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Abstract

ABSTRACT

Over recent years, research into organic semiconductors has intensified considerably due to
the increasing commercial viability of inexpensive, flexible, large area electronic
applications. In particular, the introduction of a new generation of small molecule based
organic semiconductors has increased the possibility of achieving high field effect
mobilities. So far pentacene seems to be the most promising candidate since it yields field
effect mobilities that are comparable to that of hydrogenated amorphous silicon (a-Si:H).
Recently, a mobility larger than 1.2 cm®V's? and an on/off ratio greater than 10® was
reported for a thin film transistor (TFT) made with triisopropylsilyl pentacene (TIPS-
pentacene) as the active material. The solution processability of TIPS-pentacene is
advantageous since solution-processed organic TFTs are needed to pave the way for low cost
manufacturing approaches such as inkjet printing and roll-to-roll processing. One of the main
potential applications for organic materials is in low cost radio frequency identification
(RFID) tags operating at a frequency of 13.56MHz. The high frequency operation of RFID
tags will be most demanding on the rectifying component of the circuit which can be based

either on a TFT or a rectifying diode.

This thesis is primarily concerned with analysing metal semiconductor barriers made with a
variety of organic semiconductors such as highly regioregular poly(3-hexylthiophene)
(P3HT), polytriarylamine (PTAA) (S1105) and vacuum-deposited pentacene. The work
includes a review of the various charge transport models proposed along with a discussion
on the Meyer Neldel Rule (MNR) which is a commonly occurring phenomenon in organic
semiconductors. A simple analytical model that demonstrates the empirical relationship
between mobility and carrier density is also developed. This general dependency is formally

known as the Universal Mobility Law (UML).

The electrical characteristics of Schottky junctions made between aluminium and various
organic solids are investigated. Both P3HT and PTAA are highly disordered semiconductors
whilst pentacene is a small molecule organic semiconductor akin to polycrystalline inorganic
solids. The analysis of the pentacene vertical diode is thus extensively based on the model

developed by Eccleston.

The AI-PTAA Schottky diode is found to not only yield a high rectification ratio but also an

extremely low off current which suggests that the device is most suitable for low current
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Abstract

circuit operations. In contrast, diodes based on P3HT and pentacene demonstrate much
weaker rectifying properties. Nevertheless, in these diodes, the non-saturation of the reverse

currents allows the dopant densities of the materials to be determined.

The new current density expression developed for organic based Schottky diodes allows the
characteristic temperature of the exponential distribution of intrinsic carriers (7,) and states
(T.) to be determined directly from the forward current density voltage characteristic. The
Meyer Neldel energy representing the exponential density of states (DOS) is then obtained
using the value of T.. In general, the MN energy estimated from the exponential current

regime of the diodes range between 30 meV and 35 meV.

Special attention is given to the saturation current region of the diodes as relatively high
currents are needed to satisfy the demands of RFID related circuits. The saturation current of
the as-synthesised P3HT diode was found to obey Ohm’s law over the entire applied voltage
range. In contrast, the PTAA and pentacene diodes demonstrate a transition from ohmic to
space charge limited (SCL) conduction with increasing applied bias. The saturation current
regime of these diodes is modelled using the new SCL current expression developed for
disordered materials. The intrinsic value of T, determined for both diodes suggests the
absence of dopant states at higher energies. The effects of changing the back metal/organic
interface and further with doping with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) on
the saturation region of AI-PTAA Schottky diodes are also studied.

Finally, the temperature variation of the current density voltage characteristics of as-
synthesised P3HT and PTAA Schottky diodes are analysed. Below room temperature, the
distinct fall in the forward exponential slope leads to much larger ideality factors 5. This is
attributed to the non-ideal behaviour of the Schottky barrier interface with decreasing
temperature. The anomalous rise in 7 is attributed to a number of possibilities including the
presence of extrinsic trapping states, carriers taking alternative routes to other potential
barriers and the lack of validity of the flat quasi Fermi level approximation. Modelling the
saturation current region of the PTAA diode with the new SCL current expression yields a
self-consistent value of T at relatively high temperatures. The steep decline in the Meyer
Neldel energy observed at lower temperatures is mainly attributed to the formation of a

potential barrier at the back metal/organic interface.
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Introduction

CHAPTER 1

INTRODUCTION

This chapter provides a brief introduction to the subject of organic semiconductors and

devices. The organisation of the thesis together with the experimental techniques used is also

presented here.




Introduction

1.1 INTRODUCTION TO ORGANIC SEMICONDUCTORS AND DEVICES

Organic semiconductors have been studied extensively since the discovery of the first
semiconducting material, polyacetylene some 30 years ago [1, 2]. There has been continued
interest in these materials as they show great promise for the realisation of inexpensive,
flexible, large area electronic applications. So far major advances have been achieved in
areas such as high-K dielectrics [3, 4], small molecule organic semiconductors [5, 6], surface

treatments [7] and organic film morphology and molecular ordering [8-10].

Research into organic materials is largely motivated by their potential application in active
matrix liquid crystal display (AMLCD) and low cost radio frequency identification (RFID)
tags. For commercialisation, RFID tags will have to operate at a frequency of 13.56 MHz
thus creating a need for high mobility organic semiconductors [11]. This demand has led to
the introduction of a new generation of small molecule based semiconductors such as
pentacene [12, 13], N, N’-diphenyl-N,N’-bis(1-naphthyl)-1,1’-biphenyl-4,4’-diamine (a-
NPD) [14] and para-sexiphenyl (6P) [15]. Unfortunately, these materials are normally
deposited via vacuum evaporation and in order to achieve low fabrication costs, solution
processability becomes a critical issue. Solution-processed organic thin film transistors
(OTFTs) are needed to pave the way for low cost manufacturing approaches such as inkjet
printing and roll-to-roll processing. More recently, a mobility larger than 1.2 cm®V's™ and
an on/off ratio greater than 10® was reported for a TFT made with solution-processed
triisopropylsilyl pentacene (TIPS-pentacene) as the active material [5]. Despite being visibly
non-uniform, solution-cast TIPS-pentacene films are said to have improved molecular

ordering and consequently yield improved TFT characteristics as compared to spin or dip

coating [16].

The high frequency operation of RFID tags will be most demanding on the rectifying
component of the circuit which can be based either on a TFT or a rectifying diode. Although
TFTs are easier to integrate, limitations on the minimum channel length increases the need
for high field effect mobilities. However, it must also be considered that carrier mobility
extracted from the space charge limited current (SCLC) of diodes is generally lower than the
field effect mobility of OTFTs due to the higher carrier density achieved in the channel of
the transistors compared with diodes. This thesis is mainly concerned with studying the
electrical characteristic of rectifying diodes made with a variety of organic semiconductors
namely poly(3-hexylthiophene) (P3HT), polytriarylamine (PTAA) (S1105) and vacuum-
deposited pentacene [17]. PTAA is a proprietary material purchased from Merck Chemicals
Ltd (previously Avecia).
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A simple analytical model is developed which demonstrates the universal dependence of
mobility on carrier density in organic materials. The model approximates the band tail of a
Gaussian distribution using an exponential function as it is believed to provide considerable
insight into charge transport in organic solids by allowing conventional device physics to be
employed. More interestingly, the model proves the Universal Mobility Law (UML) without
taking into account the hopping mechanism which is believed to govern charge transport in

disordered materials.

The UML is of particular importance since it forms the basis for the quantitative modelling
of all organic devices. It enables material dependent parameters like the characteristic
temperature of the exponential distribution of states T, and its corresponding Meyer Neldel
(MN) energy to be extracted from the electrical characteristic of the diodes. The Meyer
Neldel energy is a commonly observed phenomenon in organic semiconductors. Table 1.1
lists the Meyer Neldel energy obtained from the measurement and subsequent modelling of
devices such as Schottky diodes, metal-insulator-semiconductor (MIS) diodes and thin film

transistors made with a variety of organic semiconductors.

Special attention is also given to the saturation region of the diodes as high currents are
needed to satisfy the demand of RFID related circuits. For instance, the saturation current in
the as-synthesised P3HT diode was found to obey an ohmic relationship. This is believed to
be related to the presence of large quantities of residual dopant from the synthesis process.
The P3HT diode also exhibits a much weaker rectifying behaviour compared to the much
purer polytriarylamine. In contrast, the saturation region of the PTAA and vacuum-deposited
pentacene Schottky diodes show a transition from ohmic to space charge limited conduction
at higher applied fields. Even though P3HT and PTAA show almost comparable forward
currents, space charge effects are observed in the latter because there are insufficient dopant
ions to compensate the increasing density of holes in the neutral region of the organic film.
In addition, the extremely low off currents obtained for the AI-PTAA Schottky diode makes
it ideal for low current circuit operations. The effects of changing the back metal/organic
interface and further with doping with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) on
the saturation current region of AI-PTAA Schottky diodes are also studied.

Analysis of the vacuum-deposited pentacene vertical diode is extensively based on the model
developed by Eccleston for polycrystalline inorganic semiconductors [19]. The molecular
structure of small molecule organic semiconductors is rather complex but for convenience, it
is assumed to consist of arrays of small molecules displaying crystalline-like behaviour and

boundary regions which are highly amorphous. Conduction through the pentacene diode is
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belicved to be dominated by the disordered grain boundaries thus allowing the J-V

characteristic to be analysed in terms of the model developed for disordered solids.

Meyer Neldel
Organic Solid | Measurement T (K) T, (K) m
energy (meV)
Schottky diode
300 390 0.3 34
(exponential)
Schottky diode
300 840 1.8 70
P3HT (dopants)
TFT 300 410 0.37 34
MIS diode
423 0.41 35
(Debye length)
Schottky diode
300 384 0.28 33
(exponential)
Schottky diode
300 468 0.56 40
PTAA (saturation)
Schottky diode
300 840 1.8 70
(dopants)
TFT 300 381 0.27 32
Schottky diode
300 347 0.16 30
vacuum- (exponential)
deposited Schottky diode
300 375 0.25 32
pentacene (saturation)
TFT 300 365 0.22 31

Table 1.1: Characteristic temperature of the exponential DOS (T,), exponent of the UML (m)
and the Meyer Neldel energy for highly regioregular P3HT, PTAA and vacuum-deposited
pentacene measured from a range of devices. The result also includes work done by other

members of the group [18].

The temperature variation of the current density voltage characteristics of as-synthesised
P3HT and polytriarylamine Schottky diodes is also studied. The forward exponential
currents of the diodes are analysed using both the conventional and newly developed current
density expression for organic Schottky diodes. In addition, the saturation current region of
the PTAA diode is also modelled using the newly developed SCL current equation to

confirm the self-consistency of 7, with varying temperature.
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1.2 THESIS ORGANISATION
A brief summary of the chapters in this thesis is as follows:

Chapter 2 explores the numerous charge transport models proposed so far to describe
conduction in disordered organic semiconductors. A general agreement regarding the charge
transport mechanism is yet to be reached reflecting the difficulty of the problem of hopping
mobility in these materials. The possible origin and consequence of the Meyer Neldel Rule
(MNR) in organic solids is also briefly discussed. The Meyer Neldel energy is believed to be
closely related to the thermally activated behaviour of charge carriers. Since disordered
materials are characterised by a distribution of localised states, the exact nature of the states
needed to maintain charge neutrality is discussed. Ignoring amphoteric states, the localised
states lying in the top and bottom half of the energy gap are categorised as either donor-like
or acceptor-like. A simple yet comprehensive analytical model is also developed to
demonstrate the charge carrier density dependence of mobility commonly observed in
disordered semiconductors. Through a simple comparison with crystalline solids, the
empirical relationship between mobility and carrier density, formally known as the Universal
Mobility Law (UML) is established.

Chapter 3 focuses mainly on the electrical characterisation of Schottky diodes made with as-
synthesised and doped poly(3-hexylthiophene) (P3HT). It begins with the fundamental
theory of operation of organic based metal semiconductor diodes. Thermionic emission and
diffusion theory which are considered to be the two main conduction mechanisms governing
carrier transport across Schottky barriers are also discussed. A simple current density
expression which enables the characteristic temperature of the intrinsic energetic distribution
of carriers and states to be determined directly from the current voltage characteristic of
diodes is presented. In addition, the conduction mechanism in an undoped P3HT film is
established experimentally by measuring the deviation along the voltage axis for each of the
measured current levels. To explore the effects of doping on electrical conduction, 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) is incorporated into P3HT by percentage in
weight.

Chapter 4 reviews the original space charge limited current (SCLC) theory developed for
crystalline solids where carrier motion is generally described by a single mobility term. A
new space charge limited current expression incorporating the Universal Mobility Law
(UML) is developed to reflect the carrier density dependence of mobility in disordered
semiconductors. The electrical characterisation of polytriarylamine (PTAA), a proprietary
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material purchased from Merck Chemicals Ltd is studied in detail. A value for the intrinsic
T. and consequently T, is determined by modelling the saturation current regime of the
PTAA diode with the new SCLC equation. In addition, changes in the saturation current
level as a result of varying the back metal/organic interface and further with doped PTAA
films are also explored. The experimental current density voltage characteristic for a
vacuum-deposited pentacene vertical diode is also presented. Analysis of current flow
through this diode is based extensively on the analytical model developed by Eccleston for

polycrystalline inorganic materials.

Chapter 5 is primarily concerned with the temperature variation of the current density
voltage characteristics of as-synthesised P3HT and PTAA Schottky diodes. The variation of
dopant density and hence the free hole density in P3HT with temperature is studied from the
reverse J-V characteristics. The idea of a self-consistent value of T, with varying temperature
is explored through the quantitative modelling of the exponential current region of both the
diodes and also the forward saturation current region of the PTAA Schottky diode. In
addition, the activation energy of P3HT and PTAA is extracted experimentally from the

Arrhenius plot of the reverse current density at relatively high temperatures.

Chapter 6 summarises the work undertaken as well as the findings of the experiments

presented in this thesis. Recommendations for future work are also included in this chapter.
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13 EXPERIMENTAL TECHNIQUES

The highly regioregular poly(3-hexylthiophene) (P3HT) and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) used in this work was purchased from Aldrich Chemical Co while
polytriarylamine (PTAA) is a proprietary organic semiconductor obtained from Merck
Chemicals Ltd (previously Avecia). The various metal electrodes used in the fabrication of
the organic Schottky diodes were thermally evaporated under a vacuum pressure of ~ 10
Torr. The DC characterisation of the devices was performed using a PC controlled Hewlett

Packard 4145B parameter analyser.

The variable temperature measurement of the P3HT and PTAA Schottky diodes was
performed at 10" Torr vacuum and a liquid nitrogen cryostat was used to cool the samples
down. The diodes were fabricated on polyethylene terephthalate (PET) flexible substrates
instead of glass to reduce the margin of error between the measured and the actual sample
temperature. The DC characterisation was carried out using a PC controlled Keithley 615

Electrometer and 230 Voltmeter.

Fabrication and the subsequent electrical characterisation of the vacuum-deposited pentacene
vertical diode were carried out by Steudel et. al based at IMEC (Leuven) [17]. The
experimental data was recently provided to us for further analysis. The Au layer was
sputtered onto a Si wafer with 100nm of thermally grown SiO, layer and patterned via a lift-
off process. The pristine Au electrode was later UV-ozone cleaned for 5 mins to increase the
metal work function in order to make a good ohmic contact with the semiconductor. The
pentacene purchased from Fluka was purified by gradient sublimation at 100 mTorr under
forming gas (96% N, 4% H,). The pentacene layer was then deposited onto the modified Au
coated substrate at a temperature of 20°C with a deposition rate of ~ 3 As™ under ultra-high
vacuum of ~ 4 x 10 Torr. Following the pentacene deposition, a 140 nm thick layer of Al
was evaporated. Electrical characterisation of the diode was performed with an Agilent

4156C parameter analyser.
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The foll

CONTRIBUTIONS

owing contributions are made in this thesis:

In disordered organic semiconductors characterised by a wide distribution of
localised states, the energy states lying in the top half of the energy gap must be
acceptor-like whilst the bottom half must be donor-like in consistent with the

experiments. For convenience, the possibility of having amphoteric states is ignored.

A model demonstrating the universal dependency of mobility on carrier density is
presented. The empirical relationship commonly known as the Universal Mobility
Law (UML) is established by approximating the density of states in disordered
materials by an exponential function and subsequently comparing it to crystalline

solids where the conduction/valence band is treated as having an abrupt edge.

From the J-V characteristic of the Al-poly(3-hexylthiophene) (P3HT) Schottky
diode, the characteristic temperature of the intrinsic distribution of carriers Ty is
determined. The value of T, is estimated to be ~ 1301K. The intrinsic DOS which
also follows an exponential function is represented by the constant T, equal to ~

390K. This corresponds to a Meyer Neldel (MN) energy of ~ 34 meV.

The non-ideal behaviour observed in the forward J-¥ characteristic of the AI-P3HT
Schottky diode yields a 7, and a MN energy of ~ 580K and 50 meV respectively.

The fairly large value of T, suggests the presence of both intrinsic and extrinsic trap

states at lower energies.

A good linear fit is obtained for the experimental plot of In Ji against V*% thus
allowing the dopant density in as-synthesised P3HT to be calculated. Also, the ratio
of the space charge region width to the Debye length is estimated to be ~ 8
suggesting that the abrupt depletion approximation may still apply.

A slope of nearly 1 was calculated from the double logarithmic plot of J against ¥,
indicating that as-synthesised P3HT exhibits ohmic behaviour. This is attributed to
the presence of residual dopant ions from the synthesis process which helps to

maintain charge neutrality in the neutral region of the diode.
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A new space charge limited current (SCLC) expression incorporating the Universal

Mobility Law (UML) is developed for disordered organic semiconductors.

Modelling the saturation current regime of a modified Au-polytriarylamine (PTAA)-
Al diode with the newly developed SCLC equation yields a magnitude of T, equal to
~ 468K and a MN energy of 40 meV. This reflects the absence of dopant states at
higher energies and is consistent with the notion that PTAA is a much purer organic

semiconductor compared to P3HT.

The forward saturation current of PTAA Schottky diodes is found to be affected by
the nature of the back metal/organic interface and further by doping with DDQ.

The analytical modelling involving a UV-O; modified Au/pentacene/Al vertical
diode gives a value of T, equal to ~ 347 — 375K and a MN energy of between 30
meV and 32 meV in close agreement with TFT results based on the same material. It
is suggested that small molecule organic semiconductor may be described by a MN
energy close to ~ 30 meV whilst crystalline and disordered semiconductors are

represented by an energy of 26 meV and 33 — 40 meV respectively.

A nearly constant dopant density of ~ 10'® cm™ is obtained from the reverse J-¥
characteristics of the AI-P3HT Schottky diode in the temperature range of between
240K and 290K. This result suggests that extrinsic carriers contributed by the
dopants will continue to dominate conduction at relatively high temperatures. This
phenomenon referred to as ‘carrier inversion’ was first observed in crystalline

semiconductors e.g. silicon.

Modelling the forward saturation current region of the AI-PTAA diode with the
newly developed SCL current expression yields a constant Meyer Neldel energy of ~
31 meV in the temperature range of between 248K and 295K. Below 248K,
however, there is a steep decline in MN energy with decreasing temperature. The
erroneous results obtained at lower temperatures are believed to be associated with

the formation of a potential barrier at the modified Au/PTAA interface.

The Arrhenius plot of reverse current density at relatively high temperatures yields

an activation energy E, of ~0.17 eV and ~ 0.2 eV for P3HT and PTAA respectively.
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A similar value of E, is obtained for P3HT from the Arrhenius plot of conductivity

determined from the forward J-V characteristics.
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Charge Transport in Disordered Organic Semiconductors

CHAPTER 2

CHARGE TRANSPORT IN DISORDERED
ORGANIC SEMICONDUCTORS

The various charge transport models proposed for organic materials are reviewed. This
includes the polaron model, the Gaussian disorder model, the multiple trapping and release
(MTR) model and the variable range hopping (VRH) model. The Meyer Neldel rule (MNR)
which is a commonly occurring phenomenon in organic solids is also explored. In organic
solids, it is important to understand the nature of the distribution of localised states. Hence,
the combination of acceptor-like and donor-like states consistent with experiments is
discussed in detail. A simple analytical model which demonstrates the empirical relationship
between the so-called effective mobility and carrier density, formally known as the Universal
Mobility Law (UML) is also presented.
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2.1 INTRODUCTION

In general, advances in the field of organic electronics are stimulated by the development of
organic semiconductors made using new chemical formulations. Since their discovery,
organic semiconductors have been considered as rather promising materials as they provide
the opportunity to produce low cost, large area electronic circuits. Over recent years, the
understanding of disordered organic materials in terms of their physical, chemical and
electronic properties has gained significant ground. But having said that, there are still
critical areas in which a general agreement is yet to be reached namely the charge transport

mechanism in disordered organic semiconductors.

A simple yet accurate analytical model is fundamental to the design of integrated circuits
based on organic materials. This chapter opens by reviewing the various analytical models
proposed so far to describe conduction in disordered materials. It is believed that localisation
in disordered materials is dominated either by strong electron-phonon coupling which leads
to the so-called polaron based model or by inherent energetic and spatially induced disorder.

Various disorder models based on either a Gaussian or an exponential DOS are discussed.

The chapter then progresses to review the so-called Meyer Neldel rule (MNR) which was
first observed in inorganic polycrystalline materials. The thermally activated behaviour
observed in a wide variety of disordered organic materials has been found to obey the MN
rule. Even though it is a commonly occurring phenomenon in organic solids, the microscopic
origin of the MNR still remains unknown. In the following section, the nature of the
localised states in disordered semiconductors is discussed. Ignoring amphoteric states, the
localised states lying in top and bottom half of the energy gap are classified as either donor-
like or acceptor-like. The combination of states, however, must be such that only a low gate

voltage is needed to reach minimum channel current in consistent with experiments.

Finally, a model is developed to illustrate the carrier concentration dependence of mobility
observed in disordered materials. The model compares a disordered material to a crystalline
solid where carrier motion is traditionally described by a single mobility term. The model
proves the empirical relationship between mobility and carrier concentration in disordered
materials, formally known as the Universal Mobility law (UML). It becomes increasingly

evident in subsequent chapters that the UML forms the basis of our analytical model.
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2.2 CHARGE TRANSPORT MODELS

Over recent years, the main focus has been on developing analytical models to explain
charge transport in structurally disordered organic semiconductors. Although these models
might differ in their analytical approach, it is generally agreed that carricr motion in organic
materials is governed by thermally assisted tunnelling between localised states. In view of
the spatial and energetic disorder, the density of states (DOS) in disordered materials is
assumed to follow a Gaussian distribution [1]. But in some models, the Gaussian is often
approximated by an exponential function. There is still no general agreement, however, on
whether the Gaussian or the exponential approximation provides a more exact description of
the conduction mechanism. A range of charge transport models used to describe organic
materials are discussed which includes the Poole Frenkel model, the polaron based model,
the Gaussian disorder model, the variable range hopping (VRH) model and the multiple
trapping and release model (MTR).

22.1 THE POLARON MODEL

Polaronic motion is often mentioned in conjunction with charge transport in disordered
materials due to their strong electron-phonon coupling. This coupling is associated with the
tendency of conjugated molecules to alter their geometry upon charging. In this model, the

origin of localisation in conjugated polymers is explained via the formation of polarons.

Polaronic effects are observable in any polarisable material, where the Coulomb field of an
individual charge carrier first polarises its surrounding lattice and subsequently couples itself
to it. The charge with its accompanying deformation acts like a quasi-particle and is called a
polaron; a term introduced by the famous physicist Landau. Since the charge carrier entrains

the lattice deformation it induces, the polaron is said to be ‘self trapped’.

A description of polaron transport can be provided for both crystalline and disordered
semiconductors. However, polaron mobilities in disordered materials are often orders of
magnitude lower than in their crystalline counterpart since the physical properties of a
polaron can differ greatly depending on the strength of its electron-phonon coupling [2, 3].
Large polarons with spatially extended wave functions are formed when long range electron-
lattice interactions dominate. Due to their long range crystallinity, conventional
semiconductors like silicon only experience a weak electron-phonon coupling thus allowing

their carriers to exhibit Drude-like conduction. In the Drude model, the charge carriers in a
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semiconductor are considered to be practically free, interacting with the lattice only through

momentum altering collisions.

In contrast, when the lattice deformation compares with inter-atomic distances as it is in the
case of disordered materials, the polaron is termed as ‘small’. In other words, small polarons
are formed when self-trapped carriers are severely localised at a single site by sufficiently
strong short range electron-lattice interactions. In disordered materials, the spatial extent of
the coupling is generally restricted by the large number of structural defects. The theory of
small polaron transport was first developed by Yamashita and Kurosawa [4] and Holstein
[5]. Holstein describes the polaronic motion using a Hamiltonian consisting of an electron
term given by the overlap integral J, a lattice term corresponding to the sum of harmonic
oscillators vibrating at a unique frequency wy and finally, an electron-phonon coupling term
quantified by the so-called polaron binding energy, E;. The polaron binding energy is
determined from the sum of the increase in kinetic energy of the self-trapped carrier as it
resists the contraction of its wave function, the fall in potential energy as a result of its
coupling to the lattice deformation and the strain energy associated with creating the

potential well that binds the charge carrier [2].

Figure 2.2.1: Schematic representation of the change in geometry of a poly(3-
alkylthiophene) chain due to the formation of a positively charged polaron.

Polaron motion is believed to take place via a succession of random jumps between adjacent
sites. Recently, Emin introduced the coincidence concept where carrier hopping is said to
occur between localised states which are momentarily equal in energy [6]. Such energy
coincidences are achieved via thermal deformations of the lattice. Based on the lifetime of
the coincidence, he classified the hopping events into adiabatic and non-adiabatic transitions
[7]. In an adiabatic transition, the lifetime of the coincidence is much larger than the carrier
transit time thus leading to a hopping probability which is essentially unity. In contrast, if the
carrier transit time is longer and the carrier fails to continuously follow the lattice

deformations, the process is termed as non-adiabatic.
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In the high temperature limit, the polaronic transport is viewed as a phonon-assisted hopping
motion and the mobility of an adiabatic small polaron is given by

N 1) E,
= — X — | — 2.2.1
H=omikr &P (kT)

where ¢ is the electronic charge, J is the average intermolecular distance, @y is the lattice
frequency, k is the Boltzmann constant, T is the absolute temperature and E, is the polaron
binding energy. Equation 2.2.1 predicts a thermally activated behaviour for mobility in
agreement with the fact that polaronic transport occurs via thermally induced lattice
deformations. It should be noted, however, that deviation from the thermally activated law is

observed at low temperatures.

2.2.2 MILLER ABRAHAM HOPPING RATE

Although there is a controversy regarding the treatment of the DOS in disordered organic
semiconductors, it is widely accepted that transport in these materials proceed by hopping of
charge carriers between strongly localised energy states. The first sight of hopping
conduction or otherwise known as impurity conduction was in lightly doped inorganic
semiconductors at very low temperatures. At both low temperatures and impurity
concentrations, transport is dominated by carriers hopping between shallow impurity states.
The hopping conduction mechanism was first suggested by Conwell [8] and Mott [9]. Later,
Miller and Abraham proposed a hopping model based on a single-phonon jump rate

description [10].

The Miller Abraham formalism has since become increasingly important in the modelling of
charge transport in disordered organic materials. Disorder in organic materials is believed to
be caused by fluctuations in the lattice polarisation energy and/or the distribution in the
conjugation lengths of individual polymer chains. The hopping rate of carriers from occupied
localised state i to empty localised state j is dependent on the distance R, between the states i

andj and the energy barrier, E; — E; and is given by

exp—|—L——| ifE,>E,
v,.j=v0exp—(2aR,j) P ( kT J 7 E;>E,

1 if E,<E,

2.2.2

where vy is the attempt-to-hop frequency and a is the reciprocal of the localisation length

which is assumed to be equal for all states. The term exp(— 2aR,j) from equation 2.2.2 takes
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account of the tunnelling probability between isoenergetic sites whilst the second
exponential term represents the Boltzmann factor for hops upward in energy. For organic
materials, equation 2.2.2 is still valid in the high temperature limit. In inorganic
semiconductors, however, ‘carrier inversion’ occurs whereby charge carriers move from the
dopant states into the conduction/valence band edge, where a substantially higher number of
energy levels exist. Hence hopping transport vanishes leaving band-like transport to

dominate at higher temperatures.

This model neglects multiphonon processes which has been argued to control transport if
charge carriers in organic materials are localised polarons [11, 12]. The omission of this
process could ultimately lead to the wrong temperature dependence of mobility. In the past,
those favouring the disorder based transport models concluded that electron-phonon
coupling is sufficiently weak thus making polaronic effects negligible [1]. Recently,
Bleibaum et al. proposed a hopping model similar to this but with a prefactor which depends
on the electron-phonon coupling strength, the phonon density of states and other properties

of organic materials [13].
2.2.3 POOLE FRENKEL CONDUCTION

Charge transport in disordered organic materials has long been reported to exhibit Poole
Frenkel-like electric field dependence [14]. The earliest of such reports was based on
experiments by Gill [15]. According to the Poole Frenkel law, the hopping mobility, u can

simply be expressed as

p o< exp(yVF) 223

where F is the applied field and y is the so-called material dependent Poole Frenkel constant

which typically decreases with increasing temperature.

The Poole Frenkel-like behaviour in organic materials is thought to originate from the
energetic or positional disorder of localised states such that the constant, y is generally
determined by the width of the density of states or the extent of the positional disorder
characterised by the hopping distance. However, the absence of a high density of charged
coulombic centres and hopping distances which are approximately the order of an
interatomic distance in disordered organic materials are both counter intuitive to the typical

Poole Frenkel-like behaviour.
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Ady

positive ion

Figure 2.2.2: A schematic representation of Poole Frenkel conduction involving a positively
charged ion. The solid line represents the potential energy experienced by an electron
without an external field whilst the dotted line is in the presence of a field. The external field

lowers the height of the potential barrier by an amount A ¢gs.

In the original model, charge carriers once released by the ionisation of atoms are said to
experience the coloumbic potential of the newly formed ions. The application of an external
field will then modify this potential in such a way as to increase the transfer rate between
localised states as shown in figure 2.2.2. Due to this strong coulomb interaction, the hopping
distances for carriers are much larger, more than ten times the interatomic distance. In
disordered materials, however, it will be demonstrated in section 2.4 that charge neutrality
can only be achieved if states in the bottom half of the energy gap are donor-like and in the
top half are acceptor-like. Hence removing an electron from an acceptor-like state in an n-
type material for example will return the state to its neutral condition. The absence of a
coulombic force between the free charge carrier and the neutral state will result in
significantly smaller hopping distances in disordered organic solids thus casting doubts over
the possibility of a Poole Frenkel-like conduction mechanism. A more accurate description
of charge transport in organic solids is thus thought to be provided by the variable range

hopping mechanism.

2.2.4 GAUSSIAN DISORDER MODEL

From his Monte Carlo simulation study, Bissler developed a hopping mode! for conduction
in disordered organic materials along with proposing a Gaussian shape for the description of
their density of states [1]. It is believed that the random energetic distribution of localised

states in disordered systems is best represented by a Gaussian DOS.
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The Gaussian density of states is given by

N E?
E)= 1t - = 2.2.4
£(6)= Lo~ £

where o is the width of the Gaussian, E is the energy of the localised states and ¥, is the total

concentration of localised states.

In his model, Bissler claims that the Fermi Dirac statistics is irrelevant as charge carriers are
said to hop in an almost empty DOS. It appears that restricting the model to a sufficiently
low concentration of charge carriers forms the basis of this assumption. This severely limits

the validity of the model to small carrier concentrations.

Like most hopping based models, the hopping rate follows the Miller Abraham formalism.
The electron-phonon coupling is assumed to be sufficiently weak such that polaronic effects
can be neglected. Bissler cites two forms of disorder in his model; the first being the
energetic disorder which he refers to as diagonal disorder and the other the so-called off-
diagonal disorder which is associated with variation in energy site distances. In this model,
he studies mainly the temperature and field dependence of carrier mobility. The temperature

dependence of drift mobility is given by

/I(T) oc exp (—7:1-2-) 2.2.5

It can be seen clearly that equation 2.2.5 predicts a non-Arrhenius temperature dependence
for mobility. This dependence was favoured over the conventional form as it gave more
realistic values for the prefactor . But since this model was proposed, there has been
accumulating amount of experimental evidence showing thermally activated behaviour for
carrier mobility in various disordered organic materials [16-18]). More recently, Coehoorn et
al. demonstrated that this phenomenon can be easily explained by considering charge carrier
concentration dependence of mobility in Gaussian disorder models [19]. In this paper, he
showed that at low carrier concentrations, In(u) varied approximately linearly with 1/7° but
as the carrier concentration increased, a linear function of I/T is obtained. This finding also
meant that the need for a polaronic based transport model becomes less obvious as
temperature dependence of disordered materials can be fully understood using simple

disorder models.
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In addition, Bissler also demonstrated a field dependence of carrier mobility reminiscent of

Poole Frenkel behaviour at high electric fields.

p(F )oc exp (F )yl 2.2.6
Here F is the applied electric field.

In the low field regime, he showed that carrier mobility drops with increasing ficld due to
enhanced off-diagonal disorder. With increased disorder, the low field is said to promote
new charge transfer routes which include short hops opposite to the field direction as poor
wave function overlap between isoenergetic sites hinders carrier motion in the field
direction. The probability of hopping transitions in the opposite direction increases at lower
fields thus giving rise to enhanced drift mobility values. The Poole Frenkel-like behaviour is
restored at higher fields as the lowering of energy barriers between localised states by the
field effect dominates. More recently, Baranovskii reviewed this phenomenon and dismissed
it as a misinterpretation of the TOF experimental data caused by neglecting the diffusive

nature of charge transport at low fields [20].

Much earlier, Poole Frenkel-like carrier mobility dependence had already been demonstrated
through experiments by Gill [15] and later by others [21-23]. However, as highlighted by
Garstein and Conwell [24], a spatially correlated potential for charge carriers is needed to
explain the Poole Frenkel behaviour in the low field region. Dunlap et al. [25, 26] developed
a theoretical model based on charge-dipole interactions to explain this phenomenon but its
applicability is rather doubtful as most conjugated polymers do not have a permanent dipole
moment [22]. In order to elucidate this field dependence, Yu et al. proposed an alternative
mechanism based on thermal fluctuations in the molecular geometry that modify the energy
levels of the localised states [27, 28].

The main drawback of Bissler’s model is that it is extensively based on computer
simulations thereby restricting the expressions to only numerical solutions. Later,
Baranovskii et al. proposed the first semi-analytical model for the description of hopping
transport in a Gaussian DOS [29, 30]. His model relies heavily on the concept of transport
energy which again comes with the penalty that it is valid only under low fields and for small
charge densities. This concept of a transport energy was first introduced for a purely
exponential DOS [31]. In addition, his model also makes use of percolation theory. By
including the percolation criterion, B. = 2.7 in the final expression for drift mobility, the

mode! demands the existence of an infinite percolation path across localised states with
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encrgies lower than the transport energy. In this model, the variable range hopping (VRH)
theory is used to illustrate the dependence of carrier mobility on concentration of localised
states. The variable range nature of the hopping process is reflected by taking into account

the energy dependence of the hopping distance, R.

For systems with a Gaussian DOS, the concentration dependence of drift mobility is

explained using the generalised form given as

M a exp [—C(Na3)_p] 2.2.7

where N is the concentration of localised states, a is the localisation length and both p and C
are reported to be temperature dependent parameters. This is in contrast to previous claims of
equation 2.2.7 being universal to all disordered organic materials with values of C and p
equal to 2 and 1/3, respectively [32, 33]. By recognising the temperature dependence of p
and C, Baranovskii showed that consistent estimates of a can be obtained directly from the
drift mobility experimental data of doped polymer matrixes for example NIPK/PVK [33] and
TNF/PVK [15].

2.25 VARIABLE RANGE HOPPING (VRH) MODEL

Variable range hopping (VRH) occurs only in systems where the energy variation between
subsequent states is large compared to the thermal energy kT. The concept of VRH was first
introduced by Mott [34] in 1968 for a system with a constant density of states (DOS). He
presented an analytical expression for the temperature dependence of conductivity when the

Fermi level was located in the region of the hopping states. The Mott formula states that

o ~exp [- (%)%} 228

where o is the conductivity, T is the absolute temperature and T, = 128/ 9ra’N k where Ng

is the density of states at the Fermi level and a is the size of the localised states. In such a
system, he argued that hopping over far distances and hopping to higher energies are equally
probable as the density of states is assumed to be homogeneously distributed around the

Fermi level.

This is quite different to the case of disordered organic semiconductors where the DOS is

commonly approximated by an exponential function. In an exponential distribution of states,
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the characteristic hop is an activated jump since there are more states available at higher
energies. So a carrier may either hop over a small distance with a high activation energy or
hop over a large distance with a low activation energy. This makes the temperature

dependence of carrier transport strongly dependent on the density of localised states.

In two- and three-dimensional systems, the most comprehensive methods for calculating
hopping conductivity are said to be based on percolation theory [35]. Historically, the
percolation approach for VRH system in an exponential density of states was first suggested
by Grunewald and Thomas [36]. Much later, Vissenberg and Matters [37] presented a
modified approach to explain the temperature and gate voltage dependence of field effect
mobility observed in organic transistors made by Brown et al. [16]. By then, both these
dependencies had already been explained by Horowitz et al. using the multiple trapping and
release (MTR) model [38]. The MTR model will be elaborated further in the subsequent

section.

The model presented by Vissenberg and Matters studies the influence of temperature and the
occupational probability of states on the conductivity of systems having an exponential DOS.

With the aid of percolation theory, they developed an analytical expression for conductivity.

Their model mainly focuses on transport properties at low carrier densities and low
temperatures. Only under both these conditions will carrier transport be determined by the
tail of the DOS. The density of states in disordered material, g(E) is given by

N, E
=21t —_ —-w<E <0 2.2,
g(E) AT, exp[k%) ( < ) 2.9

where N, is the number of states per unit volume, k is the Boltzmann constant and 7, is a

parameter which describes the width of the exponential distribution.

In determining the charge carrier density, the Fermi Dirac distribution is used to describe the
falling occupancy of the localised states with increasing energy. The Maxwell Boltzmann
approximation is not favoured as most of the hopping is believed to take place between tail
states close to the Fermi level, Ef. It is in the energy range close to Ex that the Maxwell
Boltzmann statistic deviates from the Fermi Dirac distribution but only by a factor of 2. The
approximation generally works better at energies more than 3kT above the Fermi level. In the
past, when the Fermi Dirac statistics is replaced with the Maxwell Boltzmann

approximation, the conductivity has been reported as being simply proportional to the carrier
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concentration [36, 39]. This is thought to be an artefact caused by neglecting the exact carrier

occupancy of localised states.

The charge carrier density of the system is thus given by
E.
SN, mexp| —£- F(I—T )F(] T ) 2.2.10
' °""[kro) 70+,

where J is the fraction of states occupied, Er is the energy of the Fermi level and
r(z)= Edy exp(~y)y*™ . Equation 2.2.10 breaks down at temperatures T > T, as transport

is no longer dominated by hopping between tail states.

As mentioned earlier, the overall conductivity of the system is determined using percolation
theory. At low applied voltages, the system is viewed as a resistor network having the

conductance

G, =G,exp(-s,) 2.2.11

where Gy is the conductance between sites i and j and Gy is the prefactor.

The exponent term in equation 2.2.11 is given by
|E,—E,| +|E, - B +|E, _Ej!
2kT

sy =2aR, + 2.212

where a is the effective overlap of electronic wave functions, R; is the distance between sites
i and j and E; and E; correspond to the energy of sites 7 and j respectively. The first term in
equation 2.2.12 describes the tunnelling process between the two sites whilst the second term
takes account of the activation energy required for a hop upward in energy as well as the

occupancy of sites i and j.

The conductivity of a percolation based system [40, 41] is given as

o =0, exP(—sc) 2.2.13

where o, is the prefactor and s. is the exponent of the critical percolation

conductance G, = G, exp(-s,).
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According to the theory, after ignoring hopping between sites with decreasing s;, the
conductivity decreases sharply at a critical value s.. This value defines the onset of
percolation; when the first infinite cluster is formed. This is deemed as the most crucial step
for transport through a macroscopic disordered system. The isolated clusters are expected to
increase in size with increasing s;. At s., the clusters are connected to their neighbouring
sites by a critical number of bonds given by B.. For three dimensional disordered systems,

the percolation criterion, B, is ~ 2.8.

In this model, the percolation criterion is analytically expressed as

3
B, = ”(_Z_TO_TJ N, exp [E’—:;‘—E] 2.2.14
a 0

In developing equation 2.2.14, the positions of the energy sites are taken to be randomly
distributed and a large fraction of carrier hopping is assumed to occur between tail

states (- E >> kT,). Furthermore, the maximum energy hop is assumed to be large

(s kT >> kT;).

Finally combining equations 2.2.10, 2.2.13 and 2.2.14 yields an expression for conductivity

of the system:

”NI‘S(TO/T)}

@ay.r(1-74 Jr(1+ 77

Equation 2.2.15 shows that conductivity is strongly dependent on carrier concentration. In

(8, T)=0, 2.2.15

fact, conductivity varies as a function of (5N, )T% . This is similar to the result obtained from
our model. However, we have not used percolation theory which is essential to the derivation
of an analytical expression for conductivity in this model. In contrast we have simply applied
conventional device physics to an exponential DOS, an approximation increasingly
associated with disordered organic materials. A full description of our model is presented in

section 2.5.

In addition, equation 2.2.15 demonstrates that the conductivity shows a thermally activated
behaviour0'~exp—[Ea [kT ] with activation energy, E, which is weakly dependent on
temperature. This activated behaviour of charge carrier transport is directly related to the

exponential rise in DOS. In an exponential DOS, carriers are more likely to hop upwards in
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energy as there are more states available at higher energies. This is why, in the past, hopping
in exponential DOS is often described as activation from the Fermi energy to a specific
transport level [31, 43].

22.6 MULTIPLE TRAPPING AND RELEASE (MTR) MODEL

Hydrogenated amorphous silicon (a-Si:H) is one of the most widely known disordered
inorganic material to demonstrate a transport mechanism different to that of single
crystalline materials. Carrier mobility in a-Si:H film is at least a few orders of magnitude
lower than its crystalline counterpart. The MTR model was first introduced by Le Comber
and Spear to account for the low carrier mobility in this amorphous material [43]. Charge
transport in this material is limited by a distribution of localised trap states located within its
energy gap. In this model, a narrow band is associated with a high concentration of trap
states. The traps could either be deep traps, located in the centre of the gap, or shallow traps
located close to the conduction or valence band. Much later, Monroe adapted the model for
systems having an exponential DOS to account for hopping transitions over states
energetically deeper than a critical energy level called the transport energy. The model was
found to closely resemble the MTR process with the transport energy playing the role of the
band edge.

More recently, Horowitz et al. [38, 44] successfully applicd the MTR model to describe
transport in sexithiophene (6T) and dihexylsexithiophene (DH6T) based TFTs. Using the
MTR model, Horowitz demonstrated that charge transport in organic materials is dependent
on temperature, the energy level of the trap states and the applied gate voltage. The MTR
model assumes an exponential distribution of trap states. Charge carriers hop easily between
localised states at energies above a critical energy known as the transport energy, Er. At low
energies, however, the carriers are immobilised in localised states which act like traps due to
the decreasing DOS. The injected and thermal charge carriers will interact with these lower
lying trap states as they transit through the organic material. According to the model, the
charge carriers will first be trapped into the localised states with a probability close to unity
and subsequently released via a thermally activated process as illustrated in figure 2.2.3.
Since the release mechanism is thermally activated, the carrier mobility is strongly

dependent on temperature.
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The trap-controlled drift mobility, x4 is given by

E
y75 =poaexp—(k—7‘:) 2.2.16

where y, is the carrier mobility at the transport energy, a is the ratio between the effective
density of states at the transport level and the density of traps and E, is the energy of the trap
state. Similar to the VRH model, equation 2.2.16 predicts an Arrhenius-like temperature

dependence for carrier mobility.

Energy .

Er+— "~

trap-like
localised states

>
Distance

Figure 2.2.3: Schematic representation of the multiple trapping and release (MTR) model
where carriers are momentarily immobilised in deep trap-like localised states before being
thermally released to states at or above the transport energy Er. The filled circles represent

both thermal and injected charge carriers.
23 MEYER NELDEL RULE (MNR)

The thermally activated behaviour of a wide variety of physical, chemical and biological
processes has been found to obey the so-called Meyer Neldel rule (MNR). This rule was first
observed by Meyer and Neldel in inorganic polycrystalline materials [45]. Although it has
since become a commonly occurring phenomenon, the microscopic origin of the MNR is
nowhere closer to being fully understood. Numerous theories have been proposed to explain

the occurrence of this rule in inorganic and organic semiconductors.
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According to thc MNR, any property say, Y which has been observed to obey the thermally

activated law is given by

Y=Y, exp—(f—;) 2.3.1

where E, is the activation energy and Yy is the prefactor which increases exponentially with

E, according to the following relationship:

Y, =Yy exp(kE; J 232

Here Yy is a constant prefactor and kT, is the Meyer Neldel energy. It is this empirical
relationship between the prefactor, ¥, and E, which is known as the Meyer Neldel rule. In
organic semiconductors, conductivity and mobility are the two parameters known to exhibit
thermally activated behaviour. The physical meaning of the associated Meyer Neldel energy
still remains elusive but it has been reported to be close to 40 meV for a broad range of

organic materials [16, 17, 46].

In our model as well as in the variable range hopping [37] and multiple trapping and release
model [38], the Meyer Neldel energy is a direct consequence of assuming an exponential
distribution of states. The MNR is therefore interpreted in terms of the statistical shift of the
Fermi level and AT, is said to be equal to the width of the DOS. Meijer et al., however, have
expressed their doubts that the widely observed MNR is a result of a general DOS and
suggests that it is perhaps due to a characteristic transport mechanism in disordered materials
[17]. This notion of the MNR being related to the charge transport mechanism has been
shared by Yelon et al. in the past [47, 48]. He explained the MNR using a multiphonon
process to describe carrier hopping in inorganic amorphous semiconductors. He said that the
MNR stems from a phonon activated process where the energy of the process itself is
significantly larger than a typical excitation. The much larger activation energy obtained in
experiments suggests the involvement of multiple phonons. As the activation energy rises,
more phonons are required and additional conduction paths will be created for charge

transfer.

The extension of this theory to organic semiconductors depends on whether or not it is
justified to use multiphonon process to describe hopping of carriers between localised states.
Most disorder based transport models choose to ignore polaronic effects as energetic
disorder is believed to be the dominant source of charge localisation in organic materials.

Also, unlike inorganic semiconductors, the activation energy obtained for most disordered
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materials is of the order of a phonon energy which is certainly in contrary to the belief of
transport being a multiphonon process. But Emin argues that albeit the activation energy is
comparable to the phonon energy, the transport should still be regarded as a multiphonon

process [11, 12].

There is still no general agreement if the MNR is a result of a common DOS or if it is
directly related to the polaronic nature of charge carriers in disordered materials.
Nevertheless, the ubiquitous value of the Meyer Neldel energy suggests that it must have a

common origin in all disordered materials.
24 ACCEPTOR-LIKE AND DONOR-LIKE STATES

The main characteristic features of disordered organic semiconductors are their narrow
Gaussian distribution of localised states and a Fermi level, Ex which lies in the band-tail of
the Gaussian function. In contrast, crystalline semiconductors like silicon have virtually no
energy levels lying within the energy gap close to the Fermi level. All the electronic states
are delocalised forming wide energy bands known as the conduction and valence band for
electrons and holes respectively. It is only in an n-type or p-type doped semiconductor that a

dopant level exists within the energy gap close to the conduction or valence band edge.

Since it is only in disordered materials that the Fermi level lies in a distribution of localised
states, it becomes increasingly important to understand the nature of these energy states.
There are three types of states namely acceptor-like, donor-like and amphoteric. An
acceptor-like state is one that exists only in a negative or neutral condition, a donor-like state
only in a positive or neutral condition and finally an amphoteric state that can exist in any of
the three conditions. Ignoring amphoteric states, different combinations of states are
considered for the simple case of a discrete energy level lying in the top and bottom half of
the energy gap as in figure 2.4.1. The movement of the Fermi level, Er through such a broad
range of energy is only hypothetical and should not be taken to reflect what happens in
practice as it will require the application of an infinitely large electric field. In general small

changes in the Fermi level are sufficient to yield substantial changes in carrier concentration.

Suppose that both the energy levels are donor-like, the system will be highly positively
charged when Er coincides with the hole transport level, E, as empty donor-like states are
positive. Here the hole transport level is akin to the valence band in conventional
semiconductors. As mentioned earlier, changes in the net charge of the system are studied by

virtually moving the Fermi level through the energy gap. As the Fermi level moves higher in
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energy away from Ej, an increasing proportion of the lower donor-like level becomes filled
with charge carriers. The carrier occupancy of the discrete level increases according to the
Fermi Dirac statistics and the system experiences a drop in positive charge similar to the
distribution function as illustrated in figure 2.4.1. The net positive charge of the system will
continue to fall as Er moves through the next donor-like level located in the top half of the
gap. It will vanish to zero when Er coincides with the electron transport level, E,. The
electron transport level resembles the conduction band. Only when both the donor-like
energy levels are completely filled will the system attain charge neutrality. At the mid gap
and energies close to it, there is no visible change in charge due to the absence of any
discrete energy levels. The net positive charge of the system suggests that a very high gate

voltage will be needed to achieve minimum channel current.

Ee +

o) I

Ehl T

Figure 2.4.1: Charge distribution with energy for different combinations of donor-like (D)
and acceptor-like (4) levels as Er is hypothetically moved through the energy gap of the
semiconductor. The A/D curve corresponds to the lower energy level having a smaller
density of states than the higher donor-like level. Inset illustrates the relative position of the
discrete energy levels (dotted line) in the top and bottom half of the gap. E,, and E., are the

hole and electron transport levels respectively.
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Another possibility will be for the lower encrgy level to be donor-like and the higher energy
level to be acceptor-like. With an unoccupied donor-like energy level, the system starts out
being positively charged but quickly gains charge neutrality as Er approaches mid gap. This
corresponds to the ideal situation where both the donor-like and acceptor-like level exists in
their respective neutral condition. Such a situation is consistent with experiment as it
suggests that only a small gate bias is required to swing the transistor into operation. Once
the Fermi level moves further in energy, the acceptor-like level will also be filled resulting in
the system having a net negative charge. This means that the condition for charge neutrality

is only satisfied when the Fermi level lies at or close to the centre of the energy gap.
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Figure 2.4.2: Distribution of charge when the discrete level in the top half of the energy gap
has a smaller density of states than its lower energy counterpart. Asymmetry in the density of
states only affects the A/D configuration (dotted line) causing it to shift downwards along the

charge axis.

If the donor-like and acceptor-like levels are swapped around, the distribution in net charge
will be exactly the same provided that both the energy levels are symmetrical. Unfortunately,
in practice, the encrgy levels almost always differ in terms of their density of states. This
discrepancy will cause the acceptor-like/donor-like curve to be shifted along the charge axis
but will have no effect on the other combination of states. If the density of states of the

donor-like level is larger, the curve will be shifted higher along the charge axis as in Sfigure
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2.4.1. This is associated with the system having a net positive charge when the Fermi level
reaches the centre of the gap. Conversely, if the acceptor-like level in the bottom half of the
gap dominates, the shift will be towards more negative charge as in figure 2.4.2. Hence the
system will always lack charge neutrality thereby requiring the application of a large gate

voltage.

Finally, if the two hypothetical energy levels are acceptor-like, the system will retain its
charge neutrality as long as the levels remain empty. As the Fermi levels moves
progressively through higher energies, a larger fraction of the energy levels become filled
resulting in a net negative charge. The system will become highly negatively charged when
Er equals the electron transport level. Similar to the donor-like/donor-like case, a large gate
voltage of the opposite polarity will be needed to negate the effects of the negatively charged

energy levels.

Figure 2.4.3: Variation in charge with energy for a disordered organic semiconductor
characterised by an exponential distribution of localised states. The A/D curve (dotted line)
shown corresponds to the hole distribution having a much smaller density of localised states
compared 1o the electron energy distribution. The inset is a schematic representation of the

exponential density of states, N(E) generally assumed in organic solids.
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Variation in charge distribution with shifts in the Fermi level is relatively simple to
understand for the case of discrete encrgy levels. However, the distribution of localised states
in disordered organic materials is often represented by an exponential function. So in organic
semiconductors, the top and bottom half of the encrgy gap will each have an exponentially
rising DOS for electrons and holes respectively as shown in figure 2.4.3. Now the combined
effect of an exponential distribution of localised states and the falling carrier occupancy
governed by the Fermi Dirac distribution function must be taken into account. The result is
an exponential energy distribution of charge carriers. Since the charge distribution of any
system is clearly governed by the carrier occupancy of the localised states, the net charge
will also be exponentially distributed as in figure 2.4.3. Again for the acceptor-like/donor-
like configuration, the asymmetrical DOS for holes and electrons will lead to a visible shift
along the charge axis. Due to the exponential nature of the DOS, the net charge of the system
will continue to increase/decrease as it approaches the hole and electron transport level, only

reaching a fixed value at infinity.

Regardless of the distribution of energy states, donor-like states in the bottom half of the
energy gap and acceptor-like states in the top half is the only combination in close agreement
with experimental observations. Only under such circumstances will a small gate voltage be

sufficient to achieve minimum channel current in a transistor.

2.5 CHARGE CARRIER DENSITY DEPENDENCE OF HOPPING MOBILITY IN
AN EXPONENTIAL DENSITY OF STATES (DOS)

The numerous analytical models developed to describe charge transport in disordered
organic materials reflect the sheer complexity of the problem of hopping mobilities. A
general agreement is still yet to be reached on whether a Gaussian or an exponential function
provides a more accurate description of the distribution of states in the region of operation of

a variety of devices.

In our model, we simply use the variable range hopping (VRI) theory together with an
exponential density of states as an approximation to the Gaussian function. An exponential
density of states is used in the analytical model since the band tail of a Gaussian function, for
any particular energy range, is quite accurately an exponential as shown in figure 2.5.1. The
Fermi level is also widely believed to lie in the band tail of a Gaussian distribution
suggesting that hopping transitions at energies within the band tail are likely to dominate
conduction. The exponential approximation of the DOS does provide considerable insight

into charge transport in disordered materials by allowing conventional device physics to be
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employed. The exponential dependence of localised states with increasing energy, E in

disordered organic solids is given by

N, E
N(E)=—Lexp| — 2.5.
(E) p[krc} 3.1

kT,

c

where N, represents the number of states per unit volume at energy £ = 0, E is the energy of
localised states, & is the Boltzmann constant and 7. is the characteristic temperature of the
exponential function. The term kT. in equation 2.5.1 corresponds to the so-called Meyer
Neldel energy. Equation 2.5.1 is similar to the approximation given by Vissenberg and
Matters [41] and is thus limited to low carrier concentrations and temperatures in order for
charge transport to be dominated by the band tail of the DOS. At high temperatures, the
exponential DOS will dominate over the Fermi Dirac statistics suggesting an infinitely

increasing carrier concentration.
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Figure 2.5.1: Schematic representation of the energy range in which a Gaussian DOS can be
quite accurately approximated by an exponential function. At low energies, the occupancy is
assumed to be unity with no hopping events taking place but hopping rates are enhanced at

energies close to the Fermi level.

In an exponential distribution of states, the transport of carriers are said to be governed by

hopping i.e. thermally activated tunnelling between states. According to the concept of
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Variable Range Hopping (VRH), carriers may either hop over a small distance with a high
activation energy or hop over a long distance with a low activation energy. It appears,
however, that an analytical model which well describes the experimental results can be
developed without having to consider the exact mechanism by which carriers move in an

exponential distribution of localised states.

Classically, the motion of charge carriers in ordered inorganic semiconductors is described
through drift and diffusion by a single mobility term, x.. According to the drift current

equation,

E, E
J=pqgN exp-| =< |exp| =L |F 2.5.
KA P (kT] p(kT) 5.2

Here J is the drift current density, N, corresponds to the effective density of states in the
conduction band, E, is the energy of the conduction band, Ef is the Fermi level and F is the
applied field. Despite the parabolic variations in the density of states of crystalline materials,
a unique mobility can still be assigned to the free charge carriers. This is made possible by
the high density of states at the edge of the conduction band which is large enough to
accommodate all thermal and even injected charge carriers. The charge carriers residing in
what appear to be an abrupt band edge will have a constant effective mass and hence behave

as if they have a constant mobility. This is the prerequisite for using equation 2.5.2.

Over the years, the carrier mobility term has become the most important figure of merit
quoted in all semiconductor devices. Hence tradition has it that carrier motion in disordered
organic materials should also be described by a single classical mobility term albeit the
carriers are now distributed over a wide range of energies and therefore should experience

different hopping rates.

In our model, we have chosen to only consider an exponential DOS together with a falling
carrier occupancy with energy as dictated by the Fermi Dirac distribution function, f{E) to
determine the carrier concentration of the system. The Fermi Dirac statistics, in general,
describes the probability of occupation of carriers in energy states under thermal equilibrium
conditions. In reality, this distribution is applied even under steady state conditions as charge
carriers are assumed to reach thermodynamic equilibrium. This assumption allows for a

Fermi level, Er to be defined.
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The Fermi Dirac distribution function is given by
1

l+exp(E;TEF)

where Ep is the Fermi level of the semiconductor.

f(E)= 2.5.3

For most practical purposes, the Fermi Dirac function is replaced by the Maxwell Boltzmann
approximation. In conventional semiconductors, this approximation is used only when the
Fermi level, Er is several kT away from the conduction or valence band edge. Fortunately,
inorganic semiconductors which are often either p or n type doped will satisfy this condition.

The Maxwell Boltzmann approximation is defined as

E-FE )
7(E)= e"p'( kTF) VE>E

1 if E<E,

2.5.4

where E is the energy of the localised states.

In disordered semiconductors which have a continuous distribution of trap states, one might
wonder how the use of the Maxwell Boltzmann statistics is justified. As mentioned earlier,
transport in disordered semiconductors occurs via hopping of charge carriers. Charge carriers
will only be able to hop into a neighbouring site if the site is empty. Otherwise, repulsive
Coulombic interaction between similarly charged carriers will make the particular hop
energetically unfavourable. Below the Fermi level, only a small fraction of localised states
remain empty and the states are located further apart which renders charge carriers in this
energy range practically immobile. Hence, it is fair to assume that the occupancy, which is
the fraction of states occupied, is close to unity. By doing so, hopping transitions in the
lowest energy range are simply neglected. As for states above Ef, the occupancy starts off
being half full but then falls rapidly with increase in energy. This sharp drop in carrier

occupancy above the Fermi level is a direct consequence of the exponential function.

Besides this, equation 2.5.1 also states that the density of states is much larger at higher
energies implying that the probability of carrier hopping rises appreciably as the localised
states become less far apart. The combined effect of decreasing carrier occupancy and
increasing energy states leads to the charge transport being dominated by hopping events
close to the Fermi level. Above the Fermi level, the use of the Maxwell Boltzmann

approximation in place of the Fermi Dirac statistic will only lead to a maximum error of a

Chapter 2 -35-



Charge Transport in Disordered Organic Semiconductors

factor of 2. This small margin of error is also thought to be partially offset by ignoring the

small number of hopping transitions that occur below the Fermi level.

Since only hopping events taking place above the Fermi level are considered to contribute to
conduction, charge carrier density, # in disordered organic materials is given by (Appendix

B)

n= fF N(E)f(E)dE

n= Mexp £ 2.5.5
T kT,

[4

where

From recent experiments, it was found that T, > T which makes it possible to have a closed
form solution that has carrier density decreasing with energy. The relationship between T,
and T, obtained in deriving equation 2.5.5 provides valuable information regarding the
transport mechanism in disordered semiconductors. The term T, is believed to represent the
energy distribution of charge carriers which also follows an exponential function. This
equation gives a simple yet comprehensive relationship between carrier distribution,
energetic disorder and thermal effects in disordered materials. Further study of the equation
gives us reason to believe that energetic disorder is in fact directly proportional to

1/T, which in the special case of crystalline semiconductors is equal to zero. When that

happens, the energetic distribution of carriers is simply characterised by the lattice

temperature.

The carrier concentration dependence on the characteristic temperature of the exponential
DOS, T in equation 2.5.5 seems to be counter intuitive and is still not yet fully understood.
The expression itself, however, is not disputed as it has already been confirmed by
experiments [49]. One possible explanation for this phenomenon is thought to be associated
with the fact that Er lies in the band tail of the Gaussian distribution. This means that the
distribution of states must be relatively small at enecrgies below Ep but is strongly
exponential beyond Er. Hence altering the position of Er by reducing the measurement
temperature for instance will induce a change in carrier concentration and lead to carriers
being crammed into a marginally smaller energy range. The distribution of carriers across
the whole energy range will, however, remain essentially the same. So the charge carrier

distribution continucs to match that of the DOS and is characterised, as expected, by exactly
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the same parameter, k7. Conversely, a distinct value of A7, is obtained when the energetic

position of the Fermi level is varied by artificially doping the intrinsic material.

Having determined the carrier concentration of the system, a drift current equation similar to

equation 2.5.2 can be obtained for disordered materials

w
=

N, T E
J=u 00 exp| —— | F 2'5
Hey 4= p[ch

c

Here p.4 is the so-called effective mobility needed to yield the correct units for J. x4
resembles the classical mobility term defined in conventional semiconductors. The relevance
of the term . in disordered materials can be better understood by making a direct
comparison with crystalline semiconductors for which the equation was originally
developed. In the absence of current flow, an ordered semiconductor with a conduction band
is contacted with a disordered organic material as in figure 2.5.2. Band bending due to a
possible work function difference between the two materials and the likely presence of
trapped charges are ignored in this case. Hence, under thermal equilibrium, the carrier flux
from the disordered to the ordered semiconductor must be equal to the flux in the opposite
direction. Also, a single energy level much like the conduction band in ordered materials
must be capable of representing current in the disordered semiconductor. For simplicity, this
energy level is termed the effective transport energy and is equal in energy to E,.. If an

effective transport energy should exist, it must apply to all current levels including the zero

current case.
e e
—— -
E === (ransport
C N s, S L i
e - energy

E F . = e

ordered disordered

Figure 2.5.2: Schematic energy diagram of an ordered semiconductor in direct contact with
a disordered semiconductor. Band bending due to possible work function differences and
presence of trapped charges are neglected. Under thermal equilibrium, the electron flux in

both materials must be equal and opposite in direction.
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Suppose the charge density, n in disordered semiconductors is to be represented like its
ordered counterpart by a single energy level E. having an effective density N,, the expression
will then have the following form.

E E
=N_ex —F - = 257
g p(krjexp (kr)

Equation 2.5.5 can be rearranged to give
T,

, T
exp(E—*)= n I, 2.5.8
kT NoT,

With the aid of equations 2.5.7 and 2.5.8, the experimentally determined effective mobility

Uegin disordered organic semiconductors is given by

EY T 17 (%}
7= Nexp-|—=<|——| n'’" 259

Equation 2.5.9 can be further simplified to

Tc
Ho = Mo n(_r_)-] 2.5.10

T
where g, =y, N, exp —(EJ I, and is known as the mobility prefactor. The value
kT )| N, T,

of uy can be determined experimentally. The only drawback of the expression for 4, is that
most of the terms are not typical parameters of disordered materials but are rather a result of
representing the exponential distribution of states by a single transport energy. This makes it
harder to understand the physical significance of the mobility prefactor. Hence, in practice,

the mobility prefactor is simply represented by the parameter K.

Equation 2.5.10 demonstrates that mobility in disordered materials varies superlinearly with
charge carrier concentration. Due to the exponential rise in the DOS, charge carriers at
different energy levels are likely to experience different hopping rates; hence the term
effective mobility. Charge carriers residing at higher energy levels will have higher
mobilities as there are more unoccupied energy states which are less far apart. This empirical
relationship between effective mobility and carrier concentration is commonly known as the

Universal Mobility law (UML). This concept of a Universal Mobility Law (UML) was first
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introduced by Brown et. al from measurements made on field effect transistors (FETs) doped
with poly(f’-dodecyloxy- @, a’,- a’, a”terthienyl) (polyDOT3) [16]. It should be noted that

the exponent in equation 2.5.10 shows a dependence on the characteristic temperature of the

DOS T, [50].

Although conduction in disordered organic materials differs greatly from that of
conventional semiconductors, it is still possible to describe carrier motion by an effective
mobility which is conceptually similar to the classical mobility term but shows a strong
dependence on carrier concentration. The most common observation of this dependence is
the field effect hole mobility in FETs which is at least an order of magnitude larger than the

hole mobility in light emitting diodes (LEDs) based on the same disordered organic material.

Chapter 2 -39-



Charge Transport in Disordered Organic Semiconductors

2.6 CONCLUSIONS

This chapter discusses in detail the various charge transport models proposed to describe
conduction in disordered organic materials. It is generally agreed that carricr motion in
disordered materials occurs via thermally assisted tunnelling (i.e. hopping) between localised
states. Charge transport is also reported to exhibit thermally activated behaviour which

means that carrier mobility will fall with decreasing temperature.

The transport models reviewed here are based on either the polaronic or disorder
phenomenon. Those who advocate the polaron based model believe that localisation in
organic materials is dominated by their strong electron-phonon coupling. Up until now the
polaron model was amongst the few models that promoted the idea of an Arrhenius-like
temperature dependence for carrier mobility. But recently, Coehoorn et al. showed that
taking into account the carrier concentration dependence of mobility in Gaussian disorder
models can explain both the 1/7° and I/T dependence observed in organic materials. This
finding means that the need for a polaronic based transport model becomes less obvious as
temperature effects in disordered materials can now be fully understood even with a
Gaussian disorder model. Furthermore, polaron binding energies are much smaller than the
Gaussian disorder width which suggests that disorder effects must dominate. The occurrence
of Poole Frenkel-like conduction in organic semiconductors is rather doubtful since hopping
distances reported for these materials are significantly smaller than that suggested by the

model.

The energetic distribution of states in organic materials is widely believed to follow a
Gaussian distribution. Some disorder models, however, have chosen to approximate the DOS
by an exponential function since the band tail of a Gaussian is quite accurately an
exponential. The exponential approximation is also supported by the belief that the Fermi
level lies in the band tail of the Gaussian function. Both the Gaussian disorder models
developed by Bissler and later by Baranovskii are valid only in the small carrier
concentration limit. Their models, however, fail to take into account the possible dependence
of mobility on carrier concentration. In contrast, the model developed by Vissenberg and
Matters using the VRH concept and the multiple trapping and release (MTR) model both
utilize an exponentially rising DOS. Like them, we believe that an exponential DOS provides
considerable insight into the charge transport mechanism of disordered materials. The VRH
model is said to be valid only at low carrier concentrations and temperatures in order for

transport to be dominated by the band tail of the DOS. This model also derives the widely
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observed empirical relationship between conductivity and carrier density using percolation

theory. Both models predict an Arrhenius-like temperature dependence for carrier mobility.

The occurrence of the Meyer Neldel rule in disordered organic materials is also discussed.
Many theories have been proposed in an attempt to elucidate the origin of this rule. For
models using an exponential DOS, the statistical shift of the Fermi level in the DOS scems to
be the most likely explanation. In the past, however, the MNR has been related to the
hopping of charge carriers via a multiphonon process. Yelon et al. said that the MNR stems
from a phonon activated process where the energy of the process itself is significantly larger
than a typical excitation. The applicability of this theory to organic materials, however,
hinges on whether or not it is justified to describe hopping events using the multiphonon
process. The smaller polaron binding energy compared to the Gaussian disorder width
suggests that energetic disorder is likely to dominate over polaronic effects. A Meyer Neldel

energy close to 40 meV is reported for a wide variety of organic materials.

The nature of localised states lying in the bottom and top half of the energy gap is discussed
briefly. The three types of localised states are acceptor-like, donor-like and amphoteric.
Having ignored amphoteric states, the only configuration consistent with experiments was
determined to be donor-like states in the bottom half of the energy gap and acceptor-like
states in the top half. Only under such conditions will a small gate voltage be sufficient to

reach minimum channel current in a transistor.

In crystalline semiconductors, carrier motion is traditionally described by a unique mobility
term. Extending this practice to disordered organic materials seems inappropriate since
charge carriers at different energies experience different hopping rates. By comparing a
crystalline semiconductor in direct contact with a disordered one, we demonstrate that it is
possible to describe carrier motion using a single transport level akin to the
conduction/valence band edge. In doing so, an effective mobility term which is strongly
dependent on carrier concentration is obtained for disordered materials. The effective
mobility also shows a dependence on the characteristic temperature of the exponential DOS
T, through the exponent term. Unlike the VRH based model, we successfully demonstrate
the Universal Mobility Law (UML) which relates mobility to carrier density without using
the percolation approach. The UML is considered as an important electrical property of
disordered organic materials since in poly(3-hexylthiophene) (P3HT), the carricr density

dependence of mobility dominates even at acceptor concentrations as low as 10' cm?,
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CHAPTER 33

ELECTRICAL CHARACTERISATION OF
POLY(3-HEXYLTHIOPHENE) SCHOTTKY
DIODES

This chapter looks at the properties and operation of metal semiconductor barriers. The
charge transport mechanism across the Schottky barrier along with the image force lowering
effect is discussed. A brief introduction to the properties of poly(3-alkylthiophenes) (P3ATs)
is also included. As-synthesised and doped P3HT Schottky diodes are characterised and the
characteristic temperature corresponding to the exponential distribution of intrinsic states
and carriers is determined from the current density voltage measurements. In addition, a
method for determining the conduction mechanism in the neutral region of the P3HT diode

is also presented.
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3.1 INTRODUCTION

The behaviour of metal/semiconductor interface is extremcly crucial to the performance of
organic semiconductor devices. The interface formed between a metal and an organic
semiconductor can be classified as either ohmic, low resistance or rectifying. An ohmic
contact is generally regarded as one that provides equal access to both electrons and holes.
This simple definition, however, does not lend itself well to disordered organic
semiconductors. Here metals such as gold which is widely reported to make an ohmic
contact with poly(3-hexylthiophene) promotes the passage of holes but not electrons, at least
not in equal proportions [1, 2]. In a low resistance contact, there will either be a small barrier
or no barrier at all for a single type of charge carrier. Ohmic and low resistance contacts are,
however, often assumed to be the same [3]. Schottky barriers which are perhaps the most
common form of rectifying contacts owe their rectifying property to the formation of a large
potential barrier at the metal/semiconductor interface. The height of the resulting potential

barrier may be easily altered by the application of an external voltage.

A Schottky diode has a sandwich structure consisting of two metal electrodes on either side
of an organic semiconductor. One of the electrodes will be a metal of a low work function
like aluminium or titanium as it forms a Schottky barrier with most p-type organic
semiconductors. Meanwhile the other electrode will usually be gold as it is one of few metals
known to make an ohmic contact with organic semiconductors. Given that it is possible to
apply relatively large voltages across Schottky diodes without causing any performance
degradation, these devices allow a much wider energetic distribution of localised states to be
studied. In both MOS capacitors and TFTs, the field effect only permits charge transport

across lower lying energy states to be analysed.

This chapter is primarily concerned with the electrical characterisation of Schottky diodes
made with poly(3-hexylthiophene) (P3HT). First a basic understanding of the operation of
metal semiconductor diodes and the two main charge transport models: diffusion theory and
thermionic emission is presented. These models were originally developed for Schottky
barriers involving inorganic semiconductors but have since been extended to describe
conduction in organic based Schottky diodes. The chapter then progresses to review the
Schottky effect which is known to dominate the barrier height g, under reverse bias
conditions. The properties of poly(3-alkylthiophenes) and the fabrication procedure of
Schottky diodes made with poly(3-hexylthiophene) are also presented. The electrical
conduction in an as-synthesised P3HT Schottky diode is discussed based on its current

density voltage measurement. In this discussion a simple model which allows the
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determination of the intrinsic values of T, and T is presented. The experimental result of a
P3HT Schottky diode doped with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) is also
reviewed. It has already been established that dopants like DDQ significantly improve the

conductivity of disordered organic materials [4, 5].
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3.2 METAL SEMICONDUCTOR DIODES

A potential barrier or otherwise also known as a Schottky barricr is formed when a metal of
an appropriate work function is brought into contact with a semiconductor. The potential
barrier mainly results from the difference in work function between the metal and the
semiconductor [6]. But in some instances the barrier may also be affected by the presence of

trapped charges at the interface.

Since a majority of disordered organic materials are intrinsically p-type, figure 3.2.1 shows
the energy diagram of a low work function metal in contact with a p-type semiconductor. To
clearly illustrate the shape of the potential barrier envisaged in disordered semiconductors,
the localised states are distributed in a succession of energy levels with the absence of any
off-diagonal disorder. But in practice, the localised states will be randomly distributed
making it harder to distinguish the potential barrier lying close to the metal-semiconductor
interface. It is also believed that the random energetic distribution will have an effect on
charge transport across the Schottky barrier as it provides alternative charge transfer routes

leading to other potential barricrs.

metal semiconductor

ah {

Figure 3.2.1: Simplified energy diagram for a metal/p-type disordered organic
semiconductor at quasi thermal equilibrium without any applied voltage. q@y represents the
barrier height, Vy; the built in potential of the semiconductor and W the width of the space

charge region.

A flat quasi Fermi level is defined for the majority charge carricrs which are holes in the case
of a p-type semiconductor. The quasi Fermi level Er is esscntially a hypothetical energy
level defined to validate the Fermi Dirac distribution function in a system which is no longer
in true thermal equilibrium [7]. Often individual quasi Fermi levels are defined for holes and

electrons in a single semiconductor. The energy difference between both the Fermi levels
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will prompt electrons to be injected from the metal into the semiconductor. The electron
transfer will cease once the quasi Fermi level has aligned itself with that of the metal as in
figure 3.2.1 indicating that the system has finally reached thermodynamic equilibrium. A
potential barrier which is not truly parabolic forms within the scmiconductor. The barricr has
a non-parabolic shape due to the attractive electrostatic force expericnced by carriers in the
semiconductor towards the metal from their image charge. The potential barricr is associated
with a space charge region consisting of uncompensated acceptor ions occupying a layer of
thickness /. The assumption that the semiconductor is homogeneous leads to a uniform
distribution of acceptor ions. The resulting potential barrier gV}, will impede the movement

of holes across the metal semiconductor interface.

The rectifying properties of a Schottky barrier can be studied simply through the application
of an external voltage. When a negative voltage is applied on the p-type semiconductor, the
potential barrier is enhanced giving rise to a much wider space charge region as in figure
3.2.2. The higher potential barrier makes it harder for holes to flow across the interface. The

current is thus mainly associated with the flow of holes from the metal.

metal semiconductor

Figure 3.2.2: Energy diagram for a metal/p-type semiconductor under reverse bias. The
semiconductor is assumed to be in quasi thermal equilibrium even in the presence of current
Sflow thus giving rise to a flat quasi Fermi level E. Vi corresponds to the negative voltage

applied on the semiconductor with respect to the metal.

When the polarity of the applied voltage is reversed, the potential barrier to the movement of
holes is significantly reduced. Even holes located at much higher energy states will now be
able to cross into the metal. The space charge region adjacent to the interface shrinks as a
higher concentration of holes compensates an increasing number of acceptor ions. Figure
3.2.3 shows the energy diagram of a Schottky barrier under such conditions. The observed

exponential rise in current is believed to be associated with the exponential distribution of
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holes. The strong rise in current ceases when a higher fraction of the applicd voltage starts to
fall across the neutral region. The saturation current level is thus said to be limited by the
resistivity of the neutral region. More recently, it was found that the interface formed

between the semiconductor and the so-called ohmic contact may also affect the saturation

current.

metal  semiconductor

Figure 3.2.3: Energy diagram for a metal/p-type disordered semiconductor at forward bias.

Vr is the positive voltage applied on the semiconductor with respect to the metal.
3.3 TRANSPORT MECHANISMS IN SCHOTTKY DIODES

Charge transport across Schottky barriers made with disordered organic materials is often
described using models which were originally developed for inorganic semiconductors. The
models detail the different mechanisms by which majority charge carriers overcome the
potential barrier formed at the metal semiconductor interface. The two most common
transport mechanisms are diffusion and thermionic emission. Quantum mechanical
tunnelling also occurs but it is limited to heavily doped materials where the potential barrier

is extremely thin. The thin potential barrier will allow charge carriers to easily tunnel

through.

Diffusion theory was first introduced by Wagner (1931) and later by Schottky and Spenke
(1939). According to this theory, the current is limited by a combination of drift and
diffusion within the space charge region adjacent to the metal. Much later, Bethe (1942)
proposed the thermionic emission model which has since proven to accurately describe
transport in high mobility semiconductors e.g. silicon. In this model, the current is said to be

controlled by the emission of carriers from the semiconductor over the top of the barrier into

the metal.
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The key distinction between these two models is the position at which the quasi Fermi level
of the semiconductor equilibrates with the metal Fermi level when a bias is applied across
the Schottky barrier as shown in figure 3.3.1. In the diffusion model, the quasi Fermi level is
believed to coincide with the metal Fermi level at the interface thus allowing equilibrium to
be reached within the semiconductor. This means that carriers at the top of the barrier are in
equilibrium with their metal counterparts and do not change with applied bias. Closer to the
interface, the gradient of the quasi Fermi level will drive the carriers into the metal. The

current is therefore said to be limited by the transport of majority carriers across the space

charge region.

metal  semiconductor

q¢s

Figure 3.3.1: Simplified energy diagram of a metal/p-type disordered semiconductor
showing the equilibration of the quasi Fermi level with the metal Fermi level according to
diffusion theory (square dotted line) and the thermionic emission theory (dotted line). qdy is
the barrier height whilst W is the width of the space charge region.

In the thermionic emission model, however, the quasi Fermi level does not coincide with the
metal Fermi level at the interface. Instead it is assumed to remain flat throughout the space
charge region much like a p-n junction and reaches equilibrium only in the metal. Gossick
highlighted that carriers emitted from the semiconductor are in fact not in thermal
equilibrium with their metal counterparts as they possess more energy [8]. To illustrate the
difference in Fermi levels, he regarded the carriers emitted from the semiconductor different
from the intrinsic carriers of the metal and crudely termed them as ‘hot’ carriers. But as these
‘hot” carriers move through the metal, they will lose their energy through collisions and the
quasi Fermi level will eventually fall to that of the metal. The current is thus controlled by
the concentration of charge carriers having sufficient energy to overcome the barrier.
According to Bethe, this model applies only if the mean free path of the carriers is greater
than the distance over which the barrier falls by an amount kT from its maximum value [9].

In other words, the thermionic emission model is valid only in materials with high carrier

mobilities.

Chapter 3 -50-



Electrical Characterisation of Poly(3-hexylthiophene) Schottky Diodes

For both models, the forward current density follows the general relationship [10],
qV
J=Jyexp|| — -1 331
0o [[ kT J }

where g is the electronic charge, V is the applied voltage, # is the ideality factor, k is the
Boltzmann constant and T is the absolute temperature. J, corresponds to the saturation

current density and it varies depending on which mechanism controls current flow.

In the diffusion theory, the saturation current density, Jp, for a conventional p-type

semiconductor is given by

Jpo = Ny pF,, exp ‘(%) 332

where Ny is the effective density of states in the valence band, u is the carrier mobility, ¢, is

the barrier height and F,, is the maximum ficld strength in the spacc charge layer, ignoring

image force lowering of the barrier.

For the thermionic emission model, the saturation current density, Jpz is given as [10]

Jo = AT exp —(%’;{’J 333

where A" is the Richardson constant.

Equation 3.3.1 tells us that both models predict an exponential rise in current with increasing
applied voltage. The strong rise in current must be associated with an exponential encrgetic
distribution of charge carriers. Only equation 3.3.1 will be used in the modelling of the
current density voltage characteristics of Schottky diodes made with disordered organic
semiconductors, The current in these diodes will eventually deviate from equation 3.3.1 as a
higher fraction of the applied voltage starts to falls across the neutral region. The saturation
current is believed to be either ohmic or space charge limited depending on the amount of
dopant present in the intrinsic material. Higher dopant concentrations are thought to help

compensate the build up of charge carriers in the neutral region.
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34 THE SCHOTTKY EFFECT

The barrier height g¢; of a Schottky diode is strongly dependent on the electric field in the

space charge region. The barrier height is thus affected by the image force lowering effect
and the application of an external electric field [10]. The image force lowering effect in a p-
type semiconductor arises from the attractive force experienced by a hole from its negative
image charge lying equidistance from the metal semiconductor interface as illustrated in
figure 3.4.1. The image force experienced by a hole located at an arbitrary distance x from

the interface is given by

2 2
q q
F=- =— 3.4.1
4rg,ye,, (2x) 167£,€.,x°

where ¢ is the electronic charge, ¢, is the permittivity of free space, &, is the high frequency
permittivity of the semiconductor and 2x is the distance between the hole and its image
charge. The high frequency permittivity is used in equation 3.4.1 as charge carriers close to
the interface are expected to approach the metal with thermal velocity. This consequently
gives the semiconductor insufficient time to become fully polarised by the electric ficld. But
even in silicon, the transit time of the charge carricrs has been reported to marginally excecd
the high frequency limit [11]. Hence in practice the static permittivity is generally used in

place of the high frequency permittivity.

metal  semiconductor

-X x
\ '
image force

Figure 3.4.1: Image force effect between a hole in the p-type semiconductor and its image

negative charge lying equidistance from the metal semiconductor interface.

The potential energy of holes as a result of the image force is given by

2 2
q < 1 q
Ex)s-—"— | —5dt =—F—
(x) 167,68, = x* l67e,e x 4.2
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Equation 3.4.2 shows that the potential energy of holes decreases with distance ultimately

reaching zero at infinity.

As mentioned earlier, the barrier height is also modified by the presence of an external field
in the space charge region of the semiconductor. The potential energy of the holes due to the
external field is given by

E(x) = gxF 343

where F corresponds to the applied field. In contrast the external field causes the potential

energy of holes to increase linearly with distance.

The combined potential energy of holes as a function of distance is thus given by

E(x)=—3 — +qxF 3.4.4
167g,€,,x

The maximum potential energy occurs at a distance x, from the metal semiconductor
interface thus resulting in the barrier height being reduced by an amount Ag, as illustrated in

figure 3.4.2. The distance x,, corresponds to the position in semiconductor where the field

due to the image force is equal and opposite to that of the applied field.

metal semiconductor
E o g [t g
¢ﬁ - _.v-’_—
S .—"_—-
L -
A¢B l Rt b S K ey
y
Xm X —

Figure 3.4.2: The barrier lowering effect on localised states in a p-type disordered
semiconductor due to the combined effect of the external field (dotted line) and image force

(square dotted line). The barrier is lowered by Agyat a distance x,,.

q
X = |—— 41 &
m ‘, 1672,2, F 3.4.5
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The magnitude of the barrier lowering Ag, is thus given by

App=x,F+—I — -2x F 3.4.6
1676y€ %,

Since the image force lowering effect is only significant close to the metal semiconductor

interface, the electric field is approximated as being equal to its maximum value.

The electric field in the space charge region is generally determined by the distribution of

acceptor ions. According to Poisson’s equation, the variation in potential with distance for a

uniform distribution of acceptor ions is given by
d’v gN
-1 3.4.7
dx®  £yE,

where ¢ is the electronic charge, N, is the acceptor ion concentration and & is the static

dielectric constant of the semiconductor.

Integrating equation 3.4.7 from the semiconductor surface to the edge of the space charge
region yields an expression for the depletion width W.

26,
W=\/—qg]‘:%(r/,,, V) 348

Here ¥}, corresponds to the built in potential and ¥, to the applied voltage.

With the aid of equation 3.4.7 and equation 3.4.8, the applied field is expressed as

i \/ L (Vbi - Vapp) 349

6‘0 gs

Having developed expressions for the applied field and x,, the barrier lowering Ag, from

equation 3.4.6 can now be redefined as

b % 3 %

29N N

A¢B =2 q q 4 (Vbl - Vapp) = 2q 3 4 2 (Vbl - Vapp) 3-410
7€y €.,

167e,€, £oE,

Equation 3.4.10 shows the barrier lowering to be a function of the applied voltage. In the
reverse direction, the increasing depletion width causes the barrier height to reduce and shift

closer to the metal semiconductor interface as in figure 3.4.3 [10]. Meanwhile, in the forward
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direction, the significantly smaller space charge region causes the top of the barrier to move
away from the semiconductor surface. Due to the strong dependence on the external field,
the Schottky effect is more dominant in the reverse direction. In the absence of the Schottky
effect, the reverse current is expected to saturate with increasing applied voltage. In forward

bias, current is dominated by holes from much higher energy states crossing into the metal.

metal semiconductor

=== (V<)
W,
E; ¢ B = E,.
qPs s sa (V0
”! t :::—“: Wl £ /
(]¢m~'

Figure 3.4.3: Energy diagram illustrating the Schottky effect for a metal/p-type organic
semiconductor under different biasing conditions for a single energy level. The barrier
heights under forward and reverse bias are q¢gr and q@gy respectively. W,and W, denote the

width of the space charge region under both biasing conditions.

Taking into account the image force lowering of the barrier, the reverse current density is
given by [12]

kT, /) i
q

q qSNA(Vap _Vbl =
Jp=Jyexp|—

o e 34.11

where Jj is a constant, k is the Boltzmann constant and 7. is the characteristic temperature of

the exponential distribution of localised states.
Equation 3.4.11 predicts that the reverse current density will vary as a function of

app

kT /) KT/ : ,
Vo,—Vei— ¢ f .The term "¢ f is included in the above expression to account for the

gradual increase in carrier concentration at the edge of the space charge region. The carrier
concentration increases to its intrinsic value over a short distance known as the effective
Debye length L. Interestingly, the effective Debye length in organic semiconductors shows
a dependence on the characteristic temperature 7. of the exponential DOS and not the
absolute temperature as it is in the case of crystalline semiconductors. The influence of the

distribution of localised states is expected as charge carriers obey Pauli Exclusion Principle
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and thus fill up states at lower energy levels with increasing concentrations. In practice, the
space charge region is assumed to have an abrupt edge. The validity of the abrupt depletion
edge approximation in disordered organic semiconductors will be elaborated later in this
chapter. The Schottky theory also assumes the metal to have a uniform density of states

whilst takes no account of the nature of charge transport in the semiconductor material.
3.5 PROPERTIES OF POLY(3-ALKYLTHIOPHENES) (P3ATs)

Polythiophenes are perhaps the most extensively studied class of conjugated polymers in
recent decades due to their solubility which is atypical of polyconjugated systems,

polycrystalline structure, electrical conductivity and environmental and thermal stability.

Poly(3-alkylthiophene) was first chemically synthesised in 1985 by incorporating an alkyl
side chain into the f-position of the thiophene ring [13, 14]. P3ATs with alkyl groups longer
than butyl (R = C4Hy) are readily soluble in common organic solvents. The most commonly
used P3ATs are synthesised with either a hexyl (R = C¢H,3), octyl (R = CgH,7) or dedocyl (R
= CyoHy) side chain. The length of the alkyl side chain has been reported to have a
significant effect on the physical properties of the material with longer alkyl substituents
enhancing the interlayer structural ordering but at the expense of the melting point and

thermal stability [15].

Since 3-alkylthiophene monomers are neither centrosymmetric nor possess a symmetry axis,
three types of diad regioisomers are formed upon the coupling of two 3-alkylthiophene rings
namely the head-to-tail coupling (HT), head-to-head coupling (HH) and the tail-to-tail
coupling (TT) [16]. This unfortunately leads to the coexistence of four spectroscopically
distinct triads structures: HT-HT, TT-HT, HT-HH and TT-HH in a non-regioregular poly(3-
alkylthiophene) as shown in figure 3.5.1.

The highly undesirable head-to-head (HH) coupling experiences steric repulsion between
both the alkyl side chains and the lone pairs of the adjacent sulphur atoms. Regiorandom
P3ATs with the unfavourable HH couplings are thus unable to access planar configuration as
a result of the odd placement of the solubilising alkyl substituents. This leads to the loss of
conjugation and the consequent inhibition of the intrachain charge mobility [17]. In contrast
regioregular, head-to-tail (HT) P3ATs readily adopts a low energy planar conformation
leading to highly conjugated polymers and enhanced two-dimensional conductivity.
Regioregular P3ATs also exhibit a smaller energy gap (1.7 eV) which is 0.4 ¢V lower
compared to regiorandom P3ATs (2.1 eV) [17].
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Figure 3.5.1: Possible triad regioisomer structures in a non-regioregular poly(3-
alkylthiophene) (a) HT-HT coupling (b) TT-HT coupling (c) HT-HH coupling and (d) TT-
HH coupling.

The extent of the molecular orbital overlap determines the energy requirements of charge
carrier moving along the conjugated polymer chain. Hence it is extremely crucial for poly(3-
alkylthiophene) to contain regioregular structures that provide maximum intramolecular
orbital overlap and efficient interchain = packing. Generally regioregular P3HT with a high
content of head-to-tail (HT) coupling (> 98%) are used in the fabrication of organic based

devices.
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3.6 FABRICATION OF POLY3-HEXYLTHIOPHENE) (P3HT) SCHOTTKY
DIODES

Since the organic semiconductors used are intrinsically p-type, only metals with low work
functions such as aluminium and titanium will form a Schottky barrier with these materials.
The structure of a Schottky diode made with poly(3-hexylthiophene) as the active

semiconductor is shown in figure 3.6.1.

The Schottky metal of choice is evaporated onto a pre-cleaned glass substrate. For a diode
made with as-synthesised P3HT, 5 mg of the material is weighed and dissolved in
approximately 5 ml of xylene. Xylene is favoured since its relatively high boiling point
(138°C) causes it to evaporate much slower than solvents such as chloroform [18]. The
increased drying time is thought to lead to the formation of films with increased crystallinity
particularly for poly(3-hexylthiophene) where efficient interchain x stacking is crucial for
charge transport. The solutions are generally heated to enhance the solubility of the organic

material.

Once the material has completely dissolved, it is solution-cast onto the metal coated
substrate under non-vacuum conditions. Solution-cast films are known to lack uniformity
due to their increased thickness. Nevertheless, the largely thicker cast film is still preferred
as it eliminates the possibility of short-circuiting during probing. The sample is left to dry in
a vacuum environment overnight. The final fabrication step involves the shadow mask

evaporation of gold dots which are Imm in diameter.

Au
poly(3-hexylthiophene)

Al/Ti

glass/flexible substrate

Figure 3.6.1: Schematic diagram of a poly(3-hexylthiophene) (P3HT) Schottky diode
fabricated on glass/flexible substrate. The Schottky contact is typically either aluminium or

titanium whilst gold serves as the ohmic contact.

Occasionally the Schottky diodes are fabricated on polyethylene terephthalate (PET) flexible
substrates instead of glass slides particularly for the purpose of temperature related

measurements. In such instances, both the Schottky and ohmic contacts are shadow mask
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evaporated to form 2 mm wide strips. Diodes are only created at the crossing point between
the Au and Al strips which help reduce the likelihood of short-circuiting during probing as

solution-cast films on flexible substrates often have smaller thicknesses.

The DC characterisation of the Schottky diodes was performed in air using a Hewlett

Packard 4145B semiconductor parameter analyser. The measurements were taken at a step

size of 50 mV,
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3.7 ELECTRICAL CONDUCTION IN POLY(3-HEXYLTHIOPHENE) (P3HT)
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Figure 3.7.1: Current density voltage characteristic of Al-P3HT-Au Schottky diode. The
voltage was applied on the top gold electrode. The diode exhibits non-ideal behaviour in the

forward direction. The measurements were taken at a step voltage of 50 mV.

Figure 3.7.1 shows the semi-logarithmic current density voltage characteristic for a metal
semiconductor diode made with highly regioregular, as-synthesised poly(3-hexylthiophene)
(P3HT). The P3HT diode only gives a rectification ratio of ~ 10°. Poly(3-akylthiophene) is
one of the earliest organic semiconductors to be used in the field of organic electronics and it
is intrinsically p-type. The diode characteristics obtained for organic semiconductors differ
in a number of ways to their inorganic counterparts owing to the dispersive nature of charge
transport in these materials. Unlike silicon where charge carriers are governed by band-like
transport, the carriers in organic materials are distributed across a wide range of energies in
self-localised energy states. This ultimately limits the so-called effective carrier mobility in

disordered materials.

Focusing on the reverse characteristic of the diode, the current does not appear to saturate
with increasing applied voltage. When the top gold contact of the diode is negatively biased,
the space charge region adjacent to the metal extends and the distribution of localised states
in the neutral region of the p-type semiconductor shifts upwards in energy with increasing

voltage. As a result the barrier to the movement of holes increases and current is dominated
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by the flow of holes from the metal. Assuming that there is no barrier at the gold contact,
almost all the applied voltage falls across the space charge region. The small yet steady
increase in reverse current suggests that the Schottky barrier is being lowered by the image

force effect and the external field. The reverse current must thus obey equation 3.4.11.

In equation 3.4.11, a V*” dependence in the current comes from the image force lowering of
the barrier and another ¥”° dependence comes from the electric field in the space charge
region. Combined a ¥’ law is expected in the reverse direction. In obtaining equation
3.4.11, the metal is approximated to have a uniform density of states. Figure 3.7.2 shows the

experimental plot of /n J against % for the as-synthesised P3HT diode.
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Figure 3.7.2: Jr against V"% for the Al-P3HT-Au Schottky diode. The straight line
indicates a fit to equation 3.4.11. The dopant density calculated from the slope is ~ 1.73 x

10" em”.

In figure 3.7.2, the straight line fit at applied voltages above 1V indicates a good agreement
with the Schottky theory. The fact that the /% power law is accurately obeyed suggests that

the assumption of an abrupt depletion edge holds true even in disordered materials. The

terms V3 and k% in equation 3.4.11 are responsible for the non-linearity observed at very

low applied voltages.
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The validity of the abrupt depletion edge approximation in disordered organic
semiconductors can be established by determining the ratio of the depletion width W with the
effective Debye length Ly, [10]. The effective Debye length is an important material
dependent parameter. Here it corresponds to the distance over which the hole concentration

increases close to its intrinsic value and the semiconductor becomes effectively neutral.

Traditionally the width of the space charge region is given by

2&,E. kT
W= -9-‘[Va -V, ——"-) 3.7.1
\/qNA wot g

where g is the static dielectric constant of the semiconductor, Ny is the acceptor ion
concentration, ¥, is the applied voltage, ¥V}, is the built in potential and T, is the

characteristic temperature of the exponential DOS.
The effective Debye length in disordered organic semiconductor is given by (Appendix C)

€, .kT
L =J———° Tt 3.7
De quA 2

In equation 3.7.2, the equilibrium hole concentration p is replaced by the concentration of

acceptor ions N, as all the dopant ions are assumed to be fully ionised.

Using equations 3.7.1 and 3.7.2, the ratio of the depletion width with the effective Debye

length is expressed in the following form:

/4 2q kT,
- Vv oy -t
LDe Jk]:: ( ap, bi q ) 3- 7.3

At voltages above 1V where the % power law is obeyed, the terms ¥}, and k % can be

neglected. As will be discussed later, the intrinsic characteristic temperature T, of the as-
synthesised P3HT diode is equal to ~ 390K. This gives a value of ~ 8 for the ratio of W/Lp,,
at an applied voltage of 1V. This means that the width of the space charge region is at Icast 8
times larger than the effective Debye length. So despite the gradual rise in hole
concentration, the abrupt depletion edge approximation is still applicable in disordcred

organic semiconductors.
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The acceptor ion concentration N4 can be determined easily from the slope of the In Jy
against V*% plot with the aid of equation 3.4.11. This method involves assuming a uniform
doping profile of acceptor ions in the space charge region of the semiconductor. In diodes,
the carrier concentration in the semiconductor is generally assumed to be equal to the dopant
concentration. Shallow dopant states in conventional semiconductors are almost entircly
ionised due to the interplay of the high density of states at the valence/conduction band edge
and the Fermi Dirac statistics. The charge carriers are consequently almost entirely free and
are approximately equal to N,. For easy reference, we have termed this phenomenon as
‘carrier inversion’ and the same is assumed to occur in disordered materials. The carriers
from the dopant atoms are believed to occupy lower energy states. From figure 3.7.2, the

value of N, and hence the hole concentration p was calculated to be approximately equal to

1.73x10" cm™.

In Schottky diodes, the dopant concentration is crucial for determining the bulk mobility of
charge carriers. Although carrier mobility is probably the most important figure of merit for
crystalline semiconductor devices, its relevance in disordered materials is still under much
debate. In band transport, carriers move in a set of delocalised energy levels with similar
mobilities. With hopping transport, however, the motion of charge carriers between localised
states is strongly dependent on both the hopping distance as well as the energetic distribution
of states. In a p-type material for instance, the probability of carrier hopping becomes
increasingly higher at lower energies. Hence motion in disordered organic materials can only
be described in terms of an effective mobility due to their strong dependence on carrier
concentration. The magnitude of the effective bulk mobility can be determined from the

forward J-¥ characteristic of a diode.

In the forward direction, the current is seen to rise exponentially at low applied voltages. The
forward J-¥ characteristic of an as-synthesised P3HT diode made with a bottom aluminium
contact is generally non-ideal. It has a small ‘kink’ that separates two distinct exponential
current regions. In the past, the ‘kink” has been associated with the existence of an interfacial
layer and/or trapping in the region adjacent to the metal [12]. More recent studies suggest
that the lower exponential current regime might actually provide valuable information

regarding the energetic distribution of localised states at lower energies.

The application of a positive voltage on the gold electrode significantly lowers the potential
barrier for holes. The sharp rise in current is associated with the exponential decline in

carrier occupancy given by the Maxwell Boltzmann approximation of the Fermi Dirac
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statistics. If like conventional semiconductors there is only a single energy barrier at the
interface which all carriers must overcome, then all the charge carriers will have to reach this
particular energy level first before crossing into the metal. Fortunately, the same applies even
in the case of an exponential density of states since the charge carriers are also exponentially
distributed and hence will each see the same potential barrier as illustrated in figure 3.7.3.
This idea, however, ignores the possibility of carriers taking alternative routes leading to
other potential barriers. But the close agreement obtained between the analytical model and

experimental results suggest that this might be a reasonable approximation.

metal semiconductor

Er = =z

w| |2 ll

Figure 3.7.3: In the model involving an exponential density of states, each of the
exponentially distributed holes in the p-type semiconductor is thought to see the same
potential barrier qVy. The localised states are distributed in a succession of energy levels
without the presence of any off-diagonal disorder to clearly illustrate the shape of the

potential barrier envisaged in disordered semiconductors.

Transport across Schottky barriers is determined, in general, by the density of charge carriers
occupying energy states above the top of the barrier close to metal semiconductor interface.
In a material with an exponential DOS, the larger T. value compared to T suggests that the
carrier distribution must be controlled by the energy of the quasi Fermi level E;: while the
exponential rise in current suggests there must be almost no bending of the Fermi level. So a
flat quasi Fermi level is defined and carriers are assumed to obey the Maxwell Boltzmann

statistics since deviation from the equilibrium carrier concentration is negligible.

So far the only evidence that supports the existence of a flat quasi Fermi level comes from
the experimental results of Schottky diodes made with crystalline silicon. In such diodes, the
ideality factor # calculated from the exponential current regime has a value close to unity
[19]. This implies that carriers crossing into the metal must come from only an energy k7'
within the conduction/valence band edge. Hence the quasi Fermi level can be considered to

be almost flat as deviation from equilibrium conditions must be small.
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The total charge carrier concentration contributing to current flow in the forward direction of

the diode is given by

[N(E)f(E) dE = J’ If;’

exp ~ (%}exp - (kl;' ] dE 3.7.4

where N is the number of states per unit volume and E is the energy of the localised states.

Then, integrating from the top of the barrier to infinity yields the resulting current density
(Appendix D) [20]

N,T. E, E qv.
Ja —2LLex —(—rjex——”e . 3.7
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where Ey is the Fermi level, Ej is the energy corresponding to the top of the barrier and 7}, is

the characteristic temperature representing the exponential hole distribution.

Equation 3.7.5 can be simplified to

qv,
Jaexp( "”J 3.76
kT,

This method of determining the current density takes no account of the charge transport
mechanism across the Schottky barrier. In the past, diffusion has been reported to be the
dominant barrier transport mechanism in disordered materials due to the relatively short
mean free path of carriers [21]. Charge transport is therefore believed to be affected by the
absence of an electric field at the top of the Schottky barrier. The combination of low carrier
mobility and zero electric field suggests that there might be an element of diffusion driving
the carriers across the barrier. The width of the barrier peak is, however, very small and
diffusive transport is traditionally caused by the existence of a concentration gradient. Hence
it is extremely doubtful that the small barrier width will allow the formation of a
concentration gradient large enough to drive an exponential current. Inadequacy in the theory

raises questions over the role of diffusion mechanism in charge transport across Schottky

barriers.

In our model we simply assume a flat quasi Fermi level across the space charge region even
in the presence of current flow. By doing so, all the charge carriers in the semiconductor are
assumed to have reached quasi thermal equilibrium. Hence the hole concentration at point 4

in the semiconductor as shown in figure 3.7.3 is equal to the concentration at point B. With
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increasing positive voltage, the potential barrier at the interface is effectively lowered.
Higher energy states in the neutral region of the semiconductor shift downwards in energy
by an amount gV, thus allowing an increasing number of holes to cross into the metal. The
increasing density of holes arriving at the top of the barrier is expected to favour higher
energy states over lower ones. This causes the holes to accelerate up the potential hill
adjacent to the metal. Since there are doubts over the role of diffusion in controlling currcent
flow across the Schottky barrier, no account is taken of the conduction mechanism in the
analysis. Only the exponential distribution of localised states and the falling carrier
occupancy are used in equation 3.7.4 since the current is generally determined by the

energetic distribution of charge carriers above the top of the barrier.

In deriving equation 3.7.5, the energy corresponding to top of the barrier of a single level Eg
is used as the lower integration limit. As discussed earlier, each of the exponentially
distributed charge carriers will see the same potential barrier. If the semiconductor is
assumed to be n-type, at low energies, the fewer number of localised states located further
apart will limit the electron hopping transitions to almost zero. But with increase in energy,
the hopping probability of the electrons will rise sharply due to the combined effect of the
exponential DOS and the Fermi Dirac statistic. Hence there must be a minimum energy level
located somewhere above the Fermi level beyond which electrons are able to hop into empty
states with relative ease. This minimum energy level is called the transport energy Er and Eg
corresponds to the energy of its barrier peak. The use of a transport energy, however,
restricts the model to only small carrier concentrations. In inorganic semiconductors the

minimum energy level corresponds to the conduction band edge.

It should also be noted that the exponential term in equation 3.7.6 has the denominator k7,
In the previous chapter, when the charge carriers were integrated from the Fermi level to
infinity, the denominator was determined as kT.. The two very different results suggest that
the denominator is strictly dependent on the lower integration limit. The earlier kT, result
was attributed to the fact that the Fermi level lies in the band tail of the distribution where
there is a slow rise in the density of states. If this is true, then the transport energy must lie in
the region of the DOS which is strongly exponential. The combined effect of a strongly
exponential DOS and the exponential decline in carrier occupancy given by the Maxwell
Boltzmann statistics leads to an exponential distribution of charge carriers characterised bya

new constant 7).

The exponential part of the forward characteristic was found to accurately obey equation

3.7.6 with the slope giving the value of 7). Experimentally T, was found to be ~ 1301K. It
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should be noted that this value corresponds to the characteristic temperature of the intrinsic
carriers as dopant states are too high in energy to contribute to conduction. This valuc of T}
predicts that the carriers contributing to current must come from within about 4T of the
transport energy; almost 4 times the energy width determined for crystalline semiconductors.
This is believed to be a direct consequence of the energetic disorder inherent in organic
materials. But despite the energetic disorder, carriers are still expected to come from only
energies close to the transport energy or else there will be almost no possibility of an

exponential rise in current with applied voltage.

In conventional semiconductors the current density expression has the form:

qV.
Jaexp| —2£ 3.7
p(r;kT] ,

where 7 corresponds to the ideality factor and T is the absolute temperature.

Comparing equations 3.7.6 and 3.7.7 gives
Ty=nT 3.7.8

As mentioned earlier, 7 is very close to unity in silicon based Schottky diodes. This reflects
the almost ideal Schottky barrier formed at the metal/silicon interface. The interface is
therefore almost free of any extrinsic trap states and carriers contributing to current flow
come from within an energy kT of the conduction/valence band edge. In disordered organic
materials, however, the ideality factor lies in the range of between 3 and 5 [12, 22].
Assuming that trapping in extrinsic states is negligible, the significantly larger value of z is
believed to be a direct consequence of the exponential distribution of states in organic
materials. This assumption allows the best possible determination of T, and hence T..

Equation 3.7.8 gives an ideality factor of ~ 4.3 for the as-synthesised P3HT diode.

The relationship between the constant 7, and the characteristic temperature of the

exponential DOS T is given by

—=—-'T— 3.7.9

Equation 3.7.9 gives a value of ~ 390K for the intrinsic 7;. This corresponds to an intrinsic
Meyer Neldel energy of ~ 34 meV which is in close agreement with the Meyer Neldel
energy obtained from MOS capacitors and TFTs made with the same material [23, 24]. The
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value of T, is expected to remain constant for a particular organic material with no

dependence on ambient temperature.

In the previous chapter, it was shown that mobility in disordered materials is strongly
dependent on their carrier concentration. The exponent term m in the empirical relationship

is closely related to T, and is given by

JC
3. .10

From equation 3.7.10, m is estimated to be approximately 0.3. This value of m corresponds
in particular to the dependence of the effective mobility on the intrinsic carrier concentration

of the material. A much larger value of m is obtained when charge carriers from dopants

states are involved in current transport {25].

Another important feature of the forward J-V characteristic is the visibly stronger
exponential rise in current at extremely low applied voltages. The lower exponential current
regime is believed to be associated with the presence of extrinsic trap states. Native oxide
layers are known to form on Al surfaces upon exposure to ambient environment. Using
equation 3.7.6, a value of ~ 621K is obtained for Tj. This corresponds to a T, value of ~
580K and a Meyer Neldel energy of ~ 50 meV. Coincidentally, a Meyer Neldel energy
almost twice its intrinsic value (~ 70 meV) is obtained when as-synthesised P3HT is
intentionally doped with varying amounts of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) [25]. This leads us to believe that the introduction of additional extrinsic states either
by the incorporation of dopants of any variety or the formation of a non-ideal barrier gives a
significantly larger T, value. The value of m associated with the lower exponential current
region is approximately equal to 0.93. The dependence of mobility on carrier concentration
is clearly enhanced by the presence of additional trap states. In a p-type material, the
exponential current regime at very low applied voltages corresponds to states located much
lower in energy. Since there is a higher concentration of states at lower energies, a larger

effective mobility and hence a stronger rise in current is to be expected.

Although the model developed is mainly concerned with current flow from the organic
semiconductor into the metal, it must be noted that in forward bias, a much smaller injection
current also flows from the metal. A detailed study of current flow across metal-organic
interfaces has been carried out by Scott and Malliaras [26]. Using the Langevin theory in
conjunction with the concept of image potential at a metal interface and the principle of

dctailed balance, they derived the surface recombination velocity and effective Richardson
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constant describing charge injection at the interface between an organic semiconductor and a

metal.

With increasing positive bias on the gold contact, a higher fraction of the applied voltage
Vo starts to fall across the neutral region as shown in figure 3.7.4. The smaller fraction
falling across the barrier and the space charge region eventually leads to a deviation from
equation 3.7.6. The current across the barrier is believed to saturate as it becomes limited by
the resistivity of the neutral region. In a more recent study, the nature of the back

metal/organic interface was also found to affect the forward saturation current.
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Figure 3.7.4: Forward J-V characteristic for Al-P3HT-Au Schottky diode. At high applied
voltages, a higher fraction of the potential falls across the neutral region leading to a
deviation from equation 3.7.6. The potential drop across the neutral region Vi is obtained

by measuring the deviation along the voltage axis for each of the measured current levels.

The nature of the neutral region can be determined experimentally by plotting a double
logarithmic plot of current density against voltage drop across the neutral region V,,,. The
bulk voltage is obtained by excluding the potential drop across the barrier and the space
charge region from the applied voltage for each of the measured current levels as shown in
figure 3.7.4. A diode with an ohmic neutral region should, ideally, have a slope of unity. The

slope of the J against V4 plot in figure 3.7.5 was calculated to be ~ 1.09. This proves that

Chapter 3 ~69 -



Electrical Characterisation of Poly(3-hexylthiophene) Schottky Diodes

the as-synthesised P3HT exhibits ohmic behaviour. In addition this also validates the

assumption that no potential is dropped across the Au electrode.

Despite the high carrier density in the forward direction, the material is able to remain
electrically neutral due to the presence of a high concentration of oppositely charged dopant
ions. The charge on the carriers occupying the neutral region is compensated for by the
dopant ions as illustrated in figure 3.7.6. Hence there are no space charge effects and
provided that there is no potential drop across the gold contact the neutral region will exhibit

ohmic behaviour.
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Figure 3.7.5: Current density against Vi for Al-P3HT-Au Schottky diode. The slope is
calculated to be ~ 1.09 indicating that the neutral region of the diode is ohmic. The ohmic

nature of P3HT is attributed to the presence of residual dopants from the synthesis process.

As tradition would have it, a value for the so-called effective hole mobility x., may be
calculated from the saturation regime as current is limited purely by the resistivity of the
neutral region. The intrinsic hole concentration p is assumed to be equal to the dopant
concentration N, obtained from the reverse diode characteristic and is used in the bulk

mobility calculations.
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The effective bulk mobility for holes is given by

Jx,,
Hyg =——— 3.7.11
N Vi

where J is the current density, x,, is the polymer film thickness, g is the electronic charge and

Viux is the voltage drop across the neutral region.

Equation 3.7.11 estimates the effective hole bulk mobility of as-synthesised P3HT to be ~
2.7x107° cm® V' s assuming a film thickness of 1pum. This mobility value is very low
compared to those generally obtained for crystalline and even amorphous inorganic

semiconductors.
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Figure 3.7.6: The presence of residual dopants from the synthesis process helps maintain
electrical neutrality in the neutral region of the as-synthesised P3HT. The distribution of

dopant ions (open circles) compensates the charge on the mobile holes (positive sign).

Previous work on Schottky diodes has demonstrated that the effective bulk mobility of an as-
synthesised P3HT diode also fits on the universal mobility curve [25]. The universal
mobility curve is a general plot of conductivity against carrier density obtained by doping the
as-synthesised P3HT with various concentrations of DDQ. This result confirms the presence
of residual dopants in the as-synthesised material. The identity of the residual dopant,
however, still remains unknown. But more importantly, this result suggests that the physical
mechanism by which the residual dopant increases the mobility must be the same as DDQ.
Both types of dopant are thought to contribute additional charge carriers which fill up lower
energy states thereby leading to a strong enhancement of effective bulk mobility dependence

on hole concentration.
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37.1 ELECTRICAL CONDUCTION IN DOPED POLY(3-HEXYLTHIOPHENE)
(P3HT)

Current Density J [Am'2]

Vaop V]

Figure 3.7.7: Current density voltage characteristic of (A) AI-P3HT-Au and (B)0.5% doped
Al-P3HT-Au Schottky diodes. Inset is the chemical structure of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) used in the doping of as-synthesised P3HT.

Figure 3.7.7 shows the current density voltage characteristic for metal semiconductor diodes
made with as-synthesised P3HT and 0.5% doped P3HT. The P3HT material is intentionally
doped with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to improve its conductivity.
DDQ is said to act as an oxidising agent thus causing the simultaneous transfer of electrons
and the formation of mobile holes along the polymer backbone. Upon gaining electrons, the
DDQ molecules will become negatively charged ions. DDQ has previously been used as a
dopant in polymers such as poly(DOT); where it was demonstrated to have significantly

enhanced the conductivity and hence the ficld effect mobility of charge carriers [4].

The current through the 0.5% doped P3HT diode is, in general, higher than the undoped
P3HT. DDQ is believed to contribute additional free charge carriers which are expected to
obey Pauli Exclusion Principle and rapidly fill up lower lying energy states. In the reverse
direction, the current increases gradually with applied voltage suggesting that like the as-

synthesised P3HT diode, it may obey the following equation:
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The experimental plot of In Ji against ¥*% for the 0.5% doped P3HT diode is shown in
Sfigure 3.7.8. The two distinct slopes observed in figure 3.7.8 clearly indicate the non-uniform
distribution of dopants in the space charge region of the diode [27]. The significantly stecper
slope at higher applied voltages suggests that a higher fraction of the dopants must cxist
further away from the Schottky barrier interface. The magnitude of the slopes at low and

higher voltages was estimated to be 1.7 and 3.8 respectively. The acceptor ion concentrations
N, obtained were 1.37x10"cm™ and 3.57 x10"® cm™. Interestingly, the larger of the two N,

values is only slightly higher than the value quoted for the as-synthesised P3HT. The
relatively small increase in N is attributed to the fact that not all the DDQ molecules
incorporated into the P3HT film is active. Some of the DDQ molecules may not be ideally
located within the polymer matrix for charge transfer reactions to occur. The deviation

observed at very low applied voltages is again caused by neglecting the terms V), and

k% in equation 3.7.12.

In the forward direction, the current increases exponentially at low voltages much like the as-
synthesised P3HT diode. However, the non-ideal behaviour associated with extrinsic trap
states seems to have vanished with doping. We know that doping contributes additional frce
charge carriers which occupy successively lower energy states. In addition, from the as-
synthesised P3HT diode, it can be concluded that the energy range containing the extrinsic
states is relatively narrow. Hence it is believed that the increased hole concentration leads to
a larger fraction of extrinsic states being occupied which consequently limits the probability
of carrier hopping taking place via these energy states. Meanwhile the wider energetic
distribution of intrinsic states is left to dominate conduction even at extremely low applied
voltages. From a study involving poly(3-methylthiophene) (P3MT) Schottky diodes, it was
reported that the loss of the kink leads to the appearance of a voltage offset as seen in figure
3.7.7. It was suggested that the voltage offset is associated with a permanent polarisation

within the interfacial layer [22].
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Figure 3.7.8: Reverse current density against V*% for the 0.5% doped Al-P3HT-Au Schottky
diode. Different slopes are obtained at low and high applied voltages corresponding to
dopant densities N,y of 1.37 x 10° cm™ and 3.57 x 10"° cm” respectively. The two values of N,
suggests that the dopants are non-uniformly distributed within the space charge region of the

diode.

The value of T, determined from the exponential region of the forward characteristic is ~
1239K. Again this corresponds to the energetic distribution of intrinsic charge carriers as the
extrinsic states introduced by the DDQ molecules are located much higher in energy and
hence will not be involved in conduction at low applied voltages. The ideality factor 5
calculated for the 0.5% doped P3HT diode is ~ 4.1. The presence of trap states predicted by
the significantly large value of 7 is related to the exponential distribution of intrinsic energy
states. The characteristic temperature 7. representing the exponential distribution is equal to
~ 396K and the corresponding Meyer Neldel energy is 34 meV. The exponent m in the
universal law relating mobility and carrier concentration is equal to ~ 0.31. Clearly, all the
parameters are in close agreement with the values obtained earlier for the as-synthesised

P3HT diode.

With increasing positive voltage on the Au electrode, the current across the Schottky barrier

starts to saturate as a higher fraction of the applied voltage is dropped across the neutral

Chapter 3 =Fid e



Electrical Characterisation of Poly(3-hexylthiophene) Schottky Diodes

region. The potential barrier at the interface is effectively lowered as higher energy states in
the neutral region are shifted downwards in energy by an amount ¢V,,,. In doped materials,
the higher energy states are thought to belong to the dopant ions. Hence current in the
saturation regime must be dominated by carriers from the higher energy dopant states
crossing into the metal. A value for 7. corresponding to the exponential distribution of
dopant levels has been obtained by plotting the variation of effective bulk mobility with
carrier density [25]. Here the carrier density is varied by adding various amounts of DDQ

into the as-synthesised P3HT solution.
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Figure 3.7.9: J against Vyuy for the 0.5% doped Al-P3HT-Au diode. The slope obtained from
the plot is ~ 1.29. A diode with an ohmic neutral region should, ideally, have a slope of 1.
The lack of agreement with the theoretical value could be due to the formation of a potential

barrier at the doped P3HT/Au interface.

It has alrecady been shown experimentally that the neutral region of as-synthesised P3HT
exhibits ohmic behaviour. Figure 3.7.9 shows a similar double logarithmic plot of .J against
Vyux for the 0.5% doped P3HT Schottky diode. A diode with an ohmic neutral region will
typically have a slope of 1. The doped P3HT diode, however, gives a slope of ~ 1.29. It is
belicved that the addition of the DDQ molecules to P3HT might have an effect on the
potential barrier formed at the semiconductor/gold interface. This method of determining the
electrical behaviour of the neutral region assumes that no potential is dropped across the Au

electrode. If the gold however fails to make an ohmic contact with the organic
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semiconductor, the assumption no longer holds true and the potential falling across the
contact must be determined and consequently deducted from the bulk voltage. It is
impossible to determine the potential drop across the Au electrode from the simple current
density voltage measurement. A method that would allow the potential distribution across

the entire diode structure to be mapped for different applied voltages needs to be developed.
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3.8 CONCLUSIONS

The main characteristic feature of disordered organic semiconductors is their random
distribution of localised states commonly described by either a Gaussian or an exponcntial
function. The density of states (DOS) in organic materials must be studied if the electronic
properties of the material are to be fully understood. Schottky diodes are ideal for this
purpose as large voltages may be applied across the organic semiconductor thus allowing a

wider energetic distribution of localised states to be analysed.

A Schottky diode was fabricated with aluminium, a low work function metal and as-
synthesised poly(3-hexylthiophene) (P3HT). The P3HT was solution-cast onto the Schottky
metal prior to the evaporation of the Au electrode. Gold is commonly reported to make an
ohmic contact with P3HT. The Al-P3HT-Au diode gave a rectification ratio of only ~ 10°
and exhibits non-ideal behaviour in the forward direction. This non-ideality is attributed to

the presence of extrinsic trap states in the semiconductor.

A straight line fit was obtained for the experimental plot of /n J; against 2 indicating that
the diode obeys the 4 power law quite accurately at voltages above 1V. This theory assumes
a uniform density of states in the metal and an abrupt depletion edge in the semiconductor.
The validity of the abrupt approximation was confirmed by determining the ratio of the
depletion width W and the effective Debye length Lp,.. The ratio of W/Lp, for the as-
synthesised P3HT diode was calculated to be ~ 8 for an applied voltage of 1V. The abrupt
depletion approximation may therefore still be applicable in Schottky diodes based on
organic semiconductors. The linear fit also suggests that the dopant ions are uniformly
distributed in the space charge region of the semiconductor. The acceptor ion concentration

N, and hence the hole concentration p for the as-synthesised P3HT was calculated to be ~
1.73x10' cm?, The rather high dopant density calculated for the as-synthesised P3HT is

attributed to the presence of residual dopants from the synthesis process.

In the forward direction, a rapid rise in current was observed at low applied voltages. The
exponential rise in current is associated with the exponential decline in carrier occupancy
given by the Maxwell Boltzmann approximation of the Fermi Dirac statistic. The Maxwell
Boltzmann statistics may be used to describe carrier occupancy since a flat quasi Fermi level
is assumed in the semiconductor even in the presence of current flow. Like conventional
semiconductors, each carrier in the disordered material is said to sce the same potential

barrier since the exponential density of states (DOS) leads to a similar exponential energetic
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distribution of carriers. Good agreement was obtained between the analytical model and

experiments despite ignoring the possibility that carriers might take alternative routes Icading

to other potential barriers.

The slope of the exponential part of the forward characteristic yields the magnitude of T, the
characteristic temperature representing the exponential energetic distribution of carricrs. The
value of Ty for the AI-P3HT diode was estimated to be ~ 1301K. This corresponds to the
intrinsic carriers since dopants states are too high in energy to contribute to the conduction
process. The value of T also suggests that the carriers supporting the current originate from
a much wider energy range, close to 4kT from the transport energy compared to only kT in
inorganic semiconductors. The ideality factor n determined for the as-synthesised P3IIT
diode was ~ 4.3. Assuming that trapping in extrinsic states is negligible, the significantly
larger value of 7 is believed to be associated with the exponential distribution of localised
states characteristic of disordered organic materials. The constant T, representing the
intrinsic exponential DOS was found to be ~ 390K and the corresponding Meyer Nelde!

energy was ~ 34 meV.

At extremely low applied voltages, a much stronger exponcntial rise in current was obscrved.
The magnitude of T, was estimated to be ~ 621K. The corresponding values for T, and MN
encrgy were approximately ~ 580K and 50 meV respectively. The slightly higher Meyer
Neldel energy suggests the existence of extrinsic trap states at lower energies. These statcs

must lie within a narrow energy range since it dominates only at very low applicd voltages.

The forward current starts to saturate as a higher fraction of the applied voltage falls across
the neutral region. A good linear fit was obtained from the double logarithmic plot of J
against Ve and the slope was estimated to be ~ 1.09. This suggests that as-synthesised
P3HT exhibits ohmic behaviour. The slope of almost 1 also implies that there is no potential

drop across the Au electrode. From the saturation regime, the value of the effective hole bulk
mobility for the as-synthesised P3HT was determined to be ~ 2.7x10” cm? V"' s, The

effective mobility term is conceptually similar to the classical mobility term in conventional

semiconductors except that the former shows a strong dependence on carrier density.

To improve the conductivity and hence the effective bulk mobility of the as-synthesiscd
P3HT, the material is deliberately doped with 0.5% of 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) by weight. DDQ is thought to contribute additional free charge carriers
which obey Pauli Exclusion Principle and rapidly fill up lower lying encrgy states. In
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general, the current through the doped P3HT Schottky diode is higher than its as-synthesised
P3HT counterpart. Two distinct slopes were obtained from the plot of In J; against V*%
suggesting that the dopant ions are not uniformly distributed across the space charge region.
Since the slope is steeper at higher reverse voltages, a higher fraction of the dopants is

believed to exist further away from the Schottky barrier interface. The dopant densitics were
calculated to be ~ 1.37x10”cm™ and 3.57x10'*cm™ at low and high applied voltages
respectively. The relatively small increase in dopant density compared to the as-synthesised
P3HT is attributed to the fact that not all the DDQ molecules added to the P3HT solution is

active.

The values of Ty and T, measured for the 0.5% doped P3HT Schottky diode were almost the
same as those obtained for the as-synthesised P3HT diode. This suggests that the dopant
states introduced by DDQ must lie at higher energies and hence only participatc in
conduction at higher applied voltages. The experimental plot of J against V}, gave a slope
of ~ 1.29. Ideally, the slope should be unity if the neutral region of the diode is ohmic. The
significantly larger slope value obtained is believed to result from the formation of a

potential barrier at the Au/organic interface since as-synthesised P3HT has been found to
obey Ohm’s law.
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CHAPTER 4

SPACE CHARGE LIMITED CURRENTS IN
ORGANIC SEMICONDUCTORS

This chapter reviews the conventional space charge limited current (SCLC) theory
introduced for inorganic semiconductors. Following that, the new SCL current expression
developed for disordered semiconductor which incorporates the Universal Mobility Law
(UML) is presented. The saturation current region of Schottky diodes is particularly
important since high currents are needed for their application in RFID related circuits. The
electrical characteristics of diodes based on polytriarylamine (PTAA) and vacuum-deposited
pentacene are presented. The effects of varying the back metal/organic interface and further

with doped PTAA films on the saturation current are also studied.
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4.1 INTRODUCTION

One of the main reasons for research into organic semiconductors is their potential
application in low cost radio frequency identification (RFID) tags. To be commercially
viable, RFID tags would have to operate at a frequency of 13.56 MHz thus creating a need
for high mobility organic semiconductors [1]. The high frequency operation of RFID tags is
most demanding on the rectifying component of the circuit which would be based either on a
thin film transistor (TFT) or a rectifying diode. Thin film transistors are, in general, easier to
integrate but limitations on the minimum channel length significantly increases the demand
for large carrier mobilities. Hence, to achieve high frequency operation, it is fundamentally
important to first understand the device physics of organic rectifying diodes. The saturation
region of Schottky diodes is studied in detail as high currents are required to satisfy the

demand of RFID related circuits.

The chapter opens by reviewing the original theory of space charge limited currents (SCLC)
developed for crystalline semiconductors. This theory, however, is decemed inappropriate for
use in disordered organic semiconductors due to the distinct nature of charge transport in
these materials. We oppose the description of carrier motion in disordered materials by a
single classical mobility term as carriers are distributed across a wide range of energies and
should thus experience different hopping rates. Hence a new space charge limited current

expression incorporating the Universal Mobility Law (UML) is developed.

The chapter also discusses the electrical characterisation of polytriarylamine (PTAA)
(S1105), a high purity organic semiconductor purchased from Merck Chemicals Ltd. The
current in the saturation region demonstrates space charge effects which is associated with
the low doping density of the material. Modelling the saturation region with the new SCLC
equation allows a value for T, and consequently T to be determined. Interestingly, the values
correspond to the intrinsic distribution of localised states and carriers respectively thus
suggesting the absence of dopant states at higher energies. In addition, the effect of the back
metal/organic interface and doping with DDQ on the saturation currents are also studied. The
barriers formed at metal/organic interfaces are influenced by the deposition of self-

assembled monolayers (SAMs) and the formation of interface dipoles.

The demand for high mobility organic semiconductors has led to the introduction of a new
generation of small molecule based materials such as pentacene, N, N’-diphenyl-N,N’-bis Q-
naphthyl)-1,1°-biphenyl-4,4’-diamine (a-NPD) and para-sexipheny! (6P) [2, 3]. Amongst

them, pentacene is the most promising candidate since it exhibits a field effect hole mobility
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which is comparable to the electron field effect mobility of hydrogenated amorphous silicon
(a-Si:H). Recently, a mobility greater than 1.2 cm’V™'s was reported for a solution

processed TFT made with triisopropylsilyl pentacene (TIPS-pentacene) as the active material

[4].

In this chapter, the experimental J-V curve for a vacuum-deposited pentacene vertical diode
kindly provided to us by Steudel et al. based in IMEC is discussed in detail [5]. Analysis of
current transport in this material is extensively based on the model developed by Eccleston
for polycrystalline inorganic semiconductors [6]. The structure of pentacene is assumed to
consist of arrays of small molecules that display crystalline-like behaviour and also boundary
regions which are highly amorphous. Charge transport, however, is believed to be dominated
by the disordered grain boundaries and the self-consistent values obtained for T, and T,
suggests that the experimental measurement lends itself rather well to the analytical model.
Like PTAA, the current through the vacuum-deposited pentacene diode becomes space

charge limited at higher applied voltages.
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4.2 THEORY OF SPACE CHARGE LIMITED CURRENTS (SCLC)

The onset of space charge limited currents (SCLC) in semiconductors and insulators signify
the significant departure from Ohm’s law. It occurs when the injected carrier concentration
in a semiconductor or insulator exceeds or becomes comparable to the thermal free carriers.
Space charge effects are commonly observed in semiconductors having low carrier
mobilities or a high density of trap states. The build up of charge carriers in a semiconductor
leads to a non-linear variation of the electric field F. This consequently results in a sharp rise

in voltage and a strong dependence of current upon the applied voltage.

The theory of one-carrier space charge limited currents is based on two simplifying
assumptions; (1) the anode/cathode has an infinite reservoir of charge carriers available for
injection and (2) diffusion currents are ignored as it is deemed important only in regions
neighbouring the injecting contact. Both these assumptions suggest that the properties of the

injecting contact may be ignored.

Hence, provided that there is no voltage drop across the injecting contact, the current at low
applied voltages will start off being ohmic. By increasing further the applied voltage, a space
charge region will form within the semiconductor which screens the contact from the electric
field. The current subsequently becomes limited by the space charge region and deviates
from Ohm’s law. However if a potential barrier forms at the semiconductor/metal intcrface,
the current flow will then most likely be dominated by the characteristics of the contact. The

effect of metal/organic interfaces will be discussed in more detail later in the chapter.

The theory of space charge limited currents (SCLC) was first introduced by Rose [7] and
subsequently studied extensively by Lampert and Mark [8, 9].

4.2.1 TRAP FREE MATERIAL WITH HIGH CONDUCTIVITY

A highly conductive material refers to one that has a high intrinsic free carrier concentration
and high carrier mobility like a metal or a heavily doped semiconductor. The thermally
generated free carriers are uniformly distributed throughout the material. In the presence of
an external field, charge carriers will be injected from the anode/cathode into the material
thus producing a space charge region. The width of the resulting space charge region is said
to be inversely proportional to the conductivity of the material [9]. For a highly conductive
material, the space charge region is limited to the region close to the injecting contact. This

means the concentration of injected carriers is negligible compared to the thermal free carrier
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concentration. Hence the position of the Fermi level remains essentially the same and current
is controlled by the drift mechanism given by

J=nsquF 42.1

where J is the current density, g is the electronic charge, n, is the intrinsic electron

concentration, g is the mobility of the free electrons and F is the external electric field.

Equation 4.2.1 shows that the current and voltage in highly conductive materials follow an

ohmic relationship.
422 THE IDEAL INSULATOR

An ideal insulator is assumed to be free of traps and has negligible thermally generated free
carriers. In such a material, only the injected carriers contribute to the space charge and
consequently the current as the concentration of thermal free carriers is insignificant. The
concentration of injected carriers is maximum near the injecting contact and decreases non-
linearly with distance. As stated earlier, diffusion currents are ignored as it is only significant
in the vicinity of the contact. The gradual change in free carrier concentration in the space

charge region of the ideal insulator limits the magnitude of the diffusion current [9].

The current is thus dominated by the drift component and is given by

J=qn,puF 422

where ny is the free electron concentration and F is the electric field.

Here the free electron concentration is no longer uniformly distributed throughout the
material and is given by Poisson’s equation as

dF(x)__qn,

I oot 4.2.3

where ¢, is the permittivity of free space and ¢ is the relative dielectric constant of the

material.

Rearranging equation 4.2.3 gives

ny =’@£(dF—(x)J 4.24
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Then substituting equation 4.2.4 into equation 4.2.1 gives

dF
J=—geuF (T(X)) 425

Integrating the electric field F across the whole length of the material gives

[[rax=—eon j:FdF(x)

J=50E p(x)? 42.6
2x

where x is the distance between the contacts.

Substituting F =" d %x into equation 4.2.6 and integrating gives
9 Vo
J =(-§)€0£ﬂ[7p3p—] 42.7

where ¥, is applied voltage.

Equation 4.2.7 is widely known as the trap free square law or Mott-Gurney law for ideal
insulators under steady state conditions [10]. The equation states that the current is

proportional to ¥, squared. So a plot of log J against log V,,, should, ideally, give a slope of
2.

With the aid of equations 4.2.4 and 4.2.6, the variation of free electron concentration n; with

distance x is given by
1

&,8J 2 -%
n,= 2 X 4.2.8

Equation 4.2.8 predicts that the free electron concentration will fall rapidly with increasing
distance from the injecting contact. The non-uniform spatial distribution of electrons results

in a non-linearly varying electric field as shown in figure 4.2.1.
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W P R~

Figure 4.2.1: Variation of electric field, voltage and free electron concentration with
distance in an ideal insulator with no traps. x is the distance measured with respect to the

cathode while d corresponds to the distance between the electrodes.
4.2.3 THE IDEAL INSULATOR WITH THERMAL FREE CARRIERS

With the application of an external field, an ideal insulator is likely to have thermally
generated carriers of concentration n. Initially when the injected free carrier concentration n,
is less than the thermal free carriers, the current will be ohmic. But once the concentration of
injected carriers exceeds ny, a space charge region forms and the current is said to obey
equation 4.2.7. The uncompensated space charge is equal to the difference between the

injected free carriers nyand the thermal free carriers n,.

The Poisson’s equation is thus given as

n,(x)- o =%g(d%mj 42.9

The free carrier concentration will be highest at the injecting contact and approaches zero
with increasing distance x. For any current density J, a plane x = x, exists within the material
where the injected free carrier concentration is equal to the concentration of the thermal free
carriers as illustrated in figure 4.2.2. At distances below x,, the concentration of thermal free
carriers is negligible and can therefore be ignored. The free carrier concentration in equation
4.2.9 is then approximated as being equal to the injected carrier concentration n.Atx; <x <
d, the concentration of thermal free carriers n, dominates causing space charge effects to be

ignored and Ohm’s law to control current flow.
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n(x)

Figure 4.2.2: Spatial variation of the injected free carriers (solid line) in an insulator with
thermally generated free carriers np. x; represents the position beyond which n, is
significantly larger than the injected free carrier concentration nywhile d is the distance to

the anode.

The current in the ideal insulator is thus neither purely ohmic nor space charge limited. A
relationship between current and potential at low and high applied voltages can be
determined using the regional approximation method [9]. The distance x, as a function of the

current density J is given by

£o6J

Xy = 4.2.10

) 2‘12"02/‘

The position of the plane x = x; is strongly dependent on the applied voltage. It moves

further away from the injecting contact with increasing bias.

At low applied voltages, only a small current flows and the space charge region is narrow i e.
x; << d. The total free carrier concentration is equal to ny and the current obeys Ohm’s law.
Increasing the applied voltage further causes the space charge region to extend and at a
particular voltage, the plane x = x; coincides with the opposite electrode i.e. x; = d. At even
higher applied voltages, the concentration of injected free carriers significantly exceeds n,
and the latter is neglected. Consequently, the current becomes purely space charge limited

and is said to obey equation 4.2.7.

The crossover voltage ¥, between the ohmic and space charge region is determined by
equating equations 4.2.2 and 4.2.7.

8 gn,d?

) £oE 4.2.11

b 4
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Here d corresponds to the distance between the contacts.
4.2.4 THE INSULATOR WITH A SINGLE SET OF SHALLOW TRAPS

An insulator may have a single set of traps of density N, at an arbitrary encrgy level E,
located much higher than the Fermi level Ey. At thermal equilibrium, a fraction of the trap
states is occupied by charge carriers and since the states are shallow, the carrier occupancy is

given by the Maxwell Boltzmann statistics. The concentration of trapped carriers is thus

given as

E -E,.
n, =N, exp— (7*—) 4.2.12

For a p-type material, the trap states are located below the Fermi level and will be given by

(Er—E).

In an insulator with traps, the space charge is given by the difference between the injected
free and trapped carrier density n, + n, and the density of thermally generated free and
trapped carriers ny + ny. Consequently, Poisson’s equation is defined as

dF
(nf —n0)+(n, -ny =£:’Ii(%) 4.2.13

The regional approximation method is again used to determine the current voltage
relationship. At low applied voltages, the insulator may be divided into four distinct regions
as shown in figure 4.2.3. Initially, the insulator will be dominated by the region x; < x < d.
But with further increase in voltage, the planes corresponding to x; x; and x, will

progressively extend and coincide with distance d starting with x;.

When x; << d, the trap states will have a negligible effect as it is located well above the
Fermi level. This allows the thermally generated carriers to dominate i.e. ny> n,— ny and n,,
> n, — ny. Hence the space charge region will be negligible and Ohm’s law may be applied.
At higher applied voltages, however, the region x, < x < x; becomes dominant. Here n, and
ny are significantly smaller than nyand n, respectively. The carriers contributing to the space

charge region is thus given by (n, + n).
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Figure 4.2.3: Schematic illustration of free and trapped carriers in an insulator with shallow
traps of density N, against distance from the injecting contact. x;, x; and x3 correspond to

arbitrary positions along the length of the insulator.

The ratio of free injected carrier concentration to the total injected carrier concentration is

given by the factor 6.

n
6=—7
_— 4.2.14

A value for 6 may be calculated provided that the Fermi level is a few &T below the trap

level.

0= ! ~ N exp -(E" — E’] 4215

1+ﬂexp(Ec—E,) N, kT
N, kT

Here N, and E, are the effective density of states and energy of the conduction band edge
respectively. Equation 4.2.15 shows that @ is independent of the position of the Fermi level
or the applied voltage but is strongly dependent on the absolute temperature T.

In this trap controlled region, the current is space charge limited mainly by the injected

carriers and is given by

n
p=n;+n, =7f 42.16

where p is the total density of injected carriers.
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Substituting equation 4.2.16 into Poisson’s equation and following the same stages as in the

case of an ideal insulator gives the following expression for current density J in the trap

controlled region.

9 Varp™
J=§;u9£0£ :;’

4.2.17

At even higher applied voltages, the region x; < x < x; will dominate through the insulator.
The trap states become virtually full as the Fermi level moves through the trap level and the
trapped carriers n, becomes approximately equal to N,. The movement of the Fermi level is
no longer restricted by trapping beyond this point and there is sharp risc in free carricr
concentration and hence current with increasing applied voltage. In addition, the factor 0 is
no longer constant as the free carrier density increases at a much higher rate compared to »,.
This is called the trap filled limit (TFL) region. An exact solution does not exist for this
region due to the visibly rapid rise in current with voltage. But there are suggestions that the
steep slope might be related to the ratio of the trap density and the density of states at the
conduction band edge [10].

logJ )
trap free SCL
trap filled
limit
SCL
ohmic__ g~
-
logV

Figure 4.2.4: Schematic representation of the space charge limited current vollage
characteristic for each of the four distinct regions described in the insulator. The sharp rise
in current observed in the trap filled limit region is caused by the filling of the trap states by

charge carriers.
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In the region xy < x < x;, the traps are practically full and &, is much smaller than the free
carrier concentration as shown in figure 4.2.3. The trapped carrier concentration is simply
neglected and = 1. Current is therefore space charge limited by free carriers similar to the
case of a trap free insulator and is almost independent of temperature as @ = 1. This called
the trap free region since conduction mainly occurs in the conduction band away from the

trap level. Figure 4.2.4 shows the current voltage characteristic corresponding to all the four

regions.

43 SPACE CHARGE LIMITED CURRENTS (SCLC) INCORPORATING THE
UNIVERSAL MOBILITY LAW (UML)

The conventional space charge limited current (SCLC) given by the Mott-Gurney law was
developed for inorganic semiconductors with a constant carrier mobility [10]. The
description of carrier motion in these materials by a unique mobility term is made possible
by the high density of states at the conduction/valence band edge. In an n-type inorganic
semiconductor for example, carriers mainly occupy the lowest energy levels of the parabolic
shaped conduction band and hence possess the same effective mass. Conscquently the

carriers behave as if they have the same mobility.

In disordered organic materials, however, the density of states is distributed across a wide
range of energies. For small carrier concentrations, the distribution of localised states can be
described quite accurately by an exponential function. Charge transport in disordered
semiconductors with an exponential DOS has been linked to the Variable Range Hopping
(VRH) mechanism [11]. According to the VRH model, the motion of carricrs between
localised states is strongly dependent on hopping distance and the energetic distribution of
states. A significant increase in hopping transitions is expected as the localised states become
less far apart thus resulting in a mobility that is largely dependent on carrier density. This
makes the concept of carrier mobility in organic materials a poor one. The empirical
relationship between the effective mobility and carrier density in disordered semiconductors
is given by
L

Uy = o1 43.1

where uy is the mobility prefactor, n is the carrier density and T, is the characteristic

temperature of the exponential density of states.

Chapter 4 -92-



Space Charge Limited Currents in Organic Semiconductors

Equation 4.3.1 closely resembles the Universal Mobility Law (UML) first described by

Brown et al. [12]. Hence it may also be expressed in the following form
assumingm = L T -1

H=Kn" 432

Here K is an arbitrary constant having the units of mobility and m is a material and
temperature dependent exponent. Equation 4.3.2 is, in general, valid for small carrier
concentrations and for T, > T. Since carriers in disordered semiconductors do not possess a
constant mobility, the conventional Mott-Gurney law for space charge limited currents no
longer seems appropriate for use in these materials. A more generalised expression which
takes account of the carrier density dependence of mobility is required. In the past, a
modified SCL current expression has been developed for the case of an exponential

distribution of trap states in a crystalline semiconductor [13].

As stated above, carriers in disordered materials are not confined within a well defined edge
but instead are distributed in energy. So although equation 4.3.2 is derived under the
assumption that all states are physically equivalent, carriers occupying the localised states at
various energy levels will behave differently. The carrier occupancy of the localised states is
governed by the position of the Fermi level Er and in organic materials, the Fermi level is

believed to lie in the band tail of the Gaussian distribution.

At energies below the Fermi level, there are fewer localised states which are located further
apart and only a small fraction of these states are empty. Hence carriers at lower lying energy
states are rendered as being practically immobile and the lower energy states are likened to
trap states with a probability of occupancy close to unity. At energies much higher than the
Fermi level, however, the significantly larger density of scarcely populated states allows
charge carriers to hop between adjacent sites with relative ease. This condition allows a
simple yet key distinction to be made between carriers located above and below the Fermi
level. In the simplified picture, carriers below the Fermi level are regarded as trapped while
those at much higher energies are considered to be free carriers which are able to contribute

to current transport when an external field is applied.

This definition of free and trapped charge carriers is slightly different to the one used in
inorganic semiconductors. The shallow traps often referred to in inorganic solids correspond
to extrinsic energy levels located several AT away from the conduction band edge. In organic

materials, however, the localised states containing both the trapped and free charge carriers
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belong to the intrinsic exponential density of states. Hence a factor @ can also be defined in
the case of disordered organic semiconductors. It represents the ratio of injected free carricr

density at higher energy states to the total injected carrier density and is given by (Appendix
E)

o=—"r_ T

_nf+n,_ T,

433

where T, is the characteristic temperature representing the exponential distribution of
localised states. Equation 4.3.3 predicts that the factor @ defined for organic semiconductors
is also temperature dependent. The magnitude of @ is, however, restricted to being less than 1
as the Universal Mobility Law given by equation 4.3.1 is only valid for T, > T and small
carrier densities. This means that the model will breakdown even before the density of free

carriers becomes exceedingly larger than the concentration of trapped carriers.

At low temperatures, @ will be close to 0 indicating that the concentration of free carriers is
significantly less than the trapped carrier density of the material. But with increasing
temperature, an increasing number of charge carriers will possess sufficient energy to occupy
higher energy states thus leading to a substantial increase in the free carrier density.

Consequently, 8 will approach 1 as T approaches T..

Poisson’s equation is thus given by

dF(x)=_‘1(”f+"')=_ "y 434

dx £4E, £,&,0

where g is the permittivity of free space and & is the static dielectric constant of the

semiconductor.

Ignoring diffusion currents, the current density J in disordered materials will be controlled
purely by the drift mechanism and is thus given by
J=nquF 435

where n; is the injected free electron concentration, g is the electronic charge, 4 is the

effective carrier mobility and F is the externally applied electric field.
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Substituting for the effective mobility 4 using equation 4.3.2 gives
J=KqFn,"" 43.6

The constant K is assumed to be independent of carrier concentration. An expression for the
free carrier concentration ny is obtained using equation 4.3.6 and is substituted into equation

4.3.4to give

1
m+l
arls)___a [ J 43.7

dx 66,0\ KqF

Integrating equation 4.3.7 across the device thickness gives

m+1

ml L,
F= q m+2 m+2 i m+2xm:; 438
£,6,0\ m+1 Kq e

where x corresponds to the thickness of the organic film. Figure 4.3.5 shows the spatial and

temperature dependence of the external electric field F. In disordered organic materials, the
so-called effective mobility shows thermally activated behaviour as a result of the
exponential rise in the DOS. In an exponential DOS, carriers are more likely to hop to higher
energies where there are more empty states. Since traditionally mobility is closely related to

the electric field, the temperature dependence is extended by means of the m term which is

present throughout equation 4.3.8.

decreasing T

- X

0 d

Figure 4.3.5: Schematic representation of the electric field as a function of temperature with
distance across the disordered organic material from the injecting contact. The presence of
the m term in the exponent for x leads to an enhancement of the electric field with decreasing

T. Here d corresponds to the thickness of the organic film.

Chapter 4 -95-



Space Charge Limited Currents in Organic Semiconductors

Substituting F=—49 %x into equation 4.3.8 and integrating between ¥,,,and 0 yields

439

1 m+1
Vo o= _J_m q(m+2) me2 '2,;’,"{2‘3 m+2
7 | Kq £,6,0(m+1) 2m+3

where V,,, is the applied voltage.

The generalised space charge limited current in disordered organic materials with an

exponential density of states and consequently a carrier density dependent effective mobility

is given by [7]

q" m+2 m+2 x2m+3

sz_(gogﬁ (’"“))MI (2"”3]'“2 V" 4.3.10
Equation 4.3.10 demonstrates that the SCL currents in disordered materials have a modified
voltage and material thickness dependence. Because of the m term, both the applied voltage
and thickness x have a temperature dependence associated with it. On a double logarithmic
scale, the current density continues to vary linearly with applied voltage but with a slope that
is larger than 2. A value for m and T, can be determined from the resulting slope. J also

shows a stronger dependence on the thickness x. It should be noted that for a semiconductor
y 2
with a constant mobility i.e. m = 0, the Mott-Gurney law given asJ = (%)eoe,u ap / J is
x

retained.

44 FABRICATION OF POLYTRIARYLAMINE (PTAA) SCHOTTKY DIODES

In recent years, much purer organic materials with almost no residual doping has been
synthesised by Merck Chemicals Ltd (previously Avecia). One of the proprietary organic
materials supplied by Merck used in the fabrication of Schottky diodes is polytriarylamine
(PTAA) (S1105). PTAA is a highly disordered organic semiconductor; it is more structurally
disordered than even P3HT. However, PTAA is believed to contain far less quantities of

residual dopant albeit not much is known about its synthesis process.

In PTAA diodes, the gold electrode is evaporated first since it has to be pre-treated with
pentafluorobenzencthiol (PFBT) in order for the metal to make a good ohmic contact with
the semiconductor. The self-assembled monolayer formed by pentafluorobenzenethiol on the

gold electrode has been reported to act as an electron acceptor [14]. It increases the metal
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work function by almost 1 eV thus significantly reducing the potential barrier seen by holes
which are the majority charge carriers. The PFBT solution is prepared by dissolving 0.6 ml
of PFBT in 450 ml of propanol. The gold coated glass substrate is immersed in the PFBT
solution for approximately 10 minutes followed by propanol for a further 10 - 15 seconds to

wash away any excess PFBT molecules.

The PTAA solution is prepared by dissolving approximately 30 mg of the material in 5 ml of
xylene or dichlorobenzene (DCB). The solution is heated to enhance the solubility of the
organic material. Care must be taken to avoid highly concentrated PTAA solutions as it
causes the solution-cast film to peel off from the metal substrate upon drying. Similar to the
P3HT based diode, the sample is left to dry in vacuum overnight prior to the shadow mask

evaporation of the aluminium dots. Figure 4.4.1 shows a schematic diagram of a PTAA

Schottky diode.

The electrical characterisation of the Schottky diodes was performed in air using a HP4145B

semiconductor parameter analyser. The measurements were taken at a step size of SO mV.

S
— F. F
polytriarylamine . F ' F

PEBT treated Au/Cu

glass/flexible substrate

Figure 4.4.1: Structure of a polytriarylamine (PTAA) Schottky diode. The gold contact is
treated in a PFBT solution to facilitate the formation of an ohmic contact to PTAA. Inset is

the chemical structure of pentafluorobenzenethiol (PFBT).
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4.5 ELECTRICAL CONDUCTION IN POLYTRIARYLAMINE (PTAA)
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Figure 4.5.1: Current density voltage characteristic of modified Au-PTAA-Al Schottky
diodes processed from (A) dichlorobenzene and (B) xylene. The voltage was applied on the
top aluminium electrode. The forward current in both diodes differ by almost two orders of

magnitude. Inset is a schematic illustration of the chemical structure of polytriarylamine.

Figure 4.5.1 shows the current density voltage characteristic for metal semiconductor diodes
made with polytriarylamine (PTAA) dissolved in xylene and dichlorobenzene (DCB).
Polytriarylamine is a highly amorphous p-type organic semiconductor and is readily soluble
in most common organic solvents. The gold electrode is pre-treated with
pentafluorobenzenethiol to help it make a good ohmic contact with PTAA. The J-V
measurements were performed by sweeping the applied voltage on the aluminium top

contact from 10V to -10V and back at steps of 50 mV.

The extremely low off currents produced by the PTAA Schottky diodes leads to remarkably
high rectification ratios. The rectification ratio for the xylene and DCB based PTAA diodes
are approximately 10° and 10° respectively. These ratios are significantly larger compared to
the value quoted for the as-synthesised P3HT Schottky diode. The much higher off currents
observed in P3HT is consistent with the belief that the material contains large amounts of
residual dopant. It must be said that the relatively low off currents observed in PTAA diodes

is highly desirable for ultra low current circuit operations.
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The effect of dissolving the organic semiconductor polytrarylamine in two different solvents
is shown in figure 4.5.1. The solvent dichlorobenzene has been reported to evaporate more
slowly than xylene with the solution-cast film requiring almost a day before it is completcly
dry [15]. In P3HT, slow evaporating solvents are favoured for the formation of more
crystalline films. With PTAA, however, structural ordering is much harder to achicve since
the material is thought to be highly amorphous. The forward current through the DCB bascd
diode is found to be significantly lower and as a result the on-off ratio between the two
samples differs by almost 2 orders of magnitude. This is most likely caused by a difference
in the thickness of the solution-cast film. Thicker films are reported to give smaller forward
currents as a result of having a larger semiconductor bulk resistance in series with the barrier

[16]. Generally, forward currents are limited to a greater extent by the bulk conductance

compar ed to reverse currents.

In the reverse direction, the current saturates with increasing applied voltage suggesting that
the Schottky barrier remains essentially unchanged. The semi logarithmic plot of J; against
¥*# gives a straight line fit for a limited voltage range as shown in figure 4.5.2. From the
plot, the dopant density is estimated to be ~ 10"* cm™, This gives a depletion region and an
effective Debye length that exceeds the thickness of the organic film. The thickness of
solution-cast films is assumed, in general, to be approximately 1um. This anomaly suggests
that the diode does not obey the ' power law given by the simplified Schottky theory. The
lack of agreement with theory makes it impossible to calculate the dopant density in
polytriarylamine. And since the dopant density N, is unknown, the effective bulk mobility of

holes in the material also cannot be established.

For high purity materials such as PTAA, a much wider depletion region is expected to form
at the Schottky barrier interface since the width of the depletion region is inversely
proportional to the amount of dopant density present in the material. In other words, the
space charge region in purer materials will extend further for small increments in applied
voltages thus making it more likely for the space charge region to reach the back of the film.
Once the space charge region hits the back of the film, the reverse current is expected to rise
more sharply with applied voltage as the semiconductor starts to resemble an insulator. The
current will vary as a function of ¥** instead of ¥** since an effectively larger applied field

contributes to the lowering of the Schottky barrier.
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The reverse current density is thus given by (dppendix F)

1/

g [a(Ve-V)|"
Jp=Joexp | —| ———= 4.5.1
RERGaeh kT[ dreye,x,

where Jj is a constant, k is the Boltzmann constant, ¢, is the permittivity of free space, &, is

the static dielectric constant and x,, is the organic film thickness.
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Figure 4.5.2: Reverse current density against |V|0‘25 Jor the treated Au-PTAA-Al Schottky
diode processed from dichlorobenzene. The dopant density calculated from the slope is ~
10" cm”. This gives a depletion width that exceeds the thickness of the film which suggests

that the diode does not obey the Y: power law.

However, this cannot be true in the case of PTAA Schottky diodes since the reverse current
stays almost constant with increasing applied voltage. Besides, intuitively, it is quite unlikely
for the depletion region in PTAA Schottky diodes to reach the back of the film for the given

voltage range as the organic film is solution-cast.

The saturation of the reverse current in PTAA diodes can therefore only be explained by the
presence of trap states in the organic material which subsequently leads to the pinning of the

quasi Fermi level. So instead of an expanding space charge region, the increasing negative
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voltage applied on the semiconductor forces holes to be released from the trap states. This
will limit the barrier lowering effect and as a result the current across the barricr stays almost
constant. The assumption of a flat quasi Fermi level means that the trap statcs could lie
anywhere along the length of the organic film. The pinning effect surprisingly disappears

once the applied voltage is reversed.

A visibly large anticlockwise hysteresis is obtained in the reverse direction when the voltage
sweep is reversed. Hysteresis which is a common manifestation of instability in organic
based devices is often associated with the drifting of mobile ions within the organic film
under the influence of a strong electric field [17]. In the past, instability in organic devices
has also been attributed to photo-oxidation caused by exposure to air. More recently,
however, the adsorption of ozone has been singled out as the main cause of performance
degradation in organic devices [18, 19]. In polythiophene derivatives, it has been reported
that ozone forms a complex with the organic material thereby resulting in the formation of

shallow acceptors [20]. More work is needed to further understand the role played by ozone

in the degradation of organic materials.

The J-¥ characteristic for PTAA diodes made with a top aluminium contact generally exhibit
a small voltage offset. A similar phenomenon has also been reported in Schottky barriers to
as-synthesised P3HT [21]. It is well known that the electrical characterisation of organic
Schottky diodes is strongly influenced by fabrication conditions. The voltage offsct observed
here is attributed to the formation of an interfacial layer between the aluminium and the
semiconductor. The formation of the layer is supposedly encouraged by the presence of
residual atmospheric contaminants during metal deposition under insufficiently low

pressures [22]. The voltage offset is said to be related to a permanent polarisation within the

interfacial layer.

When a negative voltage is applied on the Al electrode, the Schottky barrier impeding the
movement of holes from PTAA is significantly lowered. Consequently an exponential rise in
current is observed with applied voltage. Provided that 7. > T, the exponential nature of the
current is attributed to the exponential fall in carrier occupancy given by the Maxwell
Boltzmann statistics. Using the simple analytical model presented in the previous chapter,
the current across the barrier in the forward direction is given by

v
J a exp (—qk—T’ﬂ] 4.5.2

0
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where T, represents the characteristic temperature of the exponential energetic distribution of

holes.

A value for T) can be obtained by applying equation 4.5.2 directly to the slope of the forward
characteristic. From figure 4.5.3, T, is estimated to be approximately 481K. This value of 7,
is substantially smaller compared to the value quoted for the as-synthesised P3HT Schottky
diode. The magnitude of 7} corresponding to the intrinsic distribution of carriers is generally
believed to lie in the region of between 800K and 1300K. Neglecting trapping in extrinsic
states, current in the exponential part of the characteristic is believed to be supported by the
intrinsic carriers as dopant states are located too high in energy and hence will only support
current at higher applied voltages. However, the smaller value of 7) obtained suggests the
presence of an anomalous distribution of extrinsic states. These states are probably caused by
the formation of a non-ideal barrier at the metal semiconductor interface. The extrinsic states

must lie at lower energies since they influence the current across the Schottky barrier at low

applied voltages.
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Figure 4.5.3: Forward J-V characteristic Jor a treated Au-PTAA-Al Schottky diode
processed from dichlorobenzene. At higher applied voltages, only a small fraction of the
potential falls across the barrier and the space charge region thus resulting in a strong

deviation from equation 4.5.2.
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The corresponding value of 7, describing the combined distribution of intrinsic and extrinsic

states may be obtained using the following relationship.

=—- 4.5.3

Equation 4.5.3 gives a value of ~ 799K for T, and a Meyer Neldel energy of ~ 69 meV.
Coincidentally this larger T, value is consistent with the results obtained when extrinsic
dopant states are present [23]. Higher T, values are generally associated with the introduction

of extrinsic states into the intrinsic DOS of the organic material. A value of m equal to ~ 1.66

is obtained.

With further increase in applied voltage, a higher fraction of the potential is dropped across
the neutral region which leads to a substantial deviation from equation 4.5.2. The potential
across the barrier and the space charge region is thus relatively small. Assuming that the gold
contact is ohmic, the saturation current will be limited purely by the resistivity of the neutral
region. The current transport mechanism in the neutral region can be determined by plotting
a double logarithmic of current density against V. The bulk voltage is obtained by
measuring the deviation along the voltage axis for each of the measured current levels,

Figure 4.5.4 shows the current density as a function of V., for the PTAA Schottky diode
processed from DCB.

The saturation current density plot clearly gives two distinct slopes at low and high voltages.
The straight line fit at low V. gives a slope of ~ 0.98 which is in close agreement with the
theoretical value of 1. The linear variation of current with voltage suggests that the diode
obeys Ohm’s law. At higher voltages, however, the slope becomes much steeper. It is
calculated to be equal to ~ 2.56. A slope of greater than 2 suggests that space charge effects
predominate and conduction is thus no longer ohmic. Similar plots with slopes ranging

between 2 and 2.5 have previously been reported for other organic diodes [24-26]

In the simplified theory of space charge limited currents, one of the metal electrodes has to
make an ohmic contact with the organic semiconductor in order for there to be an infinite
supply of charge carriers. In the case of the PTAA Schottky diode, the Au electrode is
assumed to be ohmic upon treatment with the contact solution pentafluorobenzenethiol
(PFBT). It has been reported that the surface active thiol group can easily attach itself onto
the metal electrode via the formation of a dative bond between the sulphur atom of the thiol
group and the metal [14]. The self-assembled monolayer of PFBT deposited on the Au
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surface is believed to act as an electron acceptor. The PFBT solution is said to increase the

work function of the Au electrode by greater than 1 eV [27].
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Figure 4.5.4: Current density against Vyy for modified Au-PTAA-Al diode. Two distinct
slopes are obtained at low and high voltages which are estimated to be 0.98 and 2.56
respectively. This suggests that the conduction changes from ohmic to space charge limited

with increasing applied field.

At higher voltages, space charge effects seem to dominate conduction in PTAA diodes even
though both PTAA and as-synthesised P3HT show almost comparable forward current
levels. In chapter 3, it was demonstrated that the neutral region of an as-synthesised P3HT
diode shows ohmic behaviour even at high applied voltages. This difference in bulk
conduction between the two materials can be explained by the higher dopant density
observed in as-synthesised P3HT. In PTAA, the dopant density is thought to be much lower
and consequently, there are insufficient dopant ions to compensate the increasing density of
holes in the neutral region of the organic film as illustrated in figure 4.5.5. The build up of
majority carriers produces a non-linearly varying electric field which leads to a change in

conduction from ohmic to space charge limited.

The analysis of space charge limited currents in the neutral region of a Schottky diode does

not conform to the boundary conditions outlined in the classical treatment of SCL currents.
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Traditionally, SCL currents are discussed within the framework of an insulator sandwiched
between two metal electrodes of low resistivity. In a Schottky diode, however, the neutral
region is sandwiched between a metal electrode and a space charge region as shown in figure
4.5.5. As stated above, the modified Au contact is assumed to permit the flow of holes thus
satisfying the requirement for a reservoir contact. The low resistivity of the gold electrode is

confirmed by the observation of Ohm’s law at lower applied voltages.
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Figure 4.5.5: The much lower dopant density (open circles) in polytriarylamine leads to a
high concentration of uncompensated holes (positive sign). Current transport at high applied

voltages is therefore dominated by space charge effects.

On the opposite end, however, a space charge region neighbours the semiconductor bulk
instead of a metal electrode. Fortunately, in forward bias, the width of the space charge
region adjacent to the Al contact is significantly reduced by the lowering of the effective
barrier height with increasing applied bias. The space charge region, however, does not
possess an abrupt edge as illustrated in figure 4.5.5. In practice, the region extends further
into the bulk by an effective Debye length Lp.. The effective Debye length corresponds to
the distance over which the low hole density increases to its intrinsic concentration. The
abrupt depletion edge approximation is one of the simplifying assumptions used in the basic
Schottky theory for analysing reverse J-V characteristics. Due to the exponential DOS, the

Debye length in disordered organic materials is believed to be supported by a potential

(k %) of ~ 40 meV instead of the traditional 26 meV.

The analysis of carrier distribution and hence transport in semiconductors under steady state
conditions is strongly dependent on the position of the quasi Fermi level. Provided that it is
possible to assume a flat quasi Fermi level, all carriers in the organic semiconductor must be

in quasi thermal equilibrium. Figure 4.5.6 shows the energy diagram of a Schottky diode
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with a so-called ohmic back contact. Again the localised states are represented in a
succession of energy levels to clearly illustrate the energy variation envisaged in PTAA. In
general, current transport in semiconductors occurs through a combination of drift and
diffusion and can be expressed as (Appendix G)

dg
Jocp—=
P 4.5.4

where d%x is the gradient of the Fermi level and p is hole density in a p-type

semiconductor. Equation 4.5.4 is extremely useful in predicting the energy variation of the

quasi Fermi level in semiconductors under steady state conditions.

In figure 4.5.6, a common Fermi level is assumed to exist across the entire length of the
semiconductor. The assumption of a flat quasi Fermi level is best explained by means of a
regional model starting with the injecting contact. In the region neighbouring the modified
Au contact, the density of holes increases to infinity as it approaches the contact thus
resulting in a steep concentration gradient. Hence, the diffusion component of the current
predominates in the vicinity of the contact and according to equation 4.5.4, a high carrier
density will only require a small gradient in the Fermi level to maintain current flow. Thus a
constant Fermi level may be defined close to the metal electrode. In the simplified SCL
current theory, the diffusion component of the current is ignored since it is deemed important

only in the region adjacent to the contact.

Al PTAA modified Au

A Ey

neutral region

space charge
region

Figure 4.5.6: Simplified energy diagram for a modified Au-PTAA-Al Schottky diode under
forward bias. A flat quasi Fermi level is assumed across the semiconductor including the
space charge region. This means that all carriers are in thermal equilibrium and the Fermi

Dirac statistics may be used to describe the carrier distribution.
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At high applied voltages, the neutral region is controlled by space charge effects due to the
build up of charge carriers. Again, a high concentration of holes suggests that the quasi
Fermi level will remain unchanged throughout the semiconductor bulk. In the narrow space
charge region adjacent to the Schottky barrier, however, the density of holes is expected to
decrease drastically. Under such circumstances, equation 4.5.4 predicts that a visible change
in the Fermi level is required to maintain current flow. However, figure 4.5.6 depicts a flat
quasi Fermi level even through the space charge region. To elucidate this issue, similarities
are drawn with the space charge region of a p-n junction diode [28]. In a p-n junction, the
electron density in the n-type side of the junction is very high while in the p-type side,
electrons are the minority carriers. Nevertheless, the requirement for current continuity
dictates that the current on either side of the junction must be equal. So the electron quasi
Fermi level will most likely have a very steep gradient in the p-type side and a rather small
one in the n-type side as depicted in figure 4.5.7. Assuming that no recombination process
takes place in the space charge region, every electron leaving the n-type material will move
through the space charge region and reach the other end of the junction. This allows for a flat
quasi Fermi level to be defined. In other words, the boundary condition on either sides of the
p-n junction dictates that the Fermi level in the space charge region has a negligible gradicnt.
The increase in electron density with distance across the space charge region is reflected by

the bending of the conduction band edge E..

p-pe n-type

space charge
region

Figure 4.5.7: Energy level diagram of a forward biased symmetric p-n junction made with
conventional semiconductors. Eg, and Ep, are the electron and hole quasi Fermi level

respectively. Both the quasi Fermi levels are assumed to remain flat throughout the space

charge region.
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Based on the same concept, a flat quasi Fermi level is also assumed in the space charge
region of Schottky diodes. Like p-n junctions, the decreasing hole density with approaching
distance of the Schottky barrier is represented by the bending of the localised states away
from the Fermi level as in figure 4.5.6. In the Debye length at the edge of the space charge

region, the large hole concentration gradient will result in a flat quasi Fermi level.

Hence a common quasi Fermi level may be assumed across the entire film thickness. This
assumption works better in disordered semiconductors compared to crystalline solids. In the
latter, carriers gain additional kinetic energy from traversing through the material and
interacting with the potential well of a large number of atoms in the crystal lattice. This
phenomenon limits the validity of a flat quasi Fermi level and consequently the accuracy of
the Fermi Dirac statistics. In contrast, disordered organic semiconductors are characterised
by carriers hopping between localised energy states and the site spacing which controls the
carrier hopping distance is commonly reported to lie between 1-2 nm [11, 29]. The
substantially smaller distance travelled means that carriers in disordered materials are

unlikely to get ‘hot’ and the notion of a flat quasi Fermi level is preserved.

In this model, the potential drop across the space charge region is assumed to be sufficient to
get holes exiting the neutral region across the barrier and hence support the SCL current. The
analysis of SCL currents in diodes is therefore assumed to be unaffected by the different
boundary conditions. Another important factor to consider is the possible dependence of the
SCL current on the width of the neutral region. Following the regional model approach, the
organic film is divided into two regions; the space charge region and the neutral region. In
forward bias, the lowering of the effective barrier height leads to a substantial reduction in
the width of the space charge region. So, the increasing width of the neutral region will have
to be taken into account in the analytical treatment of the SCL current provided the space
charge region continues to shrink appreciably in the saturation current regime. But to
simplify the analysis, we assume that the width of the neutral region stays almost constant.
Although a stronger voltage dependence is expected for SCL currents, it is still not
comparable to the exponential rise in current seen across the Schottky barrier before it is
limited by the series resistance of the semiconductor bulk. Hence, the relatively small
increment in saturation current observed suggests that the change in the space charge region
width is negligible and can therefore be ignored. Consequently the rise in SCL current will

only affected by the increase in potential drop across the neutral region.
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For disordered materials with a carrier density dependent mobility, the space charge limited

current is given by

K (e0.6(m+ )" (2m+3)" V" 45.5
q" m+2 m+2 x2m+3 h

According to equation 4.5.5, the slope of a double logarithmic plot of current density against
voltage will be equal to m + 2. Hence, the value of m for the PTAA Schottky diode is ~ 0.56.

A value for T, can be found using the following relationship:

m=-—1

45.6

From equation 4.5.6, T is estimated to be ~ 468K which gives a Meyer Neldel encrgy of ~
40meV. Interestingly, this value of T, corresponds to the intrinsic exponential distribution of
states. This suggests that the higher energy states responsible for current flow in the
saturation regime of the diode are almost free of dopant states thus allowing the
determination of the intrinsic value of 7. The absence of additional dopant states also proves
that polytriarylamine is a much purer organic semiconductor than its predecessor, as-
synthesised P3HT. In P3HT diodes, the effective bulk mobility obtained from the saturation
regime of the forward characteristic obeys the universal mobility relationship. As mentioned

in chapter 3, the universal mobility plot yields a Meyer Neldel energy almost double its

intrinsic value.

The characteristic temperature for the distribution of intrinsic carriers T} is approximatcly
equal to 836K. The values of T, and T calculated for the PTAA Schottky diode are

consistent with those obtained from TFTs made with the same material [30].

In this newly developed SCLC model, we have only considered the carrier density
dependence of the effective mobility. In the model developed by Pasveer et al., however, the
occurrence of SCL currents in light emitting diodes (PLEDs) made with poly[4’-(3,7-
dimethyloctyloxy)-1,1°-biphenylene-2,5-vinylene](NRS-PPV) and poly(2-methoxy-5-(3°,7°-
dimethyloctyloxy)-p-phenylene vinylene) (OC,C,0-PPV) is analysed by taking into account
the carrier density, temperature and also field dependence of mobility in a Gaussian shaped
density of states [31]. The model accurately predicts the experimentally observed SCLC
density voltage relationship up to applied voltages of around 50V.
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4.5.1 EFFECT OF THE BACK METAL/ORGANIC INTERFACE

Figure 4.5.8 shows the current density voltage characteristic for polytriarylamine (PTAA)
Schottky diodes made with two different back metal contacts; Au and Cu and with and
without surface treatment with pentafluorobenzenethiol (PFBT). Aluminium is used as the
Schottky metal in all the devices. The J-V curves clearly demonstrate that the forward
current and hence the rectification ratio of the diodes depend strongly on the choice of the
back metal contact. Current flow at high applied voltages is therefore limited by the
properties of the back metal/organic interface. Previously, the forward current was thought to

saturate as a result of the series resistance associated with the semiconductor bulk.
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Figure 4.5.8: Current density voltage characteristics of Al-PTAA Schottky diodes with
pristine and modified Au and Cu electrodes. The voltage was applied on the top aluminium
electrode. The lower saturation currents are associated with the formation of a barrier at the

back metal/organic interface.

The theoretical work function of gold is larger than that of copper. Pristine Au is generally
quoted as having a work function of ~ 5.1 eV whilst copper is about 4.7 eV. In practice the
work function of metals could differ significantly from their theoretical value as it s

sensitive to the deposition method used and also on the chemical nature of the resulting

Chapter 4 -110 -



Space Charge Limited Currents in Organic Semiconductors

metal/organic interface. PTAA like most other organic semiconductors is intrinsically p-type

and therefore requires a high work function metal to make good ohmic contact with it.

Ideally, an ohmic contact is characterised by the absence of a potential barrier and an infinite
recombination-generation rate [28]. The former ensures that carrier transport in either
direction is strictly proportional to the field at any point without the complications relating to
space charge effects. Meanwhile, the infinite recombination-generation rate also helps
prevent space charge formation since carriers are being supplied and removed by the metal
contact exactly at the rate required by transport in the semiconductor. So the Fermi level in
the metal and semiconductor line up and there is no bending of energy states in the

semiconductor side of the interface.

metal organic metal organic
el B R E, - d -_ s, E,-
E/: ,,,,, B e T, Ey f = - 4
q¢ t e e [
B - S P A
------- 3 q Vhl
» g .
. vertical potential
accumulation i
of holes
(4) (B)

Figure 4.5.9: Simplified energy diagram of a metal/p-type organic interface forming (4) a
so-called ohmic contact and (B) a Schottky barrier. The ohmic contact is essentially a low

resistance contact. The width of the accumulation layer W depends on the intrinsic hole

concentration of the organic semiconductor.

The term ‘ohmic contact’, however, is often loosely used to describe low resistance contacts
when, in fact, the two cases are clearly distinguishable. Thus an ohmic contact is also said to
be formed between a metal and semiconductor when the resistance associated with the
contact is negligible compared to the series resistance of the semiconductor bulk [32]. Like
Schottky barriers, the bending of the energy states in the semiconductor is mainly due to the
work function difference between the metal and semiconductor. The energy bending attracts
holes to accumulate at the interface thus giving rise to a much smaller contact resistance as

shown in figure 4.5.9 (4). So although the contact made between a high work function metal
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and a p-type organic solid is essentially a low resistance contact, it is often termed as an

ohmic contact.

The so-called ohmic contact made with p-type organic materials are known to allow the
passage of holes in both directions. The energy bending shown in figure 4.5.9 (4) allows
holes to be transferred into the metal with relative ease. In contrast, the movement of holes
into the semiconductor is impeded by the presence of a potential barrier. Fortunately, the
carriers only see a parabolic shaped potential barrier at the metal/organic interface. This
barrier can be easily reduced with the application of an external voltage across it. With the
application of an appropriate bias, the accumulation width reduces and a much smaller
barrier is seen by the majority carriers in the metal. The width of the accumulation layer is
largely dependent on the free carrier concentration of the organic film and it decreases with
increasing hole density. Hence it can be said that the presence of excess carriers in the

neighbourhood of the metal/organic interface tends to flatten any barrier that may be present.

In Schottky barriers, the presence of an almost vertical potential barrier makes it impossible
to have an unrestricted flow of majority carriers from the metal as illustrated in figure 4.5.9
(B). This contact barrier can only be overcome by applying an infinitely large clectric field
across the metal/organic interface and this is impossible to achieve in practice. Incidentally,
Schottky barriers owe their rectifying behaviour almost entirely to this feature of the contact

barrier. The transport of majority carriers is determined by the height of the barricr and

therefore by the magnitude and polarity of the applicd bias.

Due to difTiculties in determining the doping level of polytriarylamine, the work function of
the material remains unknown but its ionisation potential is said to be ~ 5.1 eV [33].
Therefore in order to significantly reduce the contact barrier, the Au and Cu electrodes are
pre-treated with pentafluorobenzenethiol. PFBT is said to modify the metal work function by
forming a self-assembled monolayer which acts as an electron acceptor. The increment in the

metal work function could be over 1 eV.

From figure 4.5.8, the highest forward current and hence the highest rectification ratio is
obtained for the PTAA diode with a modified Au electrode. The electrical characterisation of
this diode is discussed in detail in section 4.5. Clearly, the saturation current of this diode
rises more sharply than the rest of the devices. The steeper rise in current is thought to be
associated with space charge effects dominating conduction in the neutral region of the
organic material at higher applied voltages. Space charge limited currents typically show a

larger voltage dependence which is found to be even greater in the case of disordered
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materials. The current density voltage relationship for disordered semiconductors is given

byJ < V™2,

The forward currents are significantly lower for diodes made with Cu as the back contact
which suggests that a potential barrier exist at the metal/organic interface. This is consistent
with the idea that the contact barrier for the injection of holes decreases with increasing
metal work function. The forward saturation current of the PTAA diodes with a pure and
modified Cu electrode differs by over 2 orders of magnitude. It is highly unlikely that the
difference in forward currents is caused by variation in film thicknesses since all the samples
were prepared as identically as possible. The extremely poor rectifying behaviour exhibited
by the unmodified Cu diode is attributed to the formation of a relatively large contact barricr.

The diode only gives a rectification ratio of ~ 10” as the forward current is limited by the

reverse biased Schottky barrier.

The relatively small rectification ratio obtained for the modified Cu diode is attributed to the
ineffectiveness of the deposited PFBT monolayer in increasing the work function of Cu. If
not, with a possible increment of greater than 1 eV, the modified Cu electrode should form
an ohmic contact with PTAA. Clearly this is not the case since the forward saturation current

through the modified Cu diode is only slightly higher than the pristine Au sample.

Besides the PFBT-modified Au diode, the rest of the devices are essentially pairs of back-to-
back diodes where the forward current is limited by the reverse biased back Schottky
contact. Unlike the forward currents, the current in the reverse direction is unaffected by the

back metal contact since it is forward biased when the main Schottky barrier is reversed

biased.

At low negative voltages, the reverse biased back contact seems to have no influence on the
exponential rise in current. The Schottky barrier continues to dominate current as almost all
the potential is dropped across the barrier and the space charge region adjacent to it. With
increase in applied voltage, however, the back contact barrier height increases and the space
charge region associated with the contact widens. This causes a higher fraction of the
potential to fall across the back metal/organic interface and the neutral region. Conscquently,
the current is no longer dictated by the exponential distribution of carriers given by the

Maxwell Boltzmann statistics but instead it is limited by the properties of the metal/organic

interface.
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The conduction mechanism in the neutral region of PTAA can be determined by plotting a
double logarithmic plot of current density against bulk voltage. As discussed in the previous
section, for the PTAA diode with a modified Au contact, current through the neutral region
obeys Ohm’s law at low applied voltages and becomes space charge limited with further
increase in bias. The close agreement of the experimental plot with both the theorics suggests
that the modified Au electrode makes a good ohmic contact with PTAA. For the rest of the
devices, however, the experimental plot of J against V,,, does not yield slopes which are
close to the theoretical values predicted by either mechanism. The lack of agreement is
attributed to the fact that the back metal/organic contacts in these devices are essentially
Schottky barriers. Hence it is no longer possible to analyse the J-V characteristics of these
diodes in terms of a regional model since a fraction of the bulk voltage is in fact dropped

across the reverse biased Schottky barrier.

Since the organic films are solution cast, it is unlikely that the width of the space charge
region at both contacts will be comparable to the film thickness. Hence, it is assumed that
there is no overlap of depletion regions and a neutral region unaffected by the contacts still
exists in the semiconductor. An energy diagram for a device consisting of two non-

interacting back-to-back diodes is shown in figure 4.5.10.
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Figure 4.5.10: Simplified energy diagram for a pair of non-interacting back-to-back
Schottky diodes with the Al/PTAA contact Jforward biased. W) and W; represent the width of
the space charge region at the Al/PTAA and Cw/PTAA interface respectively. The two space
charge regions are not expected to overlap since PTAA is a solution-cast film. V;

corresponds 1o the total voltage applied across the device.
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4.5.2 EFFECT OF DOPING WITH DDQ

The introduction of dopant molecules into organic semiconductors generally enhances the
overall conductivity of the intrinsic material. Figure 4.5.11 shows the current density voltage
characteristics for polytriarylamine Schottky diodes doped with 0.5% DDQ by weight with
pristine and modified Au and Cu back electrodes. The J-V curves indicate that the addition
of DDQ molecules leads to higher current levels even when the devices are essentially pairs
of back-to-back diodes. The much higher reverse currents observed in all the diodes are clear

evidence of the higher doping densities.
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Figure 4.5.11: Current density against V,, for 0.5% doped Al-PTAA Schottky diodes with
different metal electrodes and surface conditions. The much higher reverse currents are
indicative of the increased dopant densities expected from the incorporation of DDQ

molecules. The voltage was applied on the top aluminium electrode.

In the pristine Cu diode for example, the forward saturation current increased by almost 3
orders of magnitude thus leading to a rectification ratio of ~ 10%. This is almost an order of
magnitude larger than its undoped counterpart. The significant improvement in rectifying
behaviour is caused in particular by the much larger gain in forward current compared to the
reverse current. Increase in current flow through doped p-type organic diodes is expected as

additional carriers from the dopant molecules obey Pauli Exclusion Principle and rapidly fill
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up lower energy states with increasing doping. At lower energies, the localised states are
much larger in number and therefore are less far apart. This makes it easier for carrier
hopping to take place and hence support a much larger current through the semiconductor.
The higher dopant density also prevents the occurrence of space charge effects in the
semiconductor bulk as there are sufficient acceptor ions to screen the positive charge of the

increasing hole concentration.

In general, much lower rectification ratios are obtained for the doped samples due to the
reduced bulk resistance of the organic film. The modified Cu diode, however, manages to
retain its rectification ratio of ~ 10* due to the significantly lower reverse current. This is
believed to be associated with the fact that a large proportion of the dopants added remain
inactive. The lower dopant density explains the similarity observed with the reverse J-V
characteristic of the undoped samples. The smaller free hole density introduced into the
polytriarylamine film fails to completely fill up the trap states believed to exist in the

intrinsic material.

The significantly higher forward saturation current obtained for the pristine Cu diode
suggests that the Schottky barrier at the back metal/organic interface can be partially
overcome by increasing the conductivity of the organic semiconductor. It is belicved that
increasing the dopant density in the semiconductor causes a significant reduction in the
width of the space charge region which consequently leads to the lowering of the effective
barrier height. So an increasing number of holes will be able to cross over into the metal. The
current, however, is not expected to be influenced by quantum mechanical tunnelling as this

mechanism is only said to dominate transport in heavily doped materials where the barrier is

extremely thin.

A value for the energetic distribution of localised states may be determined directly from the
slope of the exponential current regime. For doped PTAA diodes, the value of T, is found to
lie in the range of 500 - 600K which is slightly smaller compared to the pure PTAA Schottky
diode. The higher than expected 7, value obtained suggests that the density of states consist

of a combination of intrinsic and extrinsic states.

The non-saturation of the reverse current seen in most of the diodes results from the filling
up of trap states by the additional free carriers contributed by the dopant molecules. The
quasi Fermi level is thus no longer pinned and the Schottky barrier is effectively lowered by
a space charge region which expands with increasing positive bias being applied on the Al

electrode. For analysis, consider the experimental plot of reverse current density against V%
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of the modified Au diode as in figure 4.5.12. Interestingly, the diode is found to quite

accurately obey the ' power law with the incorporation of DDQ. At applied voltages above

1V, the dopant density for the doped PTAA film is calculated to be ~ 9.3x10"7 cm™.
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Figure 4.5.12: Jr against V"% for the 0.5% doped Al-PTAA Schottky diode with PFBT

modified Au electrode. The deviation observed at low voltages is believed to be due to the

(V,,, = b / q) term. The slope yields a dopant density of ~9.3x10" cm”.
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4.6 ELECTRICAL CONDUCTION IN VACUUM-DEPOSITED PENTACENE

Figure 4.6.1 shows the semi-logarithmic current density voltage characteristic for a vertical
Schottky diode with a layer of pentacene sandwiched between an Al and Au electrode on a
Si/SiO;, wafer. The vertical diode approach was employed since it is the only likcly
competitor against thin film transistors (TFTs) for use as a rectifier in high frequency RFID
tags. Pentacene is a small molecule based material and it is part of a new generation of
organic semiconductors. Being intrinsically p-type, the Al contact forms a Schottky barrier
with the semiconductor while the UV/ozone (UV/O;) cleaned Au is believed to permit the

flow of holes in either direction. Unfortunately, the pentacene diode only yields a

rectification ratio of ~ 102
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Figure 4.6.1: Current density voltage characteristic of UV/ozone cleaned Au-pentacene-Al
vertical diode. The voltage was applied on the bottom gold electrode. The effective thickness
of the pentacene film was calculated to be ~ 160 nm. Inset is a schematic illustration of the

chemical structure of pentacene. The experimental data was provided by S. Steudel [5].

Despite its high work function, Au is widely reported to form a large hole injection barrier
upon contact with most conjugated organic molecular materials including pentacene [34-36].
Hole injection from even a highly conductive polymer like poly(3,4-
ethylenedioxythiophene)/poly(sytrenesulfonate) (PEDOT/PSS) has been found to be

substantially more efficient than Au albeit both electrodes have similar work functions (~ §
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eV). The inefficiency of Au has been attributed to the adsorption of contaminants mainly
hydrocarbon on the metal surface upon exposure to ambient atmosphere. The electron
density tailing from the free surface into vacuum is pushed back into the solid upon
adsorption thus reducing the surface dipole and effectively lowering the metal work function
[37]. The extension of the electron density beyond a metal surface originates from the fact
that an abrupt edge will require the application of an infinitely large electric ficld and this is
impossible to achieve in practice. Hence the vacuum level outside the metal free surface is
higher than its value at infinity representing the smaller but finite probability of finding an
electron. It has been reported that the reduced work function of contaminated Au is more
beneficial for hole injection in organic diodes than atomically clean Au [38). Pristine Au is

said to have a larger interface dipole and as a consequence, a larger hole injection barrier.

The oxidisation of the Au surface by UV/ozone treatment, however, has been reported to
increase the metal work function. The higher work function is caused by Au oxide formation
and surface-adsorbed carbon and oxygen species [39]. Through ultraviolet photoelectron
spectroscopy (UPS) measurements, the AuO, surface is reported to exhibit an air stable high
work function ranging from about 5.25 - 5.5 eV [39, 40]. But more importantly, the hole
injection barrier formed at the AuO,/pentacene interface is reduced to ~ 0.25 eV from ~ 0.85
eV. The barrier at AuO,/pentacene interface matches that of a conducting polymer/pentaccne
interface. The substantial reduction in hole injection barrier (~ 0.6 €V) suggests that the
AuO,/organic interface is in the Fermi level pinning regime. The contact made between a

modified Au electrode and pentacene can therefore be considered as being essentially ohmic,

The pentacene layer was deposited at an extremely high deposition rate (~ 3As") to achicve
very small dense grains. At high deposition rates, the diffusion length of the organic
molecules is very short which results in the formation of relatively small crystals. This

prevents the occurrence of microscopic pinholes and inhomogeneities in the organic film.

In disordered organic semiconductors, the amorphous nature of the material results in a
Gaussian shaped distribution of localised states which can be rather accurately approximated
by an exponential function for small carrier concentrations. Small molecule organic
semiconductors are however slightly different as they consist of individual arrays of small
crystals which are separated from each other by narrow regions of amorphous material. The
amorphous region is referred to as grain boundaries. The analysis of current flow in the
pentacene Schottky diode is largely based on the analytical model developed by Eccleston
for polycrystalline semiconductors [6].
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Grain boundaries in small molecule based organic semiconductors are assumed to have a
density of states (DOS) typical of disordered organic materials and it is thus given by
N, E
N(E)=—Lex
(&)= p(ch] 46.1

4

where N, is the density of traps per unit volume, k is the Boltzmann constant, E is the encrgy
and T, is the characteristic temperature representing the energy distribution of traps. The

appropriateness of using this model will become more apparent from comparison with

experiments.

Like disordered materials, the trap levels below the Fermi level must be donor-like and
acceptor-like in the top half of the energy gap. For convenience, the possibility of the traps
being amphoteric is ignored. This configuration is believed to pin the Fermi level close to the
centre of the gap thus preserving the intrinsic properties of the material at the grain
boundaries. In the grain centre, however, the movement of the Fermi level is unrestricted.
Hence, the Fermi level moves closer to the HOMO level reflecting the increasing hole
density as shown in figure 4.6.2. A HOMO level is defined in the grain as it is expected to

have electronic properties similar to that of single crystals.

The requirement that the material have the same ionisation potential leads to the assumption
that a transport level with an abrupt edge must exist in the grain boundaries. The transport
level is simply an arbitrary energy level capable of supporting a similar current to that of an
exponential DOS under thermal equilibrium conditions. The HOMO and transport level at
adjacent edges of the grain and grain boundary must be continuous. It is worth noting that
the use of a transport level limits the model to small carrier concentrations. The
concentration of holes at the edge of each grain is dictated by the position of the Fermi level.
The extent of the dip of the HOMO level is dependent on the relative size of the effective
Debye length and the grain. The effective Debye length in the grain is given by

L =[1¢1__} 162
> L g plx) -

where k is the Boltzmann constant, T is the absolute temperature, g is the electronic charge,
& is the permittivity of free space, &, is the dielectric constant of the grain and p(x) is the hole
density at the grain centre. The shape of the HOMO level for a semi-infinite grain is also
shown in figure 4.6.2. The HOMO level will coincide with that of single crystals at infinity.

Large potential barriers exist at the grain boundaries. The size of the grain boundaries
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relative to the grain is slightly exaggerated in figure 4.6.2. In the model, the uniform
columnar grain boundaries are assumed to be much smaller in size compared to the grains
and therefore the potential drop across the grain boundaries is negligible. In practice the size

of the grains will vary but in this model, it is assumed to be of equal sizes of 2a.
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Figure 4.6.2: The variation of the HOMO level for (4) a semi infinite grain and (B) a small
grain between two grain boundaries with no applied field. The HOMO level for () will
reach that of a single crystal material at infinity. In (B), the HOMO level reaches a
maximum midway between the two grain boundaries where the density of holes is the

highest. A flat quasi Fermi level is assumed indicating that the carriers in the grain are in

thermal equilibrium.

The motion of carriers in any given semiconductor may be described through drift and
diffusion. Figure 4.6.3 shows the energy diagram for a quasi-diffusion model. At low
voltages, the energy difference between the HOMO level maximum and the Fermi level
changes between adjacent grains but there is no net potential drop between adjacent grain
boundaries. The carrier density at the centre of the grain reduces progressively with
increasing distance due to the potential barrier at the grain boundaries. The decreasing hole
density at grain centres is reflected by the increasing distance of the Fermi level relative to
the HOMO level maximum. The resulting concentration gradient closely resembles that of

classic diffusion but the mechanism is not termed the same since the carriers do not vary

linearly with distance.
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Figure 4.6.3: In the quasi-diffusion model, the HOMO level remains the same but the Fermi
level changes between adjacent grains relative to the HOMO level. The hole concentration

at the grain centres thus fall with increasing distance.
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Figure 4.6.4: Energy band diagram for the quasi-drift model. The potential barrier at the
grain boundary is progressively lowered thus causing the hole concentration at the grain

centres to remain the same.

At increasing applied voltages, there will be a net potential drop between adjacent grains but
the Fermi level remains the same with respect to the HOMO level maximum. This is akin to
drift as illustrated in figure 4.6.4. Again this is termed as quasi-drift as charge transport
occurs across a series of grain boundaries. The hole density at the grain centres is constant as

the potential barrier at the grain boundary is progressively lowered by the externally applied
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field ie. p(x-2a) = p(x) = p(x+2a). Figure 4.6.5 shows the energy diagram for the general

case where both quasi-drift and quasi-diffusion contribute to current flow.
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Figure 4.6.5: Energy diagram when both quasi-diffusion and quasi-drift contribute to
current flow. The applied field reduces the HOMO level maxima while the energy difference
between the Fermi level and the HOMO level between adjacent grains decreases as a result
of the diffusion component. G, G, G; and G, represent the position and direction of the

carrier flux across the grain boundaries.

The potential barrier to the flow of carriers is assumed to be reduced by 2aF,,.., at each
grain boundary. Finea corresponds to the electric field strength obtained by dividing the

voltage falling across the material by the thickness of the film.

The flux at x is thus given by (Adppendix H)

qé| . 9OF e 2. Op q¢ qakF,
=8 exp — -—| sinh ——= | —8a°v—exp — —| cosh —mean
G(x) =8av p(x)exp kT[ kT J o p T T 4.6.3
where v is the frequency of holes crossing a grain boundary, p(x) is the density of holes at
the grain centre and ¢ corresponds to the potential barrier at the grain boundary relative to
the centre of the grain in the absence of an applied field. The flux of holes across a particular
grain boundary is assumed to be proportional to the hole density in the grain adjacent to the

barrier.
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When the electric field is small or the grain size is large such that F,, <k V , equation
qa
4.6.3 may be simplified to

G(x)=-D[d’fT(")]+p(x)nFm 4.6.4

q¢ azvexp (q¢kT)
here D=a’ = and =

where a vexp(kT) ana u ky

q

Here D represents the quasi-diffusion coefficient whilst 4 is the carrier quasi-mobility. The
first term in equation 4.6.4 is akin to a diffusive flux while the second to a drift flux.
Equation 4.6.4 tells us that in spite of having potential barriers at adjacent grain boundaries
limiting the carrier flux in the grain centre, carrier motion in the grain still comes out closely
resembling that of crystalline materials. Therefore it is not surprising that combining the
relationships obtained for D and u leads to the Einstein Relationship.
HET

g

D= 4.6.5

Being able to derive equation 4.6.5 suggests that the concepts of quasi-drift and quasi-
diffusion are appropriate for describing carrier motion within the grains. It should be noted,

however, that both D and u show an exponential dependence on the potential barrier at the

grain boundary.

The hole flux G(x) is related to the hole concentration and the gradient of the Fermi level and

is thus given by

6(x) « pls) 166

ds
where 4 is the gradient of the Fermi level. For a given flux, the gradient of the Fermi
level should increase as the hole concentration falls at the grain boundary. This effect s
considered to be negligible and therefore ignored in the analysis. But it may contribute to the

effective lowering of the barrier at the edge of the grains.

In disordered materials, charge transport occurs via thermally assisted tunnelling (ie.
hopping) between localised energy states. Transport in small molecule organic solids
however, is significantly different since the material consists of crystalline-like regions

called grains and grain boundaries which are amorphous in nature. In the above analysis
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carrier flux in the grain centres is demonstrated to resemble that of crystalline materials but
with different temperature dependencies. This property is unique to the grain and cannot be
extended to the adjacent grain boundaries where large densities of traps are assumed to exist.

For algebraic convenience, the wide energetic distribution of traps in the grain boundarics is

described by an exponential function.

When an external field is applied, the potential variation at the grain boundary will determine
the effective barrier seen by carriers in the adjacent grain. Hence, the concentration of
carriers able to participate in current flow will depend on the position of the Fermi level
relative to the edge of the grain. Carrier motion is therefore essentially controlled by the

energetic distribution of traps in the grain boundaries and so is the current through the diode.

In crystalline semiconductors, the motion of carriers is traditionally described by a unique
mobility term. This practice is widely accepted since charge carriers generally occupy the
high density of states available at the conduction/valence band edge and as a result have a
similar effective mass. In disordered organic semiconductors, however, carriers arc
distributed across a wide range of energies which makes the concept of mobility a poor one.
Due to the non-uniform distribution of energy states, carriers at different energics arc
expected to experience different hopping rates. In chapter 2, it was demonstrated that for an
exponential density of states, the so-called effective mobility is related to the carrier
concentration via a power law similar to that given by the Universal Mobility Law (UML).
The concept of carrier mobility can therefore be completely excluded in materials with an

exponential DOS by incorporating the UML into the drift current equation as follows:
J =Kgp™'F 46.7

Here J is the current density, p is the density of holes, m is the temperature and material
dependent exponent and F is the electric field. Equation 4.6.7 essentially says that an
increment in carrier density will result in a significant enhancement in current transport. It is
worth noting is that no account was taken of the carrier transport mechanism when
developing the UML. The generalised treatment of the problem allows the concept to be

used on a wide range of materials and under various conditions.

In Schottky diodes, when a metal is contacted with a semiconductor, the energy levels close
to the interface will bend due to the work function difference between the two materials. For
a small molecule organic semiconductor, the plane corresponding to the potential barrier

may lic anywhere within the grain or the grain boundary. But having said that, it will most
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likely be located within the grain since the grain is much wider compared to the grain
boundary. Fortunately, irrespective of the position of the potential barrier within the matcrial,
the barrier is believed to be controlled by the density of traps in the grain boundary. So
despite the crystalline-like charge transport predicted in the grains, the current voltage
characteristic of Schottky diodes will be typical of disordered organic semiconductors.
Nevertheless, carriers attracted towards the Schottky interface by the extcrnal ficld are
believed to move along the grain centres rather than over the grain boundaries. Recognising
that equation 4.6.7 is applicable for any material with an exponential DOS, it is used to

analyse current flow through the pentacene diode.

From figure 4.6.1, a sharp rise in current with applied bias is observed in the reverse
direction. The reverse current increases by over 4 orders of magnitude which is even larger
than that observed in the as-synthesised P3HT diode. Hence a much higher dopant density is
predicted for the pentacene film. The rise in current is believed to result from the lowering of
the Schottky barrier by a combination of the electric field in the space charge region and the

image force effect. The reverse current density must thus obey the simplificd Schottky
theory given by

I
quA (Vap - Vbi - k%)
5 16.8

q
Jp=Jyexp| —
REP AT 8rle’c,c,

where J, is a constant, k is the Boltzmann constant and T is the absolute temperature. Figure
4.6.6 shows the experimental plot of reverse current density against ¥ for the vacuum-

deposited pentacene Schottky diode.

The straight line fit obtained at voltages above 1V suggests a close agreement with equation
4.6.8. The theory assumes a uniform distribution of dopant ions in the space charge region,

From figure 4.6.6, a slope of 6.95 corresponding to an acceptor ion concentration N, of
3.75x10"7 cm? is obtained. As predicted, this dopant density value is about an order of

magnitude larger compared to as-synthesised P3HT. The high dopant density determined in
P3HT was attributed to the presence of residual dopants from the synthesis process. With
pentacene, the material purchased from Fluka was further purified by gradient sublimation at
100 mTorr under forming gas (96% N, 4% H,). In addition, the IV measurement was
carried out in a nitrogen glovebox. Hence, the unintentional doping of the pentacene film

could have only occurred during the thermal evaporation process.
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Figure 4.6.6: Semi-logarithmic Jy against |V] 025 plot for the modified Au-Pentacene-Al
vertical diode. The dopant density calculated from the slope is 3.75 x 10" cm™.

When a positive voltage is applied on the gold electrode, the potential barrier for holes is
significantly reduced. The exponential rise in current is attributed to the exponential decline
in carrier occupancy given by the Maxwell Boltzmann approximation of the Fermi Dirac
statistics. In small molecule organic semiconductors, an exponential distribution of traps is
assumed to exist in the grain boundaries. Hence, most of the injected carriers are expected to
become trapped in the grain boundaries as a result of the large density of traps. The amount
of trapping taking place in the grain boundary will control the hole concentration in the
neighbouring grain. The density of holes getting across the top of the Schottky barrier is
therefore essentially limited by trapping effects at the grain boundary. With an increasing
density of trapped holes, the energy difference between the Fermi level and the grain edge
will become smaller. Like in disordered materials, a transport level is defined in the grain
boundaries to represent the exponential density of trapped carriers which is believed to

control the current across the barrier.
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Hence, integrating from the top of the barrier (i.e. transport level) to infinity gives the

following current density.

N,T, E; E qv,
Ja —2%ex —r—)ex - =E lex arp
T P( T p kT, p KT, 4.6.9

c

Here E,. is the Fermi level, Ej is the energy at the top of the barrier, V,, is the applicd

voltage and Ty is the characteristic temperature defining the exponential distribution of

trapped holes.

Equation 4.6.9 can be simplified to

qv,
Jaexp (——”” J 4.6.10
kT,

Figure 4.6.7 shows the forward J-V characteristic for the vacuum-deposited pentacene diode.
Interestingly, the exponential part of the experimental plot accurately obeys equation 4.6.10
with the slope giving a value of Tj equal to ~ 2206 K. This is believed to describe the
intrinsic carrier distribution since dopant states are too high in energy to contribute to current
flow. It must be said that this value of T} is relatively large compared to those calculated for
as-synthesised P3HT and PTAA. This suggests that the trapped holes supporting the
exponential current come from ~ 7kT of the transport level. The corresponding value of T, is
estimated to be ~ 347 K. This subsequently gives a Meyer Neldel energy and m of 30 meV
and 0.16 respectively. The ideality factor 5 for the Al-pentacene diode is ~ 7.4. The large

value of 7 is believed to be associated with the structural inhomogeneties inherent to small

molecule organic semiconductors.

As the voltage across the diode is increased, a higher fraction of the potential falls across the
semiconductor bulk and the current starts to strongly deviate from equation 4.6.10. The
current is hence no longer limited by the concentration of holes getting across the Schottky
barrier but rather by the series resistance of the semiconductor bulk as the modificd
Auw/organic interface is deemed to be essentially ohmic. The potential falling across the
neutral region is determined by measuring the voltage deviation along the x-axis for cach of

the measured forward currents as illustrated in figure 4.6.7.
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Figure 4.6.7: Forward J-V characteristic for the modified Au-Pentacene-Al diode. At higher
applied voltages, only a small fraction of the potential falls across the barrier and the space
charge region. The potential drop for each of the measured current level can be determined

from the straight line fit of the exponential region.

Figure 4.6.8 shows the experimental plot of the forward current density against bulk voltage
for the vertical Al-pentacene diode. Provided there is no potential drop across the Au
electrode, the neutral region is expected to exhibit either ohmic or space charge limited
behaviour. At low applied voltages, the double logarithmic plot gives a slope of ~ 1.01. This
is in close agreement with the theoretical value of 1 expected for materials obeying Ohm’s
law. The ohmic region, however, is only accurately obeyed for a small voltage range and
thereafter the current begins to rise sharply with further increase in applied voltage. The
slope at higher applied voltages is estimated to be ~ 2.25, which corresponds to space charge
limited conduction. Despite having a much larger dopant density than even as-synthesised
P3HT, space charge effects appear to dominate conduction in pentacene at high applied
fields. The departure from Ohm’s law is attributed to the trapping of a large concentration of
carriers at the grain boundaries. The constant positive space charge created by holes trapped
in the grain boundaries is believed to be only partially screened by the fixed ionised dopant

ions and consequently leads to a non-linearly varying electric field.
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Although the boundary conditions in a Schottky diode differ slightly from the conventional
case, it is not expected to have a significant effect on the analytical treatment of space charge
limited currents. The boundary conditions for a neutral region of a Schottky diode are
considered in detail in section 4.5. Similar to the PTAA diode, the UV/ozone treated Au
electrode is believed to permit the flow of holes thus behaving much like a reservoir contact.
The ohmic behaviour seen at low applied voltages confirms that there is no potential drop

across the modified Au contact.
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Figure 4.6.8: Current density against bulk voltage for UV/ozone cleaned Au-Pentacene-Al
diode. Slopes of ~ 1.01 and 2.25 are obtained at low and high applied voltages respectively.
The space charge effects are believed to be caused by the high density of holes trapped in the

grain boundaries of the pentacene film.

In this model, the grain boundaries are assumed to control current flow through the diode
and since the boundaries are amorphous in nature, the current voltage relation is expected to
obey the newly developed SCL current equation. As discussed earlier, the UML used to
develop the SCL current equation is not confined to only disordered semiconductors. In fact
the concept is more universal as it is applicable to any material having an exponential density

of states. Hence the space charge limited transport observed in the pentacene film is best
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described by the modified current voltage dependence. According to the new SCLC modecl, a
slope of ~ 2.25 corresponds to a value of m equal to ~ 0.25. This gives a T valuec of ~375 K
and a Meyer Neldel energy of 32 meV. This means that the trap levels at higher encrgics are

also part of the intrinsic distribution of states. The dopant states must therefore lic within the

grains.

The self-consistent values of T and Tj obtained from the exponential and saturation part of
the forward J-V characteristic gives confidence in the validity of the analytical model used.
Previously, the analytical modelling of a vacuum-deposited pentacene TFT gave a value of
T, equal to 365K in the quasi-drift regime [41]. This corresponds to a Meyer Neldel cnergy
of 31 meV. Interestingly, the self-consistent value of 7. obtained for the vacuum-deposited
pentacene based vertical diode and TFT suggests that the Meyer Neldel energy for small

molecule based organic materials is slightly lower than disordered semiconductors with the

former lying in the range of around 30 meV.
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4.7 CONCLUSIONS

Organic semiconductors are promising candidates for producing low cost, large arca
electronic circuits. Recently, small molecule organic materials particularly TIPS-pentacenc
demonstrated field effect mobilities greater than 1 cm’V's thereby increasing the likclihood
of making high frequency organic RFID tags [42]. The study of Schottky diodes is decemed
important since it is one of the competing approaches for making organic rectifiers in RFID
circuits. Special attention is given to the saturation region of diodes since high currents are

needed to satisfy the demands of the circuit.

Schottky diodes made with high purity polytriarylamine (PTAA) as the active material are
studied. A layer of pentafluorobenzenethiol (PFBT) is deposited onto the Au electrode to
reduce the potential barrier for the injection of holes. The self-assembled monolayer (SAM)
of PFBT is reported to increase the work function of the metal by over 1 eV. The modified
Au electrode is thus believed to make an ohmic contact with PTAA. The modified Au-
PTAA-ALl diodes give a rectification ratio of ~ 10® and 10° when processed from xylenc and
dichlorobenzene (DCB) respectively. The extremely low off currents obtained makes the

diodes ideal for low current circuit operations.

The reverse current of the PTAA diode processed from dichlorobenzene saturates with
increasing applied bias and therefore does not obey the ¥*%’ law. This anomaly is attributed
to the presence of traps in the semiconductor which is believed to pin the Fermi level and
consequently restrict the space charge region from extending further with increasing bias. In
addition, the exponential current in the forward characteristic does not give the expected T,
and T, values. The values of T, and T; were estimated to be ~ 481K and 799K respectively. It
is believed that an exponential distribution of extrinsic states exists at lower energies which
when combined with the intrinsic DOS yields a significantly larger T, value. The extrinsic

states probably result from the formation of a non-ideal Schottky metal/organic interface.

With further increase in applied voltage, the forward current saturates as only a small
fraction of the potential falls across the barrier and the space charge region. From a double
logarithmic plot of J against Vs, a slope of ~ 0.98 and 2.56 was obtained at low and high
voltages respectively. A value close to 1 obtained at low applied fields suggests that the
current voltage relationship obeys Ohm’s law. The current, however, changes from being
ohmic to space charge limited with increasing bias. Space charge effects are observed in
PTAA as the material is believed to contain far less quantities of dopant. The amount of

dopant ions present is insufficient to compensate the increasing hole concentration in the
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semiconductor bulk. The boundary conditions for space charge limited current in the ncutral
region of a diode are slightly different to those stated in the classical treatment of the theory.
In the PTAA diode for instance, the neutral region is sandwiched between a space charge
region and a modified Au electrode. The potential falling across the space charge region is
thought to be sufficient to get holes exiting the neutral region across the barrier and thercfore
support the SCL current. By comparing with a p-n junction, it is belicved that a flat quasi

Fermi level can also be assumed in the space charge region of a Schottky diode.

A new space charge limited current (SCLC) expression is developed for disordered organic
material as the practice of assigning a unique mobility term to carriers which are widely
distributed in energy is deemed inappropriate. Applying the new SCLC to the PTAA diode
gave a value for m equal to ~ 0.56. Hence a T, corresponding to ~ 468K and a Meyer Neldel
energy of ~ 40 meV was obtained. This result suggests that the localised states at higher
energies are also part of the intrinsic density of states. The absence of dopant states in

polytriarylamine is in agreement with the notion that PTAA is a much purer semiconductor

than its predecessor poly(3-hexylthiophene).

The effect of changing the back metal/organic interface on the saturation current region is
also studied. Although the metal work function is expected to increase by over 1 eV upon
treatment with PFBT, the modified Cu electrode incidentally forms a Schottky barrier with
PTAA. Besides the modified Au-PTAA-Al diode, the rest of the samples are essentially pairs
of back-to-back diodes. This configuration however has negligible effect on the reverse J-V
characteristics of the diodes because the back metal/organic interface is then forward biascd.
Due to the potential drop across the back metal/organic interface, the J-¥ characteristics can
no longer be analysed in terms of a regional model. The experimental J against ¥, plot of
these diodes do not yield slopes which are consistent with either purely ohmic or space
charge limited conduction. In general, doping polytriarylamine with DDQ results in higher
current levels. The improvement in conductivity is, however, accompanied by a significant
reduction in the rectifying property of the diodes. The significant rise in reverse currents
reflects the increased dopant density in the organic films. The additional carriers contributed
by the dopants are expected to obey Pauli Exclusion Principle and rapidly fill up lower
energy states. In contrast to the undoped samples, these diodes have reverse currents which
do not saturate with increasing bias. This suggests that the devices are no longer affected by
Fermi level pinning as the trap states are filled by additional free carriers contributed by the
dopant molecules. In addition, the experimental J-V,., curves at higher applicd voltages

yield slopes of less than 2 which suggest that the neutral region is no longer dominated by

space charge effects.
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Interestingly, the J-V characteristic of a vacuum-deposited pentacene diode sandwiched
between an Al and UV/ozone cleaned Au electrode fits the analytical model developed for
disordered organic semiconductors. The oxidation of pristine Au surfaces by UV/O,
treatment is said to increase the metal work function to ~ 5.5 eV thereby reducing the barrier
at the AuO,/pentacene interface to only ~ 0.25 eV. Pentacene is a small molecule organic
solid akin to inorganic polycrystalline material. Analysis of current flow in the pentacene
diode is extensively based on the model developed by Eccleston [6]. The boundary regions
separating the individual arrays of small molecules are considered to be highly amorphous
and are consequently described by an exponentially rising density of traps. The traps pin the

Fermi level close to the centre of the energy gap thus causing potential barriers to form at the

grain edges.

An arbitrary energy level with an abrupt edge capable of supporting a current equal to the
exponential DOS under thermal equilibrium conditions is defined in the grain boundary., It is
called the transport level. The transport level has to be continuous with the HOMO level so
that carriers in the grain and grain boundary have similar ionisation potentials. Despite the
potential barrier at the grain boundaries, transport through the grains is found to closcly
resemble that of crystalline solids. The diffusion coefficient D and the mobility u of carricrs
in the grain were found to be strongly dependent on the potential barrier at the edge of the
grain. The parameters also demonstrate distinctly different temperature dependencics,
Nevertheless, due to the high density of trapping in the grain boundarics, current through the
diode is believed to be controlled by the exponential distribution of traps similar to
disordered organic solids. Fortunately, the generalised treatment used in developing the
Universal Mobility Law (UML) makes the concept applicable to any exponcntial density of
states. The model merely states that in a system where the carriers are distributed in encrgy,

the so-called effective mobility will demonstrate a strong dependence on carrier density.

The Al-pentacene vertical diode only gives a rectification ratio of ~102. The reverse current

of the Al-pentacene diode obeys the simplified Schottky theory and hence yields a dopant
density of ~ 3.75x10' cm™. In the forward direction, a value of 7, equal to ~ 2206K was

calculated directly from the slope of the exponential current region. This gave a value of 7,
equal to ~ 347K and a corresponding Meyer Neldel energy of ~ 30 meV. This result suggests
that the trap levels at lower energies belong to the intrinsic DOS. With further increase in
positive bias on the Al electrode, the current saturates as most of the potential is dropped
across the semiconductor bulk. Like the PTAA diode, the experimental plot of J against Vo
yields a slope of ~ 1.01 and 2.25 at low and high voltages respectively. Again, a build up of
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positive charges in the neutral region of the diode results in space charge effects dominating
current flow. The slope of about 2.25 gave a value of m equal to ~ 0.25 and hence a 7, of ~
375K. The Meyer Neldel energy was calculated to be ~ 32 meV. The values of T,
determined from the exponential and saturation current regimes only differ by about 10%.
The self-consistent value of T. suggests that the analytical model is also applicable to small

molecule organic semiconductors.

Although the doping density estimated for the pentacene film is over an order of magnitude
larger than that of as-synthesised P3HT, the intrinsic value of T, determined from the
saturation regime suggests the absence of dopant states. The dopant states are therefore
speculated to lie within the grains since the J-V curve only allows the density of states in the
grain boundaries to be analysed. But despite this high doping density, the vacuum-deposited
pentacene still demonstrates space charge effects. This is attributed to the trapping of large
numbers of free carriers in the grain boundaries. The trapped carriers produce a constant

positive charge which in turn creates a non-linearly varying electric field in the

semiconductor bulk.

Previously, the modelling of a vacuum-deposited pentacene TFT gave a valuc of T, equal to
~ 365K in the quasi-drift regime [41]. This is consistent with a Meyer Neldel energy of ~ 31
meV. The self-consistent Meyer Neldel energy obtained for vacuum-deposited pentacene
based diode and TFT suggests that small molecule based organic semiconductors may be
characterised by an energy close to 30 meV. Meanwhile, the corresponding encrgy

characteristic of crystalline and disordered semiconductors are 26 meV and around 33 - 40

meV respectively.
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CHAPTER 5

TEMPERATURE DEPENDENCE OF
SCHOTTKY DIODES BASED ON
ORGANIC SEMICONDUCTORS

This chapter is primarily concerned with studying the temperature variation of the current
density voltage characteristics of as-synthesised poly(3-hexylthiophene) (P3HT) and
polytriarylamine (PTAA) Schottky diodes. The notion of a self-consistent T with changing
temperature is explored through the quantitative modelling of the forward cxponential
current slope of both diodes and the saturation current region of the PTAA Schottky diode.
This chapter also presents the activation energy for P3HT and PTAA dectermined

experimentally from the Arrhenius plot of the reverse current density at relatively high

temperatures.
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5.1 INTRODUCTION

Research into solution-processed organic semiconductors has intensified over recent years
due to a growing interest in the charge transport mechanism of these materials. The
continued focus in this particular area of the subject reflects the sheer complexity of the
problem of hopping mobility. Numerous transport models have been proposed so far in an
attempt to elucidate the hopping mechanism governing carrier transport and hence
conduction in disordered solids. However, an agreement is yet to be rcached as some
researchers propose analytical models which are based on a Gaussian density of states [1-3]

while others consider an exponential DOS to be a sufficiently accurate approximation [4-6].

In our analytical model, we have chosen to approximate the tail of the Gaussian distribution
of localised states by an exponential function as it provides considerable insight into the
operation of organic devices. Hence, the most important material dependent paramcter is the
characteristic temperature 7. representing the exponential DOS. Further study into the
widely observed carrier density dependence of mobility confirms that the energetic
distribution of carriers also follows an exponential function. It is, however, described by a
different characteristic temperature called T,. This finding has led us to believe that T;, will
vary with temperature whilst T remains a constant. This is because there is no mechanism,
classically, by which the distribution of localised states may vary with sample temperature.
Experimentally, the self-consistency of the value of T, with varying sample temperature has
been confirmed by high frequency capacitance voltage (C-¥) measurements performed on an

as-synthesised P3HT metal-insulator-semiconductor (MIS) diode [7].

In this chapter, the temperature dependence of J-V measurements performed on a highly
regioregular poly(3-hexylthiophene) (P3HT) and polytriarylamine (PTAA) bascd Schottky
diodes are discussed in detail. The exponential current regions of both the diodcs arc
analysed with the aid of the conventional and newly derived current density expression for
organic Schottky diodes. For the PTAA diode, the quantitative modelling of the forward
saturation current with the newly developed space charge limited current (SCLC) expression
provides an additional means of determining the magnitude of 7. The chapter also discusscs

factors which may limit the applicability of the analytical model with decreasing

temperature.

In organic semiconductors, it is suggested that the hopping transition of carriers in an
exponential DOS can be effectively described in terms of activation from the Fermi level to a

specific transport energy. This thermally activated behaviour of carriers consequently leads
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to the commonly observed Arrhenius-like temperature dependence. The activation energy for
both P3HT and PTAA is determined experimentally from an Arrhenius plot of the reverse
current density at relatively high temperatures. Interestingly, for the P3HT Schottky diode,

the Arrhenius plot of conductivity measured over a similar temperature yields a comparable

value of E,.
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5.2 TEMPERATURE DEPENDENCE OF AN AS-SYNTHESISED POLY(3-
HEXYLTHIOPHENE) (P3HT) SCHOTTKY DIODE

The current density voltage characteristic of a highly regioregular P3HT Schottky diode at
room temperature was studied in detail in chapter 3. Fortunately, the analytical relationships
developed gave satisfactory agreement with the experimental result. In particular, the
exponential rise in forward current at low applied voltages provided a means of determining
the individual characteristic temperatures representing the energetic distribution of intrinsic

carriers and localised states.

In disordered organic semiconductors, charge transport takes place via thermally assisted
tunnelling (i.e. hopping) between localised states thus resulting in carrier motion being
strongly dependent on sample temperature. The temperature dependence is further enhanced
by the empirical relationship between mobility and carrier density. At low temperatures, the
reduced carrier concentration is expected to yield a much lower effective mobility. Thus, to
gain a more comprehensive understanding of the operation of a P3HT based Schottky diode,

a detailed study concerning the temperature variation of its J-¥ characteristic is undertaken.

The variable temperature measurement was performed in ~ 10" mbar vacuum to diminish
any reaction between the organic film and the atmosphere and also to facilitate the varying of
the temperature. The diode was fabricated on a polyethylene terephthalate (PET) flexible
substrate instead of a glass slide to minimise the discrepancy between the measured
temperature and the sample temperature. However, there might still be a small difference
between the two temperatures since plastic substrates possess poor thermal conductivity. A
liquid nitrogen cryostat was used to cool the sample down and the DC characterisation was
performed using a PC controlled Keithley voltage source and electrometer. Figure 5.2.1
shows the current density voltage characteristics for an as-synthesised P3HT Schottky diode
measured at different temperatures ranging from 126K to 290K.
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Figure 5.2.1: Semi-logarithmic J-V characteristics for an Au-P3HT-Al Schottky diode
measured at various different temperatures. The voltage was applied on the bottom gold
electrode. The current through the diode decreases with temperature although a much

smaller fall in current is observed in the exponential region (insel).

It is evident that the current through the Schottky diode falls with decreasing sample
temperature with the forward saturation current falling by almost 2 orders of magnitude in
the measured temperature range. By comparison, the drop in reverse current is less
significant. From the inset in figure 5.2.1, the decrease in the exponential current seems to
only become pronounced at relatively low temperatures. At room temperature, the diode
gives a rectification ratio of ~ 10°. At first sight, the most likely cause for the fall in current
level is thought to be the strong dependence of carrier density on temperature. In the case of
a p-type semiconductor for instance, the quasi Fermi level is predicted to shift to lower
energies as the drop in the average hole thermal energy leads to a larger number of holes
occupying higher energy states. Also the temperature dependence of the Fermi Dirac
statistics means that a sharper exponential drop in free hole density at energies below the
quasi Fermi level may be expected. In disordered organic semiconductors, only holes

occupying states lower than the Fermi level are believed to contribute to current flow since at
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lower lying energies, the localised states are located less far apart. The hole concentration P
in an organic semiconductor is thus given by

N,T, E,
p=—rexp [ AT ) 52.1

[4

where Ey is the energy of the Fermi level, Ny is the number of states per unit volume at
energy E = 0 and T and T, are the characteristic temperatures describing the energetic
distribution of the localised states and holes respectively. It should be noted that the negative
sign appearing in the exponential term is due to energy E = 0 being energetically higher than

the quasi Fermi level.

Equation 5.2.1 tells us that the hole concentration is strongly dependent on the position of
the quasi Fermi level via the exponential term. Although T; is a temperature dependent
parameter, it will only have a relatively small effect on the hole concentration and thercfore
can be ignored. The parameter I on the other hand is belicved to remain constant
irrespective of the measurement temperature T. This is because there is no mechanism,
classically, by which the distribution of localised states may vary with sample tempcrature.

And so far there is no evidence that suggests the possibility of such a phenomenon.

In extrinsic semiconductors, the dopant states introduced at energics much further away from
the quasi Fermi level are assumed to be almost entirely ionised at room temperature. The
holes contributed by these shallow dopant states will obey Pauli Exclusion Principle and
rapidly fill up intrinsic states lying at lower energies. For convenience, this phenomenon is
referred to as ‘carrier inversion’ and is illustrated in figure 5.2.2. The density of holes
contributed by dopants is generally much higher than the intrinsic hole density and is thus
said to dominate conduction in extrinsic semiconductors. Decreasing the sample
temperature, however, will promote the recombination of the ionised dopant states with their
charge carriers. The energetic shift of the quasi Fermi level towards the dopant states with
decreasing temperature means that an increasing fraction of dopant states will become
occupied. Nevertheless, in conventional semiconductors like silicon, it has been found that
the recombination process is only of importance at particularly low temperatures (< 100K).
This region is known as the freeze-out range [8]. In the temperature range between 100K and
300K, the carrier density continues to retain its extrinsic value as most of the dopant states

remain ionised. This region is thus appropriately called the saturation range.
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Figure 5.2.2: Schematic representation of the phenomenon called ‘carrier inversion’ where
holes (filled circles) contributed by the dopant states obey Pauli Exclusion Principle and
rapidly fill up the lower lying intrinsic states. The holes are, however, expected to recombine

with the dopant ions as the quasi Fermi level shifis to lower energies with decreasing

temperature.

In the reverse direction, the small increment in current observed with increasing negative
voltage suggests that the Schottky barrier is being effectively lowered by both the image
force effect and the field in the space charge region. At temperatures between 240K and
290K, the experimental plot of /n Ji against V*# gives a straight line fit with a nearly
constant dopant density of ~ 10" em™ in spite of the current falling by almost an order of

magnitude. The dopant density calculated at temperatures of 240K, 277K and 290K are
approximately 1.05x 10°em?, 1.17x10%cm™ and 1.42x10"cm? respectively. Below

240K, however, the anomalous rise in reverse current at higher applied voltages leads to a
lack of agreement with the basic Schottky theory. Consequently, it is not possible to
determine the dopant density at temperatures below 240K. The almost constant slope
obtained in figure 5.2.3 suggests that like silicon, the shift in quasi Fermi level in the narrow
temperature range fails to lead to a significant deionisation of dopant ions and as a result the
free hole density stays almost constant. Hence, current transport in P3HT will be dominated

by the extrinsic carrier density contributed by the dopants. The concept of ‘carrier inversion’
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and its resulting effect is more easily understood in crystalline solids where impurity states
can be clearly distinguished from the conduction/valence band and carrier motion is

governed by band like transport at high temperatures.
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Figure 5.2.3: Plots of In Jr against | V"% for the Au-P3HT-Al Schottky diode at temperatures
between 240K and 290K. The virtually constant dopant densities estimated from each of the
slopes suggest that the free hole density in as-synthesised P3HT is dominated by a

phenomenon referred to as ‘carrier inversion’. This effect was first observed in extrinsic

inorganic semiconductors.

In the basic Schottky theory, the space charge region is assumed to have an abrupt edge. In
practice, however, the majority carrier concentration gradually increases to its bulk value
over a distance known as the effective Debye length L. It is impossible to have a step-like
rise in carrier density as it requires the application of an infinitely large electric field. The

effective Debye length at the edge of the space charge region is thus given by
£,6.kT
Lpe = 30—
q°N,

where &, is the permittivity of free space, & is the static dielectric constant of the

n
o
to

semiconductor. T, is the characteristic temperature of the exponential density of states and N,

is the acceptor ion concentration.
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Classically, Ly, shows a dependence on the absolute temperature T but in the case of organic
semiconductors, the parameter surprisingly depends on the characteristic temperature of the
exponential DOS T.. This undoubtedly comes from approximating the Gaussian band tail by
an exponential function and subsequently integrating the free carrier density from the quasi
Fermi level to infinity. Nevertheless, the variation in Lp, is largely dependent on the carrier
density where a higher carrier concentration is said to lead to smaller screening lengths. At
room temperature, the equilibrium hole concentration is generally equal to the dopant density
as the dopant ions are mostly ionised. From experiments, it was found that this cffcct
continues to dominate the hole density up till at least 240K. However, at much lower
temperatures when the dopant states are almost fully occupied, the hole density is expected
to vary with temperature according to equation 5.2.1. When that happens, N, in the above
expression will be replaced by the equilibrium hole concentration p. Despite the presence of
the constant T, in equation 5.2.1, the hole concentration is still predicted to fall with
temperature due to the shifts in energy experienced by the quasi Fermi level. Thus, accord ing
to equation 5.2.2, the effective Debye length will increase with decrcasing sample
temperature. This raises concern over the accuracy of an abrupt depletion edge at fairly low
temperatures. The abrupt depletion edge approximation is important as it helps validate the
concepts of an effective Debye length and the Einstein relationship as well as the

applicability of the Fermi Dirac statistics.

The fall in current flow through the P3HT Schottky diode is believed to be associated with
the increasing Schottky barrier height and also the temperature dependence of the Fermi
Dirac statistics which causes the redistribution of holes to higher energies. As carrier motion
in disordered solids is governed by hopping distances, an exponential DOS means that a
steep increase in hopping transitions are to be expected with decreasing energy. So although
the free hole concentration is essentially preserved, the hopping rate may still be affected by

the smaller number of localised states located at higher energies.

In organic semiconductors, the carrier density is widely known to have a considerable effect
on the so-called effective mobility. According to the Universal Mobility Law (UML), the
effective mobility in materials characterised by an exponential DOS varies superlinearly with
carrier density. In chapter 2, it was demonstrated that an expression for the experimentally
determined effective mobility can be obtained through a simple comparison with
conventional inorganic solids. But the drawback with this method is that it leads to a
prefactor which consist mainly of parameters associated with crystalline solids. So, in an

attempt to relieve the expression of such variables, an organic semiconductor characterised
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by a single transport energy Er with an abrupt edge and an effective density of states Ny is

used for comparison.

So, alternatively, the effective hole mobility in disordered organic solids with an exponential

DOS can be expressed as

$ |

N 1. 17 (5
=1, Nyexp -| =L || —— r
H.g = Hr N7 €XP (kTJ[NOTO:, p 5.2.3

where Nr corresponds to the effective density of states at the hypothetical transport energy
Er, pur is simply an arbitrary constant which has the same units as the effective mobility and

m=T4—1.

The exponential temperature dependence observed in equation 5.2.3 suggests that the
prefactor will fall appreciably with decreasing temperature. More interesting, however, is the
fact that m is inversely proportional to temperature. This implies that lowering the sample
temperature will lead to an enhanced dependence of effective mobility on hole concentration.
The only other instance where a larger value of m is observed is when the intrinsic organic
semiconductor is intentionally doped with DDQ [9]. Then, the increase in m is attributed to
the much larger value of T; describing the combined energetic distribution of intrinsic and
extrinsic dopant states. Physically, it is hard to see why a decreasing temperaturc should lead
to a higher m value. But it means that the drop in hole density and mobility prefactor will
have to be sufficiently large not only to offset the increase in the exponent term but also to

yield an effective mobility which falls with temperature.

It should also be noted that the empirical relationship between mobility and carrier density
described in equation 5.2.3 takes no account of the hopping rate of carriers between localised
states. So although the free carrier density in extrinsic semiconductors is dominated by
‘carrier inversion’, variation in the energetic distribution of carriers with temperature means

that the effective carrier mobility may no longer be governed by equation 5.2.3.

In general, the strong temperature dependence of the effective mobility is believed to be
associated with the thermally activated behaviour of carriers in disordered semiconductors,
At lower temperatures, the lower energy states will become scarcely populated and the holes
will experience much smaller hopping rates as the thermal energy of carriers is significantly
reduced. Experimentally, the effective mobility has been found to fall with forward currcnt
in spite of the dopant density and hence the free hole density staying virtually constant till ~
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240K. Following the practice of Brown et al. in plotting mobility against conductivity fails
to yield a reasonable value for the exponent m as the free hole density is essentially

independent of temperature. ‘Carrier inversion’ therefore appears to severely affect the

applicability of equation 5.2.3.

At very high temperatures, the intrinsic hole concentration p; is expected to exceed the
dopant density and hence dominates conduction. The material is said to resemble an intrinsic
semiconductor as the quasi Fermi level approaches and eventually coincides with its intrinsic
level E,. The rise in intrinsic carrier density is caused by the significantly higher thermal
generation of electron-hole pairs. An expression for the intrinsic carrier density in disordered
organic materials can be obtained by simply following the same stages as in crystalline
solids. Previously, the majority carrier concentration in disordered material is determined by
assuming that only carriers lying at the quasi Fermi energy and above are free and therefore
contribute to current transport. The Fermi level was set as the lower integration limit
although it was noted that this introduced an error of 2 which was deemed to be negligible.
Further confidence in the approximation was gained when the universal relationship between
the so-called effective mobility and carrier density was proven using equation 5.2.1.
Nonetheless, it is common practice in semiconductor device physics to avoid integrating
from the quasi Fermi level. The importance of this practice becomes increasingly apparent
when developing the expression for the intrinsic carrier density p;. The use of the Fermi level
as a common integration limit to derive the individual expressions for the equilibrium
electron and hole concentration leads to erroneous results. The carrier densities are therefore
determined by integrating from their respective transport energies instead of the quasi Fermi

level. The intrinsic carrier density in disordered organic solids is thus given by (Appendix I)

T, E,
P =Now Ny, (—i)exp—(?'k;b) 5.24

where N, and N, are the number of states per unit volume at energy E = 0 for the electron
and hole density of states respectively, Ty is the characteristic temperature describing the
energetic distribution of carriers, k is the Boltzmann constant and £, is the so-called energy

gap which corresponds to the energy difference between the electron and hole transport

energies.

Equation 5.2.4 appears to closely resemble the expression obtained for inorganic
semiconductors. The exponential temperature dependence will certainly dominate pi but the
increase with temperature will be less steep as the denominator contains the slightly larger T,

term. At low temperatures, p; is substantially smaller compared to the extrinsic carrier
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density contributed by the dopant states. Hence, the relative contribution of the intrinsic

carriers to the total current is considered to be negligible.

In inorganic semiconductors, free carriers mostly reside in energy levels close to the
conduction/valence band edge. This makes it easier to identify the energy barrier that all
carriers must climb to in order to cross into the metal. To enable us to apply the same
concept to disordered organic materials, a hypothetical transport energy is defined beyond
which carriers can hop between localised states with relative ease due to the smaller site
spacing. So far the use of a transport energy has allowed the successful interpretation of
experimental results obtained for Schottky diodes at room temperature. The determination of
T, directly from the exponential current region suggests that most of the carriers supporting
the current come from within an energy kT, wide which is equal to ~ 4kT. This result gives

us reason to believe that organic solids may after all behave in much the same way as their

crystalline counterpart.

The energetic position of the transport energy in organic solids is believed to be strongly
dependent on carrier density. Consequently, it is quite probable that the transport energy will
experience a shift to lower energies at relatively low temperatures and vice versa. However,
the reduced thermally activated behaviour of carriers at lower temperatures makes it hard to
establish if the transport energy is in fact temperature dependent. It may even be that the
concept of a transport energy is only valid for a specific temperature range. Between 240K
and 290K, the transport energy is thought to remain the same since the free carrier density
does not appear to differ much. Although the model assumes a hypothetical transport energy,

more work is needed to verify the validity of this approximation.

In conventional semiconductors, the free carrier density is determined by integrating across
the entire energy range starting from the edge of the conduction/valence band to infinity. In
doing so, the effective density of states is found to be given by

3
22 m'kT %
N=2 T 5.2.5

where m" is the effective mass of the carriers, k is the Boltzmann constant, T is the absolute
temperature and h is the Planck constant. According to equation 5.2.5, N shows a
temperature dependency proportional to 77, This temperature dependence indicates that a

wider energy range is needed to support the increasing carrier concentration at higher

temperatures.
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Interestingly, it can be demonstrated that the expression for N given in equation 5.2.5
essentially represents the density of states in an energy kT wide from the band edge. The
density of states in 3-D systems, in general, can be expressed as [10]

“\
N(E)dE:;g[Ln—J E dE 5.2.6

hZ

Here 4 corresponds to the reduced Planck constant and is equal to %ﬂ .

Integrating equation 5.2.6 from the band edge where E = 0 to E = kT yiclds the resulting

expression for the density of states.

3
2zm kT J/2

N(E)=1.5 (T—

3.2.7

Equation 5.2.7 is considered to be essentially the same as equation 5.2.5. This implies that
the effective density of states defined in crystalline solids mainly represents the energy levels
lying within an energy AT from the band edge. Although the energy AT will vary with
temperature, it will not affect the effective mass of carriers as the latter is inversely
proportional to the curvature of the parabolic shaped conduction/valence band which is a
constant. Hence an effective density of states which is weakly temperature dependent is
obtained. Equation 5.2.7 proves that the abrupt edge approximation works well in these
materials largely due to the fact that the Fermi Dirac distribution function becomes

negligibly small at larger energies. This approximation is enhanced further by the gradual

rise in the density of states.

Unfortunately, a similar analysis cannot be performed for disordered materials since it lacks
an expression akin to the effective density of states in conventional semiconductors. But
provided that T, > T, the Fermi Dirac statistics will also dominate the energetic distribution
of carriers in organic solids. However, the width of the energy range where most of the
carriers reside is expected to be larger than that of inorganic materials due to the
exponentially rising DOS. In fact, k7, has been found experimentally to be approximately
equal to 4k7. Within an energy k7, the Fermi Dirac statistics will cause the carrier density to

fall to almost % its initial value. This explains why the expressions developed for

disordered semiconductors by incorporating the Universal Mobility Law (UML) can easily

be reduced to its conventional form by making m equal to zero.
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Based on the simplified model, the forward current density for organic Schottky diodes is

given by [11]

Vv
J cexp ( qk;,””) 5.2.8

0

At room temperature, the magnitude of T, determined directly from the slope of the
exponential current regime is comparable with the values measured from other devices made
with the same organic material. In fact, the accurate determination of 7j suggests that
trapping in extrinsic states is negligible. At 290K, the value of T estimated from the forward
J-V characteristic of the AI-P3HT diode is ~ 1048K. The corresponding value of T, can be

calculated using the following expression:

o 5.2.9

Equation 5.2.9 yields a value of T, equal to ~ 401K. This relates to a Meyer Neldel energy of
~35 meV.

Traditionally, the current density for Schottky diodes is expressed as

qV.
J cexp| —2
P( I]kT) 5.2.10

Here 7 is known as the ideality factor. Comparing equation 5.2.8 with equation 5.2,]0
gives Ty =nT . In crystalline silicon diodes, the ideality factor is generally determined to be
very close to unity. This is thought to indicate the almost ideal Schottky barrier formed at the
metal/silicon interface. The interface is thus almost free of extrinsic trap states and carriers
contributing to current transport come from within an energy ~ kT wide of the
conduction/valence band edge. In addition, the ideality factor of these diodes also exhibits a
distinct temperature dependence [12]. Most frequently, the n of silicon diodes increases
when the sample temperature is lowered but other trends have also been observed [13-15].
The commonly reported negative temperature coefficient of # has been explained using
models based either on a particular distribution of interface states, tunnelling or
inhomogeneous barrier heights. Tung was the first to model imperfect Schottky barriers by
assuming lateral variations in the barrier height. He reported that increasing the

inhomogeneity of the Schottky barrier height effectively leads to larger ideality factors [16,

17].

Chapter 5 -151-



Temperature Dependence of Schottky Diodes Based on Organic Semiconductors

As stated earlier, the exponential slope of the as-synthesised P3HT diode shows a distinct
fall with temperature below ~ 204K. At higher temperatures, the almost parallel slopes seen
in the inset of figure 5.2.1 prevent large variations in #. Figure 5.2.4 shows that the values of

5 determined from the forward J-V characteristics are a strong function of temperature.
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Figure 5.2.4: Variation in ideality factor n with temperature for the Au-P3HT-Al Schottky

diode. The large increase in n with decreasing temperature is believed to be related to the

anomalous behaviour of the Schottky barrier interface.

It is evident from figure 5.2.4 that below ~ 240K, the ideality factor of the AI-P3HT diode
increases drastically with decreasing temperature. At 126K, the value of 5 is estimated to be

approximately 9.9 which is nearly 3 times the value measured at room temperature.

The significant rise in # for the AI-P3HT diode suggests that reducing the temperature
adversely affects the Schottky metal/organic interface. At lower temperatures, determining
the magnitude of 7 directly from the exponential slope leads to erroneous results since the
Schottky barrier interface can no longer be assumed to be free of extrinsic trapping states or
other non-ideal behaviours. In fact, the value of 7 was found to increase with decreasing
temperature over most of the measured temperature range. This increase in 7, is, however,
deemed to be counter intuitive since it is known that the Fermi Dirac statistics which governs
the carrier distribution falls more sharply with decreasing energy as the temperature is
lowered. Consequently, a decreasing k7, with temperature is expected as the energetic

distribution of holes becomes increasingly narrow.
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In conventional semiconductors, a greater-than-unity ideality factor usually prompts the
suggestion of interface states. In contrast, ideality factors in the range of between 3 - 5
observed for organic Schottky diodes at room temperature has been successfully associated
with the exponential distribution of intrinsic states. Hence, it is hard to discern if the
presence of extrinsic trapping states is the likely cause for the steep rise in 5 seen at
relatively low temperatures. There are also a number of other factors which could possibly
influence the determination of # and T, from the current density voltage characteristics
measured at relatively low temperatures. In the simple model developed for organic Schottky
diodes, the exponential distribution of carriers in an exponential DOS is thought to lead to
each carrier seeing the same potential barrier as it approaches the Schottky metal/organic
interface. The possibility of carriers taking alternative routes to other potential barriers is
altogether ignored. However, the much narrower energetic distribution of holes predicted at
lower temperatures could substantially increase the likelihood of holes crossing into other
potential barriers. So it may be that this process can no longer be neglected at lower
temperatures. This process is conceptually similar to the inhomogeneous Schottky barricr
heights introduced by Tung which also leads to larger ideality factors. Unfortunately,

equation 5.2.8 does not take into account this effect and as a consequence its applicability

may be limited.

Equation 5.2.8 also relies heavily on the tacit assumption of a flat quasi Fermi level across
the whole length of the organic film under steady state conditions. This is deemed to be a
reasonable approximation at room temperature largely based on the fact that the values of T,
and hence T, extracted from the J-¥ characteristic are in close agreement with the values
obtained from other devices. For a flat quasi Fermi level to exist, the carriers injected from
the back metal electrode will have to percolate down through the distribution of localised
states until they finally reach a state of quasi equilibrium. This process, however, becomes
increasingly difficult at fairly low temperatures as the thermal energy of carricrs is
significantly reduced. The much smaller hopping rates predicted suggest that the carriers
may only be capable of accurately obeying the Fermi Dirac distribution function further into

the organic film. Hence, the assumption of a flat quasi Fermi level may not work as well at

lower temperatures.

According to the simplified Schottky theory, the barrier lowering as a function of applied

voltage V,, is given by
/
/)

1
3 /
_ qg N,
A¢B -[8”2803&':6‘002 (Vbi —Vapp)} 52.11
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where N is the acceptor ion concentration, g is the permittivity of free space, ¢, is the static
dielectric constant of the semiconductor, &, is the high frequency permittivity of the
semiconductor and ¥}, is the built in potential. Equation 5.2.11 tells us that the barrier
lowering is strongly dependent on dopant density. Above 240K, the self-consistent value of
dopant density obtained from the reverse J-V characteristics suggests that the width of the
space charge region is likely to be independent of temperature and so will the image force
induced barrier lowering. However, at significantly lower temperatures when the dopant
states become mostly occupied, the carrier density in the semiconductor will fall. This will

cause the space charge region to extend over a larger distance thereby leading to a reduction
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Figure 5.2.5: Simplified energy diagram for a metal/p-type disordered organic
semiconductor at different temperatures and in the absence of an applied voltage. A fall in
measurement temperature is expected to cause the quasi Fermi level to shift towards lower
energies and consequently lead to an increase in barrier height. q¢g) and q@g; correspond to

the effective barrier height at higher and lower temperatures respectively.

The predicted shift in the quasi Fermi level with temperature is also likely to affect the
effective barrier height ¢ at the AI/P3HT interface since the height of the potential barrier is
largely dependent on the difference in work function between the metal and the
semiconductor. The increase in barrier height as illustrated in figure 5.2.5 means that a
smaller number of holes will possess sufficient thermal energy to cross into the metal and
consequently the current through the diode will fall with temperature in consistent with the
experiment. A similar increase in barrier height is also expected at the back metal/organic

interface. Hence, at relatively low temperatures, the device may behave like a pair of back-

to-back Schottky diodes.

It is believed that hopping in an exponential DOS can be effectively described in terms of

activation from the Fermi level to a single transport energy [4, 19, 20]. This explains the
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commonly observed Arrhenius-like behaviour in organic solids. The activated jump of
carriers is a direct result of having a larger number of localised states at higher energies,
Experimentally, it is possible to extract the activation energy E, of a disordered
semiconductor from an Arrhenius plot of the reverse current density at relatively high
temperatures [18]. The activation energy generally shows a weak dependence on
temperature. Figure 5.2.6 (a) shows the experimental plot of J; against J000/T for the Al-
P3HT Schottky barrier at an applied voltage of -1V and in the temperature range of between
240K and 290K. At temperatures below 240K, the carriers are thought to no longer exhibit
thermally activated behaviour. Consequently, the J-V characteristic measured at lower
temperatures is believed to be dominated by tunnelling and leakage current. An activation
energy of ~ 0.18 eV is estimated from the slope of the curve in figure 5.2.6 (a). A similar
graph is also plotted for the reverse voltage of -5V and interestingly, the activation encrgy
was found to be comparable to that measured at -1V. This is consistent with the fact that the
activation energy unlike the effective barrier height does not change with increasing reverse
bias. The forward current densities of the AI-P3HT Schottky diode, however, seem to lend

themselves less well to the determination of the activation energy.
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Figure 5.2.6: Arrhenius plots of reverse current density Jy in the thermally activated regime

at a reverse voltage of (a) -1V and (b) -5V. The activation energy E, remains almost

independent of applied bias.

Besides the reverse current, the conductivity of organic solids is also predicted to exhibit
Arrhenius-like temperature dependence i.e. o ~exp - [Ea / (kT )] For the AI-P3HT Schottky
diode, the conductivity of the organic film can be determined by measuring the deviation

along the voltage axis for each of the measured forward current levels.
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The conductivity of the organic film is given by
Jx,

quAV 35.2.12

where J is the current density, x, is the film thickness, g is the electronic charge and AV is the

potential drop across the neutral region. The solution-cast film is assumed to have a

thickness of 1pum.

Figure 5.2.7 shows the Arrhenius plot of conductivity over a similar temperature range.
Interestingly, the activation energy is found to be equal to ~ 0.17 eV which is in close
agreement with previous results. The conductivity values calculated at lower temperaturcs
must, however, be treated with caution as small deviations in current were observed at higher
applied voltages. This is believed to be caused by the temperature dependence of the back
metal/organic barrier height. The self-consistent value of E, obtained using different methods
suggests that the energetic position of the transport energy remains virtually constant in the
temperature range of between 240K and 290K.
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Figure 5.2.7: Arrhenius plot of conductivity for the as-synthesised P3HT film in the
temperature range of between 240K and 290K. The conductivity is determined by measuring

the potential drop across the neutral region. An activation energy of ~ 0.17 eV is estimated

from the slope of the curve.
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5.3 TEMPERATURE DEPENDENCE OF A POLYTRIARYLAMINE (PTAA)
SCHOTTKY DIODE

Figure 5.3.1 shows the experimental current density voltage characteristics for a
polytriarylamine Schottky diode measured at temperatures ranging between 101K and 295K .
Similar to the P3HT diode, the measurements were performed in a vacuum of ~ 10" mbar

and the device was cooled down using a liquid nitrogen cryostat.
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Figure 5.3.1: Current density voltage characteristics for a modified Au-PTAA-Al Schottky
diode measured at different temperatures. The voltage was applied on the bottom Au
electrode. Within the measured temperature range, the rectification ratio of the diode falls

by about an order of magnitude i.e. from ~ 1 0 to~ 10°.

The diode was fabricated on a polyethylene terephthalate (PET) flexible substrate to
diminish the difference between the measured temperature and the sample temperature. In
addition, a highly concentrated solution of PTAA (S1105) was solution-cast onto the metal
coated flexible substrate to avoid the occurrence of pinholes. The solution was made up by
dissolving about 50 mg of PTAA, a proprietary semiconductor purchased from Merck
Chemicals Ltd., in approximately 5 ml of xylene. The Au surface is treated with
pentafluorobenzenethiol (PFBT) prior to the polymer deposition. This step is needed to

ensure that the gold electrode makes an ohmic contact with polytriarylamine.
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From figure 5.3.1, the current through the PTAA Schottky diode clearly drops with
temperature and the fall is most pronounced in the forward direction. The forward saturation
current decreases by almost two orders of magnitude whilst the change in reverse current is
only around 10'. The latter is undoubtedly related to the fact that the reverse current stays
almost the same below 248K. The nearly constant reverse currents may be related to a higher
contribution of leakage current. The rectification ratio obtained for this particular diode is
fairly low in the region of about 10* at room temperature. Previously, rectification ratios as
high as 10® have been obtained for diodes made with the same material but fabricated on
glass. The much weaker rectifying behaviour seen in figure 5.3.1 is caused by a combination
of smaller forward currents and larger reverse currents. In the reverse direction, the much
larger current levels observed are attributed to an increase in leakage current. The lower
forward currents, on the other hand, are most likely caused by the enhanced serics resistance

of the semiconductor bulk as a more concentrated PTAA solution is used.
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Figure 5.3.2: Semi-logarithmic current density voltage characteristics of the modified Au-
PTAA-Al Schottky diode (4) prior to making the Au-Ag contact and (B) after the Au gold
wire is secured using Ag paint. The voltage was applied on the bottom Au electrode. The
reverse current is significantly lowered and the steepness of the forward saturation current

is altered by the presence of the additional Au-Ag contact.
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For temperature measurements, additional contacts are made to the metal electrodes by
placing small lengths of gold wire on the metal surface and securing them using silver paint.
It has been widely reported that Ag forms an ohmic contact with poly(3-hexylthiophene)
[21]. For PTAA, it is suggested that modified Ag electrodes will make an ohmic contact with
the semiconductor [22]. But interestingly, figure 5.3.2 shows that the incorporation of the
Au-Ag contact leads to a significant improvement in the rectifying property of the PTAA

Schottky diode.

The reverse current of the PTAA Schottky diode appears to have dropped by almost an order
of magnitude. But more importantly, the slope of the forward saturation current is
significantly altered by the introduction of the Au-Ag contact which seems to enhance hole
injection into the organic film at each of the applied voltages. The exponential rise in current,

however, remains almost the same. The magnitude of T, can be determined directly from the

slope of the exponential current regime.

The forward current density across Schottky barriers made with organic semiconductors is

given by

V.
J aexp (qk—;”’) 5.3.1
0

where g is the electronic charge, Vg, is applied voltage, k is the Boltzmann constant and 7}, is
the characteristic temperature representing the energetic distribution of holes. The magnitude
of T, calculated for the diode before and after the Au-Ag contact was made are ~ 1441K and
~ 1273K respectively. Although these values of T are comparable to those measured for
diodes based on other organic semiconductors such P3HT and pentacene, it is much higher
than the one obtained for the PTAA Schottky diode fabricated on glass. Previously, the value
of T, was determined to be ~ 481K. This was considered to be an artefact caused most likcly
by the presence of an exponential distribution of extrinsic states. Nevertheless, a stronger
exponential rise in current is a desirable property in diodes as it leads to faster switching
speeds. It is well known that the electrical characterisation of organic Schottky diodes can be
strongly affected by fabrication conditions. Here the two most obvious differences between

the devices are the substrate and the concentration of the PTAA solution used.

A value for T, is subsequently calculated using the following relationship.

T 3.3.2
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where T is the absolute temperature. The magnitude of T calculated for the PTAA Schottky
diode with and without the additional contacts are ~ 384K and ~ 371K respectively. This
relates to a Meyer Neldel energy of approximately 33 meV and 32 meV. Both these values
of T are believed to correspond to the characteristic temperature of the intrinsic exponential
density of states as dopant states are too high in energy to contribute to conduction at low
applied voltages. In fact, PTAA is considered to be a relatively pure organic semiconductor

as it shows a lack of dopant states even in the saturation current regime.

In figure 5.3.2, the diode without the additional Au-Ag contact shows another distinct
exponential current regime at extremely low applied voltages. A similar non-ideal behaviour
has previously been observed in Schottky diodes made with poly(3-hexylthiophenc). The
much steeper rise in current yields a T, value of approximately 362K. This is in closc
agreement with the result obtained for the PTAA diode fabricated on glass but the latter only
shows a single exponential slope prior to the current being limited by the serics resistance of
the semiconductor bulk. The J-V characteristic for this particular diode is presented in
chapter 4. The result suggests that the extrinsic trapping states must be distributed across a
much wider energy range in the PTAA diode made on glass. The energy range containing
the altered DOS is, however, significantly reduced when a more concentrated solution of
PTAA is used. By gradually increasing the applied bias, an exponential region which is
almost free of any extrinsic trapping states is obtained. According to equation 5.3.2, the
lower exponential current region corresponds to a 7; value of ~ 1594K. This is significantly
larger than any of the T values quoted so far. It relates to a Meyer Neldel energy of ~ 0.14
eV. More work is needed to gain an in depth understanding on the dependence of the

exponential current region on fabrication conditions.

As stated earlier, it is evident that making the Au-Ag contact results in a small change in the
forward saturation current. But the sharp rise in current with incrcasing bias in both cascs
suggests a transition from ohmic to space charge limited conduction. The region can
therefore be modelled using the newly developed space charge limited current expression for
disordered organic semiconductors which is given by

m+1 m+2 m+2
okl ) (ame 533

qm m+2 m+2 x2m+3

where K is the mobility prefactor, g is the electronic charge, ¢, is the permittivity of free
space, & is the dielectric constant of the semiconductor, @ is the ratio of injected free carrier

density at higher energy states to the total injected carrier density, m is the exponcnt in the
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Universal Mobility Law (UML), V,, is the applied voltage and x is the organic film

thickness.
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Figure 5.3.3: Current density against V. for the modified Au-PTAA-Al diode before the Au
wire-Ag contact is made on both the metal electrodes. Slopes of ~ 0.97 and ~ 2.59 are
estimated at low and high fields respectively. The slope of greater than 2 at higher applied

voltages suggests that the current must be space charge limited

A slope of ~ 2.59 is extracted from the double logarithmic plot of current density against
Vyui in figure 5.3.3. This yields a value of m equal to ~ 0.59. The corresponding value of 7,
can be calculated using the following expression.

”’_L' 3.3.4
T =L

Equation 5.3.4 gives a T, of ~ 478K and consequently a Meyer Neldel energy of ~ 41 meV.
This result suggests that the localised states at higher energies are also part of the intrinsic
distribution of states. Interestingly, the introduction of the Au-Ag contact enhances the
saturation current to such an extent that it reduces the value of m to less than half its original

value. A value of m equal to ~ 0.23 is obtained as illustrated in figure 5.3.4.
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Figure 5.3.4: Current density against bulk voltage for the modified Au-PTAA-Al Schottky
diode once the Au wires are secured onto the metal surfaces using silver paint. The slope at
low voltages is ~ 0.93 which is in close agreement with the ideal value of 1 for ohmic
conduction. But with further increase in applied field, the slope only rises to ~ 2.23 which is

significantly lower compared to the result shown in figure 5.3.3.

The smaller value of m gives a T, of approximately 363K and hence a Meyer Neldel energy
of ~ 31 meV. The discrepancy in the measured value of m clearly demonstrates the
sensitivity of organic based devices on the quality of the contact made between the back
metal and the organic semiconductor. The probing method used for measuring the devices

may also have an influence on the results.

From previous experiments involving a variety of organic semiconductors and devices, it
was observed that therc is a rather obvious spread in the Meyer Neldel (MN) energy
corresponding to the exponential DOS. The most commonly quoted value for the MN energy
is close to ~ 40 meV but based on our experiments, we find that the energy could range from
anywhere between ~ 30 meV and 40 meV [23-25]. So what at first sight looked like a natural
variation in the MN energy may in fact be a direct consequence of having differing qualitics
of ohmic metal contacts. Besides, gold is widely known to be a relatively difficult metal to
probe. A similarly low value of m has previously been extracted from TFTs based on the

same material [26]. So it may be that using the Au wire and silver paint contact to measure
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the device when in vacuum improves the contact made between the modified Au electrode

and the semiconductor.

It is also noted that, in general, more consistent values of MN energy are obtained for
devices made with P3HT. It may be that the higher background doping levels observed even
in the as-synthesised material allows good ohmic contacts to be made with metals such as

Au. In chapter 3, the neutral region of P3HT Schottky diode is found to exhibit ohmic
behaviour even at high applied voltages.

The dopant density in polytriarylamine cannot be established as the sct of reverse J-V
characteristics shown in figure 5.3.1 do not obey the simplified Schottky theory. Dcspite
having a gradual increase in current with applied voltage, the diode still fails to obcy the Y4
power law. More interestingly, however, is the observed lack of temperature dependence of
reverse currents at temperatures below ~ 248K. The much higher reverse current scen for
this particular diode has been attributed to a possible rise in leakage current caused by the
smaller film thickness. In general, leakage currents possess a relatively weak temperature
dependence and become dominant at lower temperatures and higher doping densities. So, in
the lower temperature regime, the relative contribution of the leakage current to the total
current may be significantly higher. Consequently, the reverse current will appear to be

independent of measurement temperature as the thermal energy of holes is reduced.

As for the forward J-V characteristics, there is a distinct fall in exponential current with
temperature across the entire measured temperature range in contrast to the P3HT Schottky
diode. The decrease in current through the diode as the temperature is lowered is attributed
mainly to the shift in the quasi Fermi level to lower energies. This causes the cffective
barrier height at the AUPTAA interface to increase as it is essentially determined by the
difference in work function between the metal and the semiconductor. In addition, the
current will also be affected by changes in the energetic distribution of holes with
temperature. The free hole concentration in disordered organic semiconductors is given by

p="0lexp-| 5.3
T T 3.5

[

where E corresponds to the energy of the Fermi level and N, is the number of states per unit

volume at energy E = 0.
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The strong dependence of the hole density on the Fermi energy implies that the free hole
density will reduce significantly with temperature. Hence, a smaller number of holes will

have the energy needed to cross into the metal and contribute to conduction.

The classical expression for current density in Schottky diodes is given by

anpp
J <
CXP[ kT J 5.3.6

where n corresponds to the ideality factor. The accurate determination of 7Tj, from the
exponential slope is largely dependent on the fact that the ideality factor is unaffected by
trapping in extrinsic states and other non-ideal behaviours. However, it scems that this
condition is less likely to be satisfied as the temperature is lowered. The non-lincar variation
of n with temperature determined for the AI-PTAA Schottky diode is shown in figure 5.3.5.
The substantial fall in exponential current observed in figure 5.3.1 leads to extremely large
values of 7. The ideality factor increases from ~ 4.32 at 295K to as high as ~ 59.3 at 101K.

Similar reduction in exponential current levels has also been reported in Schottky diodes

made with vacuum-deposited pentacene [18].
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Figure 5.3.5: Temperature dependence of the ideality factor n for the Al-PTAA Schottky

diode. The increase in ideality factor for this diode is more pronounced compared to the Al-

P3HT diode consistent with the belief that polytriarylamine has a higher degree of disorder,

Chapter 5 -164 -



Temperature Dependence of Schottky Diodes Based on Organic Semiconductors

The large increase in # again results in an almost linear increase in the magnitude of 7). This
result is deemed to be erroneous since the predicted dominance of the Fermi Dirac statistic at
T < T, suggests that the energetic distribution of holes should become increasingly narrow as
the temperature is lowered. Based on this fact, a kT, that decreases with temperature is
expected. Factors that could possibly affect the accurate determination of 4 and hence T,

from the forward exponential slope at lower temperatures have been discussed in detail in

section 5.2.

With further increase in applied voltage, the forward current starts to deviate from equation
5.3.1 as it becomes limited by the resistivity of the semiconductor bulk. As shown in figure
5.3.3 and figure 5.3.4, the diode clearly exhibits a transition from ohmic to space charge
limited conduction in the saturation regime. The occurrence of space charge limited currcnts
in PTAA Schottky diodes is attributed to the lack of dopant ions needed to compensate the
build up of charge carriers in the neutral region of the organic film. This hypothesis has been
confirmed by the extraction of T corresponding to the intrinsic density of statcs from the
saturation current regime. In contrast, for as-synthesised P3HT diodes, a much larger value

of T, is obtained in the saturation region suggesting the presence of a large density of

dopants.

Since a good agreement is obtained between the newly developed SCLC model and the J-V
characteristic measured at room temperature, the forward saturation currents measured at
lower temperatures is also modelled using equation 5.3.3. Figure 5.3.6 shows the calculated
Meyer Neldel energy for temperatures ranging between 117K and 295K. Interestingly, in the
region between 248K and 295K, a constant MN energy of ~ 31 meV is obtained. Beyond
248K, however, a rather steep decline in the calculated MN energy is observed. The sclf-
consistent MN energy obtained at relatively high temperatures reinforces the belief that the

exponential distribution of states is independent of temperature.

The significantly smaller MN energies obtained at lower temperatures arc mainly attributed
to the formation of a potential barrier at the modified Au/PTAA interface. With the quasi
Fermi level of the semiconductor predicted to shift to lower cnergies with decreasing
temperature, a potential barrier is thought to form at the back metal/organic interface. The
barrier will impede the injection of holes into the semiconductor and hence the forward
saturation current through the diode. Furthermore, the bulk voltage determined by measuring
the voltage deviation along the x-axis for each of the measured current levels will also
include the potential drop across the reverse biased Schottky barrier. It is therefore no longer

appropriate to use the regional model approach to analyse the J-V curves at fairly low
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temperatures. Hence the erroneous values of the MN energy obtained at temperatures below

~ 248K should probably be ignored.
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Figure 5.3.6: Variation of the Meyer Neldel energy measured from the saturation current
region at higher applied fields with temperature. A slope of greater than 2 suggests that the
region continues to be dominated by space charge effects even as the temperature is varied,

A constant MN energy of ~ 31 meV is obtained till ~ 248K.

Other factors may also contribute to the inaccuracy of the quantitative modelling of the
saturation current region using equation 5.3.3 at lower temperatures. For instance, although
PTAA is said to contain significantly smaller quantities of dopant ions, the carriers are more
likely to recombine with the dopants as the temperature is reduced. Consequently, a larger
decrease in the width of the space charge region is expected with increasing applied bias and
the approximation that the neutral region has a nearly constant width will be less accurately

obeyed at lower temperatures. Hence the dependence of the space charge limited current on x

can no longer be ignored.

Another important assumption that is also likely to fail at lower temperatures is the flat quasi
Fermi level. The approximation of a flat quasi Fermi level is extremely crucial to the
modelling of semiconductor devices as it allows the use of the Fermi Dirac distribution
function to account for the probability of occupancy of energy states under stcady state
conditions. The approximation of a flat quasi Fermi level in organic materials is, however,

further complicated by the presence of an exponential distribution of states. It is belicved that
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carriers which are injected from the back metal electrode into the various energy states will
have to percolate down through the distribution of states until it reaches quasi thermal
equilibrium. But this condition may be harder to achieve at lower temperatures as the
thermal energy of holes is significantly reduced. Hence the carriers may only be able to obey
the Fermi Dirac statistics much deeper into the organic film. This makes the validity of a flat
quasi Fermi level rather doubtful at relatively low temperatures. Similarly all the expressions
developed including equation 5.3.3 which are largely bascd on the notion of flat quasi Fermi

level may no longer be applicable with decreasing temperature.

¢

=

Figure 5.3.7: The effective Debye length at the edge of the space charge region is expected
{o increase with decreasing temperature and carrier density. The larger Debye length L.,

observed at lower temperatures suggests that holes exiting the neutral region will experience

a smaller diffusion rate.

In general, the neutral region in a Schottky diode neighbours a region where the carrier
density falls exponentially to a relatively low value as it approaches the space charge region.

The distance over which this occurs is known as the effective Debye length and it may be

&,& kT,
Loe="—-——° — 53.7
q’p

where ¢ is the permittivity of free space, & is the static diclectric constant of the

expressed as

semiconductor, T, is the characteristic temperature of the exponential density of statcs and p
is the equilibrium bulk hole density. According to equation 5.3.7, the drop in frec hole

density with decreasing temperature will lead to larger screcning lengths as illustrated in

Chapter 5 - 167 -



Temperature Dependence of Schottky Diodes Based on Organic Semiconductors

figure 5.3.7. The wider Ly, will cause the resulting field across the region to be smaller and
as a consequence, the carriers will experience a smaller diffusion rate. This could affect the
transport of holes exiting the neutral region at lower temperatures. In the conventional
treatment of SCL current, the semiconductor is sandwiched between two metal electrodes of
low resistivity. So, while the cathode serves as an infinite reservoir of electrons, the anode
does not restrict the flow of carriers leaving the semiconductor. Because of this, contact
effects are generally ignored in the model which greatly simplifies the analysis of SCL
currents. However, a smaller rate of diffusion at the edge of neutral region may limit the

flow of holes and the analysis of SCL currents in the diode may be adversely affected by the

changing boundary conditions.

As stated in section 5.2, the Arrhenius-like temperature dependence commonly obscrved in
organic semiconductors is thought to originate from the activated jump of carriers from the
Fermi level to a single transport energy. The activation energy E, of polytriarylamine is
determined from the Arrhenius plot of the reverse current density at fairly high temperaturcs
as the thermally activated behaviour of carriers is thought to be limited by significant
reduction in measurement temperatures. Figure 5.3.8 shows the experimental plot of Jj
against 1000/T for the AI-PTAA Schottky diode at a reverse bias of -2V and -5V and in the
temperature range of between 233K and 295K. An activation energy of ~ 0.21 ¢V and ~ 0.19
eV is determined directly from the slope of the curve at -2V and -5V respectively. The E,
measured from the reverse J-V characteristics of the PTAA sample seems to demonstrate a
small bias dependence. Although the concept of a single transport energy is a widely used in
disordered semiconductors, further work is needed to verify the validity and possible

limitations associated with it.
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Figure 5.3.8: Arrhenius plots of reverse current density Jy in the temperature range of
between 233K and 295K at an applied bias of (a) -2V and (b) -5V. The measured activation

energy seems 10 exhibit a small dependence on applied voltage.
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54 CONCLUSIONS

The chapter is primarily concerned with studying the temperature dependence of the current
density voltage characteristics of as-synthesised poly(3-hexylthiophene) (P3HT) and
polytriarylamine (PTAA) Schottky diodes. The diodes were fabricated on polyethylene
terephthalate (PET) flexible substrate to minimise the discrepancy between the measured
temperature and the sample temperature. The variable temperature measurements were

performed in a vacuum of ~ 10" mbar and the samples were cooled down using a liquid

nitrogen cryostat.

There is a distinct fall in current through the diodes as the temperature is reduced. In the Al-
P3HT Schottky diode, the forward saturation current fell by almost 2 orders of magnitude
whilst the drop in reverse current was slightly less significant. As for the exponcntial regime,
the fall in current only becomes increasingly obvious at temperatures bclow ~ 204K. In the
reverse direction, the semi-logarithmic plot of J; against V*% yields a ncarly constant doping

density in the temperature range of between 240K and 290K. The dopant densities estimated
from the slopes at 240K, 277K and 290K were approximately1.05x 10" cm”, 1.17x 10" cm’

3 and 1.42x10' cm™ respectively. This result suggests that the dopant states remain ionised
even as the temperature is reduced similar to the saturation rcgion observed in crystalline
silicon [8]. The holes contributed by the shallow dopant states are thus expected to obey
Pauli Exclusion Principle and rapidly fill up the lower energy intrinsic statcs. This
phenomenon is referred to as “carrier inversion’. At much lower temperatures, however, the
predicted shift of the quasi Fermi level to lower energies will promote the recombination of
the dopant states with their carriers. Unfortunately, the anomalous rise in current at higher

applied fields prevents the determination of the dopant density at lower temperatures.

At room temperature, it has been demonstrated that the magnitude of T, which represents the
energetic distribution of carriers can be determined directly from the exponential current
regime. This is made possible largely by the fact that the measured ideality factor 5 seems to
be unaffected by trapping in extrinsic states or other non-ideal behaviours. With decreasing
temperature, however, there is a significant increase in 7 which consequently leads to an
almost linear rise in the magnitude of Tj. The much larger ideality factor obtaincd as the
temperature is lowered is thought to be related to the anomalous behaviour of the Schottky
barrier interface. The rise in 7, with temperature is deemed to be erroncous since the
distribution of carriers is governed by the Fermi Dirac distribution function. At lower

temperatures, the Fermi Dirac statistics falls more sharply with decreasing cnergy.
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Consequently, the energetic distribution of holes is expected to become increasingly narrow

thus leading to smaller T} values.

A number of factors could influence the determination of » and hence T from the forward J-
V characteristics of the Schottky diode at lower temperatures. For one, the model relies
heavily on the assumption of a flat quasi Fermi level existing throughout the organic film.
But the smaller hopping rate experienced by holes with decreasing temperature means that
the Fermi Dirac statistics may only be obeyed at increasing distances from the back
metal/organic interface. In addition, the model also ignores the possibility of carriers taking
alternative routes to other potential barriers. The probability of this occurring is thought to
increase as carriers become distributed over a smaller energy range. This could considerably
affect charge transport across the Schottky barrier interface. In fact, this process resembles
the idea of inhomogeneous Schottky barrier height introduced by Tung which has alrcady

been proven to lead to larger ideality factors.

In an exponential DOS, there are suggestions that carrier hopping can be effectively
described as an activated jump from the Fermi level to a single transport energy due to the
larger number of states available at higher energies. This characteristic feature of organic
materials is thought to result in the Arrhenius-like temperature dependence. For the Al-P31IT
diode, the experimental plot of Ji against 1000/T at high temperatures yicld an activation
energy of ~ 0.18 eV and ~ 0.17 eV at a reverse voltage of -1V and -5V respectively. This
virtually constant value of E, obtained suggests that it is independent of applicd bias,
Interestingly, the activation energy estimated from the slope of the Arrhenius plot of
conductivity is also ~ 0.17 eV. The self-consistent value of E, suggests that the energetic

position of the transport energy remains nearly the same in the temperature range of between

240K and 290K.

Similar to the P3HT diode, the drop in the forward saturation current of the AI-PTAA diodc
is more pronounced compared to the reverse current. The nearly constant reverse currents
observed at temperatures below ~ 248K are probably caused by a higher contribution of
leakage current. Overall, the PTAA diode fabricated on the PET flexible substrate revealed a
much weaker rectifying behaviour. Small changes in the J-V characteristic of the diode arc
observed when a small length of gold wire is placed onto the metal electrodes and secured
using silver paint for the purpose of temperature measurements. The values of Ty extracted
from the exponential current regime of the diode before and after the Au-Ag contact was
made were ~ 1441K and ~ 1273K respectively. Interestingly, these values of T, are

comparable to those obtained for diodes made with other organic semiconductors. This
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consequently gave values of 7. equal to ~ 384K and ~ 371K respectively. This is consistent

with the belief that only the intrinsic distribution of localised states is involved in conduction

at low applied voltages.

In contrast to the P3HT sample, the exponential region of the AI-PTAA diode shows a
distinct fall in current with decreasing temperature. Consequently, the measured ideality
factor rises from ~ 4.32 at room temperature to as high as 59.3 at 101K. This anomalous risc
in n with decreasing temperature may be associated with the presence of extrinsic trapping
states, carriers taking alternative routes to other potential barriers or even the lack of validity

of the flat quasi Fermi level approximation.

With further increase in applied voltage, conduction in the neutral region of polytriarylamine
changes from ohmic to space charge limited. Modelling the saturation region at high ficlds
with the newly developed SCL current expression allows a value for m and hence 7 to be
determined. The values of m obtained for the diode with and without the additional Au-Ag
contact were ~ 0.59 and 0.23 respectively. This consequently yields to a Meyer Neldel
energy of ~ 41 meV and 31 meV respectively. So what was previously thought to be a
natural variation in the MN energy may in fact be directly related to having differing
qualities of ohmic metal contacts. A value of m equal to ~ 0.27 has previously been extracted
from TFTs made with PTAA [26]. Interestingly, more consistent values of MN energy are
generally obtained for devices made with poly(3-hexylthiophene). This is thought to be

associated with the much higher levels of background doping observed in as-synthesised

P3HT.

A constant MN energy of ~ 31 meV was estimated from the saturation region of the PTAA
diode in the temperature range of between 248K and 295K. Below 248K, however, the MN
energy declines sharply with decreasing temperature. The erroneous valuec of MN cnergy
measured at fairly low temperatures is mainly attributed to the formation of a potential
barrier at the back metal/organic interface. Other factors which may also contribute to the
inaccuracy of the measured MN energy are the breakdown in the assumption of a flat quasi
Fermi level, a changing neutral region width and an increasing effective Debye length. The
self-consistent MN energy obtained at relatively high temperatures gives us further

confidence that the characteristic temperature of the exponcntial DOS is independent of

temperature.

For the AI-PTAA diode, the activation energy of holes was determined experimentally from
a plot of Jp against / 000/T in the temperature range of between 233K and 295K. The slope of
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the curve gave an activation energy of ~ 0.21 eV and ~ 0.19 eV at applied voltages of -2V

and -5V respectively. Surprisingly, the activation energy in PTAA seems to demonstrate a

small dependence on applied bias.
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CHAPTER 6

CONCLUSIONS AND
RECOMMENDATIONS FOR
FURTHER WORK

The work undertaken along with the main conclusions of this thesis is presented in this
chapter. Further work in areas relating to the charge transport mechanism in organic

semiconductors, device stability and Schottky diodes are suggested in the future work

section.
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6.1 CONCLUSIONS

The main characteristic feature of disordered organic semiconductors is their Gaussian
distribution of localised states. The electrical characteristics of organic based devices are
thus strongly dependent on the nature of the localised states lying in the top and bottom half
of the energy gap. There are three possible types of states namely acceptor-like, donor-like
and amphoteric. An acceptor-like state is one that exists only in a negative or neutral
condition, a donor-like state only in a positive or neutral condition and finally an amphoteric
state is one that can exist in any of the three conditions. Ignoring amphoteric states, the only
combination of states consistent with experiments was found to be acceptor-like in the top
half of the energy gap and donor-like in the bottom half. Only under such conditions will a

small gate voltage be sufficient to reach minimum channel current in a transistor.

In crystalline solids, carrier transport is traditionally described by a single mobility term as
carriers mostly occupy energy levels close to the band edge. In contrast, carriers in
disordered materials are distributed across a much wider energy range and thus experience
different hopping rates. Hence it would seem rather inappropriate to assign a unique mobility
term to carriers in disordered semiconductors. In our analytical model, the band tail of the
Gaussian distribution is approximated by an exponential function. By making a direct
comparison with crystalline semiconductors, it is demonstrated that the exponential density
of states (DOS) can be represented by a single transport energy. In doing so, an effective
mobility which is strongly dependent on carrier density was obtained for organic solids. This
empirical relationship is formally known as the Universal Mobility Law (UML). The
effective mobility also shows a dependence on the characteristic temperature representing
the exponential density of states, T, via the exponent term. The Universal Mobility Law is

extremely important as it forms the basis of all the analytical models used throughout this

thesis.

The current density voltage characteristic of the AI-P3HT-Au diode revealed a relatively
weak rectifying behaviour with an on/off ratio of only ~ 10°. A good straight line fit was
obtained for the experimental plot of In Ji against ¥*? which suggests that the organic film

has a uniform doping profile. The dopant density for the as-synthesised P3HT was estimated
to be ~ 1.73x10'* cm™. The relatively high dopant density measured in as-synthesised P3HT

is attributed to the presence of residual dopants from the synthesis process. The validity of

the abrupt depletion edge approximation in organic Schottky diodes was established by
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comparing the width of the space charge region W to the effective Debye length L,,. For an
applied voltage of 1V, the ratio of W/Lp, was estimated to be ~ 8.

The simple analytical expression developed for organic Schottky diodes allows the
characteristic temperature of the energetic distribution of carriers, 7, to be determined
directly from the exponential current regime of the forward J-¥ characteristic. The value of
T, for the P3HT diode was found to be ~ 1301K. This is believed to correspond to carriers
occupying the intrinsic DOS since dopant states are located too high in energy to contribute
to conduction at low applied voltages. The ideality factor # calculated for the P3HT diode
was ~ 4.3. The much larger # is thought to be directly related to the exponential DOS of
organic materials. The characteristic temperature of the intrinsic DOS T, was calculated to be
~ 390K and the corresponding Meyer Neldel (MN) energy was ~ 34 meV. The Al-P3HT
diode also demonstrated non-ideal behaviour at much lower applied voltages which is
believed to be associated with the presence of extrinsic trap states. The stronger exponential
rise in current yields values of Ty and T. of ~ 621K and 580K respectively. A comparable

value of T, has previously been observed when dopant states are involved in conduction.

A slope of ~ 1.09 was obtained from the experimental plot of J against V.. which suggests
that as-synthesised P3HT exhibits ohmic behaviour. This value of close to unity also implies

that no potential is dropped across the Au electrode. In addition, the effective bulk mobility

of holes determined from the saturation current region was ~ 2.7x10~° cm?V's™',

To improve the conductivity of P3HT, the material is deliberately doped with 0.5% of 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) by weight. The extrinsic carriers contributed
by DDQ are expected to obey Pauli Exclusion Principle and rapidly fill up lower lying
energy states. The plot of /n Jp against *% exhibits two distinct slopes thus suggesting a
non-uniform distribution of dopants across the space charge region. The dopant densities
were estimated to be ~ 1.37x10">cm™ and 3.57x10'® cm™ at low and high applied voltages
respectively. The relatively small increase in dopant density compared to the undoped P3HT
sample is believed to be associated with the fact that a large fraction of the DDQ molecules
added remain inactive. These DDQ molecules are presumably not ideally located within the
polymer matrix for charge transfer reactions to occur. The values of T and T, extracted from
the exponential slope of the Al-0.5% doped P3HT Schottky diode were ~ 1239K and 396K
respectively. This is consistent with the notion that the dopant states introduced by the DDQ

molecules lie at higher energies. The double logarithmic plot of Jagainst ¥, gave a slope of
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~ 1.29. The significantly larger slope value is believed to result from the formation of a

potential barrier at the Au/organic interface.

For Schottky diodes made with polytriarylamine (PTAA) (S1105) as the active material, the
Au electrode is pre-treated with pentafluorobenzenethiol (PFBT) in order to enhance the
injection of holes. The modified Au-PTAA-ALl diodes yield a rectification ratio of ~ 10* and
10° when processed from xylene and dichlorobenzene (DCB) respectively. The extremely

low off currents obtained makes the diodes ideal for low current circuit operations.

The current density voltage characteristic of the AI-PTAA diode processed from
dichlorobenzene was selected for further analysis. The diode was found not to obey the *%
law as the reverse current continued to saturate with increasing applied bias. This anomaly is
attributed to the presence of extrinsic traps which causes the Fermi level to be pinned and
consequently restricts the space charge region from extending further with increasing bias.
The values of T, and T, estimated from the forward exponential current were ~ 481K and
799K respectively. The much larger value of T. suggests the presence of an exponential

distribution of extrinsic states at lower energies.

The experimental plot of J against Vj, of the AI-PTAA diode gave a slope of ~ 0.98 and
2.56 at low and high applied fields respectively. This result suggests that the current through
the neutral region changes from ohmic to space charge limited with increasing bias. The
neutral region of the diode is thought to be affected by space charge effects due to the high
purity of polytriarylamine. The amount of dopants ions present is insufficient to compensate
the increasing density of holes in the semiconductor bulk. A new space charge limited
current (SCLC) expression which incorporates the UML is developed for disordered organic
semiconductors as the practice of assigning of specific mobility term to carriers which are
widely distributed in energy is regarded as being inappropriate. A value of m equal to ~ 0.56
was obtained from the SCL region of the J-V,.x curve. This corresponds to a T, value of ~
468K and a Meyer Neldel energy of ~ 40 meV. This confirms the absence of dopant states at

higher energies in agreement with the notion that PTAA is a much purer semiconductor than

its predecessor poly(3-hexylthiophene).

The effect of changing the back metal/organic interface on the forward saturation current of
the AI-PTAA diodes was also studied. The much lower forward currents observed for
devices made with pristine Au, pristine Cu and PFBT-modified Cu as the back metal
electrode suggest that the devices are essentially pairs of back-to-back Schottky diodes. The

experimental J against Viux plots of these diodes fail to yield slopes which are consistent

Chapter 6 -178 -



Conclusions and Recommendations for Further Work

with either purely ohmic or space charge limited behaviour. Due to the potential drop across

the back metal/organic interface, it is no longer possible to analyse the J-V characteristic of

the diodes in terms of a regional model.

Although dopiﬁg PTAA with DDQ yields higher current levels, it also significantly reduces
the rectifying property of the diodes. The significant rise in reverse currents is caused by an
increase in doping level. The non-saturation of the reverse currents suggest that the diodes
are no longer affected by Fermi level pinning as the trap states are now filled by additional
free carriers contributed by the DDQ molecules. Also, the double logarithmic plots of J
against V. at higher applied fields yield slopes of less than 2 which suggest that the neutral

region of the diodes are less severely affected by space charge effects.

The J-V characteristic of the vacuum-deposited pentacene diode was found to lend itself
rather well to the analytical model developed for disordered organic semiconductors.
Pentacene belongs to a new generation of small molecule organic semiconductors that
closely resembles inorganic polycrystalline semiconductors. Analysis of current transport in
the pentacene diode was extensively based on the model developed by Eccleston. For
convenience, the structure of the vacuum-deposited pentacene was assumed to consist of
arrays of small molecules called grains which are separated by highly amorphous boundary
regions. The highly disordered grain boundaries are believed to be characterised by an
exponential distribution of traps. The traps pin the Fermi level close to the centre of the gap
thus causing a potential barrier to be formed at the edge of the grains. A single transport
level with an almost abrupt edge capable of supporting a current equal to the exponential
DOS was defined. Despite the potential barrier at the grain boundaries, transport across the
grain was found to be akin to crystalline solids. The charge carriers are therefore more likely
to traverse through the organic film via the grains. But due to the high density of trapping in
the grain boundaries, current through the diode is believed to be controlled by the

exponential distribution of traps similar to disordered semiconductors.

The Al-pentacene diode yields a rectification ratio of ~ 10% which is comparable to as-
synthesised P3HT Schottky diodes. The semi-logarithmic plot of J against V*# gave a good
straight line fit. A dopant density of ~ 3.75x 10" cm™ was extracted from the slope of the
curve. In the forward direction, a value of 7, equal to ~ 2206K was calculated directly from
the slope of the exponential current region. This yields a value of T, equal to ~ 347K and a
MN energy of ~ 30 meV. This suggests that the density of states at lower energies is free of

dopant states. Similar to the PTAA diode, the experimental curve of J against Vy. yields a
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slope of ~ 1.01 and 2.25 at low and high voltages respectively. The slope of larger than 2
obtained at higher fields implies that the neutral region of the diode is dominated by space
charge effects. A value of m equal to ~ 0.25 and hence a T of ~ 375K was obtained. The
latter relates to a Meyer Neldel energy of ~ 32 meV. The intrinsic value of T, obtained from
the saturation current region indicates the absence of dopant states. But the relatively high
dopant density measured for the pentacene film suggests that the dopant states are most
probably located in the grains since the J-J” measurement only allows the DOS in the grain
boundaries to be analysed. The space charge effects observed in the diode is thus attributed
to the constant positive charge produced by the high density of free carriers that become

trapped in the grain boundaries.

The temperature dependence of the J-V characteristics of as-synthesised P3HT and PTAA
Schottky diodes fabricated on polyethylene terephthalate (PET) flexible substrate was also
studied. In the AI-P3HT diode, the forward saturation current fell by almost 2 orders of
magnitude whilst the drop in reverse current was less significant. The plot of In Jy against
77?5 gave a nearly constant dopant density in the temperature range of between 240K and
290K. This result suggests that the dopants will remain ionised at relatively high
temperatures similar to crystalline silicon. The holes contributed by the shallow dopant states
are expected to obey Pauli Exclusion Principle and fill up increasingly lower energy states.
For convenience, this phenomenon is referred to as ‘carrier inversion’. The dopant density at

temperatures below 240K, however, cannot be determined due to the anomalous rise in

reverse current at higher applied voltages.

Below room temperature, the ideality factor » of the Al-P3HT diode was found to increase
drastically with decreasing temperature. At lower temperatures, the large increase in ideality
factor led to an almost linear rise in T). This result, however, was deemed as being erroneous
since the energetic distribution of holes is governed by the Fermi Dirac statistics which at
lower temperatures, falls more sharply with decreasing energy. Hence, the value of 7, is
expected to fall with temperature. The anomalous rise in 5 with decreasing temperature may
be associated with a number of factors such as the presence of extrinsic trap states, carriers
taking alternative routes to other potential barriers or even the lack of validity of the flat
quasi Fermi level approximation. An activation energy of ~ 0.18 eV and 0.17 eV were
measured for the highly regioregular P3HT from an Arrhenius plot of J at a reverse voltage
of -1V and -5V respectively. Interestingly, an activation energy of ~ 0.17 eV was obtained
from the plot of conductivity versus /000/T. The self-consistent value of E, suggests that the
energetic position of transport energy stays almost the same in the temperature range of

between 240K and 290K.
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Surprisingly, the AI-PTAA diode fabricated on PET substrate produced a much weaker
rectifying behaviour. There was a more distinct fall in the exponential current of the Al-
PTAA Schottky diode compared to the P3HT diode which resulted in even larger values of
ideality factor at lower temperatures. In the reverse direction, the current stayed virtually
constant at temperatures below 248K which is thought to be due to a higher contribution of
leakage current. Small changes in the J-¥ characteristic were observed when a small length
of Au wire was placed onto the metal electrodes and secured using silver paint for the
purpose of temperature measurements. The values of Tj estimated from the exponential slope
of the diode before and after the Ag-Au contact was made were ~ 1441K and ~ 1273K
respectively. This gave values of T equal to ~ 384K and ~ 371K.

Modelling the saturation current region with the newly developed SCLC equation gave
values of m equal to approximately 0.59 and 0.23 respectively. The discrepancy in the
estimated value of m suggests that the supposedly natural variation in MN energies might
actually be a result of having differing qualities of ohmic metal electrodes. More consistent
MN energies are obtained for devices made with as-synthesised P3HT as the active material
which is thought to be related to the higher doping densities observed in the semiconductor.
Between 248K and 295K, a self-consistent MN energy of ~ 31 meV was measured from
modelling the saturation region of the AI-PTAA diode with the newly developed SCLC
equation. At lower temperatures, however, the MN energy falls sharply with decreasing
temperature. This is mainly attributed to the formation of potential barrier at the back
metal/organic interface caused presumably by the energetic shift in Fermi level with
temperature. Other factors such as the breakdown in the assumption of a flat quasi Fermi
level, a changing neutral region width and an increasing effective Debye length may also
adversely affect the analysis at lower temperatures. The constant MN energy obtained at
fairly high temperatures gives us further confidence that the exponential distribution of states
does not change with temperature. The experimental plot of Ji versus 1000/T at relatively
high temperatures yields an activation energy of ~ 0.21 eV and ~ 0.19 ¢V at an applied
voltage of -2V and -5V respectively.
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6.2 FUTURE WORK

Numerous charge transport models have been proposed so far to describe carrier motion in
disordered organic solids. Some of the models are based on a Gaussian density of states
whilst others favour the exponential approximation. We have chosen to adopt the latter
mainly because it allows conventional device physics to be employed. Interestingly, we find
that our model demonstrates the Universal Mobility Law (UML) without taking into account
the hopping mechanism which is believed to govern charge transport in organic solids. In the
Variable Range Hopping (VRH) model, for instance, it relies heavily on percolation theory
to develop an analytical expression for conductivity. This necessitates the existence of an
infinite percolation path across the localised states for carrier transport to occur. Further
work is needed to understand the reason why the universal dependence between mobility and
carrier density can be established without having to use the percolation approach. At present
it is unclear if there is an underlying correlation between applying the percolation theory and

assuming an exponential density of states.

Instability is one of the main concerns involving organic based devices. It is an aspect of
organic solids which needs to be resolved to guarantee commercial viability of electronic
applications based on these materials. A common manifestation of instability in organic
devices is the observation of hysteresis in the electrical characteristics. In the past, hysteresis
has been attributed to the drifting of mobile ions and also photo-oxidation of the organic
solids upon exposure to air. More recently, however, adsorption of ozone has been singled
out as the main cause of performance degradation in organic based devices. This finding
means that encapsulation of devices may be critical for the production of more stable organic

devices. Hence, a simple yet effective method of encapsulating organic devices needs to be

developed.

The simplified Schottky theory was originally developed for inorganic semiconductors but
has since been adopted for diodes made with disordered materials. This theory is commonly
used to determine the dopant densities in organic Schottky diodes. The drawback with this
method is that it takes no account of the conduction process in semiconductors. We know
that charge transport in crystalline solids is governed by band-like transport whereas in
disordered materials, carrier motion is limited by hopping transitions between localised
states. So, despite the organic diodes showing good fits for the experimental plots of In J,
against ¥*# the impact of an exponential distribution of states on the Schottky theory needs
to be explored. Special attention needs to be given to understanding the injection of majority

carriers into localised states which are widely distributed in energy.
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The concept of a single transport energy is often used in disordered materials to explain the
thermally activated behaviour of carriers. However, there is yet to be any compelling
evidence that proves the existence of a transport energy. In our model, we suggest that under
thermal equilibrium conditions, the current supported by an exponential distribution of states
may be represented by a single hypothetical transport energy with an abrupt edge akin to
crystalline solids. By doing so, the so-called effective mobility of carriers demonstrates a
strong dependence on carrier density. In the analysis involving Schottky diodes, the
minimum energy beyond which carriers are able to hop between states with relative ease is
referred to as the transport energy. This definition allows an expression for the forward
exponential current density to be developed but it neither proves nor disproves the notion of
a transport energy. It is quite likely for disordered semiconductors to have a transport energy
since the energetic distribution of carriers in this materials is dominated by the Fermi Dirac
statistics as it is in the case of crystalline solids. But more experimental and analytical work

is needed to verify the validity of a transport energy in organic semiconductors.

Finally, more conclusive experimental evidence is needed to establish if the characteristic
temperature of the exponential density of states T; is in fact independent of temperature.
Further work is also needed to verify if the magnitude of T, depends on the temperature at
which the organic semiconductor is deposited. It is widely known that the morphology of
organic films can be modified through a simple annealing step. It will therefore be
interesting to know if varying the deposition temperature of solution-processed organic

materials has any effect on the intrinsic distribution of states.
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APPENDIX A: Definition of Commonly Used Symbols

Dy, D,
E

Ejp

E,LE,

Er

Ere, Epn
E,

E,

Er

F

SE)

G

g(E), N(E)
h

kT/q
kT:
n,ns
n;

ny

N4

Np
N, N,
Nr

N

area (m)

diffusion coefficient for electrons, holes (m’s™)
energy (J, eV)

energy of the top of the barrier (J, eV)

energy of the conduction band, valence band edge (J, eV)
extrinsic Fermi level (J, eV)

quasi Fermi level for electrons, holes (J, eV)
intrinsic Fermi level (J, eV)

energy gap (J, €V)

transport energy (J, eV)

electric field strength (Vm™)

Fermi Dirac distribution function

carrier flux (m?s™)

density of states at energy E

Planck constant (Js)

reduced Planck constant (Js)

current (A)

current density (Am™)

saturation current density (Am’)

Boltzmann constant (J/K, eV/K)

prefactor in the Universal Mobility Law (cm*V's”
Debye length (m)

effective Debye length (m)

effective mass of carrier in crystalline semiconductors (kg)
exponent in the Universal Mobility Law
thermal voltage at 300K (eV)

Meyer Neldel energy (eV)

electron concentration (cm’)

intrinsic electron concentration (cni)
equilibrium electron concentration (cm™)
acceptor ion concentration (cm™)

donor ion concentration (cm”)

effective density of states at the conduction band, valence band edge (cni)

density of states at the transport energy (cm™)
density of trap states (cm™)
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No

Di
Po

=

A

Hef
Ho

density of states at energy E = 0 (cm™)

hole concentration (cm™)

intrinsic hole concentration ( = n,) (cm”)

equilibrium hole concentration (cm’)

electronic charge (C)

resistance (§2)

absolute temperature (K)

characteristic temperature describing the exponential energetic distribution
of carriers (K)

characteristic temperature describing the exponential density of states (K)
time (s)

voltage (V)

built in voltage (V)

voltage across the semiconductor bulk (V)

width of the space charge region (m)

semiconductor thickness (m)

distance from the metal/semiconductor interface at Ady
permittivity of free space

relative dielectric constant

dielectric constant of the grain

static dielectric constant of the semiconductor

high frequency permittivity of the semiconductor
gradient of the Fermi level

ratio of free carriers to the total carriers in the space charge limited current

(SCLC) theory

ideality factor

mobility (m’V's”

effective mobility (m’V's”

mobility prefactor (m’V's™

resistivity (2m)

conductivity (X'm™)

carrier frequency (s™)

electrostatic potential (V)
metal-semiconductor barrier height (V)

metal-semiconductor barrier lowering (V)

metal work function (V)
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& semiconductor work function (V)

Bs difference in w !
iffc ork function between metal and semiconductor (V)
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APPENDIX B: Expression for the Free Carrier Density in Disordered Organic

Semiconductors

In disordered semiconductors, the density of states at the Gaussian band tail may be quite

accurately approximated by an exponential function given by

N, E
exp| B.1
¢ [

MEY=TT

where N, is the number of states per unit volume at cncrgy £ = 0, k is the Boltzmann

constant and T, corresponds to the characteristic temperature describing the exponential

DOS.

At energies above the Fermi level Ef, the probability of carrier occupancy may be given by

the Maxwell Boltzmann approximation of the Fermi Dirac statistics.

f(E)=exp —( £ ;TE "’) B2

Assuming that only hopping events taking place above the Fermi level contribute to

conduction, the electron density in an n-type disordered organic solid is thus given by

E exp_(E—E,.—)dE
kT

AssigningL L 1 simplifies the expression to
o T T,

(E )e p--L gE
kT kT kT,

E, E,
E)=—2"¢ !
n(E)=~ xp(”)e Xp - [m)

n(E)=-/y-;ﬂ exp (—ELJ B3

AT,

The term T, is thought to represent the energetic distribution of carriers which also follows
an exponential function. The electron concentration dependence on T, is believed to be

associated with the fact that Eg lies in the band tail of the Gaussian distribution.
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APPENDIX C: Derivation of the Effective Debye Length L),

The effective Debye length Lp. is an important matcrial dependent paramcter in
semiconductors. In general, it refers to the characteristic length over which a charge

imbalance is neutralised by majority carriers under steady state or cquilibrium conditions.

Assuming a uniform distribution of holes in a p-type disordered semiconductor, the hole

concentration is given by the one-dimensional Poisson’s equation.

dF _ ap, Cl
dx &€, h

where F is the electric field strength, p, is the surface hole concentration, ¢, is the

permittivity of free space and ¢; is the static dielectric constant of the semiconductor.

The surface hole density can be expressed in terms of its intrinsic hole concentration p, and

is given by

- _[ 44, .
Py = Dy €Xp (ch ) 2

where ¢, represents the potential at the semiconductor surface. Substituting the expression

for p, into equation C.1 and integrating from the semiconductor surface to the edge of hole

accumulation layer gives

[ Far=-2 fexp-—[%%‘—)d¢

Taking into accountexp — (q%r ) >> 1 simplifies the expression to
c

I
2pokT, q9,
F=|2807"¢ exp—| 115 :
[ £y, P (kTC ¢3

Due to a combination of drift and diffusion, carriers within an accumulation laycr will sce an
exponential fall in carrier density with distance. The potential ¢ will also demonstrate a
similar spatial variation since it is closely related to carrier density. The extrinsic Debye
length Lj, corresponds to the distance over which the potential reduces to @/e which is ¥ its
surface value. Hence, L), accounts for almost 70234; of the total concentration of accumulated

carriers.
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Substituting F' = -d%x into equation C.3 and integrating from ¢ =@, x = 0to ¢

L[) yields

_J:' ! _yzd¢=fndx

d/e -

|

q4,
2kT.

c

Y-
Assuming that term exp( ) ~ O allows equation C.4 to be simplified to

2

2¢,6,kT,

42 p, exp - 94,
0 kT,

Ly=

By substituting equation C.2 into equation C.5, the Dcbye length is thus given as

1
2
L, = ( 2.9(;5\.k71.)
q b

And as tradition would have it, an effective Debye length is defined.

1
Lpe = L’l:(e()g"kn' :
2 ¢*p,

=¢/e'x=

CH

CSs

C.6

C.7
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APPENDIX D: Expression for the Forward Current Density in Organic Schottky
Diodes

In forward bias, the exponential rise in current observed at low applied voltages is associated
with the exponential fall in carrier occupancy with energy as dictated by the Maxwell

Boltzmann approximation of the Fermi Dirac statistics.

Hence the total hole concentration contributing to current flow in the forward direction of a

Schottky diode is given by

. _ (N E.-E R\
IN(E)/(E)dE— k—gexp-( 'k )exp—[k,—n](llz D.1

where N, is the number of localised states per unit volume, £ is the Boltzmann constant, £} is

the Fermi level and 7, is the characteristic temperature representing the exponential

distribution of states.

metal semiconductor

Ey: :—"‘_ ©Ey
q¢H S 7 N
= qVu

Since a flat quasi Fermi level is assumed throughout the semiconductor material even under
steady state conditions, the hole concentration at point A must be the same as the hole

concentration at B. Hence, the current density is determined by integrating from the top of

the barrier to infinity and is given by
Ey +ql',,,,,, N E Eio 1;‘
J oC ._0 exp—|——|e e I = ~
[u) kT: P [kt J exXp ( k'l' ) (Ih

N E 2 Ey+qV,, E
Joc 0 axn — LR Pp I e
EriTes (kT]L’ i [kT ] o

0

N, T, Ep E V
J oc 00 exp — (_IJ exp — “B ax q app
T kT p kT, exXp kT, = D.2
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where Ej is the energy corresponding to the top of the barrier and 7y, is the characteristic
temperature describing the exponential distribution of holes. This is a generalised treatment

as no account is taken of the charge transport mechanism across the potential barrier.
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APPENDIX E: Expression for 0 in the New Space Charge Limited Current (8CLC)

Equation

In disordered semiconductors, the localised states containing both trapped and free charge
carriers are believed to belong to the intrinsic exponential density of states. In the simplified
model, carriers lying below the Fermi level are regarded as trapped whilst carricrs located at
higher energies are deemed as free owing to the much larger density of scarcely populated

states. For convenience, the probability of occupancy of the encrgy states arc approximated

by the Maxwell Boltzmann statistics which is given by

E-E, ,
T E>E,
7(E)={ ( kT ) VE>E, El
1 if ESE,

where E is the energy of the localised states, Ey is the Fermi level, & is the Boltzmann

constant and T is the absolute temperature.

The trapped carrier density is determined by integrating from £ = 0 to the Fermi level and is

thus given by

Ey
n,=N, exp[“{ ) E2

[4

where N, is the number of states per unit volume at £ = 0 and T is the characteristic

temperature representing the intrinsic distribution of states.

Similarly, the free carrier density in the organic solid is given as

NO TO EF N
= eEXp| — N
=T (ch L3

where T is the characteristic temperature of the energetic distribution of carricrs which also

follows an exponential function.

Consequently, the factor  which is essentially the ratio of injected frec carricr density to the

total injected carrier density in disordered materials is given by

9=—"1
n,+n,
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T, kT,

f=
N,oT, E o
—2 0% exp| L [+ N, exp Ex
T, kT, kT,
Ty
T Ty +T, Ed
. .1 1 1 . T
By using the expression — = T equation E.4 can be further simplified to
0 c
T
0=— ES
I

Equation E.5 clearly shows that @ is a temperature dependent paramcter. Also, the value of 0
is limited to being less than 1 as the analytical model is only valid for T, > T and small
carrier densities. When T becomes larger than T, it is no longer possible to have a closed

form solution as the carrier density ceases to fall with incrcasing cnergy.

Appendices -194 -



Appendix F

APPENDIX F: Expression for the Reverse Current Density in the Absence of an
Expanding Space Charge Region

Suppose the dopant density in the semiconductor is relatively low. The space charge region
is then more likely to reach the back of the film with increasing reverse bias. When this
happens, the enhanced field dependence leads to a much lower effective barrier height and
hence higher reverse currents. As a result, the current no longer obeys the % law but

instead varies as a function of V°°.

In general, the reverse current density may be expressed as

A
Jp=J, exp (1;7@) F.1

where Jj is the saturation current density, & is the Boltzmann constant, T is the absolute

temperature and gA¢@g is the barrier lowering.

The total potential energy of carriers in the space charge region of a semiconductor depends

on both the image force effect and the external electric ficld and is thus given as

T
E=—"——4¢gFx :
167e,€,x 9 k.

(]

Here g is the electronic charge, &, is permittivity of frce space, & is the static diclectric
constant, x is the distance measured from the metal semiconductor interface and F is the

applied field.

The peak of the Schottky barrier refers to the point of maximum cnergy and at this point,
dE/dx = 0. Using this relationship, the distance of the pcak from the metal semiconductor

interface x,, is determined as

2
A9 Lok |=0
dx\ 16mg €,

xm = q
v lone e F -
F.3

The expression for the barrier lowering is given as

A¢” = —q—'f' Fxm
167e.e,x, ;
4
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Equation F.4 can be rewritten in the following form after substituting for x,, from equation

F.3.

74
;

_ q ¢ Y
Apy = +F
g q % (l6zre(,s“l7 )
67,8, ———
167e e F

qF % .
1675, €, F3

Ady =2(

The semiconductor will resemble an insulator when the space charge region extends to the

back of the film. So, for an insulator sandwiched between two metal electrodes, the applied

field is simply given by

pteztn F.6

Xp

where ¥y is the reverse voltage, ¥y, is the built in potential and x,, is the film thickness.

Equation F.5 can be rewritten as follows after substituting for the electric ficld F using
equation F.6

Y
v, -v.)|?

dneyE,x,

Hence, when the width of the space charge region coincides with the film thickness, the
reverse current density is given by

q [1(_@_-_‘_’»_)]%

Jy=Jyexp|—=
koo ka 41c.6,%,
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APPENDIX G: Current Continuity Equation

In most cases, charge transport in semiconductors occurs under the combined influence of
drift and diffusion. Carrier motion under the influence of an external field is termed drift
whilst diffusion refers to charge transport caused by the existence of a concentration

gradient. The current density is thus given by

- dp
J—-qD—d;+qpﬂF G.1

where ¢ is the electronic charge, D is the diffusion coefficient, d%\, is the change in hole

density with distance, p is the hole density, u is the hole mobility and F is the applied ficld.

PA p‘

=

(a) (b)

>
x
©

Spatial variation of the hole concentration under (a) pure drift (b) pure diffusion and (c)
drift and diffusion combined.

Einstein Relationship

At equilibrium, both the drift and diffusion components of the current arc cqual and can thus

be expressed as

dp
9D——=apuF G.2
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Substituting F’ = —d%x into equation G.2 gives
dp(dé d¢
D—|—|=- — G.
q i) ( dx) (Il’ll( dx) .3

Then differentiating p=p exp— ( ;(If

<

]and substituting the result into equation (5.3 gives
ap
D =
kT,
D =[ < ) M G.A
q

Interestingly, equation G.4 demonstrates that the Einstein rclationship developed for organic

solids is dependent on the constant T, and not the absolute tempcrature as it is in the casc of
crystalline solids. Nevertheless, the mobility term in equation G.4 is known to have a

temperature dependence associated with it.

Now substituting F = - d¢%x and equation G.4 into equation G.1 gives

dp,

dg,
"krd¢,,( J >

G.5

whered¢%x and d¢%x correspond to the change in potential with distance associated

with the diffusive and drift process respectively.

Again substituting the first derivative of p=p, exp- (Zf

[4

— HkT, (kT Jd¢” —qp/ti@’i

)into equation (5.5 gives

dx dx

J-—/lqp( ¢n ¢I]

dxdx

d
J=—ﬂqp(di) G.6

where d%x is the gradient of the Fermi level. The most obvious consequence of equation

G.6 is that the Fermi level will be flat in the absence of current flow. Under steady state
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conditions, however, equation G.6 predicts that a particular current level can be supported
either by a large variation in carrier density or a negligibly small slope in the Fermi level.
This simple relationship is crucial to understanding the flat quasi Fermi level approximation

widely used in semiconductor devices under steady state conditions.
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APPENDIX H: Expression for Carrier Flux in the Grains of Small Molecule Organic

Semiconductors

grain boundary

p(x-2a) px) pxt2a)
| 0 T P
l | :
R
] | I
[ | 1 | |
i Loiel ot |
I 1
1 |
- -E-,- 1: i /—\‘_J
||
e (I 3
HOMO “- -— G,
[ &) &)
-— GZ

Flux for any charged species corresponds to the rate of carriers passing through per unit arca.

The carrier flux G, across the grain boundary is given by

op q N
G, = 2av x)—-2a— ——(¢ —aF, ;
1 {p( ) a ax] exP kT (¢ a ,\mum) II /

where ¢ is the potential barrier at the grain boundary in the absence of an applied ficld, p(x)
is the hole density at the grain centre and v is the frequency of attempted jumps. The
potential barrier ¢ is lowered by the application of an external field and /.., represents the
electric field strength obtained by dividing the voltage drop across the organic film by its

thickness. The concentration of holes in the adjacent grain centre (x —2a) is approximated

by [p(x) —2a o Bx} :

The carrier flux G; on the other hand is given by

G, = 2avp(x) exp - i’;(«ﬁ +aF ) 1.2

Similar expressions can be written for G; and G,.
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When all the individual fluxes are combined, the following expression is obtained for the

carrier flux at the plane corresponding to x.

G(x)=261V [p(x)—2ag%:| eXp—;q}:(¢ a xmmm) 2avp(x)cxp————(¢ + u,xmum)

- 2av [p (X) + 2(1 'g_:'] exp (¢ + a xmean ) + 2avp(x) exp - 7‘%.— (¢ - (l["xmr«m)

q ¢ q xmean q xmoean ql:'!ml‘{"l q"‘\’m" "
=2 e A el 1 exp —| ——T o exp—-| —— | + ¢X e
G(x)-— avp(x) Xp [e p( X ) P ( T ) exp ( kT ) eXp( k']'

q ¢ Fx’" o anxl"C’(ln
- 44? exp| I | | exp - | —— 2
avax kT[ p( AT J P ( kT ]]

G(x) - 2avp(x) exp _Z_? [2 exp ( GF mean ) - 2exp- ( GF omean )]

kT kT

qaF, F 3
- 4a® v—exp a¢ exp 997 xmean. +exp- 4L xmean

Using the hyperbolic functions sinh (x)= % (e" - e") and cosh(x)= % (c‘ + e") allows

equation H.3 to be simplified to

qé| . . . qaF, 2. Op q¢ qak ..
G =2 — 14 h 1 xmean, 4a‘v—exp —| 2 cosh —=trem,
(x) av p(x) exp T [ sin T ] a o p AT s e

q¢ qa afF, xmean 2 ap q¢ q uthnm
8 h /28 |~ 8g v — exp —| cosh —= H4
G(x)=8avp(x)exp = T [sm T ] a’v="exps o cosh—22

Equation H.4 takes account of both the current transport mechanisms; the first term

corresponds to quasi-drift whilst the second to quasi-diffusion. When the ficld in the grain is

small or the grain size is large ie. F, .., k%a » both the hyperbolic functions in equarion

H.4 is considered to be negligible.
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APPENDIX I: Expression for the Intrinsic Carrier Density in Disordered Organic

Semiconductors

In general, intrinsic carriers are expected to dominate current transport at relatively high
temperatures and in undoped semiconductors. The latter is, however, not applicable to most
organic semiconductors since the materials normally contain some level of doping even in

their intrinsic form.

In disordered semiconductors where the density of states is approximated by an cxponential
function, the equilibrium concentration of electrons can be expressed as

N,,T, E,,-) E,
n=—=LTexp| —— {exp—-| —% L1
T p(kT Pk,

c

where Ny, is the number of states per unit volume at energy E = 0, Ey is the Fermi level, £y,
is the electron transport energy, k is the Boltzmann constant, T is the absolute temperature
and T, and T are the characteristic temperature corresponding to the energetic distribution of

carriers and states respectively.

A similar expression can also be derived for the equilibrium hole concentration.

Ny, Ty Eg Ey,
=—7—exp-| —= [exp| — 12
P T P (kT P kT,

(4
Here N, is the number of states per unit volume at energy E = 0 of the density of states for
holes and Ey, is the hole transport energy. In both cases, the carrier density is determined by
integrating from the transport energy instead of the Fermi level since using the latter as a

common integration limit leads to erroneous results.

The intrinsic carrier concentration in organic solids is determined using the individual

electron and hole concentrations given by equations L1 and 1.2 respectively. It is thus given
by

2
p, =np

2
) T, (E,,J E, E, E,
=Ny, Ny, | —| exp| — |exp—| —= |exp —-| — —in
Di on OP(TL.J p kT p kTO P T €xp kTo
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T. E
Di = Nouy, > exp—| —=
0 Op Tc p (ZkTo] 13

where E, is the so-called energy gap which corresponds to the energy difference between the
electron and hole transport energies. Equation 1.3 clearly demonstrates that the intrinsic
carrier density is independent of the Fermi level and consequently it must be indcpendent of
the type of semiconductor. In addition, equation 1.3 also indicates that p; has an exponential
dependence on temperature since 7 is predicted to vary with temperaturc. However, the
actual temperature dependence will be stronger due to the additional 7 term in the

expression.
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