electrons left over on each carbon atom form two π bonds which together with the σ

bond form triple bond between carbon atoms. The two electrons in the single π 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.

Figure 1.2: Example of the formation of σ and π 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 π bond forms double bonds between carbon atoms together with σ 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 sp3 hybrids which form σ bonds with each of other four atoms in the neighbors.

On the other hand, in unsaturated polymers the four outer electrons form three sp2

hybrids which are involved in σ bonding, and one π electron which orbits perpendicular

to the plane formed by σ bonds. The orbital of π electron is called pz orbital since this

orbit is in the vertical plane while the σ bonds are in the horizontal plane. This electron

is not independent of another π electron and form a looser bond known as π bond but

σ bonds are stable and determine the structural backbone of the molecule. The π bond

is weaker than the σ bond because the overlap of the pz wave functions of the adjacent

carbon atoms is small. The two electrons in the single π 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 σ bonded to only two neighboring carbons and one

hydrogen atom leaving one unpaired π electron on each carbon atom. If the carbon-carbon

bond lengths were equal, the chemical formula, (−CH)n 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)n as shown in Figure 1.1. In this structure, (−CH =)n, single and double

bonds alternate. Polymers with such structures are known as conjugated polymers. This

means that the π 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 1.1. Each energy level of π bond splits into that at π and π∗ 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 π band is filled with two electrons of antiparallel spin and that of the π∗ band

is empty under normal conditions. The energy difference between the lowest unoccupied

molecular orbital (LUMO) in the π∗ band and the highest occupied molecular orbital

(HOMO) in the π band is the π-π∗ energy gap known as a band gap [21] usually denoted

by (Eg). The π and π∗ 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 π-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 (σ ≤ 10−8Scm−1) at room temperature

[23] except for trans-PA which has conductivity σ ≤ 10−5Scm−1 [14, 24]. 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 π band and the

LUMO of π∗ 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 π

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 π-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 π-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 π 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 Hückel theory as

εn = 2βcos
kπ

n+ 1
. (1.1.1)

where k denotes the k-th level (or orbital) of the band, and β 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:

εHOMO = 2βcos
π

n+ 1
. (1.1.2)

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 σ, 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 π 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
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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 AsF5) 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−4 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, 32]; 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 I−3

anions with the total composition of (PEN)I2.2. From this composition it is clear that

the total number of iodine anions I−3 (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 π∗ and π 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 π∗ and HOMO of the π 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.

15



Introduction

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

transport is defined as µ = q
m∗
τ where m∗ is the effective mass of a charge carrier q, and

τ is a mean time between scattering events. In polymeric organic crystals the mobility at

room temperature is in most cases less than 1cm2/(V s), which is very small compared to

a value 103cm2/(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∗ = ~2
2|V |d2 where ~ 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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w =
|V |2

~2

√
π

πλkT
exp(−

λ
4kT

), (1.3.1)

where k is the Boltzmann constant, T is temperature, and λ 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 π 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 λ = 1
α

. In

other words it means that the amplitude of the charge carrier wave function is large in

a limited volume of localization radius λ = 1
α

(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(ε) = N
εo

exp

(
− ε

εo

)
where N is the total concentration of localized states in the band

tail, and εo 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

ρ(ε) =
N√
2πσ2

exp

(
− ε2

2σ2

)
, (1.3.2)

where N is the total number of states (concentrations), ε 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 σ 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 π or σ 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 [38].
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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 (1.3.1) 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 νij for hopping from a localized occupied site i

to an unoccupied site j is expressed as

νij = ν0exp(−2α|∆Rij|)

 exp
(
− εj−εi

kBT

)
if εj > εi,

1 if εj ≤ εi.
(1.3.3)

where |∆Rij| = R is the distance between the positions of a charge carrier before and

after hopping. The coefficient ν0 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 1013s−1. α is the inverse localization length of

charge carriers (α = 1
λ
) or the wave function decay constant. The localization length is

assumed to be the same for sites i and j. kB is the Boltzmann constant, T is temperature,

and εi and εj are the on site energies of a charge carrier when at sites i and j, respec-

tively. These energies have a spectrum which has a Gaussian shape described by Equation

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

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

factor, exp
(
− εj−εi

kBT

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

phonon of energy equal to εj− εi 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 ν0exp(−2αR) 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 ?? known as off-diagonal disorder. The overlapp parameter 2αa 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 (1.3.3) in the manifold of localized states with the DOS described

by Equation (1.3.2). 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 (1.3.3) compete to determine

the transport parameter particularly if the temperature has a value so that the thermal

energy kBT 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 (1.3.3) 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 i and j assumed as a resistance Rij 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 (1.3.3) for the

case εj ≤ εi. The resistance between two sites is considered to be equal with the distance

between the sites as shown in Figure (1.3). According to percolation theory a pair of sites

i and j are treated as connected if the distance between the sites, Rij, is less than some

threshold radius Rc. Pairs of nodes that fulfill this criterion, Rij ≤ Rc, form clusters. The

size of these clusters will depend decisively on the magnitude of Rij; if Rij is large, the

clusters are also large and the system may even be entirely connected. If Rij 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 = Rc

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 (1.4a),
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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 Rc.

(a) (b)

(c)

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 Rc.

The value of Rc 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, Rc, 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 Rc around the previous node. The critical radius Rc can be expressed

in the mean number of bonds per node,

4πNR3
c

3
= Bc (1.3.4)

where Bc = 2.7 ± 0.1 is the average number of neighboring sites available within the

distance smaller than Rc.

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

(i, j) connected by a resistance Rij of an electrical circuit. The resistance of the whole

sample is equivalent to the network constructed from the elements Rij. The value of Rij

is defined as [46,49]

Rij =
kBT

e2νij
(1.3.5)

where e is the elementary unit charge carrier, kB is the Boltzmann constant, T is tem-

perature, and νij is the transition rate expressed in Equation (1.3.3) for the case εj ≤ εi.

Thus, we replace νij in to Equation 1.3.5 by its value in Equation (1.3.3) and obtain

Rij = Ro exp

(
2Rc

α

)
(1.3.6)

where Ro =
kBT

e2νo
, the conductivity at the percolation threshold radius Rc. We know that

conductivity is inverse of resistivity ρ which in turn is directly proportional to resistance.

26



Introduction

In accordance with this we can write the conductivity as

σ = σo exp

(
− 2Rc

α

)
, whereσo =

1

ρo
. (1.3.7)

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

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

σ = σo exp

(
− 2

α

[
3Bc

4πN

]1/3)
, Rc =

[
3Bc

4πN

]1/3
σ = σo exp

(
− γ

αN1/3

)
(1.3.8)

where the numerical constant γ ≈ 1.24B
1/3
c ≈ 1.73 if Bc is taken to be 2.7. Due to the

exponential dependence of the transition rates on the distances between the sites, the

rates of electron transitions over distances R < Rc are much larger than over distances

Rc. Transitions over distances Rc 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 kBT 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 (1.3.3) determines the conductivity. In that case the hopping rate in

Equation (1.3.3) 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 (VRH). A charge carrier might hop to
either closer site at a higher energy (along red arrow) or to a farther site at a lower energy
(along green arrow).

Employing this rate equation to amorphous semiconductors, and making use of the Ein-

stein relation between mobility and diffusion coefficient, the temperature dependence of

the hopping conductivity known as the variable-range hopping (VRH) model at low tem-

peratures was first developed by Mott [36], which will be presented next.

Consider the usual expression for the conductivity σ,

σ = neµ, (1.3.9)

where n is the charge carriers density, µ is the charge carrier mobility and e is the electronic

charge. The charge carriers density is given by n = kBTN(ε) provided that the DOS N(ε)

at the Fermi level is assumed to be constant. The charge carrier mobility is obtained from

the Einstein formula that shows its relation to the charge carrier diffusion coefficient D as

µ = eD
kBT

. The diffusion coefficient in turn is related to the hopping distance between initial

28



Introduction

and final sites R and the temperature dependent hopping probability νij as D = 1
6
νijR

2.

Now we make use of these expressions in Equation (1.3.9) and obtain conductivity as

σ =
R2

6
ν0e

2N(ε)exp

(
−2αR− εj − εi

kBT

)
. (1.3.10)

The argument made in this model is that at low temperatures where both the number

and energy of phonons are small or
εj−εi
kBT

� 1, hopping to nearest neighbors does not

minimize exp(−2αR) term and is unfavorable since there are also on the average no small

energy separations at the nearest neighbors. The hopping rate also vanishes for larger

R because of the exp(−2αR) term although it is more favorable for the charge carriers

to tunnel to more distant sites since energy separations between them has smaller value

there is a higher probability that more distant sites will have smaller energy separations.

Consequently, the hopping rate has a maximum somewhere in between the nearest neigh-

bors sites and those at larger R. With this consideration Mott [36] considered the density

of state N(ε) as a constant and the same as that at the Fermi energy for a small energy

range that encloses the Fermi energy at the middle as shown in Figure (1.6), and stated

the optimization of the factor
(

2αR +
εj−εi
kBT

)
together with the condition for the existence

of at least one state at a given spatial and energy separation,

4π

3
N(ε)(εj − εi)R3 = 1. (1.3.11)

We substitute (εj − εi) in the optimum factor (
(

2αR +
εj−εi
kBT

)
) by its value in Equation

(1.3.11) and then differentiate it with respect to R and obtain the optimum hopping

distance Rop to be

Rop =

(
9

8παN(ε)kBT

)1/4

. (1.3.12)

Substitution of R in Equation (1.3.11) by the expression for Rop in Equation (1.3.12) yields

the optimized energy difference (εj − εi)op; and if both of these optimized parameters are

used in Equation (1.3.10) we get
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Figure 1.6: Effective region in the vicinity of the Fermi level, where the charge transport
takes place at low temperatures.

σ = σ0exp

(
−T0
T

)1/4

, (1.3.13)

where T is temperature, σ0 = e2ν0
4(2π1/2)

(
N(ε)
αkBT

)1/2
and T0 ≈ 2

(
α3

kBN(ε)

)1/4
. This equation is

derived by considering three dimensional system and optimizing the hopping distance R

accordingly. However, the optimization of R depends on the dimensionality of the system.

Thus, we have to include the effect of dimensionality and consequently modify Equation

(1.3.13) to the more general one that can be applied to one, two and three-dimensional

systems as

σ = σ0exp

(
−T0
T

)γ
, (1.3.14)

where T0 is the characteristic temperature T0 ≈ 2
(

αd

kBN(ε)

)γ
, γ = 1

d+1
, and d = 1, 2, 3 is

the dimensionality of the system.

This temperature dependence of the conductivity has been commonly observed in
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several amorphous semiconductors. Also the temperature dependence of the conductivity

observed in most conjugated polymers [50–53] has shown a behavior which has similarity

with the Mott’s VRH law. However, this theory of VRH model, derived for the case of

constant DOS in the range for hopping conduction, is not capable of accounting for the

commonly observed and almost established functional form of electric field dependence of

the charge carrier mobility in disordered organic semiconductors whose DOS function is

assumed to be Gaussian.

Because of the applications that conjugated polymers have in electronic devices [17,54]

and since mobility is the base to determine the transport properties and thereby the

efficiency (quality) of the active material used in the devices, a large number of works have

been done on conjugated organic polymers to characterize the electric field dependence

of the charge carriers mobility [55–57]. It has been shown that in several conjugated

polymer films the mobility µ of charge carriers varies with electric field F over a wide

range of the field in accordance with the Poole-Frenkel [58] law,

µ = µ0exp

(√
F

F0

)
, (1.3.15)

where µ0 and F0 are material and temperature specific constants. The Poole-Frenkel law

describes the lowering of a (Coulomb) barrier in the presence of an electric field. This type

of equation for mobility was first observed by Gill in 1972 for poly-n-vinylcarbazole [55]

as

µ = µ0exp

[
−(∆− βF 1/2)

kBTeff

]
, (1.3.16)

where 1
Teff

= 1
T
− 1

T0
. In this expression µ0 is the mobility in the absence of electric field, ∆

is the activation energy also in the absence of electric field, and β and T0 are parameters of

the system. Thereafter, several other experimental studies on different disordered organic

materials have shown up with similar results [38,56,57,59].

Despite all the numerous consistent experimental results, a theory that accounts for
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the elementary steps in the transport mechanism for the charge carriers of disordered

conjugated polymers is still not unified. Mainly there are two transport models; the small

polaron hopping model [60–62] and Gaussian Disorder Model (GDM) [38]. Both models,

as explained above, describe the transport process in conjugated polymers as a hopping of

carriers among localized sites which are identified with the donor or acceptor molecules or

functionalities associated with polymer chain. But they differ on the physical process by

which the hopping occurs. The small polaron hopping model is based on the formation of

small polarons as a result of the change in molecular conformation following the removal

or addition of an electron. It considers that the disorder energy is unimportant relative to

the intra (inter) molecular deformation energy, and for the transfer of charge, activated

transfer of deformation is required.

On the other hand, as described above, the GDM is stated based on disorder energy.

It assumes that the coupling of the charge to intra (inter) molecule is weak and the activa-

tion energy arises from the static energetic disorder of the hopping sites. This is explained

from the fact that conjugated polymers are lacking a long-range order, justified by the

inhomogeneously broadened absorption spectra of Gaussian profile, thereby causing nar-

row transport bands of an ordered structure to split into Gaussian distributions localized

density of states (DOS). This phenomenon is described as energetic or diagonal disorder

whereas fluctuations of intersite distances which is also a common feature of this material

is described as geometric or off-diagonal disorder.

The GDM model is the approach that Bässler and coworkers [38, 59] first used to

establish a unified equation that can account for the charge transport in organic materi-

als based on its degree of disorder. They made the assumption that the energies of the

charge carriers on the hopping sites are uncorrelated and has a Gaussian distribution of

width σD; and also described the off-diagonal disorder by a Gaussian distribution with the

width Σ for each site. Here off-diagonal disorder represents the variation of the overlap
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of the intersite wave functions that arise due to both positional and orientational disor-

der of nonspherical molecules. They tested their assumption numerically using kinetic

Monte Carlo simulations method on the basis of an established Miller and Abrahams rate

equation Equation (1.3.3). In short this model describes a solid conjugated polymer as a

disordered system that consists of a number of localized charge carrier transporting units

or chromophores identified as sites of a certain average lattice parameter, whose sites

energies are uncorrelated and have a spectrum which is similar to a Gaussian distribution

centered at zero with specific width σ; each chromophore or site is, centered at a point

with a radius known as localization radius, in turn is subjected to the same type of distri-

bution about the average position. With this scheme, Bässler et al. described the electric

field F and temperature T dependence of the mobility with the next phenomenological

equation

µ = µ0exp

[
−
(

2σD
3kBT

)2
]

exp

{
C

[(
σD
kBT

)2
− Σ2

]
F 1/2

}
if Σ ≥ 1.5,

exp

{
C

[(
σD
kBT

)2
− 2.25

]
F 1/2

}
if Σ < 1.5,

(1.3.17)

where µ0 is the mobility in the limit T −→ ∞ and F −→ 0, and C is an empirical

constant that depends on sites spacing usually called lattice parameter. This GDM based

calculation shows the temperature dependence of mobility at zero electric field as µ ∝ T−2,

which is different from the Arrhenius behavior. Furthermore, the simulations based on

GDM reproduced lnµ ∝ F 1/2 law only in a narrow field range at a relatively high values

of electric field F ∼ 108V m−1 [38], whereas experiments indicate that this behavior occurs

over a much wider range of fields 106−108 V m−1 [55,63,64]. Nevertheless, this model has

widely been used for the analysis of experimental data on transport in disordered organic

semiconductors [65,66].

After the establishment of the equation on the basis of GDM there have been contin-

uing efforts [41, 67–72] to amend the equation so that it can describe the lnµ ∝ F 1/2

behavior over a much broader field range. The amendments have been made mostly on the
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spatial correlations between the energies on different sites and the solutions were found

using analytical as well as kinetic Monte Carlo simulation approaches. The first sugges-

tion was forwarded by Gartstein and Conwell [68]. These authors considered the spatial

correlations between the energies of neighboring sites and obtained Monte Carlo simula-

tion results that describe µ versus F over a wide field range similar to that demonstrated

experimentally by Gill in 1972 [55]. Using this idea, another research group [69] derived

analytical expression for a one-dimensional transport considering long-range energy corre-

lations due to charge-dipole interactions in the material, and also demonstrated that the

results they obtained are in agreement with that observed in experiment. This idea, the

presence of long-range energy correlations due to charge-dipole interactions in the mate-

rial, was later extended to a three-dimensional motion. Here, the positional disorder that

was considered in Reference [38] was neglected. Then, a phenomenological equation that

shows an empirical relation between mobility and electric field was proposed by Novikov

et al. [41] on the basis of Monte Carlo simulation results . The equation for this model,

known as Correlated Gaussian Disorder Model (CDM), is given as

µC = µ0exp

[
−
(

3σC
5kBT

)2

+ 0.78
(
σ
3/2
C − 2

)(ebE
σC

)1/2
]
, (1.3.18)

where b is the shortest distance between neighboring sites or lattice parameter of cells

arranged on a cubic lattice. This equation has successfully shown the lnµ ∝ F 1/2 behavior

over the field range similar to that shown in experiment [55]. This equation can be applied

only for polar materials since it was derived with a randomly oriented dipole moment at

each lattice site with the unrealistically large concentration assumption [71]. However,

the Poole-Frenkel behavior has been observed in several conjugated polymers including

those which do not have permanent dipole moments [63]. This is, therefore, a signal to

cast doubt on the theory that associates the charge-dipole interactions as the universal

explanation for the lnµ ∝ F 1/2 behavior [41].

In most of the previous works and in this work as well, the effect of charge carriers

34



Introduction

density was not included in the analysis made to understand the dependence of charge

carriers density on temperature and electric field. The effects of charge carriers density

on hole mobility in solution-processable conjugated polymers developed for PLEDs and

PFETs were reported for both organic field effect transistors [73, 74]. In 2003 Tanase

and her coworkers [73] measured mobilities for solution processed amorphous conjugated

polymers in organic field-effect transistors and organic light emitting diodes. They found

that the hole mobility of the film used in PFETs was larger than that used in PLEDs by

3 orders of magnitude. The possible reasons suggested for the huge difference in mobility

values obtained from diodes and FETs, based on a single semiconducting polymer, was the

large difference in charge carriers densities in these devices. The charge carriers density

for a field effect transistor varies mainly on the basis of gate voltage and that for diode

varies with the voltage across the thickness. Accordingly, the density for PFETs is grater

than 1016cm−3 and that for PLEDs is less than 1016cm−3. The combined plots of mobility

versus charge carriers densities of the results from the diode and field-effect measurements

show that the hole mobility is constant for charge carrier densities less than 1016cm−3 and

increases with a power law for densities greater than 1016cm−3. Following this, another

similar experiments were done in 2004 [74] to separate the effects of electric field and

charge carriers density on mobility since both charge carriers and electric field vary with

the potential difference across the thickness of PLEDs. It means that, experimentally in

PLEDs, it is difficult to separate the effects of electric field and charge carriers on charge

carriers mobility. However, analyzing the results of their measurements they suggested

that at room temperature the charge carrier density dependence of mobility is dominant,

but at low temperatures it is necessary to consider an electric field dependence of mobil-

ity. In this paper [74] the charge carrier density dependence of mobility, for the unified

diode and field-effect measurements, was analyzed on the basis of the equation derived by

Vissenberg and Matters for the high charge carriers density regime [75] plus the charge
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carrier density independent contribution determined from the current voltage characteris-

tics of hole only diodes at low voltages. In this equation, only the change carriers density

dependent mobility is included, the field dependence of the mobility is disregarded, and

the equation fails to reproduce the experimental current versus voltage characteristics at

low temperatures and high voltages. Realizing the defect of this equation Pasveer and

coworkers [42] formulated a unified theoretical description for charge carrier mobility that

encloses the effects of temperature, charge carriers density, and electric field based on the

basis of the numerical solution of the master equation representing charge carrier hopping

in a lattice. Here, the charge carrier conduction is considered as a thermally assisted

tunneling process with Miller-Abrahams rates Equation (1.3.3) in disordered conjugated

The variation of hopping sites about the average separation or the positional disorder

was neglected. The numerical results obtained were excellently fitted with the experi-

mental current-voltage data of two semiconducting polymers. These results justify that

the transport properties of charge carriers can be explained based on uncorrelated site

energies GDM using Miller and Abrahams rate equation without considering the multi

phonon hoping processes or polaronic effect. This formalism has been termed as extended

Gaussian disorder model (EGDM) since the correlation of the site energies is not included.

In References [73, 74] the reason suggested for the large difference between the mo-

bilities for the same active material in PLEDs and PFETs is connected with the charge

carriers density difference. The claim that the mobility does not vary with charge car-

riers density for the lower density less than 1016cm−3 was justified based on the con-

stant hole mobility obtained experimentally [73] for conjugated organic polymer used in

PLEDs. This is not valid when an electric field is kept constant at negligibly low value

( 5 × 104V/cm) and charge carriers density is varied in the range less than 1016cm−3 at

temperatures less than or equal to room temperature. This means that charge carriers

dependence of mobility exists at lower densities as well. This will be demonstrated using
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kinetic Monte Carlo simulation methods. Using the same method, we will also show pa-

rameters that determine the density dependence of mobility at constant low ( 5×104V/cm)

electric field are both energy distribution width σ and temperature T. At lower values of

σ̂ = σ
kBT

, where kB is the Boltzmann constant, the charge carrier mobility does not vary

with charge carriers density whether the density is high or low. But, at larger values of σ̂,

that corresponds to temperature values which is less than or equal to room temperature,

the mobility variation with charge carriers density is verified.

The expressions for the electric field dependence of hopping mobility, formulated in

References [38, 42] and described above, have been widely used to analyze experimental

data. Despite the wide usage for the experimental data analysis, the capabilities of these

formalisms to correctly express electric field dependence of hopping mobility were put

under question in recent publications [44, 45, 76]. One of the reasons for the doubt

is the absence of a localization radius in both expressions which was shown in these

References using computer simulations and analytical calculations as the only spatial

parameters responsible for the dependence of hopping mobility on the applied electric field

in a system of random sites. The second point raised is, particularly on the formalism

in Reference [42], the assumption of a regular cubic lattice (the exclusion of the spatial

disorder) and the use of small (smaller than that in References [38, 65]) and constant

localization radius that restricts the charge carriers hopping to almost nearest neighbors

which leads to a weak electric field dependence mobilities. The dependence of charge

carrier hopping mobility on temperature and electric field was expressed [?] introducing

an effective temperature concept that contains the electric field. Furthermore, it was

shown that both lattice parameters and localization radius are relevant for the electric

field dependence of mobility on regularly spaced sites, whereas the localization radius

is the only spatial parameter responsible for the field dependence of the mobility in a

system of randomly distributed sites. Consequently, it was concluded that lattice models

are not suitable for theoretical studies of the field dependent hopping mobility in spatially
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disordered systems such as organic disordered semiconductors [45].

The results found on the basis of computer simulations for the charge carrier mobility

as a function of electric field, temperature, charge carrier density, morphology, and spatial

parameters in most of the previous works [41–43,77] did not involve the variation of in-

tersite electronic wave function overlap which is known as spatial disorder or off-diagonal

disorder. There are also Monte Carlo simulation approaches [38, 44, 45, 67, 76] that in-

volved spatial disorder. As we mentioned above the formalism described in Reference [38]

the spatial disorder was mimicked by distributing the overlap parameter 2αa separately

for each site in a Gaussian manner with a variance Σ around the value 2αa = 10. The

Gaussian distribution was suggested here based on the fact that the actual distribution

of the overlap parameter for disordered organic polymer is not known explicitly. In Ref-

erences [44, 45, 76] they considered randomly distributed sites with a constant average

intersite distance which is the same as the inverse of the cube root of sites density. Here,

the distribution of the overlap parameter was enclosed in the distribution of transporting

sites.

In this work, we devise a method like that mentioned in References [44, 45, 76] to

include the spatial disorder and show a charge carrier mobility as a function of electric

field, temperature, charge carrier density, morphology, and localization radius on the

basis of kinetic Monte Carlo simulation methods. The model is devised in such a way

that charge carrier is localized any where inside a sphere centered at regularity distributed

sites. The radius of the sphere is related to the localization radius. This assumption is

based on the fact that charge carriers, basically electrons, are localized in a certain region

not strictly localized at one point. The size of the region is related to the width of the

wave function of the charge carrier which in turn is related to the decay constant which

is usually called inverse localization length or radius. In this model the charge carrier

hopping takes place from any place inside of one sphere and lands at any place inside

another sphere. It means that, for instance, the hopping distance from inside one sphere
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to another nearest neighbor sphere can have a value between (b− 2r) to (b+ 2r) provided

that b is the distance between the centers of neighboring spheres and r is the radius

of a sphere. With this model and considering weak electron-phonon coupling, we used

uncorrelated Gaussian disorder model (GDM) and Miller and Abrahams rate equation

for our kinetic Monte Carlo simulations. Some of the important properties that we show

are the functionality of the mobility on charge carriers density, temperature, localization

length and electric field along the length of the film. We will present the detail procedures

of the calculations and results we obtain in the second and third parts of this thesis.

The purpose of this thesis is, in short, to get insight on the effects of experimentally

treatable parameters such as temperature, the applied potential or electric field, and the

charge carrier density on charge carriers mobility in conjugated organic polymers. Charge

carriers in conjugated polymers arise from doping mechanism. This mechanism gave birth

to electronic devices such as organic polymer based FETs and light emitting diodes. These

interesting properties have attracted the attention of researchers and a lot of work has

been done to precisely understand the transport properties of the charge carriers as a

function of the experimentally controllable parameters mentioned above. However, the

area is still active for research as the problem has not been fully settled because of the

nonlinear variation of charge carriers density with doping as well as injection from metallic

contacts and the disordered nature of the solid conjugated polymers. Results that modify

the previous results are constantly showing up. For instance, the temperature dependence

of the mobility has been shown previously [38,78] to be described by the non-Arrhenius

behavior relation. This result was modified by new recent experimental results [79]

that have demonstrated this relation by an Arrhenius behavior for a high charge carrier

density. According to this recent report the previous relation works only for the low charge

carriers density case. In this thesis we will try to discuss the transport properties of charge

carriers in the electroactive conjugated polymer film that can be used in PLEDs or PFETs.

Specifically we will introduce the charge carriers, holes, into a conjugated polymeric thin
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film from metallic contacts, and analyze numerically the charge carriers hopping mobility

at different charge carriers density, temperatures, electric fields, localization radius and

energy distribution width on the basis of the model we mentioned above.

The rest work presented in this thesis is organized as follows. In Chapter ?? we will

briefly present the general idea of Monte Carlo simulation methods giving more focus on

kinetic Monte Carlo the one that we use to solve our problems. Then we will introduce our

model and present the detail procedure of our calculations. The results of our calculations

will be presented and analyzed in Chapter 3. In the last chapter we will present a summary

and conclusions of our work.
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Chapter 2

Methodology

As mentioned in the previous chapter, the Gaussian disorder model (GDM) has become

almost the most dominant theoretical approach for charge carrier transport in disordered

organic semiconductors. In the GDM approach, to obtain the necessary data for the

analysis of the system charge carrier mobility requires methods of calculation which is

either analytical or numerical. So far, kinetic Monte Carlo simulation methods have

been applied widely and shown useful numerical results. In the following sections of this

chapter we will briefly describe the main methods of Monte Carlo simulation we employ

for our study, and then introduce our model. We then describe the detail methods and

procedures of our Monte Carlo simulation approach for our work.

2.1 Monte Carlo Simulation Methods

The approach that is viable to evaluate a multiple integral in dimensions higher than

two is Monte Carlo method. The function is sampled at n points distributed randomly

in the domain of integration, and then the mean of these function values is multiplied

by the area or volume or similar other parameters of the domain to obtain an estimate

for the integral. The error in this estimate goes to zero as n−1/2. There are also cer-

tain types of problems which need an alternative powerful approach, known as stochastic

simulation. Stochastic simulation methods try to mimic or replicate the behaviours of
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a system by exploiting randomness to obtain a statistical sample of possible outcomes.

Because of the randomness involved, simulation methods are also commonly known in

some contexts as Monte Carlo methods. Such methods are useful for studying: nondeter-

ministic (stochastic) processes, deterministic systems that are too complicated to model

analytically, deterministic problems whose high dimensionality makes standard discretiza-

tion infeasible. The two main requirements for using stochastic simulation methods are

knowledge of relevant probability distribution and a supply of random numbers for making

random choices.

This means that Monte Carlo (MC) method is a numerical method that uses random

numbers to solve mathematical and physical problems, which are particularly not easy

to model analytically, and also not suitable to probe experimentally. To describe the

latter more we can take, for instance, the dependence of a hopping charge carrier mobility

on charge carriers density and applied electric field in conjugated organic light emitting

diodes can not be seen separately in experiment since both electric field and charge carriers

density are formed by external potential difference across the contacts. Besides this there

is a limitation in experiment, for example to measure very high temperature, is not easy.

These problems do not exist in Monte Carlo simulation approach. In general, its main

advantages are its basic simplicity and the possibility to use it for a range of problems.

The term ’Monte Carlo’ came from the city of Monte Carlo in the principality of Monaco

in France, which is known for its gambling houses. Monte Carlo methods were developed

in the 1940s by von Neumann, Ulam, Metropolis and others, who primarily motivated

by problems in nuclear physics such as neutron diffusion, and presented the article with

a title The Monte Carlo method” in 1949 [80]. However, the method was well known

and used to solve problems in statistics before 1949. Since it requires a large number of

calculations, practical usability is based on computers.

The computation algorithm is simple in the Monte Carlo calculations, and leads to

the process of generating a random event. The process is repeated N times, each trial is
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independent of the others, and the results of all trials are averaged together to provide

an estimate of the quantity of interest. The same is true for doing a scientific experiment

and is sometimes referred to as methods of stochastic, or statistical experiments or trials.

The error compared to the estimated value is approximately equal to the square root of

the number of trials, i.e.,

error ∝

√(
1

N

)
, (2.1.1)

where N is the number of trials.

A typical example that can illustrate the use of the Monte Carlo method as a method

of integration is shown by calculating the value of π. We can do this by finding the area

of a circle of unit radius centered at the origin which is inscribed in a square as shown in

Figure(2.1). On the other hand it is possible to generate a number of several trial shots

in the square OABC. Each trial means choosing two independent random numbers from

a uniform distribution [0, 1). Each pair of numbers are used to designate the coordinates

of a point either inside a quadrant or in a square outside the quadrant. By calculating

the distance of the random point from the origin we can determine whether the point is

landed in the quadrant or in the square outside the quadrant. It is in the quadrant if the

distance is less than or equal to one and considered as if the hit is scored. and recorded as

m. Otherwise, the trial shot lands in the square outside the quadrant. The total number

of hits recorded is denoted by m out of the total shots denoted by N . The areas of the

square and quadrant are r2, and πr2/4, respectively. So the probability of the hit within

the quadrant (pq) is the area of the quadrant (Aq) divided by the area of the square (Asq),

which is related to the number of hits recorded and the total number of shots as described

below

pq = Aq/Asq = πr2/4/r2 =
π

4
=
m

N
, (2.1.2)
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Figure 2.1: The geometry for the hit and miss integration to find the area of the circle.

which implies that

π =
4m

N
. (2.1.3)

The main parameters needed for this method are N times pair of random numbers

generated from a uniform distribution. This means that random numbers are the inputs

for Monte Carlo simulations which are generated by simple programs, and discussed more

in the next section. The accuracy of the estimate of π using hit and miss experiments

depend on the number of trials as shown in Figure(2.2). As the plots in this figure show

the value of π is approached with the increase of the number of trials designated by N .

Besides the examples mentioned above Monte Carlo simulation methods can be ap-

plied in different areas such like traffic, population growth, finance, genetics, chemistry,

Materials Science, Statistical Physics, Bio-Physics. These methods have also been used

to study the transport behaviours of charge carriers in disordered organic semiconducting

polymer films [81–85]. We will also apply these methods to study the transport properties

of the charge carriers in amorphous organic polymer films.
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Figure 2.2: The estimate of π as a function of the number of MC trials by hit and miss
of a circle of unit radius inscribed in a square for (a) N = 10, (b) N = 100 (c) N = 1000
(d) N = 10000.

2.2 Random Number Generation

As described in the above section every Monte Carlo simulation method is based on the

production of independent random variables that are distributed according to a distri-

bution function that is not necessarily explicitly known. This type of random variable

production depends on the availability of an algorithm that provides sequences of numbers

that are uniformly distributed on the interval [0, 1). The production of these numbers is

known as random number generation. The program that produces these non overlapping
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uniformly distributed sequences of random numbers is known as a pseudo-random num-

ber generators. The most important features of a desirable random number generator are

that its sequence satisfies the known statistical tests for randomness, the probability dis-

tribution is uniform, the sequence has a long period, the method is efficient, the sequence

is reproducible, and the algorithm is machine independent. Many random number gener-

ators supplied with computer systems are of the congruential type. In linear congruential

method each term in the sequence can be found from the preceding one by the relation

Xi+1 = (aXi + c)(modM), i = 0, 1, ., .,m− 1 (2.2.1)

where the initial value, X0 is known as seed, and a, c, and M are nonnegative integers.

Applying the modulo–m operator in Equation(2.2.1) means that aXi + c is divided by

M , and the remainder is taken as the value of Xi+1. The random number U in the unit

interval 0 ≤ U < 1 are given by

Ui =
Xi

M
(2.2.2)

The sequence of numbers generated by Equation(2.2.1) repeat itself after at most m

steps, yielding a period for the random number generator. The statistical properties

of the random numbers in Equation (2.2.2) depends on the quality of random number

generator which in turn depends on the choices of a and c, and in any case its period

cannot exceed M .

In the special case when c = 0, Equation (2.2.1) simply reduces to

Xi+1 = aXi(modM), i = 0, 1, ., .,m− 1 (2.2.3)

Equation (2.2.3) is a multiplicative congruential generator. It is readily seen that an

arbitrary choice of X0, a, c, and m will not lead to a pseudo-random sequence with good

statistical properties. Number theory has been used to show that only a few combinations

of these produce satisfactory results. In computer implementations, m is selected as a

large prime number that can be accommodated by the computer word size. Among the
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stochastic Monte Carlo simulation methods we will briefly present below the one that we

have used for our work which is kinetic Monte Carlo method starting with Metropolis

Monte Carlo method.

2.3 Metropolis Monte Carlo Method

One of the ways in which an arbitrary nonuniform probability distribution is generated

and widely used was introduced by Metropolis, Rosenbluth, Rosenbluth, Teller and Teller

and Teller in 1953. The Metropolis Monte Carlo method is a method that is used to

find the averages of a function g(x) like that shown in Equation(2.3.1) on the basis of an

algorithm that rejects a certain possible sampling attempts

< g >=

∫
p(x)g(x)dx∫

p(x)dx
, (2.3.1)

where p(x) is an arbitrary probability distribution that need not be normalized.

Metropolis method can be established in the context to estimate, for instance, one-

dimensional definite integrals as explained elsewhere [86], or to construct a phase space

trajectory in canonical ensemble as discussed in [87]. Let us say that we want to use

importance sampling to generate random variables in accordance with an arbitrary prob-

ability density p(x). The Metropolis method produces a set of random walk points xi

whose asymptotic probability distribution approaches p(x) after a large number of steps.

The random walk is defined by specifying a transition probability W (xi− > xj) from one

value xi to another value xj such that the distribution of points x0, x1, x2, ... converts to

p(x). To find an appropriate transition probability it is sufficient (but not necessary) to

satisfy the condition of detailed balance or microscopic reversibility which is written as

p(xi)W (xi− > xj) = p(xj)W (xj− > xi). (2.3.2)
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The relation shown in Equation (??) does not specify the transition probabilitiesW (xi− >

xj) uniquely. A suitable scheme for constructing the distribution points in a canonical

ensemble involves choosing a transition probability which satisfies Equation (2.3.2). The

scheme for the choice of the transition probability W (xi− > xj) that is consistent with

the condition given in Equation (2.3.2) was first suggested by Metropolis et al. [88] in

1953 as

W (xi− > xj) = min[1,
p(xj)

p(xi)
]. (2.3.3)

For a system in equilibrium at an absolute temperature T the canonical distribution

p(x) is described as

P (E) =

exp

(
− E

kBT

)
Q

, (2.3.4)

where E denotes the energy of the system at a particular state, kB is Boltzmann constant

and Q is the partition function of the system. Replacing P (x)s in Equation (2.3.3) by the

values in Equation (2.3.4) will yield

P (Ej)

P (Ei)
= exp

(
− Ej − Ei

kBT

)
, (2.3.5)

and Equation (2.3.3) becomes

W (Ei− > Ej) = min[1, exp

(
− Ej − Ei

kBT

)
]. (2.3.6)

If the system is at a position xi with energy Ei and we want to generate xi+1 in the

nearest state with energy Ej, we can implement this choice of W (xi− > xi+1) by applying

the Metropolis algorithm described below:

1. Choose a trial position xtrial = xi + δi, where δi is a random number in the interval

[−δ, δ]. The energy of the system at a trial position is Ej.
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2. Calculate w = p(xtrial)
p(xi)

= exp

(
− Ej − Ei

kBT

)
.

3. If w ≥ 1 or Ej < Ei, accept the change and let xi+1 = xitrial.

4. If w ≤ 1 or Ej > Ei, generate a random number r.

5. If r ≤ w, accept the change and xi+1 = xitrial.

6. If the trial change is not accepted, then let xi+1 = xi.

These steps are repeated many times to sample many points of the random walk before the

asymptotic probability distribution p(x) is attained. With the known p(x) it is possible

to compute the average parameter of interest. We have seen that Metropolis Monte

Carlo samples configuration space and generates configurations according to the desired

statistical mechanics distribution. However, there is no time in Metropolis Monte Carlo,

and the method cannot be used to study evolution of a system or kinetics. An alternative

computational technique that can be used to study kinetics of slow processes is the kinetic

Monte Carlo (kMC) method. This method will be discussed in the next section.

2.4 Kinetic Monte Carlo Method

The kinetic Monte Carlo (kMC) method is a variant of the Monte Carlo method intended

to simulate the time evolution of a particular process of interest. It is a powerful technique

that is used to extend the amount of time scale of simulations far beyond the vibrational

time scale. The time scale between sequence of states is far beyond the vibrational time

scale As compared to the Metropolis MC method, kMC method has different schemes for

the generation of the next state. The main idea behind kMC is to use transition rates that

depend on the energy barrier between the states with time increments formulated so that

they relate to the microscopic kinetics of the system. In Metropolis MC method we decide

whether to accept a move by considering the energy difference between the states. In
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kMC methods we use rates that depend on the energy barrier between the states. Kinetic

MC generates a sequence of configurations and times when the transitions between these

configurations occur. This solves the master equation [89] in the sense that a certain

configuration is obtained at time t with a probability pi(t) that is a solution of the master

equation. The idea of kMC is not to compute probabilities Pij(t) explicitly, but to start

with some particular configuration, a representative for the initial state of the experiment

one wants to simulate, and then to make a sequence of other configurations with the

correct probability. There are useful algorithms that yield a sequence of configurations.

2.4.1 In Frequent-Event Systems

An infrequent-event system is one in which the dynamics is characterized by occasional

transitions from one state to another, with long periods of relative inactivity between

these transitions. The infrequent event designation corresponds to a single energy basin,

and the long time between transitions arises because the system must surmount an energy

barrier to get out from one basin to another as shown in Figure (2.3). From Figure (2.3),

one can recognize that at the bottom of the energy basin the force on every atom or

particle of the system is zero (or the energy of the system is minimum). This defines a

particular state i of the system and the geometry at the minimum can be considered as

Ri. The system will vibrate about this minimum energy if the system is heated. As it

vibrates, we still say it is in state i if it has not yet escaped over a barrier. Adjacent

to the state i there are other potential basins, each separated from state i by an energy

barrier. The important property of an infrequent-event system caught in a particular

basin is that it stays there for a long time relative to the time of one vibrational period.

Then, for each possible escape pathway to an adjacent basin, there is a rate constant

kij that characterizes the probability, per unit time, that it escapes to the state j, and

these rate constants are independent of what state preceded state i. Each rate constant

kij is purely a property of the shape of the potential basin i, the shape of the ridge-top
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(a)

(b)

Figure 2.3: (a). The trajectory of potential energy surface for limited energy-barriers
infrequent-event system. The lines and dots represents energy-barriers and saddle points,
respectively. (b) The trajectory of a barrier energy from higher-energy state to lower-
energy state. Eb and ∆E represents energy-barriers and the energy difference of the
states, respectively.

connecting i and j and the shape of the potential basin j. Note that the state to state

dynamics is a Markov walk, and the theory of the micro kinetic theory [90,91] generally

assumes that any such event occurs independently of all its predecessors. The transition

out of state i depends on the set of rate constants {kij} based on which one can design a

simple stochastic procedure to propagate the system correctly from state to state. if we

know these rate constants exactly for every state we enter, the probability that we see a

given sequence of states and transition times in the kMC simulation can be determined.

On the other hand, the probability that the system is found in an initial state decreases

if repulsive potential energy is added. It means that adding a bias potential to the actual
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interaction potential leads to an increase of the probability of finding the system at a

transition state [92]. This approach is more powerful if the bias potential is applied to

increase the potential energy at the minima without altering the potential of unknown

transition states so that the dynamics of the system can be simulated on the modified

potential [93–98]. The most accurate and efficient formulation of such an approach is the

hyperdynamics method developed by Voter [94,95]. It is necessary to make certain that

the bias potential vanishes at the transition state or saddle point. Voters bias potential

is designed to perform this event if it exceeds the saddle point energy within the initial

state energy basin. It is very important to provide the bias potential to greatly exceed

the saddle point energy within the basin to get any significant acceleration of transitions

in a system with many degrees of freedom.

2.4.2 The Rate Constant and First Order Processes

One of the fundamental ideas behind the entire kMC approach is that during its thermal

vibrational motion in one of the potential energy surface basins the system losses the

memory of its past history. Also one may assume that this loss of occurs continuously

so that the system has the same probability of finding the escape path during each short

increment of time it spends in the potential energy surface basin. This gives rise to a first

order processes with exponential decay statistics that is analogous to nuclear decay. The

probability that the system has not yet escaped from state i is given by

psurvival(t) = exp(−ktott), (2.4.1)

where ktot is the total escape rate for escaping from the state. The probability that the

system has escaped after a time t is

p(t) = 1− exp(−ktot). (2.4.2)
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The probability distribution function per unit time for the first escape is

p(t) = ktot exp(−ktot). (2.4.3)

The average time for escape, τ , is can be found using the distribution function given by

Equation (2.4.3) as

τ = ktotalt[−
1

ktot
] exp(−ktott)

∫ ∞
0

−
∫ ∞
0

ktotal(−1/ktot) exp(−ktotalt)dt

τ = −t exp(−ktott)
∫ ∞
0

+

∫ ∞
0

exp(−ktotalt)dt

τ = 1
ktot

, (2.4.4)

where ktot =
∑

j kij. The term on the right hand side represents the escape rate for each

of the possible pathways from state i. Since escape can occur in one of several ways, we

can make the same statement as above regarding these pathways, and the rate constant

for each these pathways, kij, and the first-escape per unit time probability distribution

for each path is

pij = kij exp(−kijt), (2.4.5)

although there is only one event to happen first for the system.

The Poisson distribution is centered around the average time for escape given by

τ = 1
ktot

. When only considering this average time for escape, an executed jump from

state i to state j would, therefore, simply advance the system clock by τ . Formally more

correct is, however, to advance the system clock by an escape time that can be found

properly from the distribution function p(t). Generating an exponentially distributed

random number, i.e., a time, say tdraw, drawn from the distribution p(t) = k exp(−kt),

we draw a random number r from a uniform distribution on the interval (0,1), and then

find the time tdrawn from the relation shown below

∫ tdraw

0

ktot exp(−ktott)dt = r exp(−ktottdraw) = 1− rtdraw = − ln(1− r)
ktot

.
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Since 1 − r and r has similar uniform distribution on the range (0, 1), we prefer to

write Equation (2.4.6) as

tdraw = − ln(r)

ktot
. (2.4.6)

This escape time only depends on the total rate constant and independent of the

actual time taken for the pathway that the system follow to take out the system out

of the current state i. This pathway, however, needs to be identified, to determine the

possible neighboring state j to which the the system has to move. Therefore j is the

starting point for the next kMC step, i.e., the next kMC step decides the escape from this

particular state j. in the next section we will briefly see how the pathway that will take

the system from state i to state j is chosen.

2.4.3 Normally distributed random variables

Generation of standard normal random variables from normal distribution is possible by

inverting the distribution function together with uniformly distributed random numbers

between 0 and 1. But, since the integral of this distribution function is not evaluated

like exponential function the required random numbers are generated based on different

methods. Among these methods we will present below the Box Muller method. The

normal distribution function is

ρ(x) =
1√
2π

exp(−x
2

2
) (2.4.7)

P (x < x) =
1√
2π

∫ x

−∞
exp(−x

′2

2
)dx

′
(2.4.8)

To come to the method (the Box Muller method) we first show that 1√
2π

∫∞
−∞ exp(−x2

2
)dx =

√
2π.
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To prove this, consider(∫ ∞
−∞

dx exp(−x
2

2
)dx

)2

=

∫ ∞
−∞

∫ ∞
−∞

dxdy exp

(
− x2 + y2

2

)
(2.4.9)

To evaluate this integral, we do change of variable

x = r cos θ

y = r sin θ

(2.4.10)

where r and θ are polar coordinates random variables (r, θ) defined by 0 ≤ θ ≤ 2π. θ is

uniformly distributed in the interval [0, 2π] and may be sampled using θ = 2πu1, where

u1 ∈ [0, 1].

x2 + y2 = r2

tan−1
(
y

x

)
= θ∫ ∞

−∞

∫ ∞
−∞

dxdy exp

(
− x2 + y2

2

)
=

∫ 2π

0

∫ ∞
0

exp

(
− r2

2

)∣∣∣∣∂(x, y)

∂(r, θ)

∣∣∣∣drdθ∣∣∣∣∂(x, y)

∂(r, θ)

∣∣∣∣ =

∣∣∣∣∣∣
∂(x)
∂(r)

∂(x)
∂(θ)

∂(y)
∂(r)

∂(y)
∂(θ)

∣∣∣∣∣∣ =

∣∣∣∣∣cos θ −r sin θ

sin θ r cos θ

∣∣∣∣∣ = r cos2 θ + r sin2 θ = r

Thus ∫ ∞
0

dr exp

(
− r2

2

)
r

∫ 2π

0

dθ = 2π

∫ ∞
0

rdr exp

(
− r2

2

)
(2.4.11)

To solve this integral, we again use the change of variable method. Let s = r2/2 and

ds = rdr Thus

2π

∫ ∞
0

rdr exp

(
− r2

2

)
= 2π

∫ ∞
0

ds exp(−s) = 2π

[
− exp(−s)

]∞
0

= 2π[−0 + 1] = 2π

(2.4.12)
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(∫ ∞
−∞

dx exp(−x
2

2
)

)2

= 2π or∫ ∞
−∞

dx exp(−x
2

2
) =
√

2π or

1

2π

∫ ∞
−∞

∫ ∞
−∞

dxdy exp

(
− x2 + y2

2
)

)
= 1 (2.4.13)

New function can be define as

U(r) =
1

2π

∫
x2+y2≤r2

dxdy exp

(
− x2 + y2

2
)

)
(2.4.14)

This integral interval is x2 + y2 ≤ R2 we calculated this integral as

U(r) =
1

2π

∫ 2π

0

dθ

∫ r

0

r
′
dr
′
exp

(
− r

′2

2

)
U(r) =

1

2π
× (2π)

∫ r2

2

0

dr exp(−r) = 1− exp

(
− r2

2

)
U(r) = 1− exp

(
− r2

2

)
(2.4.15)

U(r) is nondecreasing function satisfied as

lim
r→0

U(r) = 0 (2.4.16)

lim
r→∞

U(r) = 1 (2.4.17)

This means that U(r) is a random number distributed in between [0, 1]. Let us call it U2.

Hence the above equation becomes

U2 = 1− exp

(
− r2

2

)
(2.4.18)

exp

(
− r2

2

)
= 1− U2

−r
2

2
= ln(1− U2)

r =
√
−2 ln(1− U2) (2.4.19)

56



Methodology

x = r cos θ

y = r sin θ

x =
√
−2 ln(1− U2) cos(2πU1) (2.4.20)

x =
√
−2 ln(1− U2) sin(2πU1) (2.4.21)

Generating, stochastic variable x ∼ N(µ, σ2), with the mean µ and the variance σ2, is

given as

x = µ+
√
−2 ln(1− U2) cos(2πU1) (2.4.22)

x = µ+
√
−2 ln(1− U2) sin(2πU1) (2.4.23)

2.4.4 The kinetic Monte Carlo procedure

There are Stochastic algorithms that will propagate a system from state to state correctly.

The first one is less efficient and not widely used though valid. To describe it let us assume

that all the rate constants are known for each state. Our system is in state i, and we have

a set of pathways and associated rate constants {kij}. The probability distribution for

each of these pathways is pij = kij exp(−kijt). Using the relation t = − ln(r)
k

we can draw

an exponentially distributed time tj from the distribution for each pathway j. The actual

escape can only take place along one of these pathways. Thus we find the pathway jmin

which has the lowest value of tj, and advance our overall system clock by tjmin. We then

move the system to a new state, and begin again from this new state. But, this is less

than ideally efficient because we draw a random number for each possible escape path.

The second algorithm that can propagate the system from one state to another per-

forms the job only with two random numbers is more efficient and used commonly. The

procedure starts by determining (choosing viable) all N possible processes, a number of

escape pathways, out of the present system configuration, say i state. Limiting a number

of pathways to a finite value N corresponds with limiting the maximum distance (or the
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maximum number of pathways for each particle) to which each particle in the system

can move from one place to another within the time t = − ln(r)
k

. The corresponding N

different rate constants are then assumed to yield the total rate constants ktot =
∑N

p=1 kp.

Then we find a process which fulfills the condition∑q−1
p=0 kp

ktot
≤ r <

∑q
p=1 kp

ktot
, (2.4.24)

where we have defined k0
ktot

= 0, and r is a random number drawn from a uniform distri-

bution on the range (0, 1). An expression in Equation (2.4.24) means that kp element is

added until it reaches a step where r <
∑q
p=1 kp

ktot
is satisfied, which signifies the selected

pathway. The maximum value of q is N at which
∑q
p=1 kp

ktot
becomes 1. This procedure gives

a probability of choosing a particular pathway that is proportional to the rate constant for

that pathway. To advance the system clock we draw a random time from the exponential

distribution for the rate constant ktot or {t = − ln(ω)
ktot
}, where ω is another random number

drawn from a uniform distribution on the range (0, 1) different from that mentioned above

as r. Note that this time has nothing to do with which event or pathway is chosen. The

transition time for the system from one state to another depends only on the total escape

rate. Once the system is in the new state, the list of pathways and rates is updated, and

the procedure is repeated.

2.5 The model

The system we study is a model of a conjugated polymer film similar to that shown in

Figure ((2.4)).

The film can be used as an active material in electronic devices such as field-effect tran-

sistors or light emitting diodes or photo voltaic cells. The geometry of this material can

be considered as a three dimensional rectangular box of sides Lx, Ly, and Lz. An elec-

tric field is established by applying a voltage across the material between two metallic

electrodes contacts. The charge carriers are injected from the electrode contacts to the
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Figure 2.4: Structure of thin film built from conjugated polymer chains

polymer film and the electric field forces the charge carriers to move along a direction

from one contact (source) to another contact (drain). The net direction of motion of

the charge carriers and electric field are the same if the charge carriers are holes, and in

the opposite direction if the charge carriers are electrons. In the case of polymer light

emitting diodes both electric field and the density of the charge carriers depend on the

electric potential difference between the electrodes. But, in polymer field effect transistors

the charge carriers density depend on the gate voltage whereas the electric field along the

channel length is formed by the electric potential difference between the source and drain

electrodes. In real experiment since the values for these voltages and the corresponding

devices geometry are known the range in which the charge carriers density varies for each

of these devices can be determined. Based on these facts the density of charge carriers

is identified to be varying in the range from 1014cm−3 to 1016cm−3 for PLEDs and from

1017cm−3 to 1019cm−3 in PFETs [73,74]. In line with this we assume similar devices and

introduce a certain number of charge carriers to our polymer film in such a way that the

charge carriers density variation looks like that described above for both low and high

charge carriers densities. We do not investigate the charge carriers density variation with
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the parameters that have effects on it and also not need those parameter in our calcu-

lations as our focus, is not on that, on the effects of charge carrier density on mobility.

The direction of the source-drain electric field, FSD, is taken to be along the x-axis, which

also becomes the direction along which the mobility is calculated. The magnitude of the

electric field we use across the film is approximated on the basis of the operating values of

the potential difference between the electrodes in a specific arrangement of a device. The

width of the conducting channel is in the y-direction, and the z-axis points in a direction

perpendicular to y-axis and also to the channel length in the the polymer film.

The model system is a super cell of a hypothetical simple cubic lattice with lattice

parameter b in which each sub unit of a polymer chain is represented by a lattice point.

These lattice points, known as states or sites, are localized on different molecules or con-

jugated polymer units (or segments). The segment length which is assumed as a lattice

site has intrachain conjugation length of typically about 6-7 nm and interchain packing

distance of roughly 0.3-0.4 nm. This means that the distance from a site on one chain to

any one of its neighboring sites on the same chain is different from that on another nearby

lying chain(s), and obviously the hopping process in a three-dimensional conjugated poly-

mer system is anisotropic. In general it is not easy to identify the microscopic parameters

of a polymer film and use them precisely as the film is the aggregate of patternless and

intermingled chains. Because of this, we also approximate the hopping problem, as it is

done elsewhere [38, 41, 42, 71], by the average of both intrachain and interchain hopping

process. The lattice parameter, b, is also considered as an effective result of an average of

interchain and intrachain lattice spacings. A disordered system is formed with Lx×Ly×Lz

lattice sites distributed randomly in a cubic super cell of side Lx in the x−, y−, and z−

directions, respectively, and periodic boundary conditions are applied in all directions.

The average intersite distance is b = N−1/3, where N is the concentration of randomly

distributed localized sites or states. The estimated value of the parameter N for organic

conjugated polymer is between N ≈ 1020cm−3 and N ≈ 1021cm−3 [99]. The sites through
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which a charge carrier hopping takes place reside inside a sphere centered at regularly

placed points like that shown in Figure (2.5) for sites distributed in two dimensions.

Figure 2.5: Regularly spaced spheres of radius r, distance between centers of neighboring
spheres b, and localization length α.

The distance between the nearest neighbouring spheres centers is the same as the lattice

parameter mentioned above as b. But, the distance between the nearest neighboring sites

can be between b− 2r and b+ 2r, where r is the radius of each sphere which is related to

the localization radius of a charge carrier wave function. This means that a charge carrier

is placed randomly at any point inside a sphere and the minimum hopping distance is

also a random variable that varies between b− 2r to b+ 2r. In the case when the spatial

disorder is not considered r is taken to be zero and the sites are distributed uniformly on

a regularly distributed grids in a cubic box of side Lx like that shown in Figure ((2.6)).

We mimic that the system is energetically disordered by assigning energies drawn from

the Gaussian distribution given in Equation (1.3.2) at the randomly distributed hopping

sites.
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Figure 2.6: Three dimensional cubic super cell of lattice with sides Lx, Ly, and, Lz.

2.6 Simulation Details

As we described in the above section we establish Lx × Ly × Lz charge carriers hopping

sites in three dimensions. The average number of sites along each dimension is assumed

to be the same and the average distance between the nearest neighboring sites or the

the lattice spacing is unit length, and the average number of sites per unit volume is

N = 1021cm−3. To these sites a certain number Nh of charge carriers are introduced and

randomly placed on different sites. The electric field along the x-axis due to the source-

drain bias VSD is assumed by the average value from the relation ESD = VSD
L

, where L is

the length between source and drain. This assumption is made based on the fact that this

field is almost constant in the majority of the region where charge carriers move as verified

recently in Reference [57]. Therefore, we can calculate the electric potential energy due

to the source-drain bias field for a charge carrier at each regularly spaced site from the

following relation
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USD(x, y, z) = FSDeb(x− Lx) =
VSD
Lx

b(x− Lx), (2.6.1)

where the minimum is fixed at the right edge of the polymer film or at x = Lxb in this

case. Note that x = 0 and x = Lxb coincides with the left and right edges of the polymer

film, respectively.

In consistence with the Gaussian disorder model (GDM) all sites to which a hop of

a charge carrier is possible are assigned random energies sampled from a zero-centered

Gaussian distribution function given in Equation (1.3.2). The random energy at a site

means the energy of a charge carrier when it resides in that site. Likewise in Reference

[38] these energies are assumed to be uncorrelated, and ε is the energy of a charge carrier

at a site and σ is the standard deviation that determines the amount of energy disorder

in the film. Mapping this distribution to that of a uniformly distributed random numbers

between 0 and 1 it is possible to solve for the disorder energy for a charge carrier at

each site in terms of the random numbers and a material specific Gaussian width σ from

Equation (2.4.23).

The results presented in the next chapter are obtained with the standard deviation

in the Gaussian distribution of on-site energies of σ between 0.06 eV to 0.14 eV, which

is specified for different disordered organic polymers as explained elsewhere [42, 73, 100].

The hopping rate across the sites from an occupied site, say i, to an empty site, say j,

which are separated from each other by a distance Rij is assumed to be governed by Miller

and Abrahams formalism [39] which is similar to that given by Equation (1.3.3). This

equation helps us to determine the transition probability for a system of charge carriers

from one configuration to another (we will present the detail in the next section).

The change in energy for a charge carrier when at different hopping sites i and j is

described as

U(Rj)− U(Ri) = [ε(Rj) + USD(Rj)]− [ε(Ri) + USD(Ri)], (2.6.2)
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where USD is the potential energy contributions from the source-drain field, FSD. We

have neglected the effect of electrostatic potential energy due to Coulomb interaction

after independently verifying its negligible effects on the dynamics of charge carriers in

the low density. We have neglected the effects of of electrostatic potential energy due to

Coulomb interaction with the intuition that the average distance between charge carriers

is larger than 21 lattice parameter for a lower density less than or equal to 1016cm−3

and the static electric fields due to charge carriers hardly affect the transport properties

of the charge carriers in the sample lattice. The reason for this claim comes from the

fact that the contribution of these charges on the difference between the energies at the

neighboring hopping sites which also determine the small walking step and thereby drift

speed is relatively negligible. In addition to this, we also assume that double occupancy

of the same site does not occur as it is not energetically favorable for the level of the

carriers density we are now dealing with and weak electron phonon coupling. Here, the

rectangular coordinates of all the sites are known in the code during the three dimensional

sites formation. And the charge carriers are also identified with the names from 1 to Nh

given to them when they are first introduced to the sites. Therefore, the coordinates of

each charge carrier are known at every moment in the code, and the magnitude of the

distance between any two sites Rij can be easily calculated numerically from the relation

Rij =

√
(xi − xj)2 + (yi − yj)2 + (zi − zj)2. (2.6.3)

2.7 Simulation Procedures

In our simulation we start the procedures by forming a three dimensional lattice of

Lx ×Ly ×Lz regularly spaced points or locations of the centers of spheres with the same

radius r. Then unoccupied hopping sites of charge carriers are randomly formed inside

each sphere. In the second procedure we calculate the on-site disorder energies ε(x, y, z)
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for each site from Equations (2.6.2 and 2.4.23), and USD(x, y, z) from Equation(2.6.1).

In the third step we introduce Nh number of charge carriers to the system by randomly

placing them on the unoccupied sites formed in the first procedure. Nh is chosen in order

that the charge carriers density varies in the range for that of OLEDs or OFETs. For

values of gate voltage Vg in the operation range of OFETs; between −10 V, −30 V, we

use number of charge carriers corresponding to charge carriers densities between 1017cm−3

and 5× 108cm−3. Similarly for values of source-drain voltage VSD in the operation range

of OLEDs, between 1 V to 3 V, the we use number of charge carriers which correspond

to densities between 1014cm−3 1017cm−3. In the fourth procedure, the exact three di-

mensional charge carriers distribution governed by the effective energy introduced above

is realized. Initially, the charge carriers are distributed randomly throughout the total

volume of the film. An equilibrium state of charge carriers distribution is assumed to

be achieved in a certain number of MC time steps (MCTSs). That is, we pick the first

particle and check if its neighboring sites are empty or occupied. If there is no empty

site we assign zero for its probability of hopping, and go to the second particle. But, if

there is (are) neighboring unoccupied site(s), we calculate the total energy difference of

the particle between the neighboring empty sites and initial site from Equation(2.6.2).

Then we solve for the transition rate using Equation (1.3.3) excluding ν0 for each possible

hopping site. We repeat this procedure for all charge carriers, and divide each transition

to the total transition rates to find the probability of hopping for each possible path as

shown by Equation (2.4.24). The sum of the probabilities for all possible paths is normal-

ized to one, and the transition from one configuration to another takes place by one of

the Nh charge carrier along one path. This means that we use the probability length for

each path and realize a transition of a system of charge carriers from one configuration

to another by moving one of the charge carriers based on a stochastic approach.

The probability that a charge carrier hops from an occupied site i to an unoccupied

site j can be written from the rate equation, Equation(??), as
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Pij =
νij

Nh∑
j=1

l∑
i=1

νij

, (2.7.1)

where the values of νij are obtained from Equation (??) where i counts the possible nearest

neighboring sites for each charge carriers from one to, say l, and j counts the number of

charge carriers from one to the last, say Nh. Equation (2.7.1) ensures that a detailed

balance condition is satisfied in the steady state condition. Obviously
Nh∑
i=1

l∑
j=1

Pij = 1 and,

therefore, these probabilities generate a sequence of length intervals between 0 and 1. To

decide for a particular hop we generate a random number r from a uniform distribution

also in the interval between 0 and 1, which points at a particular interval and consequently

at a particular destination site to which one of the the charge carriers jumps with the

scheme given below which similar to that given by Equation (2.4.24)

Nh−1∑
i=0

l−1∑
j=0

Pij ≤ r <

Nh∑
i=1

l∑
j=1

Pij, (2.7.2)

where we have defined (P00 = 0). We have restricted the possible destination sites j in

Equation (2.7.1) to the 26 nearest neighbor sites in an average volume of 3× 3× 3 lattice

sites. Even if more number of possible destinations are involved, a vast majority of the

hopping events occur to the nearest neighbor sites, and the effect of this restriction is

negligible. This step is repeated for a certain number of MCTSs until we record enough

data. One MCTS corresponds to moving one charge carrier after choosing from all charge

carriers according to the procedure described above. Using Equation (2.4.4) and that

expressed for conjugated polymers in References [38, 101] the mean dwelling time τ of a

charge carrier at site i which is equivalent to the mean time for the transition that occurs

between the states identified by the procedure described above is given as

τ =
1∑
j νij

. (2.7.3)
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τ =
1

Np∑
j=1

26∑
i=1

νij

(2.7.4)

The actual hopping time τh is distributed about the mean time τ , where the minimum

and maximum limits approach zero and infinity, respectively. This distribution can be

expressed by an exponential probability distributions of the type 1
τ

exp
(
− τh

τ

)
as explained

in the previous section. To find the actual hopping time τh, consider

p(τh) =

∫ τh

0

1

τ
exp

(
− t
τ

)
dt. (2.7.5)

Since τh is in the interval [0,∞), p(τh) = 0 if τh = 0 and 1 if τh = ∞, or in general it

has a value between 0 and 1. Consequently, a random number r taken from a uniform

distribution between 0 and 1 can be mapped to it. Hence, we evaluate the integral in

Equation(2.7.5) and then solve for τh in terms of r and τ as

τh = −τ log(1− r). (2.7.6)

This approach, which introduces a stochastic behavior in both the transition path [from

Equation (2.7.1)] and the time needed for the transition, ensures that the mean transition

time (between two configurations or states) is simply the mean of the inverse transition

rates between these two states.

We let the system pass through (m − 1) × 10n MCTS to ensure that the system has

reached a steady state distribution. It should be noted that different generations of the

on-site energies from the GDM results in small but nevertheless notable differences in

the simulation results. The results are therefore averaged over 15 different generations of

energy distributions.

The fifth and final simulation procedure involves recording of the displacement of the

charge carriers along the length in the direction of FSD together with the time taken for

this displacement to occur. The recording is performed for last 1 × 10n MCTSs. The
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displacement of the charge carriers along the length in the direction of FSD as a function

of time gives the velocity, and the mobility of the charge carriers is obtained from the ratio

of the velocity and source-drain bias electric field. This means that we obtain detailed

information regarding the transport properties of charge carriers. Finally, simulation data

are collected as a function of the charge carrier concentration, source-drain voltage, FSD,

and temperature, T for different localization radius.
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Results and Discussion

The main focus of this work is on the transport properties of charge carriers in organic

disordered semiconducting conjugated polymers. This means that the dependence of

the main transport coefficient, mobility, on different parameters that characterize the

materials as well as externally applied parameters are investigated based on the results

found from kinetic Monte Carlo simulation approaches. One of the parameters that

determine the magnitude of the charge carrier mobility is the energy disorder strength or

energy scale, commonly expressed by the standard deviation σ of the energies distribution.

In most of our simulations, as done elsewhere [38,42], the energies of a charge carrier that

originate from an electric field and temperature are expressed in terms of this disorder

energy. The localization length of a charge carrier wave function is another parameter

that has effects on a charge carrier mobility. This parameter is expressed in terms of a

lattice parameter called lattice sites spacing. The lattice sites spacing, denoted by b as

mentioned above, shows the average distance between the centers of nearest neighbouring

spheres as we explained in Chapter ?? Section2.6. In addition to these two parameters

mobility depends also on charge carriers density ρ and sites concentrations N (or number

of states per cm3). For a cubic sample of volume 200nm×200nm×200nm = 8×106nm3,

8 × 106 sites are introduced so that there is on average N = 1021cm−3 states or one

site per nm3. The lattice spacing is related to the site concentrations as b = N−1/3. In

the calculation we fix the total number of sites and vary the density of charge carriers
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ρ by varying the number of charge carriers which are introduced to the sample. The

main transport parameter, mobility, is expressed mostly in terms of lattice parameter b,

disorder parameter σ, unit charge on electron e, and phonon frequency ν0 (or in units of

b2ν0e
σ

). When these parameters are known explicitly, mobility is also expressed explicitly.

The range of electric field magnitudes used for our calculations is chosen to highlight

regimes of different transport behaviour. Most experimental data [?,?, 42, 55, 63, 73, 74]

fall, however, into the regime which is below what is referred to as low field strengths

(or less than or equal to 1× 105V cm−cm). The numerical results we obtained using kMC

simulations are presented and analyzed in the following sections.

3.1 The effects of disorder energy, charge carriers

density, and electric field on mobility

In this section we will present our simulation results which describe the transport prop-

erties of a charge carrier mobility. Mainly the charge carrier mobility as a function of

charge carriers density, applied electric field, and temperature of the materials. Finally,

We will discuss the effect of energy disorder parameters on the charge carrier mobility at

lower charge carriers density for organic semiconducting films when used in light emitting

diodes, and also give analysis on the possible values for the localization length of the wave

function for a charge carrier at hopping sites comparing our simulation results for the

charge carrier with the experimentally found ones.

We first present the results we obtained for a charge carrier mobility as a function

an external applied electric field for different charge carriers density and energy disorder,

and compare with those reported experimentally and theoretically using kMC simulation

methods. Let us start with the results obtained for a charge carrier mobility variation

with electric field for r = 0 or regular grids for different values of σ̂ = σ
kBT

and also two

different values of localization length. The mobilities are plotted (on a logarithmic scale)
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as a function of electric field in units of σ
ea

for disorder energy parameter σ̂ = σ
kBT

in the

range from 1 to 6 as shown in Figure (3.1) localization length α = 0.1band0.2b for the

same charge carriers density.
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Figure 3.1: Charge carrier mobility (µ) versus electric field (F ) for different values of
disorder σ̂ and localization length α. (a) α = 0.1b, (b) α = 0.2b, where b is lattice spacing

and µ0 = b2ν0e
σ

.

The plots in both Figures (3.1) (a and b) show that the charge carrier mobility in

the lower electric field region decreases with the increase of the disorder parameter σ̂

as verified and justified in the previous reports [38, 42, 55]. As the plots for the higher

disorder energy parameter σ̂ show, the mobility increases with the increase of electric

field until a saturation value is attained corresponding to each σ̂. The saturated mobility

values for different σ̂ are nearly the same and reached at nearly the same electric fields

provided that the localization length α is the same. The reason for the occurrence of the

saturation value is due to the fact that the electric field that appears in Equation (1.3.3)

reduces the barrier height for an energetic uphill jumps from transport energy level in

the field direction and thereby enhances the mobility in the hopping conduction of charge

carriers as described in Reference [58]. On the other hand, drift mobility is calculated
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from µ = v/F relation which leads to mobility reduction with the increase of electric,

where v is a drift velocity of charge carrier due to the applied electric field F . This means

that increasing the electric field is more effective in reducing the activation barrier, though

reduces also the mobility, until the electric potential energy difference between two sites

separated by lattice spacing b due to applied electric field, eFb, approaches (but doesn’t

surpass) the energy scale (or disordered energy σ). If eFb is greater than σ an excess

energy from eFb above σ which is the same as eFb − σ does not have any contribution

to speed up hopping conduction but reduces mobility since it appears in the mobility

calculation, µ = v/F . The reference energy value we took here, the energy scale σ, to

justify the statement that electric field raises mobility until eFb reaches σ may not be

exact and needs experimental verification though it makes sense and seems reasonable.

Due to this reason the effect of electric field in increasing the charge carrier mobility

is more significant for the larger disorder energy scale (or σ) of a material. Similarly

temperature plays a crucial role in reducing the difference between the energies at the

transport level and that of the hopping particle at the equilibrium level. Most of the

curves in Figures (3.1) (a and b) show an overall similar behaviour except that there is

an increase of mobility with the increase of localization length. We also observe that the

mobility saturates at lower electric field in the case of larger localization length. This

indicates that a charge carrier conduction increases with the localization length and the

effect of electric field on mobility decreases with the increase of localization length. This

means that when α increases the charge carriers hopping distance may not be limited

to only that between nearest neighbours, it may include also the distances larger than

that between nearest neighbours. The charge carrier hopping rarely occurs when the

localization length is small (or the state is strongly localized) at relatively high disorder

energy parameter σ̂ in a lower electric field region.

Our next simulation results are for charge carrier mobility variation with electric field

for r = 0 or regular grids for different values of σ̂ = σ
kBT

and also for four different
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charge carriers density and the same localization length. The mobilities are plotted (on

a logarithmic scale) as a function of electric field in units of σ
ea

for different values of

σ̂ = σ
kBT

in the range from 1 to 6 as shown in Figure (3.2) and for the same value of

localization length α = 0.1b.
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Figure 3.2: Simulation results of charge carrier mobility (µ) versus electric field (F )
for different values of disorder σ̂ and charge carriers density with localization length
α = 0.1b (a) ρ = 1 × 1015cm−3, (b) ρ = 1.5 × 1015cm−3, (c) ρ = 5 × 1015cm−3 and (d)

ρ = 1× 1016cm−3, where b is lattice spacing and µ0 = b2ν0e
σ

The plots in Figures (3.2) (a to d) show the change of mobility with the electric field in

a similar way regardless of charge carriers density variation. Like that shown in Figure

(3.1) the mobility of a charge carrier increases with the increase of electric field until
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saturation value is attained when the disorder energy parameter, σ̂isgreatertan 2. The

increment becomes more pronounced when σ̂ increases which is in line with the suggestion

made above, that says, the effect of electric field on the activation barrier between localized

hopping sites increases with the increase of the barrier as discussed above. We also observe

slight increment of mobilities with charge carriers density though the density is low (in

the range of the density for light emitting diodes [73,74]) for disorder energy parameter,

σ̂ is greater than 2. As we see in the plots when the disorder parameter σ̂ decreases the

variation of mobility with charge carriers density decreases until the disorder parameter

σ̂ = 3 where mobilities for different change carriers densities are nearly the same at

each electric field value as shown by the curves in Figures (3.2) (a to d). Our results

for σ̂ = 3 is similar to that shown experimentally in References [73, 74]. Our results

for larger values of σ̂ is similar in agreement with that shown in Reference [42] though

there are slight variations with that shown in [74]. To understand the reason for the

slight variations with the experimental ones we have separated σ and temperature and

calculated mobility versus charge carriers density; we will discuss more on this below. As

suggested in the previous studies the reason for the increment of mobility is due to the

fact that the number of deep states, in the Gaussian density of states, that are filled with

charge carriers increase with the increase of charge carriers density. As a consequence the

higher the charge carriers density the more states with near lying energies (little difference

in energies) become available for the charge carrier.

The curves in Figure (3.3) show simulation results of charge carrier mobility versus

electric field for r = 0 or regular grids for different values of σ̂ = σ
kBT

and also for four

different charge carriers density and the same localization length. The results here are for

similar parameters used in Figure (3.2) except the localization length α. The mobilities

are plotted (on a logarithmic scale) as a function of electric field in units of σ
ea

for different

values of σ̂ = σ
kBT

in the range 1 to 6 and for the same value of localization length α = 0.2b.

The lots in Figures ((3.3) and (3.3)) show that a charge carrier mobility increases with
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Figure 3.3: Simulation results of charge carrier mobility (µ) versus electric field (F )
for different values of disorder σ̂ and charge carriers density with localization length
α = 0.2b (a) ρ = 1 × 1015cm−3, (b) ρ = 1.5 × 1015cm−3, (c) ρ = 5 × 1015cm−3 and (d)

ρ = 1× 1016cm−3, where b is lattice spacing and µ0 = b2ν0e
σ

an applied electric field until the saturation value is attained for pronounced disorder

parameter ˆsigma for both values of localization length. The difference is that apart from

the shift (increase) in values with the localization length the mobility increases faster

and saturates at lower electric field in the case of larger localization length. This shows

the direct relationship between hopping conduction and localization length. It means

that when the localization increases the wave functions overlap between localized states

increases which in turn makes the hopping conduction of charge carriers easier, and also
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limits (to a small range) the reducing effect of the electric field on the activation barrier

between hopping sites.

In Figure (3.4) we have shown simulation results of a charge carrier mobility as a

function of charge carriers density for different values of energy disorder parameter σ̂ at

external applied electric field F = 0.1× σ
eb

.
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Figure 3.4: Simulation results of a charge carrier mobility versus charge carriers density
in a disorder organic material with a Gaussian DOSs for different energetic disorders
parameter σ̂ in the range from 1 to 6. Both mobilities and charge carriers densities are
plotted (on a logarithmic scale) in units of µ0 = b2ν0e

σ
and cm−3, respectively localization

length α = 0.1b.

The curves in Figure (3.4) show that the charge carrier mobility increases with the increase

of charge carriers density for both the lower and higher charge carriers densities if the

energetic disorder parameter σ̂ is greater than 3 in agreement with that reported in [42].

For the disorder parameter σ̂ = 3 the mobility is nearly constant if the charge carriers

density change is in the lower density range, but there is a slight increment of mobility with
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the increase of density for the higher density region. This result is in a good agreement

with the experimental results demonstrated in References [73, 74]. But, our results of

a charge carrier mobility versus charge carriers density in the the low density region for

pronounced energetic disorder parameter are at variance with the general conclusion made

in this reference; i.e, the charge carrier mobility does not change with the charge carriers

mobility. We investigate this more by separating the energetic disorder scale σ from

thermal energy kBT . Like that shown experimentally [74] we have calculated a charge

carrier mobility as a function of charge carriers density for different temperatures used in

experiment fixing σ at single value. The simulation results for a charge carrier mobility

versus charge carriers density for fixed electric fields at F = 0.05 × σ
eb

and F = 0.1 × σ
eb

for r = 0 or regular grids are presented in Figures ((3.5) and (3.6)). The mobilities as

well as the densities are plotted (on a logarithmic scale) in units of σ
ea

and cm−3 for three

different values of localization length α = 0.1b, 0.2band0.3b.

As we observe in Figures ((3.5) and (3.6)), the charge carrier mobility does not vary with

the charge carrier density in the range between 1014 − 1016 cm−3 when temperature is

T = 293K for all the panels. However, at the lower temperatures the charge carrier

mobility increases with the increase of charge carriers density except at a relatively large

localization length α = 0.3b displayed in Figures ((3.5) and (3.6))(c). In these panels the

mobility is independent of charge carriers density in the lower density region less than

1015 cm−3 except that there is a slight rise of mobility with charge carriers density when

the temperature is T = 235K as one can observe in Figure ((3.6))(c). But, for all the

temperatures chosen here our results show the increase of a charge carrier mobility with

the increase of charge carriers density when the density is above 1016 cm−3. As discussed

above the effect of density on mobility is more where the disorder energy is more. Our

results shown here reflect this fact. It means that when temperature increases the energy

difference between hopping sites at the transport level decreases and the effect of charge

carriers density on mobility is compromised with that of temperature, electric field and
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Figure 3.5: Charge carrier mobility as a function of charge carrier density at different
temperatures (T ) and localization length (α) for the same electric field F = 0.1 × σ

eb
for

(a) α = 0.1b, (b) α = 0.2b and (c) α = 0.3b

localization length (or wave function overlap).

Figure (3.7) show simulation results of a charge carrier mobility as a function of ener-

getic disorder parameter σ̂ for different charge carriers density.

In Figure (3.7) we observe that a charge carrier mobility decreases when the energy

disorder parameter σ̂ of the material increases. The change shown is similar in all charge

carriers densities when the parameter value σ̂ is in the range between 1 to 3. However,

for the disorder parameter σ̂ greater than 3 the mobility change with σ̂ are different for

different densities. The mobility decreases fast with the increase of σ̂ in the case of lower
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Figure 3.6: Simulation results of charge carrier mobility (µ) as a function of charge carrier
density at different temperature T and localization length α for the same electric field
F = 0.05× σ

eb
(a) α = 0.1b, (b) α = 0.2b and (c) α = 0.3b.

charge carrier densities than the higher ones. Over a typical temperature range, in the

low energy disorder parameter regime, the mobility of the material shows a band-like

transport and demonstrates the hopping transport for moderate disorder strengths. As

the curvature of the charge carrier mobility decreases in a more disordered regime, the

hopping transport displays a transition from a non–Arrhenius to Arrhenius temperature

dependence [104].
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Figure 3.7: Mobility versus disorder parameter σ̂ in the range from 1 to 6 for different
charge carriers densities 1 × 1014cm−3, 5 × 1014cm−3, 1 × 1015cm−3, 5 × 1015cm−3, and
1× 1016cm−3 at the same electric field F = 104V/cm

3.1.1 The Effect of Lattice Site Spacing for Localization Length

in Spatial Disorder of Lattice Sites for µ(F )

To study the effect of lattice site spacing in spatial disorder of lattice sites for the electric

field dependent carrier mobility µ(F ) as a function of electric field F in organic disordered

semiconductors (ODSs), we performed computer simulation of carrier mobility for hopping

within a system of randomly distributed sites with lattice site spacing, and regular grid

lattice sites; the parameters of the simulation is the same in both cases.

For our calculation, we used the room temperature which will give kBT = 0.025 eV

for the disorder parameter σ̂ = 3 and σ̂ = 4. This means that σ = 0.075 eV and 0.1 eV,

respectively. The value of σ for disordered organic semiconductor is in between 0.05 eV
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Figure 3.8: Simulation results of charge carrier mobility (µ) as a function of charge carrier
density for the spatial disordered of lattice sites with different values of σ/kBT , lattice site
spacing of r and localization length (α). (a) r = 0.1, α = 0.1b and (b) r = 0.1, α = 0.2b
and (c) r = 0.2, α = 0.2b

to 0.14 eV [38,105,106].

Our simulation results are plotted in Fig.(3.9), for the value of α = 0.1b, whereas

in Fig.(3.10), and (3.11) for different values of α/b with different lattice site spacing

parameter for realistic disorder parameters of σ̂ = 3 and σ̂ = 4. In our results of Fig.

(3.9), (3.10), and (3.11), the data shown in black colors are for regular grid sites. The

lattice sites are randomly distributed in a cubic box. The average distance between the

nearest neighbours (or the average lattice parameter) is b. This means that the minimum
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Figure 3.9: Simulation results of charge carrier mobility (µ) as a function of the electric
field (F) for the comparison between regular grid lattice and spatial disordered lattice
sites with different values of lattice site spacing of r. (a) σ/kBT = 3 and (b) σ/kBT = 4
with the ratio for both figures are α = 0.1b.

distance that one charge carrier hops from site i to j is |~rj − ~ri| = b − 2r , where r is

lattice site spacing parameter which like a localization radius,and the maximum distance

that the charge carrier hops between the nearest neighbouring site is |~rj − ~ri| = b + 2r.

In this case r = 0.1, 0.15, 0.2, and 0.25 a charge carrier may not be localized at a single

point. It can be any where in a circle of radius r centered at site ~ri until it hops to a

point anywhere inside another circle of radius r centered at a site ~rj.

Figs.(3.9a) and (3.9b) show for σ̂ = 3 and σ̂ = 4, respectively, with the ratio of

α = 0.1b for cubic lattice sites and with different lattice site spacing of r distributed

in space randomly. In Fig.(3.9) we observe that the electric field dependence of carrier

mobility µ(F ) for r = 0.1 and 0.15 increases with the electric field for the ratio of α = 0.1b.

Whereas in Fig.(3.9a) for σ̂ = 3 , and r = 0.2 the charge carrier mobility does not vary

with an electric field, however for r = 0.25 mobility decreases with an electric field.

Therefore, the value of r = 0.25 is compatible with the works of J. O. Oelerich and his

group [44, 45] which present the electric field dependence of carrier mobility µ(F ) in the

spatially disordered system that decreases with an increase of an electric field for the same
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material parameters. In Fig. (3.9b) for σ̂ = 4, and for the values of lattice site spacing

equals r = 0.2 and 0.25 the charge carrier mobility does not vary with an electric field

for the same parameter in a given electric field range. On the result of Fig.(3.9b) for the

values of lattice site s pacing r = 0.2 and 0.25 has coincided with the simulation results

obtained by J. O. Oelerich and his group [44, 45]. They stated that at σ̂ = 4 the carrier

mobility in the spatial disorder lattice site is almost independent with an electric field for

the same material parameter in the same range of electric fields.

As we observed the simulation result in Fig.(3.9) for the spatial disorder lattice site

at the ratio of α = 0.1b, and for lattice site spacing of r > 0.15 the charge carrier

mobilities are decrease or does not vary with the electric field in the same range. As

a result, we realize that it is not agreed with experimental measurements, which shows

that substantial increases in the carrier mobility µ(F ) with the electric field in ODSs

[55, 108–110]. However, the charge carrier mobility µ(F ) in cubic lattice sites and with

lattice site spacing of r = 0.1 and 0.15 increases with the electric field in the same range

which is a match to the works of the simulation result of Paseveer et.al [42] and the

experimental result [55, 108–110]. The reason for the variance in the random lattice

site spacing of our simulation data for r > 0.15 with the work of Paseveer et.al [42] is

the way to choice the value of r with the ratio of α = 0.1b in the simulation. If the

value of r ≤ α the charge carrier found inside circle with localization radius α, otherwise

is not found inside circle. In the work of J. O. Oelerich and his group [44, 45] shows

the difference between regular array lattice site and special random lattice site of the

parameter α = 0.1b for simulation of the disordered organic semiconducting material.

They state that the electric field dependence of charge carrier mobility in the case of

regular array does drastically differ from special random lattice site. Since the electric

field dependence of charge carrier mobility increases with electric field on the regular array

of lattice site whereas in special random lattice site decreases with electric field for the

same material parameter. They suggest that this is due to the unreasonable choice of the
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parameter α = 0.1b for their simulation work. In contrast to this work, our s simulation

results reveal that it is not only for unreasonable choice of the parameter α = 0.1b, but

also the way to choice the lattice site spacing r. We have to choice the parameter of α/b

by comparing the lattice site spacing r, since if the ratio of α/b < r the charge carrier

mobility decreases with electric field whereas for the ratio of α/b ≥ r the charge carrier

mobility increases with electric field in the special random lattice site.

In Figs.(3.10) and (3.11), we display our simulation results for different values of α/b

for parameters σ̂ = 3 and σ̂ = 4, respectively. In our simulation data, we represent

the black color for a regularly array lattice sites. Our simulation results at a ratio of

α = 0.2b agreed with the simulation work of Bassler and his research group [38,40] for the

reduced GDM without non–diagonal disorders. The simulation data shown in Fig.(3.10),

and (3.11) for different localization length and lattice site spacing of r red, green, blue,

and Orange of 0.1, 0.15, 0.2, and 0.25, respectively, were obtained for a system of sites

distributed in space randomly for the same concentration of sites N .
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Figure 3.10: Comparison of charge carrier mobility (µ) as a function of the electric field
(F) for σ/kBT = 3 between regular grid lattice and spatial disordered lattice sites with
different values of α/b and lattice site spacing r.

Figs.(3.10) and (3.11) show that for α = 0.1b and α = 0.14b the charge carrier mobility

µ(F ) increases with an electric field for the spatial disorder of lattice sites for lattice site
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spacing of r = 0.1 and 0.15. However, in Fig.(3.10) for σ̂ = 3 for lattice site spacing

of r = 0.2 and 0.25 the charge carrier mobility µ(F ) decreases with the electric field

for the same material parameters. Fig. (3.11) for σ̂ = 4, we observe that at α = 0.1b,

the charge carrier mobility µ(F ) does not vary with electric field, whereas at α = 0.14b

increases with the electric field for the same parameters. Fig.(3.10), and (3.11), show

that in the spatial disorder of lattice sites of the charge carrier mobility µ(F ) decreases

with the electric field at higher values of lattice site spacing of r at a lower ratio of α/b,

whereas for lower values of lattice site spacing r at a lower ratio of α/b the charge carrier

mobility µ(F ) increases with the electric field. For the simulation results of a very small

ratio of α/b and not too small σ̂, the charge carrier mobility in the spatial disorder of

lattice site decrease with increasing an electric field [44], even this decreases starts at a

low electric field. Thus far the charge carrier mobility decreases with the electric field has

been explained theoretically only for high values of electric field [112–115]. J.O. Oelerich

and his co–workers [44, 45] considers only the effect of the ratio of α/b on charge carrier

mobility with the disorder of the material , but to observe the effect of the ratio of α/b

on charge carrier mobility we must construct the special random system with matching

lattice site spacing r to the localization length α.

Fig.(3.12), we display our simulation results for different values of lattice site spacing

r at the ratio of α = 0.1b and disorder parameters of σ̂ = 3 and σ̂ = 4, respectively.

In this simulation data, we use the lattice site spacing r ≤ 2α not greater than 2α. As

a result, we observe that the field dependence of the charge carrier mobility µ(F ) for

r ≤ 2α does not vary with an electric field at lower electric field range, whereas at higher

electric field µ(F ) increases with electric field. In Fig.(3.12a) for σ̂ = 3, show that the

electric field dependence of the charge carrier mobility does vary with different values of

lattice site spacing r for the same parameter in a given electric field range. However, in

Fig.(3.12b) for σ̂ = 4, the electric field dependence of charge carrier mobility for different

values of lattice site spacing r does not vary at lower electric field but it increases as the
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Figure 3.11: Comparison of charge carrier mobility (µ) as a function of the electric field
(F) for σ/kBT = 4 between regular grid lattice and spatial disordered lattice sites with
different values of α/b and lattice site spacing r.

value of the electric field increases. In Fig. (3.9b) for σ̂ = 4 at r = 0.2 and r = 0.25, the

charge carrier mobility does not vary with electric field, which is similar to Fig.(3.12) at

lower values of the electric field for r ≤ 2α. According to our simulation result for the

values of r = 0.2 and r = 0.25 has been coincided with the work of J.O. Oelerich and

his co–workers [44, 45]. They stated that at σ̂ = 4 the electric field dependence of the

charge carrier mobility in the spatial disorder lattice site is almost independent with an

electric field for the same material parameter in the same range of electric field. However,

Passeveer et. al, [42] show the simulation on the lattice site at σ̂ = 4 and they have

stated that the electric field dependence of charge carrier mobility increases with electric

field. Therefore, in Fig.(3.12b) for σ̂ = 4 the electric field dependence of charge carrier

mobility increase with electric field at higher values of electric field which has agreed with

Passeveer et. al, [42].
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Figure 3.12: Simulation results of charge carrier mobility (µ) as a function of the electric
field (F) in spatial disordered lattice sites with different values of lattice site spacing of r.
(a) σ/kBT = 3 and (b) σ/kBT = 4 with the ratio for both figures are α = 0.1b.

3.1.2 The Effect of Lattice Site Spacing r on Mobility in Spatial

Disorder of Lattice Site

Fig.(3.13) the charge carrier mobilities are show as a function of electric field in unit

σ/eα for different localization length and lattice site spacing r. We use the ratio α/b

of 0.18 ≤ α/b ≤ 0.3 and different value of lattice site spacing r equals to 0.1, 0.15, 0.2,

and 0.25. Our simulation results display for r = 0.25 and r = 0.2 in Figs. (3.13a)

and (3.13b),respectively, which reveal that the charge carrier mobility converge onto a

single curve. However, for r = 0.15 and r = 0.1 display on Figs. (3.13c) and (3.13d),

respectively, the charge carrier mobility differ from each other for different values of the

parameter α/b. Therefore, we observe from those curves, they differ from each other by

lattice site spacing r for different localization length.

According to our simulation data, we show that the charge carrier mobility increases

with electric field as the value of lattice site spacing r match to the ratio of α/b. However,

as the value of lattice site spacing r larger than the ratio of α/b the charge carrier mobility
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Figure 3.13: Simulation results of charge carrier mobility (µ) as a function of the electric
field (F ) for spatial disordered lattice sites with different values of α/b and lattice site
spacing r. (a) r = 0.25, (b) r = 0.2, (c) r = 0.15 (d) r = 0.1, and the disorder parameter
for all figures are σ/kBT = 4.

does not vary with electric field. Therefore, the localization length and lattice site param-

eters are the decisive length scale for the field dependence of charge carrier mobility, as we

choice proper lattice site spacing r to the localization length. However, as the lattice site

spacing of r larger than the ratio of α/b then the localization length is the only decisive

length scale for the electric field dependence of the charge carrier mobility. which is a

good agreement with the simulation results of J.O. Oelerich and his co–workers [44, 45].

They prove that the localization length α and not the intersite distance b is the decisive
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length scale for the electric field dependence of charge carrier mobility with the electric

field.

3.1.3 The Influence of Disorder Parameter (σ̂) the Mobility in

Spatial Disorder of Lattice Sites with Lattice Site Spacing

r

In Figs.(3.14) and (3.15) , we display our simulation results for different values of disorders

(σ̂) and lattice site spacing r for parameters of α = 0.1b and α = 0.2b, respectively.

According to the simulation data of Figs.(3.14a) and (3.14b) for α = 0.1b and (σ̂) = 2,

3, 4, 5, and 6 show that the electric field dependence of charge carrier mobility µ(F )

increases with electric field for the lattice site spacing r = 0.1 and r = 0.15, which is

a good agreement with the work of Pasever et.al [42]. He state that the charge carrier

mobility increases with electric field. However, In Fig.(3.14c) for the lattice site spacing

r = 0.2, the electric field dependence of charge carrier mobility has different properties

with the disorder parameters. Therefore, the electric field dependence of charge carrier

mobility decreases at σ̂ = 2, does not vary at σ̂ = 3, and increases at σ̂ = 4, 5, and 6 with

electric field. Fig.(3.14d) for the lattice site spacing r = 0.25, the electric field dependence

of charge carrier mobility decreases with electric field for the disorder of σ̂ = 2, and 3,

whereas for the disorder of σ̂ = 4, 5, and 6 does not vary with electric field. In general, we

observe that in Fig. (3.14), if the lattice site spacing r increases with disorder parameter

σ̂ then the electric field dependence of charge carrier mobility does different property with

electric field.

In Fig. (3.15) the electric field dependence of charge carrier mobilities are show as a

function of electric field in unit of σ/eb for different values of lattice spacing r = 0.1, 0.15,

0.2, and 0.25, and disorder parameters of σ̂ = 2, 3, 4, 5, and 6. Our simulation data for

α = 0.2b reveal that the electric field dependence of charge carrier mobility increases with
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Figure 3.14: Simulation results of charge carrier mobility (µ) as a function of the electric
field (F ) for spatial disordered lattice sites with different values of σ/kBT and lattice site
spacing r. (a) r = 0.1, (b) r = 0.15, (c) r = 0.2 (d) r = 0.25, and the ratio for all figures
are α = 0.1b.

an electric field for lattice site spacing r and disorders of the material, which is a good

agreement with the result of Basseler and his co–workers [38]. Therefore, we observe that

as the values of lattice site spacing r is compatible with the ratio of α/b then the electric

field dependence of charge carrier mobility increases with the electric field.

In Fig.(3.16) at α = 0.1b show that the effect of different disorder parameter and

lattice site spacing of r ≤ 2α on the electric field dependence of charge carrier mobility.

In Fig.((3.16a) -(3.16d)) uses the disorder parameters of σ̂ = 3, 4, 5, and 6, respectively, to

show the influence of electric field on the charge carrier mobility. As we see in Fig.(3.16a)

for σ̂ = 3 the electric field dependence of charge carrier mobility has a variation at lower

values of electric field for the lattice site spacing r = 0.05, 0.1, 0.15, and 0.2 with electric
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Figure 3.15: Simulation results of charge carrier mobility (µ) as a function of the electric
field (F ) for spatial disordered lattice sites with different values of σ/kBT and lattice site
spacing r. (a) r = 0.1, (b) r = 0.15, (c) r = 0.2 (d) r = 0.25, and the ratio for all figures
are α = 0.2b.

field. However, in Fig.((3.16b) -(3.16d)) for σ̂ = 4, 5 and 6, the electric field dependence

of charge carrier mobility does not vary at lower value of electric field for the lattice site

spacing of r = 0.05, 0.1, 0.15, and 0.2 with electric field. For larger values of electric field

in Fig. (3.16) for the disorder parameters of σ̂ = 3, 4, 5, and 6 the electric field dependence

of charge carrier mobility increases with electric field for the lattice site spacing of r ≤ 2α.

According to our simulation results, we see that the influence of electric field on the charge

carrier mobility observed at larger values of electric field whereas at lower values of electric
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field does not vary with electric field.
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Figure 3.16: Simulation results of charge carrier mobility (µ) as a function of the electric
field (F ) for spatial disordered lattice sites with lattice site spacing r and different values
of σ/kBT . (a) σ/kBT = 3, (b) σ/kBT = 4, (c) σ/kBT = 5 (d) σ/kBT = 6, and the ratio
for all figures are α = 0.1b.
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Chapter 4

Summary and Conclusions

In this chapter, we summarize and give a brief conclusion of the dissertation. In this thesis,

we describe the properties of charge transport in disordered organic semiconductors using

Monte Carlo simulation techniques based on the Gaussian disorder model.

A polymer is a material made up of macromolecules, which is composed of many re-

peating units of monomers and connected by covalent bonds. The carbon atom is used as

a backbone for the polymer chain. Polymers are classified as synthetic and natural poly-

mers. Organic semiconductors are carbon-based molecular materials held together by van

der Waals forces. Organic materials have been used to conduct electricity, the ability to

absorb light, and emit light with a material structure. Because of their strength, light-

weight, mechanical flexibility, simple chemical modification, and low-cost processability

at low temperatures than inorganic counterparts. Organic disordered semiconductors

(ODSs) are also classified as conjugated polymers, molecularly doped polymers, and low-

molecular weight organic glasses. Conjugated polymers are organic molecules that are

designated by a backbone chain of alternating double and single bonds. They possess

conjugated π–electrons that can be easily delocalized rather than being part of one va-

lence bond. Conjugated polymers are the most important type of organic semiconductors

used to fabricate for different types of optoelectronic devices due to their optical, electri-

cal, and mechanical properties, such as organic light-emitting diodes (OLEDs), Organic

field-effect transistors (OFETs), and organic solar cells (OSCs).
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Charge transport in disordered organic semiconductors consists of a sequence of inco-

herent tunneling transitions between occupied to unoccupied localized states, known as

hopping. The hopping transport of the charge carrier described by the Miller-Abrahams

rate equation and the variable range hopping mode was described by Neville Francis Mott

to study charge transport in a disordered material. They state that charge carriers either

hop over a small distance with the high energy of activation or hop over an extended dis-

tance with low energy of activation. It has applied for a theoretical and numerical problem

within the field of disordered semiconductors material. Gaussian disorder model(GDM)

has been recommended by Bassler and co–workers to study charge transport in disordered

organic semiconductors. The density of states (DOS) is taken as a form of Gaussian shape.

They have used a Monte Carlo simulations approach to describe a charge carrier transport

in amorphous organic materials based on GDM under an applied electric field. They have

considered as an array of structureless points like hopping sites with cubic symmetry.

Its energies have featured a Gaussian-type density of energetically uncorrelated states

distribution with variance σ. Pasveer also studied the dependence of the charge-carrier

mobility on temperature, charge carrier density, and electric field by numerically solv-

ing the master equation that gives a relationship between the occupation probabilities of

all sites on a lattice. Since a fraction of the sites already occupied, charge transport is

considered as a thermally assisted tunneling process with MillerAbrahams rate equation.

They also use a Gaussian density of states with a width of σ, and a pair of like charges

on a given site is prevented by Coulomb repulsion of each other. The basic parameter in

charge transport is mobility, which depends on charge carrier density, electric field, and

temperature.

In this thesis, we have used a Monte Carlo simulation using the Gaussian disorder

model(GDM) to determine the charge transport properties in disordered organic semi-

conducting materials. Our material is modeled as a three dimensional cubic of super-cells

whose lattice sides are Lx, Ly, and Lz, with lattice parameter b. In our system, we have
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used regular grid lattice and spatial disordered lattice sites with lattice site spacing of r in

a supper cell. After the construction of the lattice sites, we randomly distributed charge

carriers on the lattice sites and Gaussian energy assigned to each lattice site. We also

applied an external electric field along the positive x-axis. We use Miller-Abraham’s rate

equation to calculate the possible hops of all charge carriers from the occupied site i to

an empty j, in which each charge carrier has a probability of transitions to the nearest

neighboring site. After we perform hopping of the charge carrier, then we computed the

hopping time of the charge carrier. In the final steps of our simulation, we have calculated

the mobility of charge carriers.

We have studied the effect of charge carrier mobility as a function of charge carrier

density in the range between 1014 − 1016 cm−3 by varying charge carrier density and

disorders of organic semiconducting materials. Our simulation results have shown that

the charge carrier mobility versus charge carrier density at lower charge carrier density

and disorder is constant. However, at higher disordered and lower charge carrier density,

the charge carrier mobility increases with charge carrier density. As a result, we concluded

that the effect of the disorder parameter on the charge carrier mobility is more pronounced

than the charge carrier density at lower charge carrier density.

We also performed a Monte Carlo simulation for the charge carrier mobility by varying

the electric field, localization length, spatial random site distance, and temperature of the

material to study a charge carrier mobility as a function of the electric field for the case

of the regular grid and spatial disordered lattice site with different lattice site spacing

parameter r and the ratio of localization length to the lattice parameter. According to

our simulation results, 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 α/b. However, at higher values of lattice site

spacing r to the ratio of α/b, the electric field dependence of charge carrier mobility for

spatial disordered lattice sites differs from that of the regular grid case. Therefore, We
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have to choose the parameter of α/b by comparing the lattice site spacing r if the ratio

of r > α/b, then the charge carrier mobility decreases with the electric field, whereas for

the ratio of r ≤ α/b the charge carrier mobility increases with the electric field in the

spatial disordered lattice site. Finally, we conclude 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 r to the ratio of α/b cases. However, at higher values of the lattice

site spacing r relative to the ratio of α/b, the only parameter responsible for the electric

field dependence of charge carrier mobility is the localization length of disordered organic

semiconducting materials.
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