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ABSTRACT 
A study of the Electrical Properties of Polycrystalline based Organic 

Devices 
Sidra Afzal 

 
In this thesis, examination of polycrystalline organic based devices such as the 

Schottky diode and MOS capacitor is carried out. The data is interpreted in 

terms of a polycrystalline model based mainly on a conventional polysilicon 

model with slight modifications to fit the organic properties. A brief 

introduction to the existing charge transport models for organic materials is 

presented.  The most dominant being the variable range hopping model for 

disordered materials. The disorder analysis is appropriate in the grain 

boundaries of a polycrystalline material. The distribution of the traps of density 

of states (DOS) is commonly described by the Gaussian distribution and the 

associated exponential approximate at low energies. This is a valid assumption 

for organic semiconductors with low carrier mobility values [N. Sedghi et al., J. 

Non Crys. Solids 352, 1641, 2006].  

Detailed investigation on the temperature effects of the polycrystalline Schottky 

diode leads to determination of important electrical parameters. Such studies are 

essential in understanding the conduction processes of the organic device, 

particularly in terms of trapping effects, which is essential in the development of 

device models for organic circuitry. Several parameters such as dopant (ND) and 

carrier concentrations (p), effective mobility (μeff), depletion width (Wdep), 

effective Debye length (LDe), Meyer Neldel energy (MNE) and the characteristic 

temperature of the carriers (T0) are extracted from the current-voltage 

characteristics of the diode. For a soluble derivative of pentacene, 6, 13-

triisopropylsilyethynyl pentacene (TIPS) blended with Polytriarylamine 

(PTAA), the respective values extracted at room temperature are found to be 

approximately 10
17 

cm
-3

, 1.8x10
-2 

cm
2
V

-1
s

-1
, 185 nm, 11 nm, 31.5 meV and 780 

K, respectively. As the temperature falls, the values of most parameters remain 

constant until a critical temperature. The activation energy also remains constant 

at approximately 0.3 eV for various applied voltages in saturation. Below this 

critical temperature, Wdep, LDe and T0 increase whilst μeff, ND/p and characteristic 
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temperature of the states (TC) decrease. Similar analysis is carried out on doped 

layers of TIPS with a different insulating binder Poly-alpha methylstyrene 

(PAMS). The value of Wdep, LDe, T0, μeff, ND/p, MNE and TC obtained from such 

doped Schottky diode are approximately 100 nm, 5 nm, 1200 K, 1x10
-2  

cm
2
V

-1
s

-

1
, 2x10

17 
cm

-3
, 35 meV and 400 K, respectively. The Capacitance-Voltage (C-V) 

analysis on polycrystalline Schottky diodes provides ND of approximately 7.6 x 

10
16 

cm
-3

, 5.2 x 10
14 

cm
-3

 and 2.98 x 10
14

cm
-3 

at 500 Hz, 1 kHz and 2 kHz 

respectively. These ND values are lower than those extracted from current-

voltage characteristics and decrease with increasing frequency. This is thought 

to be due to the low mobility of holes, unable to respond to the signal at higher 

frequencies. 

The conduction in polycrystalline organic Schottky diode is proposed using a 2-

dimensional (2D) model, which focuses on both the lateral and vertical 

conduction paths. The organic semiconductor layer is assumed to be relatively 

thin so that only a single layer of the grain exists between adjacent grain 

boundaries for the vertical conduction. A two dimensional situation is treated as 

two separate one dimensional problems that are positioned at right angles to 

each other. The grain and grain boundaries in the polycrystalline material are 

explained in terms of two boundary conditions. The variation of potential in 

grain boundary is the basis in defining the variation of potential in the grains. 

Conduction under forward bias in the grain and grain boundary is thus 

established assuming two distributions for the DOS, namely the Gaussian and 

Laplace. In comparison, Laplace DOS is believed to be a better representation of 

the distribution of states, where a large number of energy levels are being 

scanned with applied voltage. 

The ac properties of a polycrystalline based MOS capacitor are investigated. 

The frequency and temperature effects on the C-V characteristics of MOS 

capacitor based on another soluble derivative of pentacene, refered here as 

S1150, are studied. Equivalent circuits which include the effects of bulk and 

series resistance due to contact effects are analysed. The bulk resistance (Rb), 

bulk capacitance (Cb) and series resistance (RS) are found to be approximately 
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13 kΩ, 760 pF and less than 309 Ω respectively, for an organic film thickness 

(tOSC) of 27nm. For ND ≈ 3.6 x 10
17

cm
-3

 at 1 kHz, the hole mobility is found to 

be approximately 4.6x10
-7

cm
2
V

-1
s

-1
. As expected the mobility decreases with 

increase in frequency. Furthermore, the temperature study of inverse square 

space charge capacitance (1/CS
2
) against absolute temperature (T) provides an 

intercept close to T (~ 330K) instead of TC. A low intercept value indicates a 

decrease in disorder which suggests that the large grains may be dominating the 

capacitance. 
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CHAPTER 1- INTRODUCTION 

This chapter briefly introduces organic materials, the related technology and applications. It 

covers the organisation of the thesis and the main contributions made in the thesis.   
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1.1 INTRODUCTION TO ORGANIC MATERIALS AND TECHNOLOGY 

Considerable research and effort is undertaken to understand semiconducting, conducting and 

light emitting properties of the organic materials for the improvement of organic electronics. This 

is done so by the use of different synthesis and self-assembly techniques. Unique opportunities 

exist for the improvements in the performance of these organic materials for the use in large area, 

low temperature devices made on substrates such as a paper or plastic. These materials are 

capable of generating new applications for the use in technologies as computing and connectivity 

devices.  

The possibility to optimise the properties of the organic materials by synthetic chemists has 

provided much success and development in the organic electronics industry. Research work 

throughout the past four decades has led to a dramatic improvement in the performance by the use 

of innovative chemistry, processing, ability to grow, control over the self assembly and 

subsequently the ordering of the material. Development of materials such as longer-chain 

conjugated polymers, organic–inorganic composites, conjugated organic small molecules, and 

short-chain oligomers is under progress. These materials possess the ability to emit light, conduct 

current, and act as semiconductors. Their conducting and semiconducting properties are present 

due to the ability to transport charge by the overlap of p-orbital between neighbouring molecules.  

The organic materials can be made to self-assemble in order to improve the p-orbital overlap, 

consequently improving the carrier mobility. Some of these materials also possess the ability to be 

flexible and tough such that they can be used in processes at low temperatures with techniques 

such as solution casting, vacuum evaporation, stamping and ink-jet printing. New products can 

thus be produced using methods such as roll to roll manufacturing. Products include radio 

frequency identification (RFID) tags, logic for smart cards and low cost information displays on 

flexible plastic materials.  

Essential device characteristics are recognised by obtaining parameters such as the mobility 

values. Substantial investigation has been conducted on various organic materials such as small 

molecule pentacene [1-4] showing mobility improvements of about five orders of magnitude in 

last two decades. The chemical structures and reported mobilities of organic materials compared 

to the inorganic silicon materials are shown in Table 1.1. The table shows that pentacene 

evaporated films have achieved mobilities like that of amorphous silicon used in thin-film 

transistors (TFTs), for the use in active matrix liquid crystal displays (AMLCD). Single crystal 
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organic p-type pentacene has shown mobilities of ~3 orders of magnitude lower than single 

crystal silicon [4].  

Table 1.1. Comparison between mobility values of various organic materials and 

Silicon. 

Semiconductor  Mobility (cm2V-1s-1) 

Silicon Single crystal 300-900 
Polycrystalline 50-100 
Amorphous ~1  

P3HT  < 2 x 10-1 [5, 6] 
PTAA  4 x 10-2 - 4 x 10-3 [7] 
Pentacene  ~1  
TIPS-pentacene  ~1.2 [8] 

The performance and commercialization of organic semiconductors used as inorganic materials 

have already been reported in literature. However, there are still a number of challenges posed by 

organic semiconductors. To compete with the existing standards and keep a strong market 

presence, organic semiconductors must perform better than the inorganic ones. New organic 

manufacturing processes must be cost effective offering electrical devices that are not only 

cheaper than inorganic devices but novel at the same time. Moreover, semiconductor lifetimes 

and charge transport properties are affected by surroundings such as air and water. Change in the 

chemical structure of semiconductor and hence the electrical properties are observed with time 

resulting in a decline in performance [9]. Thus a reliable method to improve semiconductor 

lifetime for organic devices such as optoelectronics devices is by encapsulation so that air and 

water have a no or limited effect on the device performance [10]. 

A credible approach for the improvement in the film formation properties of small molecule 

semiconductors is the addition of insulating or semiconducting materials. This allows high 

performance small molecules to segregate and crystallise into large grains. Solution processing of 

small molecules provides the high performance of vapour deposited films with the benefit of low 

cost fabrication. Solution processed 6, 13-triisopropylsilyethynyl pentacene (TIPS-pentacene), a 

derivative of pentacene, has acclaimed better mobility values than the former with mobilities 

larger than 1.2 cm
2
V

-1
s

-1
 and rectification ratios of more than eight orders of magnitude in TIPS-

pentacene based TFTs [8]. In spite of their non uniform morphology, solution cast TIPS-

pentacene films are said to produce better molecular ordering and show better TFT characteristics 

as compared to spin or dip coated counterparts [11].  
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1.2 THESIS ORGANISATION 

The aim of this thesis is to present an insight into the electrical properties of organic 

polycrystalline semiconductors, with ultimate interest in developing models for organic 

semiconductor devices. Fabrication and measurements of fundamental devices such as the 

Schottky diode and MOS capacitor are presented in detail. The data obtained is interpreted in 

terms of a polycrystalline model based on existing conventional poly-silicon and disordered 

models. Electrical characteristics of the Schottky diode and small signal analysis of MOS 

capacitors provide vital information for modelling. Furthermore, an attempt is made on modelling 

polycrystalline organic Schottky diode under forward bias. It is believed that simple models for 

organic devices can eventually be incorporated together for the modelling of both dc and ac 

organic circuits. The section below briefly introduces the chapters in this thesis. 

The charge transport in crystalline inorganic semiconductors is through well ordered energy levels 

that overlap to form energy bands. The resulting valence and the conduction bands are for 

electron and hole transport. The electrons can exist in s-, p-, d- and f- orbitals. However, the atoms 

in a typical organic system have their electrons in the s- and p- orbital which form molecules with 

σ- and π- bonds respectively. The overlapping of two π- π bonds in between the molecules and 

other bonds such as the van der Waal bonds causes the formation of two different energy bands 

namely the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular 

Orbital (LUMO) band. These are akin to the valence and conduction bands in inorganic 

semiconductor respectively.  

Carrier conduction is possible with the application of an externally applied voltage in the organic 

material, just as in inorganic materials. Externally applied bias causes injection of holes into the 

HOMO level or electrons in the LUMO band, and subsequently the organic material behaves 

either as a p-type or an n- semiconductor. Nevertheless, subtle differences exist between organic 

and inorganic materials that must be analysed with caution.  

Chapter Two is an introduction to polycrystalline organic materials with overview of various 

charge transport models in organics. The charge transport mechanisms are a much debated subject 

with different proposed models. For disordered organic materials, it is assumed that the carrier 

conduction is based on hopping between different sites, which subsequently defines the mobility 

of the charge carriers. Disordered materials are characterized as the distribution of localised states 

where the states lying above the Fermi level are characterized as donor-like whereas the states 

below are acceptor-like. We assume that the localised states to be defined by a Gaussian 
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distribution which can be likely approximated to an exponential distribution for the density of 

states (DOS) in the band tail. The Meyer Neldel Energy (MNE), related to the width of the 

Gaussian distribution or the slope of the exponential can be consequently defined. This is also 

attributed to disorder nature in the material.  

Chapter Three describes the electrical characterization of polycrystalline based Schottky diodes. 

The active material used is polycrystalline TIPS-pentacene in various blended forms; with plastic 

binders such as Polystyrene (PS) and Poly-alpha methylstyrene (PAMS), disordered organic 

semiconductor Polytriarylamine (PTAA) and dopant such as 2, 3-Dichloro-5, 6-dicyano-1, 4-

benzoquinone (DDQ). Firstly, the fundamental behaviour of a Schottky diode is discussed 

followed by an introduction to space charge limited currents. Furthermore, detailed fabrication 

techniques and their effect on the results are discussed. A simplified expression for the current 

density in the exponential region of the forward characteristic is shown to determine the 

characteristic temperature of the intrinsic distribution of carriers. An extension of space charge 

limited current expression incorporating the universal mobility law is developed to determine the 

value of the charge carrier mobility. Consequently, various other parameters are obtained from the 

current-voltage (I-V) characteristics. Furthermore, the variation of I-V characteristics with 

temperature for two different blends of TIPS-pentacene such as TIPS/PTAA and doped 

TIPS/PAMS is conducted. Various parameters extracted in the forward and reverse characteristics 

show a strong dependent on the measurement temperature. The activation energy for both blends 

are found by plotting Arrhenius plots of bulk limited current density in saturation and 

conductivity against temperature. The small signal analysis of the capacitance voltage 

characteristics (C-V) is also conducted to find the dopant concentration in depletion from the plot 

of inverse squared capacitance against voltage.  

Chapter Four focuses on the development of a 2-Dimensional (2D) model for the polycrystalline 

organic material. Lateral conduction in devices such as the OTFT based on polycrystalline 

material is represented, to consist of various grains separated by thin grain boundaries. Here 

carriers have to move through a number of grain and grain boundaries between the source and 

drain contacts. For a vertical conduction as in Schottky diodes, the conduction is assumed to 

occur mainly within a single grain aligned between the Schottky and back contacts, and separated 

by the grain boundaries. The 2D situation is taken as two, one dimensional problems at right 

angles to one another. Universal mobility law is applied at the edge of the grain and grain 

boundary, which are considered as ordered and disordered materials respectively. To develop the 

2D model, the grain is constructed using the change of field in the grain due to grain boundary. 
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Assuming an exponential distribution of states, the current in the forward direction in the grains is 

established. Finally, Laplace distribution of states is proposed to explain the density of states in an 

organic disordered material. The carrier concentration is subsequently explained in terms of 

Maxwell-Boltzmann statistics and Laplace DOS.  

Chapter Five is primarily concerned with the analysis of C-V characteristics of a Metal-Oxide-

Semiconductor capacitor. The discussion of conventional MOS capacitor physics is followed by 

the fabrication process involved in producing the organic MOS capacitors. The effect of 

frequency and voltage are considered to obtain parameters such as the doping concentration, 

insulator thickness and threshold voltage from the respective characteristics. Hysteresis is 

discussed to be due to oxide and interface charges. The effects of photo-oxidation are also briefly 

considered. An equivalent RC circuit to model frequency-dependent capacitance of MOS 

capacitor is considered and examined. In addition, an equivalent circuit model is also proposed to 

find the bulk components. Furthermore, experimentally obtained temperature dependence of the 

capacitance-voltage characteristics are used to explain the variation in charge transport in 

polycrystalline organic S1150 based MOS capacitors.   

Chapter Six concludes the whole thesis in terms of all the work undertaken and the experimental 

results obtained. Further prospects for research are also proposed.   

1.3 CONTRIBUTIONS 

The list below comprises the contributions made in this thesis:  

 Space charge limited currents (SCLC) is defined in the forward characteristics of the 

Schottky diode where the mobility values are expected to be quite low.  

 A model demonstrating the universal dependency of mobility on carrier density is 

presented for space charge limited currents. Hence, space charge limited current 

expression including Universal Mobility Law (UML)  is developed for disordered organic 

semiconductors. 

 Disordered materials are compared with the conventional crystalline solids to define the 

UML in polycrystalline organic semiconductors. 

 Analysis of the dc characteristics of polycrystalline organic Schottky diodes is carried 

out. From the obtained results, the characteristic temperature of the intrinsic distribution 

of carriers T0 is obtained from the exponential region for various different TIPS-

pentacene blends. Various other parameters such as characteristic temperature of DOS, 
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TC, the ratio of free charge carriers to the total charge carriers in the intrinsic DOS,  , 

MNE, ideality factor and other parameters are extracted.  

 A large value for ideality factor is consistent with previous experiments on disordered 

materials. The high value in the range of 3-5 proves that the material is not intrinsic and 

some trapping effects are taking place. High values of TC and hence MNE are indicative 

of both the extrinsic and intrinsic traps at room temperature.  

 A good linear fit to the experimental plot of natural log of the reverse characteristics 

against quarter powered voltage is observed at room temperature indicative of the barrier 

lowering due to an external field and the image force. The gradient provides the dopant 

density which is taken to be numerically equal to the carrier concentration for conduction. 

The ratio of depletion region width and Debye length is high, suggesting that an abrupt 

depletion region approximation can be applied. 

 Temperature effects on the electrical characteristics of two different blends of 

polycrystalline organic Schottky diodes is conducted, namely TIPS/PTAA and doped 

TIPS/PAMS. For TIPS/PTAA Schottky diode, as the temperature falls, the values of most 

parameters remain constant until a critical temperature. The activation energy also 

remains constant at approximately 0.3eV for various applied voltages in saturation. 

Below this critical temperature, most parameters are observed to decrease. 

 For doped TIPS/PAMS Schottky diode, parameters such as effective mobility, carrier 

concentration, MNE decrease with decreasing temperature. From the Arrhenius analysis, 

two different activation energies are obtained in the range of temperatures observed. At 

lower temperature range, the activation energy is seen to be twice that of the one obtained 

in the higher temperature range.  

 Dopant concentration is found from the slope of inverse square capacitance against 

voltage plot.  

 A two dimensional model for a polycrystalline organic semiconductor based Schottky 

diode is proposed based on simple two one dimensional cases using Gauss’s law. The 

grains and the grain boundaries are identified in terms of simple equations and the current 

density classified for both.  

 A new model is proposed for the charge conduction mechanism in disordered organic 

semiconductors based on Laplace’s first law- Laplace L1 DOS. A term for the carrier 

concentration is finally devised.  
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 Organic polycrystalline based MOS capacitors show a decrease in the maximum 

capacitance with the change in frequency of the ac signal and temperature, unlike the 

conventional inorganic MOS capacitors.  

 Small signal behaviour for an ideal MOS capacitor is discussed in terms of various 

equivalent circuits. Parameters such as the thickness of the oxide layer, thickness of the 

organic semiconducting layer, the series resistance, bulk capacitance and bulk resistance 

are found from the C-f analysis.  

 Temperature dependence of the C-V characteristics is also observed for organic MOS 

capacitors. Either the grain or the grain boundary of the polycrystalline material is 

expected to dominate. The results provide a temperature value very close to the absolute 

temperature T instead of the TC. Thus, contrary to what is believed, the ordered grains are 

seen to dominate.  
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CHAPTER 2- CHARGE TRANSPORT MECHANISMS IN 

ORGANIC MATERIALS 

Disordered and polycrystalline organic semiconductors used in the thesis are introduced. The 

existent distribution of states models and the distribution functions are defined. Also, charge 

transport mechanisms in various organic materials are discussed.  
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2.1 INTRODUCTION 

Organic semiconductors are promising materials for electronics and opto-electronic devices as 

they provide opportunities for low cost, large area applications. The charge transport mechanisms 

in organic materials are under constant debate. Various charge transport models have been 

developed to describe the conduction in disordered organic materials for example, with good 

agreement to experimental data. Some of such fundamental models are discussed in this chapter.  

Interest in disordered organic semiconductors is vital in understanding the conduction 

mechanisms in polycrystalline organic materials. The majority of this thesis is based on 

understanding polycrystalline materials, which is believed to consist of grains that are ordered and 

grain boundaries that are similar to disordered materials. Although the conduction is expected to 

dominate in the ordered grains, the grain boundaries however limit the flow of the charge carries. 

Thus, understanding charge transport in terms of disordered organic semiconductors is important 

for defining charge transport in polycrystalline materials. 

2.2 ORGANIC MATERIALS  

The interest in organic materials for use in various electronic applications stemmed from the 

limitations of commonly used inorganic materials such as silicon. Although silicon has good 

characteristics, the applications are normally based on rigid substrates such as glass and are 

expensive to produce. Unlike organic semiconductors, its fundamental properties render it 

unsuitable for the majority of opto-electronics applications such as the lasers used in optical 

communications. Although cheap information-storing devices like smart cards and inventory 

control tags can be made, amorphous silicon requires a glass substrate and is not practical in use.  

In 1950s work on crystalline organics materials started as an alternative to silicon [1]. Although 

plastic is a very poor conductor of electricity, joint Nobel prize winners Heeger, MacDiarmid, and 

Shirakawa, in 1970s, demonstrated that polyacetylene backbone can be tweaked to enhance its 

conductivity. Consequently, later in 1980s, results on first efficient organic LEDs (OLEDs) were 

published by Kodak and independently results on the first organic transistors (OTFTs) were also 

made public. Friend et al. at Cambridge University further published the first results on polymer 

light emitting diodes in 1990s [1]. 

Ever since then, substantial research has been invested in organic electronics and opto-electronics 

to improve the conducting, illuminating and semiconducting properties of conjugated polymers 
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and small molecules. This has been immensely focused on the development of innovative 

synthesis and fabrication techniques. The advantage of using organic materials in integrated 

circuits is that plastic devices are lighter, cheaper than conventional semiconductors, and can be 

used in optoelectronics. It can also be used for storage and displays as organic materials consume 

less power. Displays, using OLEDs, are of particular interest in organic electronics as they can be 

developed on large areas and flexible substrates. Fully flexible displays can be developed where 

the active matrix is designed of OTFTs instead of amorphous silicon TFTs and the pixel elements 

are made of OLEDs instead of devices such as LCDs. 

OTFTs are another field of innovative research for their application in displays, radio frequency 

information (RFID) tags and smart cards. A large number of researches continue to advance in 

order to improve the operational speed of plastic transistors, which is attributed to the charge 

carrier mobility of the organic semiconductor. Recently, OTFTs based on small molecules have 

demonstrated high performance with charge mobilities comparable to amorphous silicon 

transistors existent in display industry. Organic materials offer attractive attributes at a fraction of 

the cost of silicon. 

Organic solar cells with efficiencies of more than 5% have been demonstrated and are attractive 

due to their compatibility with large area and low temperature processes, thus resulting in lower 

processing cost than that of silicon. The main advantage of using organic semiconductors is that 

molecules and polymers can be tailored to include specific electronic or optical properties. 

Despite such attractive features, organic materials face a constant challenge in terms of electrical 

and optical stability. They are also attributed to low carrier mobility even with the addition of 

dopant ions. Furthermore, the processing steps required for developing organic devices are 

somewhat different from the classical processes in semiconductor industry. 

In this thesis, two main organic semiconductors namely Polytriarylamine and TIPS-pentacene are 

studied.  In the following section, their respective chemical structures and electronic properties 

are briefly discussed, and used in the subsequent chapters. 

2.2.1 Disordered Organic Semiconductor  

Polytriarylamine (PTAA) is a p-type disordered organic semiconductor with a structure shown in 

Fig.2.1. It has been publicized to have reasonable charge carrier mobilities especially when the 

molecular weight is low [2], with reasonably good operational and environmental stability due to 

its high ionization potential [3]. Vast amount of research has been carried out on PTAA in order 
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to understand and define its basic electrical properties, operating conditions and conduction 

mechanisms.  

In the time-of-flight experiments conducted by Newman [4], bulk mobilities of more than 10
-2 

cm
2
V

-1
s

-1
 have been observed for PTAA. The basis for high mobility was regarded to be due to 

low concentrations of bulk or interface traps. Moreover as PTAA forms a smooth layer, no effects 

of crystal interfaces are observed [5]. Experimental work on PTAA-based field-effect transistors 

(OFET) reported hole mobilities of 10
-3

cm
2
V

-1
s

-1
 in ambient conditions [6]. The bulk mobility 

value, usually lower, is observed to be higher than the field-effect mobility in PTAA-based 

experiments mentioned above. 

 

Figure 2.1. Chemical structure of Polytriarylamine PTAA.  

2.2.2 Polycrystalline Organic Semiconductor  

Pentacene is a p-type semiconductor related to the groups of small molecules. It has a herringbone 

structure with a combination of edge-to-face and face-to-face molecular interactions which limits 

the bulk mobility. The performance of pentacene based device can be improved by altering the 

molecule to form molecular crystals with increased p-orbital overlap. 

6, 13-triisopropylsilyethynyl pentacene (TIPS-pentacene) is a derivative of pentacene that is 

soluble in most of organic solvents. The functionalized groups added to pentacene are permanent 

and do not need high temperature steps for removal. Enhanced carrier transport and improved 

molecular ordering properties are attributed to TIPS-pentacene as the bulky functional groups 

help to disrupt the herringbone structure of unmodified pentacene. Adding a functionalized group 

to pentacene reduces edge-to-face molecular interactions [7] and results in more face-to-face 
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molecular interactions. TIPS-pentacene has enhanced p-orbital overlap and a reduced inter-planar 

spacing compared to unmodified pentacene (Fig.2.2).  

Like most polycrystalline organic semiconductors, TIP-pentacene [8, 9] is acclaimed to have 

higher mobility, compared to the disordered organic semiconductors such as polytriarylamine 

(PTAA) and poly3-hexylthiophene (P3HT) [10, 11]. Nonetheless, the mobility of the disordered 

counterparts can be enhanced by extrinsically introducing controlled amount of dopants such as 2, 

3-Dichloro-5, 6-dicyano-1, 4-benzoquinone (DDQ) as previously reported by Brown et al. [12] 

and Raja et al. [13]. In this thesis, experimental analysis on TIPS-pentacene will be carried out to 

highlight that an increase in conductivity is associated with the addition of dopants. Furthermore, 

additional experimental work is carried out on TIPS-pentacene and PTAA blend.  

 

Figure 2.2. Chemical structure of  6, 13-triisopropylsilyethynyl pentacene (TIPS-

pentacene) 

2.3 DISTRIBUTION FUNCTIONS FOR OCCUPANCY OF THE 

CARRIERS 

The probability of particles occupying available energy levels in a certain system can be described 

in terms of the probability distribution functions. Such functions include the Fermi-Dirac (F-D) 

probability, the Bose-Einstein (B-E) and the Maxwell Boltzmann (M-B) distributions as described 

further in this section [14-16]. The probability of occupancy of energy levels by Fermions is 

defined by the Fermi-Dirac function. Fermions such as electrons are particles with half-integer 

spin obeying Fermi-Dirac statistics opposed to bosons which have an integer spin. These particles 

Bulky Side Group

Pentacene Backbone

Structure of TIPS-Pentacene

http://en.wikipedia.org/wiki/Subatomic_particle
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are named after Enrico Fermi and Paul Dirac whereas Bosons obey the Bose-Einstein statistics 

and are named after Satyendra Nath Bose. A quantum mechanical principle called the Pauli 

Exclusion Principle states that no two identical fermions may occupy the same quantum state at a 

given time. For more than one Fermion occupying the same place in space, the properties of each 

Fermion, such as the spin, must be different from the rest. Therefore, fermions are usually 

associated with matter while bosons are often force carrier particles.  

Addition of Fermions such as the electrons to the energy levels will fill the vacant states in the 

energy levels. The states in the higher energy levels are filled after the lower energy levels are 

filled completely. Increase in temperature causes the shift between completely empty states and 

completely filled states to be gradual instead of being abrupt as demonstrated in Fig.2.3. In 

thermal equilibrium, the F-D function is the probability that an electron at energy, E, occupies an 

energy level. The F-D function       at temperature T = 0K is given by  

 

Figure 2.3. The Fermi distribution functions at various temperatures. At T= 0K, the 

Fermi function has a step like behaviour. Increasing temperature smears the function 

out and causes the function to develop an exponential tail.  

 
        

 

      
    
  

 
  
                         
                            

  
2.1 

where T is the temperature of the system and EF is the Fermi level energy. For energies that are a 

few kTs above the Fermi level, the F-D function has a value of unity and at Fermi Level (T = 0K), 

it has a value of half, thus resembling a step function. For energies a few kTs larger than the Fermi 

EF

T= 0K

T2

T1

T1 > T2

1

0.5

E

Distribution function f(E)
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level, the value decreases exponentially with energy. The other distribution functions, such as B-E 

function fB-E(E) and M-B distribution function fM-B(E) can be defined as follows and are compared 

to F-D function.  

B-E function is  

         
 

    
 
  
   

 2.2 

M-B function is also called the classic distribution function since it provides the probability of 

occupancy for particles that are non-interacting at lower densities. These non-interacting particles 

are distinguishable from each other  

 
              

     

  
   

2.3 

where    is the Fermi energy (i.e. the chemical potential) which is known only when the density 

of states and the electron density are known. This is when       is halved. The distribution 

function for Bosons show that      can be much larger than 1 in principle.  

For small systems in thermal equilibrium with a single energy level, the distribution function is 

dependent on the density of states. The Fermi level energy    can be determined if the carrier 

concentration n is known. At finite temperatures, n is hard to determine in terms of   . If the 

electron density is small such that      is small, Fermi function can be represented by 

overlooking the 1 in the denominator. This gives the M-B function, only when      values are 

miniscule (i.e. non-degenerate statistics). 

2.4 MODELS FOR DENSITY OF STATES (DOS) 

2.4.1 Gaussian Distribution  

As the polymer chain length varies and the interactions cannot be generalized as having 

delocalized energy bands such as the conduction and the valence band separated by an energy 

gap, the charge transport sites are energetically spread. This energetic DOS can be described in 

terms of Gaussian distribution,   , as supported by the examination on the absorption spectra of 

polymer materials resulting in the Gaussian shaped distribution by Bassler [17]. In addition, 

Gaussian distribution is maintained since the polymeric material response varies only a little with 

the application of an electric field. The shape reveals the disorder and therefore is essential to 
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define the charge transport. In 1993, Bassler defined charge transport of a disordered organic 

semiconductor within the Gaussian DOS [17]. The transport was described by a hopping 

mechanism of the carriers between discrete energy states within the Gaussian distribution as in 

Fig.2.4. The hopping rates were given by Miller- Abraham model [18] and the hypothesis of weak 

electron-phonon coupling was assumed to disregard polaronic effects. Detailed discussion on 

Miller- Abraham and polaronic model is presented later in this chapter. Positional and energetic 

disorder is thought to be introduced when the charge hops in a standard arrangement of hopping 

sites. Gaussian DOS in terms of energy can be explained by [17] 

        
 

 
  
  
    

     
      

 

   
   2.4 

where    is the standard deviation of Energy,   is equal to 1 and has the dimensions of   ,   
 
 

is the variance and    is where the energy deviation is maximum. 

Hartenstein et al. [19] presented another approach for describing the positional disorder 

employing the Gaussian distribution model for the DOS but without verifying a distribution 

function for the electronic coupling between different sites. The hopping sites, in this case, were 

grouped in clusters with their closest neighbouring sites and the cluster sizes are dependent on the 

random inter-cluster distances. Limitations include the use of the model at lower dopant 

concentrations, for which the inter-site distances are very instable. 

2.4.2 Exponential Distribution of States  

In disordered organic semiconductors, the DOS is distributed across a wide range of energies and 

is given by a Gaussian distribution as defined in Section 2.4.1. At low carrier concentrations, the 

Gaussian distribution can be approximated to an exponential function [20]. The transport within 

such discrete states is related to a variable range hopping mechanism. Variable range hopping 

mechanism, extension of the hopping model proposed by Miller and Abrahams [18], assumes that 

the localized states are spread over the entire energy gap [21]. In Variable Range Hopping (VRH) 

[22], the charge carriers may either hop over a small distance with a high activation energy or hop 

over a long distance with a low activation energy. In 1985, the concept was further extended by 

Monroe with his theory for the transport of photo-excited carriers within an exponential density of 

states (DOS) [23]. The transport of charges was described to be in the band tail with both hoping 

and thermal excitation of carriers to the band edge.  
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Energy

N(E)

EF

Gaussian Distribution

Exponential Approximation

Enhanced Hopping

No Hopping

 

Figure 2.4. Demonstration of Gaussian Distribution of states (GDOS). GDOS can be 

approximated to follow exponential distribution at low energy levels as discussed in Section 

2.4.2. Hopping, represented by the blue arrows, is thought to follow variable range hopping 

(Section 2.5.4). The filled circles represent the charges introduced by both the electrical field 

and doping of semiconductor. 

 Vissenberg and Matters [22], in addition, developed VRH to take into account the filling of 

localized states with charge carriers in contrast to the one developed by Bassler which is a one 

particle model. At low carrier densities and low temperatures, the transport properties are said to 

be in the tail states of Gaussian DOS, approximated as an exponential DOS (Fig.2.4) [24]: 

 
         

   
   

    
 

   
  2.5 

where      is the exponential distribution of the localized states, Nto is the number of states per 

volume unit, T0 is the characteristic temperature describing the width of the carrier distribution,  k 

is the Boltzmann’s constant and E the energy level. The energy distribution of the carriers at 

equilibrium is given by Maxwell Boltzmann’s distribution. If the system is filled with a charge 

carrier density, δNt, which occupies a small fraction 0 < δ < 1 of the states, the position of the 
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Fermi level is fixed by the condition that EF >> kT0 . This means that most carriers occupy the 

sites with energy E <<0 and the condition T < T0 is fulfilled. When T0 < T, the assumption that 

charge transport is only in the tail of the DOS is invalid. 

2.4.3 Laplace Distribution 

A widely accepted model for the distribution of states is the Gaussian disorder model through 

which the carriers hop to produce current as in Section 2.4.1. The efficiency of hopping defines 

the mobility of the carriers and hence the charge transport as previously discussed in this chapter, 

Chapter 3 and in Chapter 5. Recently, Eccleston [25] proposed using Laplace distribution of states 

(L1 DOS) to define the density of states in an organic disordered material. Laplace L1 has also 

found different variations in electronics, material sciences and physics and can be seen in 

statistics such as Fermi Dirac and Maxwell Boltzmann statistics.  

Gaussian Distribution

                  Laplace Distribution

Energy

N(E)

E

EF

Ei=0

E E

Nintrinsic(E)

 

Figure 2.5. A comparison between Laplace and Gaussian distribution. Laplace distribution has 

a thicker tail and a longer pointed peak.    is the energy deviation of the maximum from 

Fermi level to the centre of the Laplace or Gaussian distribution.    is the standard deviation 

of the Laplace or Gaussian distribution and is used to explain the Meyer Neldel Energy in 
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Section 2.4.4. 

In 1774 Pierre-Simon Laplace introduced a continuous probability distribution that has 

a probability density function called the Laplace distribution. It is a double exponential function 

as it can be assumed to be two exponential distributions attached back to back. It is the 

distribution of the difference of two independent exponential random variables with the same 

mean. The distribution is essentially symmetric about the centre and therefore uni-modal as seen 

in Fig.2.5. It can be defined in a dimensionless form with a distribution width λ, location    and 

variance 2 2 
[26] 
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and in terms of energy as  
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where    is the standard deviation or the width of the Laplace DOS,    is the reference energy 

equal to 1 with units corresponding to    such that        is dimensionless,    is the energy 

deviation of the maximum and    
 
 is the variance. E=0 is assumed to be the Fermi level of the 

intrinsic material. Figure 2.5 demonstrates subtle differences between a Gaussian and Laplace 

DOS. 

2.4.4 Significance of Meyer Neldel Energy in DOS 

The Meyer Neldel rule (MNR) is an experimental relation observed in very many different  

electronically, polaronically and ionically conducting semiconductors such as single-crystal  and  

polycrystalline  semiconductors, amorphous semiconductors, organic semiconductors, and 

ionically  conducting  crystals and glasses [27-29]. Although it is a commonly observed 

phenomenon, the origin of MNR in inorganic and organic semiconductors is still under constant 

debate. Several processes, with a thermally activated behaviour, coexisting simultaneously can 

lead to the MN rule. It is due to the processes for which several excitations provide the entire 

energy required for the system [30, 31]. A number of theories exist to explain the origin of MNR 

and have been discussed in the following text.   
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The MN rule is defined as a constituent of disorder [32, 33] and the shift in the quasi Fermi level 

with temperature [34]. Meijer et al. [35] and Yelon et al. [31, 36] defined MNR due to 

characteristic transport mechanism in disordered materials. Theoretical studies proposed by 

Fishchuk et al. suggest that the width of DOS in the disordered energy band is said to be 

proportional to Meyer Neldel energy (MNE) [37]. Fig.2.5 shows the width of the distribution as 

the energy Eσ corresponding for MNE for both Gaussian and Laplace DOS. Furthermore, MNE is 

further defined in terms of the characteristic temperature attributed to the disordered DOS in Eq. 

(3.14), Chapter 3. 

In organic electronics, this prediction provides a method for evaluation of the amount of energetic 

disorder in the material as these materials are said to have a large density of localised states with 

high activation energy [38]. Moreover, MNE can also be applied to polycrystalline organic 

materials having ordered grains and disordered grain boundaries. Previously, Roberts [39] 

followed by Cohen et al. [40] defined the MN rule for polycrystalline or amorphous 

semiconductors derived from an exponential tailing of the majority band states. This theory has 

been applied in the upcoming chapters. 

Conversely, polaron concept has also been used to theoretically justify MNE in different systems. 

Polarons are defined as an introduction of lattice deformation around a charge carrier. Kemeny 

and Rosenberg [41] proposed a model for organic semiconductors where electrons or polarons 

tunnel past intermolecular barriers from activated energy states of the organic molecules. Polaron 

model is discussed in detail in Section 2.5.3. However, the polaronic effects in a disorder based 

transport model are neglected because disorder is considered the main reason for localisation of 

charge in organic semiconductors. In organic semiconductors, the application of this theory is 

dependent on validating the use of multi-phonon model to explain hopping of carriers in localised 

states. Higher activation energy is evident in experiments involving multi-phonons. Increase in 

the activation energy is indicative of the involvement of a number of phonon that creates various 

conduction paths for charge transport. Furthermore, the activation energy observed in organic 

disordered materials is in the range of single phonon energy. This is in contrary to the theory that 

the transport is due to a multi-phonon process.  

The existence of MNE can be explained by fundamental parameters such as the electrical current, 

conductivity, diffusion and other physical parameters. Elementary quantities like the charge 

carrier mobility are used to understand the mechanisms of MNE. However, justification of MNE 

for the charge carrier mobility is debatable. Sample fabrication methods such as the oxygen 
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partial pressure at annealing, the extent of non-stoichiometry, dopant concentration and other 

techniques all have an effect on the MNE [42].  

In conclusion, MNR is a frequent occurrence in disordered organic materials with a pervasive 

value. However, there is no universal agreement on the basis of MNR as it is argued to be a result 

of either the charge carriers having a polaronic nature or due to a common DOS in the disordered 

material.  

2.5 CHARGE TRANSPORT MECHANISMS IN ORGANICS 

For pure crystal materials with organized molecular crystals, the charge transport is assumed to 

occur via charge carriers in delocalized states such as that seen in inorganic conventional 

semiconductors. The model assumes that the mobility in these materials follows an inverse power 

law with temperature. That is, that the mobility decreases with the increase in temperature like in 

highly pure crystalline materials observed in the time-of-flight experiments [43]. Although this is 

true for very low temperatures, the assumption does not withstand the analytical results. Except at 

low temperatures, the intermolecular distance is always more than the corresponding mean free 

path which renders it incompatible with diffusion-limited processes. In inorganic semiconductor 

crystals as in the case of silicon or germanium, the constituting atoms have strong coupling 

between each other and the delocalization of the electronic states is possible due to long-range 

ordering. The valence and conduction bands are thus possible with the distance between referred 

to as the band gap. The conduction band in inorganic crystals can be thermally activated to 

generate free carriers. These in turn leave positively charged holes in the valence band. The 

assumptions such as the one-electron limit for inorganic materials [44, 45] are impossible to 

consider in organic materials due to the large numbers of atoms and molecules.  

In organic semiconductors, there exist a number of defects mainly structural and chemical. For 

this reason, it is not possible to regard their transport as of inorganic semiconductors and the use 

of conduction mechanism such as hopping is required. Hopping from one site to another is due to 

phonon assisted tunnelling mechanism and many models defined for organic semiconductors 

include the use of four-dimensional Miller- Abraham equation [18]. Covalent interactions occur 

with weaker van der Waals and London forces dominating intermolecular interactions. Unlike 

inorganic semiconductors, the energy bands are narrower and a slight introduction of disorder can 

disrupt the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) bands. Therefore, interactions localized on individual molecules play a major 
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role. Charge carriers that are localised can either move by charge hopping with temperature or due 

to an externally applied electric field. However, thin organic semiconductor films have 

complicated charge transport behaviour due to the spatial and energetic disorder.  The 

conductivity and hence the mobility is dependent on the density of charge carriers, temperature 

and the electric field.  

Charge transport in organic materials has remained a highly controversial topic over the years. 

Although huge efforts have been dedicated to charge transport in organics [46-49], issues such as 

the mobility and temperature dependence, have not been adequately determined. The lack of an 

analytical model has complicated the organic semiconductor device design. The prediction of 

device models is complex due to an unclear understanding of the physical origin of many 

parameters and the difficulty to reproduce results.  

The charge transport is based on Gaussian distribution of the density of states with energies, as 

observed by an optical spectrum from the research of Bassler [17], where the charge transport 

sites are localized [50]. The analysis of hopping mechanism in organic semiconductors is 

supported by the introduction of transport energy defined as the energy required for maximizing 

the hopping probability. Transport energy for a carrier is independent on the initial energy of the 

carrier and helps in deciding mobility edge [51]. Theories for inorganic disorder materials such as 

the percolation theory [52] and the concept of charge transport defined by transport energy, Etr 

already exist [23, 51, 53]. In organic semiconductors with low carrier concentrations, the 

activation of charge carriers to Etr happens from the Fermi level instead of the equilibrium energy 

as Etr is temperature dependent [23, 52, 54]. A number of charge transport models are considered 

for organic semiconductors in the following text which include the Miller-Abraham hopping 

model, percolation model, variable range hopping model and the multiple trap and release model. 

2.5.1 Miller Abraham Hopping Model  

In disordered organic semiconductors, the lack of an ideal three dimensional periodic lattice 

makes the charge transport process harder to understand. Unlike conventional semiconductors, the 

spatial and energetic disorder has no symmetry and the conduction process in terms of valence 

and conduction band does not necessarily apply. Instead, HOMO and LUMO terms are used to 

describe the highest occupied and the lowest unoccupied levels respectively. In disordered 

semiconductors, very low mobility exists due to the existence of localized states N, referred to as 

N(E) for energetically distributed states at a particular energy, E. The charge carriers are required 

to hop between these localized states producing low carrier mobility values. These carriers must 
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overcome the energy difference between the two localized states by either absorbing or emitting 

phonons.  

 

(a)                                                                (b) 

Figure 2.6.Charge transport mechanism for an inorganic crystal; (a) with band transport and 

delocalized free carriers. Disruption in crystal symmetry is given by a bump. (b) with hopping 

transport. The lattice vibrations are necessary for a localized carrier, localized due to defects, 

disorder or self-localization, to move from one site to another [50]. 

A number of different hopping models were predicted. Conwell [24] and Mott [55] suggested the 

process of phonon-induced hopping in regards to metallic conduction in inorganic semiconductors 

and later, Pines, Abrahams and Anderson [56] suggested the electron relaxation processes. Mott 

described the hopping transport in a constant density of states (DOS) where the concept of 

hopping to higher energies and over long distances had equal significance. He linked the 

conductivity σ to vary with temperature according to the relation  
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where     
   

          , N(0) is the density of states at the Fermi level and b is the size of 

the localized states [21].  

Shortly, a single-phonon hopping model for lightly doped semiconductor at a very low 

temperature was proposed by Miller and Abrahams based on a single-phonon jump rate 

description [18]. This model was supported on the fact that the localized states were shallow 
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impurity levels with narrow range energy levels. This meant that a higher probability existed for 

electron to jump to the nearest empty site (Fig.2.6). 

The hopping rate of carriers from occupied i to unoccupied j localized donor states depends on the 

height of the energetic barrier Ej − Ei and the distance Dij between the states i and j 
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where the pre-factor ν0 is the attempt-to-hop frequency,   is the inverse localization length, and k 

is the Boltzmann constant.             represents the tunnelling probability 

and      
        

  
  represents temperature dependence of the phonon density.  

For disordered organic semiconductors, the disordered sections of the material act as isolated 

states making Eq. (2.9) valid at high temperatures [21]. In inorganic semiconductors at higher 

temperatures, hopping transport is overcome by band-like transport. This is owing to the inversion 

of carriers such that they shift from donor states into a higher number of energy levels at the 

conduction/valence band edge.  

Multi-phonon processes have been ignored in this model. These are said to control the charge 

transport in organic semiconductors if the charge carriers are localised polarons. Charge transport 

based on polaron model has been discussed in detail in Section 2.5.3. Ignoring multi-phonon 

processes would lead to an erroneous value from the temperature dependent mobility. However, 

in disordered materials, considering that weak electron-phonon interactions exist. The polaronic 

effects can be ignored [17]. A hopping model similar to the Miller-Abraham model was proposed 

by Bleibaum et al. where they introduced a prefactor dependent on the electron-phonon coupling 

strength, the phonon DOS and other properties of an organic semiconductor [57].  

2.5.2 Percolation Model  

In organic thin film transistors, percolation models without the presence of electric field have 

been applied. The electrical field applied laterally can be ignored due to large size of the channel 

[22]. This is nevertheless untrue in the case of vertical conduction where the electrical field 

through the semiconductor is much larger and the charge carrier distribution is hard to model.  
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Percolation models were first introduced to explain the charge transport in disordered inorganic 

semiconductors [58]. However, it has also been used to explain charge conduction in organic 

semiconductors [22, 59]. Charge conduction in organic semiconductors is mainly due to the 

application of externally applied electric field or hopping between localised states due to thermal 

activation. The polaronic effects, mentioned in Section 2.5.3, are ignored as they are considered 

small with regards to energetic disorder. The activation energy required for hopping is not reliant 

on the molecular conformation energies used to form activated complexes before transfer of 

charge. It is only dependent on the site energy differences [60] and can be written in terms of 

Miller-Abraham model, Eq. (2.9). In thermal equilibrium, the hopping rate can be explained to 

obtain conductance Gmax [61]. Eventually, every hop between localised states in an organic 

semiconductor can be explained in terms of a unique conductance. This conductance is described 

by the quasi Fermi energy, the respective site energy and the intermolecular spacing. 

Considering an exponential DOS and ignoring the spatial disorder, the conductance network can 

be determined. Conductance due to every hop, in an organic semiconductor especially a 

disordered material, is likely to fluctuate by several orders of magnitude [60]. The organic 

semiconductor is distributed into a number of conducting clusters. These are defined relative to a 

reference conductance, G. Conduction pathways between sites Gmax   G are removed from the 

network. In this manner, only a group of spatially detached clusters of high conductivity are left 

behind, Gmax > G. Decreasing the reference conductance G, increases the size of the isolated 

clusters. Percolation first occurs at a critical conductance where the maximum reference 

conductance G = GC. This is where a continuous, infinite cluster spanning the whole system is 

formed. It contains a number of clusters that are all connected by critical conductance GC. The 

conductivity of the cluster is explained by the most resistive link due to the possibility that the 

infinite cluster varies by several orders of magnitude. GC then determines the total conductance of 

the system. Ambegaokar and co-workers [58] used a three-part network to define critical 

percolation conductance GC in terms of clusters. The first part of the network was a set of isolated 

clusters of high conductivity; second was a subset of high conductance clusters forming a critical 

sub-network essentially the sample-spanning cluster; and the third part consisted of the remaining 

resistors. In this network, the second part dominates the overall conductance of the network.  

Decrease in the reference conductance G causes an increase in approximate number of bonds per 

site B. A large sized cluster, with sites Gmax > G, indicates a large B. When B reaches some 

critical bond value of BC, the cluster size must be adequately large to be in contact the 

neighbouring clusters. Thus making an uninterrupted path that covers the whole of the disordered 
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organic semiconductor. For a disordered three dimensional system BC~2.8 [62] and is obtained by 

numerical simulations.   

Using Miller-Abraham’s model for conductance introduced in 1960s, the maximum 

distance,     , between two hopping sites between which a hop can occur is given by 
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and the maximum energy,     , that any initial or final state can have is given by 

 
          

    

   
      2.11 

where ν0 being the attempt-to-hop frequency. Thus the density of states that can be part of the 

percolating sub-network,    , is presented by 

             2.12 

where    is the site density function.  

As only the sites within a range      are linked together in a sub-network, this criterion can be 

written in terms of a dimensionless quantity,   and can be linked to Mott’s law [63]. 

         
     2.13 

2.5.3 Polaron Model  

The polaron model is based on the quasi-particles called polarons composed of a charge and its 

accompanying polarization field. It was first introduced in 1958 for inorganic crystals [65], and 

soon after it in 1959 for molecular crystals [66]. In disordered organic materials such as 

conjugated polymers, the charge transport can be explained in terms of polaronic motion due to 

strong electron-phonon interactions [67]. An example of an introduction of polaron is shown in 

Fig.2.7 in a heterocyclic polymer. These interactions are associated with the ability of conjugated 
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polymers to change their geometry upon charging. The origin of localisation is therefore due to 

the formation of polarons. 

An individual charge carrier has a coulomb field that first polarises its surrounding and then 

couples itself to it. The charge therefore has an accompanying deformation which acts like a 

quasi-particle, also known as a polaron. The charge carrier carries the lattice deformation it 

induces and the polaron is considered to be self-trapped.  

X        X                      X                       X                       X

X        X                      X                       X                       X

n

n

(a)

(b)  

Figure. 2.7. (a) A heterocyclic polymer where X can be Sulphur (S), Nitrogen (N) or Oxygen 

(O). (b) A polaron lattice deformation is established into the conjugated backbone of 

heterocyclic polymer. This can be caused by p-type doping causing the loss of an electron [64]. 

Moreover, polaron charge transport can also be explained for crystalline semiconductors which 

produce polaronic mobilities of orders of magnitude higher than the disordered semiconductors.  

This is due to the difference in strength of electron-phonon interactions in the disordered 

semiconductor which changes the physical properties of a polaron [68, 69]. Inorganic crystalline 

semiconductors undergo weak electron-phonon coupling because of their long range crystallinity. 

The charge carriers are thought to interact with the lattice simply by momentum varying collisions 

and are thought to be almost free. This type of conduction is named Druke-like charge conduction 

model. 
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In disordered semiconductors, the extent of interactions is usually constrained by the huge 

amounts of structural defects. The lattice deformation, unlike in crystalline semiconductors, can 

therefore be compared with the inter-atomic distances. These lead to strong short range electron-

lattice interactions due to the self-trapping of carriers at a single position and are explained as 

‘small polarons’. Yamashita and Kurosawa [65] and Holstein [66] were the first to develop the 

model based on small polaron transport.  

Polaron movement is thought to be by a succession of random jumps between neighbouring sites. 

Marcus [69] defined the transition (hopping) rate,      , for polarons in terms of Er, the intra-

molecular reorganization energy, 
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The charge mobility µ, with field F and temperature dependence T, is defined by the thermally 

activated hops between adjacent sites i and j [70, 71]. 
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where    is slightly temperature dependent and b is the average lattice difference. Eq. (2.15) 

expects a thermally activated behaviour for mobility. This is in concurrence with the information 

that polaronic tansport occurs via thermally induced deformations of the lattice. 

Su-Schrieffer-Heeger (SSH) also determined a charge transport model in terms of polarons for 

conjugated polymers [72]. The theory was derived from bond alteration along an ideal conjugated 

polymer chain with weak inter-chain coupling. The geometrical structure of the polymer was said 

to change immensely by the addition of a charge due to bond alteration over a certain number of 

monomeric units (3-5). Main concerns with using SSH model include the disregard of electron-

electron and electron-hole interactions which play an important role in the transport and 

recombination of charge carriers. 

2.5.4 Variable Range Hopping Model  
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For disordered materials such as conjugated polymers, the charge transport is thought to be 

through hopping mechanisms. Variable range hopping (VRH) is thought to occur in systems 

where the thermal energy, kT, is less than the energy variation between successive states. The 

concept of VRH was first introduced by Mott [55] as discussed in Section 2.5.1 in Eq. (2.8). He 

assumed that the probability of hopping to higher energies or over far distances was equivalent. 

The density of states, in this case, is expected to be spread consistently about the Fermi level.  

VRH mechanism is commonly acknowledged charge transport model applied to organic systems 

as the energy and positional disorder of localized states in the organic material dominates the 

charge transport. Vissenberg and Matters defined disordered materials to have VRH in states 

which vary in energy exponentially [22]. VRH implies that a carrier may either hop over a small 

distance with high activation energy or hop over a long distance with a low activation energy. 

This is unlike the idea of hopping where the thermally activated tunnelling of carriers between 

localized states governs the charge transport instead of carrier activation to a transport level. The 

mobility is said to increase with carrier concentration by either field effect or doping as an 

introduction of acceptors in a p-type semiconductor causes a small number of unoccupied states to 

be filled. Increasing in doping causes more levels of unoccupied states to be filled such that 

hopping is easier at higher energies when an external voltage is applied and therefore mobilities 

are higher.  

The model then assumed that the mobility in these materials can be thermally activated and 

depends on the gate voltage according to a power law. As the gate voltage increases, the injected 

charge carriers fill up the traps such that as a result, the trapping becomes less and the charge 

transport is seen to improve.  This dependence is noticed in disordered materials and is of great 

importance as it is similar to the one observed from our experimental results on polycrystalline 

material. It is essential in the analysis of electrical characteristics of organic devices such as the 

OTFTs, OLEDs and Metal-Oxide-Semiconductor field effect transistors (MOSFETs).  

In combination with percolation theory [58, 70] and VRH theory first suggested by Grunewald 

and Thomas [53], Vissenberg [22] studied the influence of temperature and the influence of the 

filled states on the conductivity based on the variable range hopping theory in an exponential 

DOS. The model was based for lower temperatures and for materials with low carrier densities. 

The expression for the density of states as a function of the temperature and carrier concentration 

is given in terms of exponential distribution in thermal equilibrium, Eq. (2.5). VRH is 

demonstrated in Fig.2.4 as the hopping between states.  
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2.5.5 Multiple Trap and Release Model  

For organic materials such as the polycrystalline organic semiconductors, model based on 

multiple trapping and release (MTR) [71-73] with a temperature dependent transport exists [74, 

75]. For this model, two separate types of conducting mediums exist; crystalline ordered grains 

which are separated from each other by disordered amorphous grain boundaries. The grains 

incorporate delocalized carriers while the grain boundaries contain carriers trapped in localized 

states. It assumes that delocalised transport is limited near the band gap due to the existence of a 

distribution of traps. The trapped carriers in the grain boundaries can be thermally activated to a 

transport level where charge conduction is easier. This charge transport is very similar to the one 

described above as hopping mechanism. For grain boundaries, the model predicts mobility 

dependent on temperature which decreases with the improvement in the quality of the devices. 

The gate bias dependence decreases with increasing quality as well confirming that the defects 

decrease such as seen in single crystal devices. 

Etr

EF

Energy (E)

Distance

trapped and injected 

charge carriers

Localised states acting 

as traps

 

Figure 2.8. Demonstration of multiple trap and release model (MTR). The deep lying localised 

states briefly trap the carriers. These carriers can be thermally released to states around the 

transport level Etr. 
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Horowitz et al. [74] have recently used the MTR model to establish charge transport in organic 

semiconductors, namely sexithiophenes and dihexylsexithiphenes, based OTFTs with an 

exponential distribution of gap states, initially derived from MTR model applied to an inorganic 

material by Le Comber and Spear [71]. The MTR model accounts for the low mobility in 

amorphous organic materials. Hopping of charge carriers between localised states is dominated 

over a critical level known as the transport energy, Etr which defines the mobility edge as shown 

in Fig.2.8. Trapping is associated with lattice defects and impurities in which the charge carriers 

are immobilized and confirms a narrow band gap with high trapping. Traps can either be shallow 

or deep; shallow traps related with the conduction or valence bands and deep traps situated near 

the centre of the band gap.  

The existent organic semiconductor charges or the injected charges are all trapped and then 

released by thermal activation process. Ignoring the diffusion processes, the drift mobility    can 

be defined in terms of the energy of the trap states Et, the mobility at band edge    and the ratio 

between the effective density of states at the transport band edge and the density of traps, α. 

 
            

  
  
  2.16 

Eq. (2.16) predicts an Arrhenius- like temperature dependence on the carrier mobility, like the 

VRH model. The transport of carriers is, therefore, seen to be greatly dependent on the level of 

energy of the trap states, the externally applied voltage and the temperature [74]. 

2.5.6 Charge Transport in Polycrystalline Organic Semiconductors 

Charge transport in disordered materials is assumed to be due to hopping between the localised 

states. However, charge transport in polycrystalline organic semiconductors is significantly 

different due to the two distinct regions; the grains and the grain boundaries. The charge transport 

is dependent on the grain size but is said to be limited by the grain boundaries due the existence of 

trap states. The crystalline-like grains are much more conductive such that the Fermi level is able 

to move somewhat freely compared to the grain boundaries. The barrier, in the grain boundary, is 

believed to be controlled by the density of states in the disordered grain boundary irrespective of 

the position of the potential barrier within the material.  Therefore, Fermi level pinning is 

expected in disordered grain boundaries. A small change in the external field at the grain 

boundary can cause a significant change in the energy levels in the grains. Gaussian shaped 
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distribution of states (DOS) is expected in organic semiconductors with disorder [76, 77]. This 

can be precisely approximated to an exponential function for DOS when the carrier 

concentrations are expected to be small in the band tail of the Gaussian distribution, Fig.2.4 [20, 

78-80]. A polycrystalline semiconductor can also be expected to follow the Gaussian DOS as the 

grain boundaries limit the carrier flow due to discontinuities in the bonding. In this case, the 

equations already developed for a disorder model seem to be applicable to polycrystalline organic 

materials. Furthermore, the value of the Meyer Neldel Energy associated with disorder in the 

system is obtained in polycrystalline organic materials even though the basic concept relates only 

to truly disordered semiconductors [35]. As a result, the charge transport in a polycrystalline 

material can be approximated as of disordered nature.  

The section that follows defines the Universal Mobility Law in terms of disordered organic 

materials to demonstrate the significance of effective mobility in polycrystalline organic 

semiconductors. 

I. Universal Mobility Law in Disordered Organic Semiconductors and its 

Significance in Polycrystalline Materials. 

A single mobility term can be used to describe carrier mobility in organic crystalline 

semiconductors. However, as disordered materials follow exponential DOS, the mobility term is 

not constant and described in terms of effective mobility [81].  

The transport of carriers in an exponential DOS is governed by the thermally activated hopping 

between the states. According to Variable range hopping mechanism, the movement of carriers is 

dependent on the distance between the states in DOS and the energetic distribution of states. In an 

exponential DOS, the analytical model discussed can be developed without taking into account 

the precise mechanism by which the carriers move [82].  

Increasing the number of states per unit area causes an immense increase in the hopping between 

the states hence leading to an increase in carrier density which is proportional to mobility. For 

disordered materials, the effective mobility and the carrier density can be written in terms the 

characteristic temperature of the exponential DOS,    where      and is valid for small carrier 

concentrations. Brown et al. were one of the first to investigate the UML with measurements 

carried out on field effect transistors (FETs) doped with poly (B’-dodecyloxy- α, α’, -α’, 
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α’’terthienyl) (polyDOT3) [81]. The relation can also be applied on organic disordered materials 

such as P3HT and PTAA. 
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K is the mobility prefactor,    is the mobility prefactor,      is the effective mobility of the 

material, n is the carrier concentration and m is the exponent dependent on    and the material.  

The carriers in a disordered material do not possess a constant mobility as they are distributed in 

energy so that Mott-Gurney law for space charge limited currents does not apply (Section 3.3.2). 

The carriers occupy a range of energy levels and behave differently than carriers in conventional 

semiconductors. This means that a more generalized expression with dependence of mobility on 

the carrier concentration has to be considered. 

The carrier concentration (taken equivalent to the dopant concentration), obtained for these 

materials was extracted from the reverse current characteristics using the quarter power law by 

applying the Mott-Schottky relationship [83]. The extracted dopant concentrations in reverse bias 

assume that the dopant concentration in the depletion region is uniform and that the dopant ions 

are stationary. The assumption of the carrier concentration equivalent to the dopant concentration 

is made as the electrical conductivity in the organic material is dominated by these dopant related 

carriers. This is except when the carrier concentration n is enhanced by field effect such that in a 

thin film transistor or by optical excitation. It is therefore extremely important that the existing 

concepts developed for inorganic disordered semiconductors are used with caution when defining 

conduction in organic disordered materials.   

In disordered organic semiconductors, the carrier occupancy of the states is dependent on the 

position of the Fermi level which lies in the band tail of the Gaussian DOS.  At energies below the 

Fermi level, the states are almost full with the location of localised states further apart from each 

other such that they can be considered immobile with the occupancy probability close to one 

(Fig.2.4). For energies above the Fermi level, the density of states is considerably more with 

many unoccupied states so it is easier for the charge carriers to hop around from state to state. The 

carriers above and below the Fermi level can thus be evaluated with relative ease. Carriers above 

the Fermi level being free where as the carriers below being trapped and not contributing to 
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current, under external bias. Below the Fermi level, the energy levels are Donor-like whereas the 

energy levels above the Fermi level are Acceptor-like. Donor-like traps are positive if unoccupied 

or neutral if occupied whereas Acceptor-like traps are either negative if occupied or neutral if 

unoccupied [14]. 

The integration from the Fermi level to infinity is chosen to include all the charge carriers 

contributing to current flow. The combined effect of decreasing charge occupancy and increasing 

energy states indicates that the charge transport is dominated by the hopping events close to the 

Fermi level. At the peak of the DOS, the carrier concentration is insignificant such that integrating 

to infinity does not add any excess charge which is not taking part in conduction. For n-type 

disordered semiconductors, this is given by (Appendix A) 
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where E is the energy of the localised states, TC is the characteristic temperature of density of 

states (DOS) and N(0) is the number of states per unit volume at E=0. In this case, only hopping 

of carriers, observed above the Fermi level, contribute to current conduction. However, this limits 

the application of the model to low carrier concentrations and temperatures so that the charge 

transport can be dominated by the band tail of the exponential DOS. 

Ignoring diffusion currents and assuming that drift currents are most dominant in disordered 

materials leads to  
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A direct comparison to the ordered crystalline grains is made to understand     , the effective 

mobility. Comparison can be made at the edge of the grain where the disordered boundary meets 

the crystalline grain for which the equation was initially developed.  Ignoring the band bending at 

the interface as well as in the absence of current flow, the flux to and fro the grain boundary and 

the grain must be equal in thermal equilibrium (Fig.2.9). This causes an effective transport level 

to be formed in the grain boundary much like the ET level in the grain such that it appears to be a 
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single energy level. Existence of an effective transport level must apply for all currents including 

the current at zero bias. At the edge of the grain, the carrier concentration for an ordered material 

is given by 

Disordered         Ordered  Disordered

ET

EF

Etr               Etr

e                   e e                   e

 

Figure 2.9 Ordered organic semiconducting material in contact with a disordered 

organic material to explain universal mobility law in organic polycrystalline 

semiconductors. The transport level in the grains E T is assumed equivalent to the 

transport energy level in the grain boundaries E tr.  
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where NT is the hypothetical carrier density at the transport level at the grain edge, and    is the 

energy corresponding to the transport energy level in the grain. It should be noted that ET in the 

grain and Etr at the edge of the boundary are assumed to be similar. Combining Eq. (2.21) and Eq. 

(2.22) and assuming that the drift currents dominate gives  
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The effective mobility can then be written in terms of carrier concentration as in Eq. (2.17) and 

refers to as the universal mobility law (UML). µ0 is the mobility prefactor explained in terms of 
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The use of a single mobility prefactor for the exponential DOS in a disordered material is not 

typical. Although µ0 can be defined experimentally, the physical significance of the mobility 

prefactor is hard to understand. A higher transport energy level means an increase in mobility 

value because of the increase in hopping probability. Although the interpretation of disordered 

organic materials in terms of standard inorganic semiconductors is unconventional, it is a useful 

tool to understand motion of carriers in disordered materials (Appendix B).  The exponent in Eq. 

(2.17) is seen to be dependent on the characteristic temperature of the DOS, TC as seen in Eq. 

(2.18) [84].  

2.6 SUMMARY 

The charge transport mechanism in organic semiconductor devices is dependent on the charge 

carrier mobility which is generally much lower than the inorganic semiconductors. It is thus 

essential to understand the charge transport mechanisms in organic semiconductors. Despite years 

of research, there is no absolute rationalization available to characterize conduction in one 

particular fashion due to the complexity and diversity of the materials and devices available. In 

this chapter efforts were made to introduce various charge transport mechanisms in organic 

semiconductors. These include the percolation model, polaron model, MTR and VRH.  It is 

generally agreed that thermal assisted tunnelling, also known as hopping, is the basis of transport 

in most disordered organic semiconductors. Field and temperature dependence of the carrier 

mobility is explained in terms of hopping in Gaussian DOS in LEDs whereas the hopping in an 

exponential DOS explains the gate voltage and temperature dependence in FETs. Although this is 

the case, one description must be used to explain the electrical characteristics of these organic 

devices as the polymers described in these devices fit in with the same class of disordered π-

conjugated systems.  

The Gaussian function and the associated exponential approximate at low energies were used to 

describe the distribution of states (DOS) in disordered organic semiconductors. It is widely 

believed that the charge transport model in organic materials co-exist within the discrete energy 

states defined by the Gaussian distribution. In this thesis, we assume the distribution to follow the 

exponential DOS as the Fermi level lies in the band tail of the Gaussian DOS. For disordered 
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organic materials, it is hard to explain the mobility to be constant as the charge carriers on 

different energy levels in the exponential distribution experience different hopping rates. For this 

reason, the concept of transport energy is used to describe a position in energy over which it is 

easier to demonstrate mobility of carriers also known as the mobility edge. Hence effective 

mobility for organic disordered materials can be described using the universal mobility law in 

inorganic semiconductors. Moreover to understand effective mobility in polycrystalline organic 

semiconductors, comparison between ordered grains and disordered grain boundaries is made at 

the edge of the grain where the grain meets the grain boundary. 
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CHAPTER 3- ANALYSIS OF POLYCRYSTALLINE 

ORGANIC SCHOTTKY DIODES 

Electrical characteristics of polycrystalline organic semiconductor, 6, 13-triisopropylsilyethynyl 

pentacene (TIPS-pentacene) are interpreted. Different blends of TIPS-pentacene with an organic 

binder are also analysed. The effects of changing fabrication conditions are discussed. 

Furthermore, the effect of temperature variance on the electrical characteristics is examined for 

two blends of TIPS-pentacene. Capacitance-Voltage measurements on Schottky diodes are 

conducted to obtain the dopant concentration and built-in potential.  
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3.1 INTRODUCTION 

Organic Schottky barrier diodes have been under scrutiny for decades with initial experiments 

producing poor performance and irreproducible results mainly due to the poor conducting organic 

semiconductors available at the time [1]. The introduction of solution processable organic 

materials brought advancement in organic electronics [2- 5]. This was not simply due to the 

betterment in performance but also ease of deposition techniques and consequently low cost 

processes. Organic Schottky diodes are important in understanding the fundamental 

characteristics of the material bulk. Schottky diodes are fast switching devices which can be used 

in rectifying circuits such as in RFID tags [6]. In RFID tags, the diodes are required to rectify fast 

ac signals from the RFID reader to dc signals for the tag chip to interpret.  

Organic Schottky diodes consist of an ohmic contact which is used as a reference and a Schottky 

contact which makes a rectifying contact with the organic semiconductor. Through the ohmic 

contact, large voltages may be applied thereby allowing free flow of carriers into the 

semiconducting material. This consequently allows the study of a much wider distribution of 

carriers within the semiconductor, unlike in MOS capacitors and OTFTs. For these devices only a 

small voltage is used to vary the carriers on the surface whilst majority of the voltage is across the 

oxide layer.  

The study of contact resistance in organic is of significant importance due to the barrier formation 

at ohmic-semiconductor interfaces in real devices. The use of techniques such as the Ultra-Violet 

photoelectron spectroscopy (UPS) and inverse UPS have been utilized for the accurate 

determination of energy levels in both metals and semiconductors in order to determine the range 

of the potential barriers [7]. Various chemical treatments have been reported to reduce such 

potential barriers and thus improve the ohmic conduction causing low resistance to carrier flow 

[8] and consequently equal access to electrons and holes. On the other end, a rectifying contact 

forms a large potential barrier at the metal/semiconductor interface due to mismatch in work 

functions. Application of an external voltage modifies this potential barrier depending on its 

polarity. 

The main focus of this chapter is the fabrication and electrical characteristics of the Schottky 

diode based on small molecule polycrystalline organic semiconductor, 6, 13-

triisopropylsilyethynyl pentacene (TIPS-pentacene). The chapter proceeds from the fundamental 
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theory of Schottky diodes for inorganic semiconductor to application of the theory to organic 

diodes. The theory is modified with respect to changes in semiconducting materials. The chapter 

deals with TIPS-pentacene comprising of ordered grains and disordered grain boundaries which is 

further elaborated in detail in the following chapters. Different blends of TIPS-pentacene with an 

organic binder are analysed. The effects of using organic insulating and semiconducting binders 

are discussed. Two types of ohmic contacts are also discussed and consequently surface 

treatments for the ohmic contact are investigated.  

From the electrical characteristics, forward saturation characteristics are interpreted in terms of 

space charge limited currents (SCLC). SCLC is associated with low dopant density and very low 

carrier mobility in disordered type structures. In the chapter, a modified SCLC for organic 

material including a dependence of material thickness and power of voltage is discussed. The 

main difference between SCLC equation derived for conventional semiconductors and organics is 

the dependence of the material thickness and applied voltage on temperature. The effects of 

temperature variance on the electrical characteristics are also discussed for two different blends of 

TIPS-pentacene and consequently the activation energy for both is found. Small signal 

measurements are also conducted to determine the dopant/carrier concentrations and compared to 

those extracted from DC measurements.  

3.2 FUNDAMENTAL THEORY OF SCHOTTKY DIODES  

Over nine hundred articles are listed under metal- semiconductor literature [9] highlighting the 

extensive research and development work carried on Schottky diodes over the past decades [10- 

12].  

3.2.1 Contact Barrier Height in Ordered Inorganic Semiconductors  

Figure 3.1 shows the band profiles of a metal and semiconductor under thermal equilibrium. The 

work function q   is the energy required to take an electron out to the vacuum state. When an n-

type semiconductor is in contact with the metal, assuming        , a rectifying contact is 

formed. When in contact, the Fermi level lines up and remains flat once thermal equilibrium is 

reached. Although this is said for ideal cases, a small difference in energy levels causes a potential 

drop when in thermal equilibrium [13]. As the Fermi level remains flat, the electrons from the 

semiconductor flow to the metal. A deficiency of electrons in the semiconductor introduces 
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positive charged centres and causes edge of the valence and conduction bands to bend downwards 

at the interface.  

The height of the barrier produced at the semiconductor metal interface is the difference between 

the semiconductor conduction band and the metal Fermi level and expressed as [13] 

                            3.1 

where      is the semiconductor work function and     is the electron affinity (the least amount 

of energy required to free an electron from the conduction band of a semiconductor). 

The electrons travelling from the semiconductor to metal see a barrier. This barrier in terms of 

potential is given by qVbi  known as the built in potential. 
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Figure 3.1. The band profile for both an n-type and a p-type semiconductor in 

equilibrium with the metal. Fermi level is flat in absence of current flow.  
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                 3.2 

For a p-type semiconductor in contact with a metal with        , the electron travel from the 

metal to the semiconductor causing a build up of negative charge on the semiconductor side. The 

band bends upwards such that the electrons entering the p-type semiconductor face a barrier at the 

interface which needs to be overcome for electron transport, Fig.3.1. The semiconductor side of 

the contact contains the space charge region with depletion layer thickness depending on the 

concentration of the ionized acceptor atoms. 

For non ideal surfaces, a model with interface states is considered. Interfacial states are formed 

from the presence of chemical defects, broken bonds, oxide formation and impure semiconductors 

at the metal semiconductor interface. Electronic levels are formed in the interfacial bandgap. A 

neutral level, n0, at mid bandgap defines the centre below which any electronic level distribution 

is neutral if filled. Above n0, any electronic level distribution is neutral if empty. 

Ec

Ef

Ev

Wdep

qVbi

0q

barrierq

Metal
Semiconductor (n-type)

Eg

 

Figure 3.2. Fermi level pinning at the Fermi level due to interface states in an n -type 

semiconductor. Eg is the energy difference between the conduction and valence band, 

   is the potential due to trapping and          is the potential related to the barrier. 
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The Fermi level is said to be pinned if the density of the interface states near the neutral level is 

assumed to be very large. In this case, any addition or reduction of electrons from the 

semiconductor would have no effect on the shape of the Fermi level EF [13] (Fig.3.2). 

 
           

 

 
        

3.3 

where    is the energy difference between the conduction and valence bands. 

Fermi level is independent of the metal used and hence the barrier height is independent of the 

change in external applied voltage. The barrier height strictly depends on the interface properties 

of the metal and semiconductor. Reduction in the barrier height for electron flow is dependent on 

the image force in real devices and is discussed below. However, the built in potential is able to 

fluctuate depending on the magnitude and polarity of the external applied voltage.   

3.2.2 Schottky Effect  

+

Semiconductor Metal

x

-x

-

 

Figure 3.3.Image charge present in the metal due to an equal opposite charge in the 

semiconductor. 

Schottky effect is defined as the lowering of potential energy with the application of an electric 

field because of the induction of image-force so that the charge carriers can be discharged [13]. 

The barrier height seen by the charge carriers at the metal semiconductor interface is dependent 

on the electric field in the depletion region and the image force lowering effect. Image Force 

lowering in due to a positive charge induced in the metal to compensate for a negative charge 

(electron) existing in an n-type semiconductor (Fig.3.3). The force of attraction between the 

electron and induced positive charge is equivalent to the force that would exist between an 
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electron and any positive charge. The distance of both of these charges from the interface is said 

to be equal. Hence image charge can be said to be equal and opposite.   

This image charge exerts a force on the barrier causing it to decrease in height. Image Force, 

   can be written as: 

 
    

  

          
 
   

  

        
 
  

3.4 

      is the permittivity of free space and high frequency permittivity of the semiconductor 

respectively, and x is the distance from the interface. 

The work done by an electron in the course of its transfer from infinity to a point x gives the 

potential energy. 

 
                 

  

       
 

 

  

 

 

 

 

    

       
  

        
 

3.5 

 

3.6 

The potential energy equation obtained shows us that the potential energy decreases with 

increasing distance such that it is negligible as   goes to infinity. 

Barrier height lowering due to external field can be written in terms of potential energy as 

 
                    

3.7 
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Figure 3.4.Energy band diagram of metal in contact with a semiconductor with image 

force and an external field causing the barrier lowering.  

where F(x) is the applied field. Applying an external force causes the potential energy of the 

charge carrier to increase linearly with distance. 

The total energy w.r.t   is given by 

 
          

  

        
      

3.8 

When the potential energy due to image force is equal and opposite of that of the applied field, 

   

        
      

     
 

        
 

 
  

 

3.9 

 

3.10 

where    is the maximum distance from the interface. Therefore, the barrier height (Fig. 3.4) can 

be written as 
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3.11 

The image force lowering is dependent on the field produced by the electron. If there is no 

movement of electron, there is no image force and hence the barrier height does not change. 

Assuming that the field due to image force lowering is equal to the external field applied. 
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EC (Vapp=0)

EC (Vapp R>0)

EF

Wdep 1

Wdep 2
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EF

Metal    Semiconductor

BRq Bq
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Figure 3.5. Energy band diagram of a metal in contact with an n type semiconductor 

under different bias condition.   R,  F and  0 are the barrier height lowering in 

reverse, forward and equilibrium respectively. Voltage (Vapp) in this case is applied to 

the Ohmic contact.  

 
      

  

      
 

 
  

 
3.12 

Taking Schottky Effect into consideration for an n-type semiconductor in contact with metal 

under different bias conditions as in Fig.3.5, the depletion region width x = Wdep and the built in 

potential varies. Forward bias causes the depletion region width to contract causing the built in 
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potential to decrease with the peak of the barrier moving away from the metal semiconductor 

interface. Applying a reverse bias causes an opposite effect. It widens the depletion region and 

causes the built in potential to current flow to increase whereas the barrier peak moves slightly 

closer to the interface. Energy diagram of a metal with an n-type semiconductor at different bias 

conditions is given in Fig.3.5 [13] for a single energy level.  Wdep1, Wdep2 and Wdep3 are the space 

charge region widths for different biasing conditions in forward bias, equilibrium and reverse bias 

respectively. 

3.3 TIPS-PENTACENE BASED SCHOTTKY DIODES 

3.3.1 Fabrication of TIPS-Pentacene Schottky Diodes  

The cross-section of the TIPS-pentacene based Schottky diode is shown in Fig.3.6. A number of 

samples were produced with different fabrication steps. The process commenced with the 

deposition of an ohmic electrode, either gold or copper, with a typical thickness of 50 nm. The 

contact, in some samples, was then pre-treated with pentafluorobenzenethiol (PFBT) prior to drop 

casting the TIPS-pentacene from solution.  

Glass Substrate

Au 
TIPS + Binder

Al

Vapp

 

Figure 3.6. Structure of a two-terminal vertical organic Schottky diode. The blocking 

contact consists of aluminium and gold acts as the reference ohmic contact. 

Controlled amounts of TIPS: Binder was mixed in solution and drop cast onto the 

substrate. Typical film thicknesses were about 10m with visibly large grain size. The 

morphology was greatly dependent on the fabrication techniques involved.   

PFBT is said to form a self-assembled monolayer on the gold contact which enhances the ohmic 

behaviour with the semiconductor. The PFBT layer acts as an electron acceptor [14] and increases 

the metal work function by almost 1eV thus reducing the potential barrier seen by the majority 

carriers (holes). The gold coated glass samples were immersed in the PFBT solution for about 10 

minutes then the residue was rinsed off using propanol for further 10-15 minutes. As the PFBT 
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layer did not seem to improve the ohmic behaviour in our samples, the step was ignored in latter 

fabrications of organic Schottky diodes. 

After the chemical treatment, the gold surface was treated under oxygen plasma so as to enhance 

the adhesion with the organic material upon drop casting. The samples were placed in a chamber 

consisting of oxygen plasma for approximately 5 minutes. This treatment was also carried out on 

the glass substrate prior to the gold evaporation so as to roughen the surface and thus improve the 

adhesion of gold to the glass.  

Next step included the deposition of the semiconductor. At the interface between the ohmic gold 

contact and the organic material, width of the depletion layer formed due to work function 

difference can be written as 

 
           

        
   

 
   

          
3.13 

where Vbi is the built-in potential,    is the permittivity of free space,    is the semiconductor 

dielectric constant, q is the charge and        is the dopant (or acceptor ion) concentration. If 

the semiconductor is heavily doped, the depletion width can be made extremely narrow such that 

electrons can tunnel through to the metal side even with a potential barrier. The quality of an 

ohmic contact, determined by the contact resistance RC, is dependent on built-in potential and 

field and can be reduced by increasing the dopant levels or using a low barrier height. A buffer 

layer placed at gold/organic semiconductor is likely to reduce contact resistance and other 

unwanted effects [15]. 

Major injection of charges is through the gold layer where there is thought to be no energy barrier 

between the gold and TIPS-pentacene. However, this is contradicted [16, 17] with the existence of 

energy barrier of the order of 0.5-1eV between pentacene and gold due to the formation of 

interfacial dipoles [18] causing charge transfer, screening or hybridization effects [16, 17]. 

The inclusion of an organic insulating binder in a solution blend of organic semiconductor is said 

to improve the stability and integrity in the devices [19]. They are also seen to improve the 

morphology of the film. The charge mobility values are thought to decrease as the binder 

essentially dilutes the material as well as disrupts the molecular order. However, binders are 
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chosen for their low permittivity dielectric constants which limit the decline in mobility occurring 

due to dipole disorder [19-21]. Polymer binders such as Poly-alpha methylstyrene (PAMS, mass 

1.2k), Polystyrene (PS, mass 350k) can dissolve in organic solvents such as Toluene and Xylene 

[22] with TIPS-pentacene to form a solution demonstrating strong molecular ordering and 

stability [19]. Amorphous polytriarylamine (PTAA) is also used as an organic binder to provide a 

good compromise between satisfactory morphology and acceptable mobility.  

Table 3.1. (a) A list of steps involved in producing an organic Schottky diode, and (b) 

A list of the number of samples fabricated and analysed in this chapter.  

Fabrication Steps  

Substrate Glass 
Flexible Substrate 

Treatment Oxygen Plasma 
Ohmic Contact Gold 

Copper 
Treatment PFBT 

Oxygen Plasma 
Active Layer TIPS-pentacene 
Binder Poly-alpha methylstyrene (PAMS) 

Polystyrene  (PS) 
Polytriarylamine (PTAA) 

Schottky Contact Aluminium 
(a) 

Sample No. Ohmic Contact Blend Schottky Contact 

1 Copper TIPS/PAMS Aluminium 
2 Copper TIPS/PS Aluminium 
3 Gold TIPS/PAMS Aluminium 
4 Gold TIPS/PS Aluminium 
5 Gold TIPS/PTAA Aluminium 
6 Gold TIPS/PAMS/0.3% DDQ Aluminium 
7 Gold TIPS/PAMS/0.5% DDQ Aluminium 
8 Gold TIPS/PAMS + DDQ Aluminium 

(b) 

For the purpose of the experiment, either a readymade TIPS/binder solution was used or a 

solution was prepared by dissolving TIPS and binder in the ratio of 1:1 in 1ml of toluene or 

xylene. The binder used was essentially either PAMS or PS in order of increasing molecular 

weight. PTAA was also used as a binder in an attempt to enhance the crystalline morphology of 
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the film formed in 1:1 ratio. Toluene, with a boiling point of 111 C, was used in most of the 

conducted experiments unless stated otherwise. 

After drop casting, the TIPS/binder solution was dried by heating the sample on a hot plate. The 

temperature was set such that the drying took place at an optimum speed reducing the chances of 

the solution getting too concentrated, too quickly. The drop cast samples were covered with a 

container while on the hot plate so that the polymer could stay in the atmosphere and dry in a 

solvent rich environment. Furthermore, the semiconductor layer was allowed to dry in a box at 

room temperature, preferably overnight. Although the samples took longer to dry, the film 

morphology demonstrated visual evidence of polycrystalline grain structure with tall, long, thin 

grains especially for TIPS with PAMS. Conversely, ripples were observed on the semiconductor 

surface if the temperature chosen was too high. They were also noticed whilst the gold samples 

were heated on a hot plate at high temperatures and a readymade TIPS in Toluene solution was 

drop cast onto them. The film morphology, in these cases, was more amorphous-like with smaller 

grain size compared to the former method.  

Although the deposition of the active layer by drop casting gives reasonably continuous films, 

they are less uniform than spin coating. However as increasing thickness of the active layer 

(~10m for drop cast films) in the diode produces better results and eliminates the possibility of 

short circuiting during measurements, the former deposition method is adopted. Drop cast films 

seem to show molecular terracing, large grains and the best ordering when compared to equally 

thick spun films [23]. The improved molecular ordering and device performance can be related to 

the speed at which the films are formed and varies widely for different boiling point organic 

solvents [24, 25]. Growth of highly ordered films is obtained when a high boiling point solvent is 

evaporated slowly at a low formation speed [24]. Optimum results were obtained when the drop 

cast film was dried at a temperature of about 60 C in a solvent-rich environment and left to dry 

overnight in ambient air for the film to dry completely. The difference in morphology seen in both 

cases may be due to the function of the solvent, solution concentration, film formation, speed, 

drying temperature and other reasons during fabrication.  

As stated by M H. Choi et al. [26], a thicker active layer has a self-passivation effect by intrinsic 

organic semiconductor even when the surface is affected by moisture or oxygen. Protection 

against oxygen and moisture is of necessity for an extended life of the organic semiconductor 

devices [27]. The use of non-aromatic solvents with TIPS-pentacene causes the solvent molecules 
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to solvate non-conjugated segments of the semiconductor which leads to films with lower 

electrical conduction abilities [26, 28] and hence lower device performance even with superior 

uniformity. 

The next step of the fabrication process involved the shadow mask evaporation of the Schottky 

metal, Aluminium of approximate thickness of 200nm. Two kinds of diodes were obtained; the 

circular diodes with a diameter of either 1mm or 2mm and square diodes of 2mm width.  

Finally, all the dc characteristics of the Schottky diodes were performed in air on Hewlett Packard 

4145B semiconductor parameter analyser taking 50mV voltage steps.  New trapping sites for 

carriers are created in ambient air by the absorption of water in the organic semiconductor, 

decreasing the electrical conduction properties of the device whereas doping due to oxygen is 

more prominent in dry air [29]. 

3.3.2 Electrical Characteristics of TIPS-Pentacene Schottky  

Polycrystalline semiconductors are thought to consist of highly conductive ordered regions known 

as grains (G) and disordered regions known as grain boundaries (GB). The charge transport 

depends immensely on the size of the grains [30-33], however it is also limited by the grain 

boundaries due to the presence of traps, which results in the pinning of the Fermi level EF. 

Consequently, the ingrain mobility of a TIPS based device is found to be 5-6 orders of magnitude 

higher than in the grain boundary [15].  

In our polycrystalline Schottky diode model as represented by a 2D schematic and corresponding 

energy diagrams in Fig.3.7, we assume the grain boundaries to be much smaller in size compared 

to the grains, such that any potential drop across the boundaries are negligible. The flux in the 

boundaries is restricted by a potential barrier however the electron concentration (assuming an n-

type semiconductor) at the grain centre still resembles that of an organic semiconductor. Also if a 

constant flux is assumed, then the gradient of EF depends on the carrier concentration, and any 

change in the gradient contributes to a change in barrier height q S, seen by the carriers at the 

edge of the grains.  

Upon application of an external field, the potential at the grain boundary varies which in turn 

changes the effective barrier seen by the carriers involved in the current flow at the grain edge. 

Although the barrier seen by the carriers is changed by the external field, it is essentially 
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controlled by the density of states (DOS) in the grain boundary. The variation of such DOS with 

energy is commonly defined by a Gaussian distribution [34, 35], which may be approximated to 

an exponential function [36-39] at low energies, as assumed in our analysis. Such a distribution of 

states is associated with a characteristic temperature TC which is related to the width of the 

Gaussian distribution of density of localised states due to disorder and the slope of the exponential 

approximate. It also defines the so-called Meyer-Neldel Energy (MNE) given as 

GB1  G1  GB2

With negative potential on back contact (Forward Bias) 

EFs

Etr

Ohmic           Semiconductor          Schottky

Contact                                             Contact

qVapp
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Wdep(G)
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Bq

qVapp

Sq
Bq

0q

eG1 

z

q

-x

-x -z

q

ET

Gedge

Figure 3.7. A proposed 2-Dimensional model of a polycrystalline n-type semiconductor with a 

single grain (G) enclosed between two grain boundaries (GB). The grain boundaries are 

elaborated for the ease of understanding. Ohmic metal is connected at the back while the front 

makes a Schottky contact with the Schottky metal. Application of external voltage Vapp at the 

ohmic contact causes a rise or decline in the transport energy Etr and ET level in the grain 

boundary and grain respectively. q S is the surface energy w.r.t the Fermi Level, EF. The rest of 

the parameters shown in the model will be discussed in Chapter 4. 
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3.14 

which is an essential parameter of merit for most disordered organic semiconductors of value 

35meV [37, 38]. The corresponding value of TC is approximately 400K. Since the energy barrier 

at the grain boundary is a function of the charge distribution at such boundaries, many factors 

such as gate bias, dangling-bond density, grain sizes, disorientation angle, and temperature play 

important roles [41, 42]. 

 

Figure 3.8. The best obtained current density against voltage plot of an organic 

Schottky diode with TIPS/PAMS as the active layer (Table 3.1(b)). Gold is used as the 

ohmic contact, aluminium is used as the Schottky contact and the device area is 

7.85x10
-7

m
2
. The terms saturation region and exponential region are marked on the 

plot. The arrows on the characteristics define the direction of the applied voltage.  

Figure 3.8 shows a general semi-log of the current density against voltage (J-V) plot illustrating 

the forward and reverse bias currents for a TIPS-pentacene based Schottky diode. Under the 

forward bias the current increases as the barrier is reduced and subsequently increases the carrier 
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concentration. In this case, two regions can be identified and categorised here as the exponential 

and saturation regions. Saturation region is essentially due to the slowing down of current due to 

bulk effects. Under the reverse bias, the drop in clockwise direction is due to the trapping effects 

constituent of organic materials. In the reverse characteristics, the current is low due to the 

expansion of the depletion region and are simply used to obtain the dopant concentration. The 

forward characteristics, however, are discussed in detail in the next section.  

I. Forward Bias  

A. Exponential Region  

Application of an external forward bias raises the barrier and all the energy levels in the neutral 

semiconductor. The EF and transport level, ET in the grain, rises resulting in an increase in carriers 

entering the neutral region with sufficient energy to cross over the Schottky barrier (Fig.3.9c). 

The carrier concentration overcoming such a barrier increases exponentially with the increase in 

applied voltage as given by Eq. (3.15) [39] (Appendix A).  

A flat quasi Fermi level EF is used to determine the carrier density at the peak of the barrier and is 

similar to assuming that the carriers reach their steady state Maxwell-Boltzmann Distribution.  

 
               

  
   

    3.15 

where p is the hole concentration, N’(0) is the rate of change of energetic distribution of carriers at 

reference energy E = 0, EF is the Fermi level energy, k is the Boltzmann's constant and TC is the 

characteristic temperature. Eq. (3.15) is obtained by integrating the product of the DOS and 

Maxwell-Boltzmann statistics, both of which are given by exponential functions. In the forward 

direction, the exponential rise in the current obtained at low voltages from the current voltage 

characteristics is associated with the exponential fall in the carrier occupancy with energy as 

dictated by the Maxwell Boltzmann approximation of the Fermi Dirac statistics in the tail of the 

Fermi Dirac distribution.  
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Figure 3.9. Band diagram of a p-type Schottky diode with application of an external bias. (a) at 

zero bias, Vapp = 0, (b) in reverse bias, Vapp R > 0 and (c) in forward bias, Vapp.F < 0. 

Variable range hopping is expected in the disordered grain boundaries. In a semiconductor two 

distinct charge transport mechanism appear; drift and diffusion. Diffusion is due to the existence 

of concentration gradient whereas drift is due to the application of an external field. The Fermi 

level is assumed flat across the thickness of the semiconductor in thermal equilibrium and 

diffusion currents are expected to be very low compared to the drift currents. This allows the 

diffusion currents to be ignored.  Assumption of only drift currents driving carriers in the 

exponential region of the J-V characteristics gives current density. The total carrier concentration 
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contributing to current flow in the forward direction of the Schottky diode has an exponential 

dependency with energy as in Eq. (3.15). The current density JF of the Schottky diode under 

forward bias is thus given as, 
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where q is the electronic charge, η is the ideality factor,  Vapp is the applied voltage and T is the 

absolute temperature. For ideal diodes such as in silicon, the value of the ideality factor is about 1 

however in organics it is found to be as high as 3 [43, 44]. The ideality factor observed for Fig.3.8 

is 2.42. Such high values are associated with the presence of extrinsic trapping sites in the 

material depending on material purity and interface defects introduced during processing. It is 

thus useful to represent the carrier distribution in terms of the effective temperature To which 

relates to both spatial disorder due to thermal vibrations and also energetic disorder due to the 

distribution of states Tc as given by Eq. (3.17) [39], 
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Consequently, the current density under forward bias for an organic device can be given as, 
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The value of T0 obtained for TIPS-pentacene from J-V plot in Fig.3.8 is 725K, thus resulting in TC 

of 512K, which corresponds to Meyer Neldel Energy of 44.1meV using Eq. (3.14).  

B. Space Charge Limited Currents in Saturation Region  

The dominion of space charge limited currents (SCLC) signify the departure of ohmic conduction. 

To apply one-carrier SCLC, the properties of the injecting contact must be ignored. This is 

because an introduction of a potential barrier at the contact will cause the characteristics of the 

contact to dominate. Thus, two assumptions are made. One, that an infinite number of charge 
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carriers can enter through the anode/cathode with ease and second, that the diffusion currents can 

be ignored as they are only important in areas in close proximity of the injecting contact.  

At low voltages, assuming that there is no voltage drop due to the injecting contact, the current 

follows ohmic conduction. Increasing the applied voltage causes a space charge region to be 

formed in the semiconductor close to the metal/semiconductor interface and causes the SCLC to 

dominate. 

The theory of SCLC between two electrodes with a constant mobility value and without the 

presence of trapping effects was introduced by Mott-Gurney [45].  
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where    is the permittivity of free space and    is the dielectric constant of the insulator,    is the 

free carrier concentration,      is the applied voltage and   is the mobility. As the distance 

increases between the contacts, the free carrier concentration falls as in Fig. 3.10.  

Electric Field

                   Voltage

Free Carrier 

Concentration

t          x
 

Figure 3.10. An ideal insulator with no trap charge shows a variation of free carrier 

concentration, voltage and electric field with distance, x. The distance, measured across the two 

electrodes, is given by the term t. 
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Mott and Davis [46] extended the theory to account for SCLC controlled by shallow traps with 

exponential energy distribution. For organic semiconductors however, the density of states is 

generally energetically distributed in a Gaussian and the states in the tail act as trapped states [47]. 

Rose [48] was the first to develop the theory of SCLC followed by extensive research by Lampert 

and Mark [49, 50]. The space charge limited currents, in this case, is thought to dominate when 

the carrier concentration injected in the organic semiconductor is comparable to the thermal free 

carriers. Ohmic conduction, for this reason, is not valid and the conduction is controlled by the 

high density of traps or low carrier mobilities. The electric field, in this instance, is no longer 

linear to the carrier concentration but has a strong dependence upon applied voltage.   

Grain boundaries are assumed to have a low carrier effective mobility and hence space charge 

limited currents (SCLC) are expected to dominate in the saturation region of the current density 

against applied voltage plot in Fig.3.8. On the contrary, the grain is ordered where the material is 

single crystal and thus the mobility is much higher in comparison. The grain boundary follows the 

exponential distribution function for the variation of trapped charge. The theory of SCLC applies 

for charge transport only if a small injection barrier exists between the metal and the 

semiconductor and carriers can be efficiently injected into the device. SCL currents can be used 

for estimating parameters such as mobility and trap concentration in organic semiconductors [51, 

52].  

The effective mobility in a disordered grain boundary has a thermal dependence due to the 

energetic DOS and thus a thermally activated behaviour. At higher energies in exponentially 

distributed states, there is a better possibility for the carriers to hop around as more number of 

empty states exists. In inorganic semiconductors, the shallow traps correspond to the extrinsic 

energy levels located a few kTs away from the conduction band. In organic semiconductors, the 

definition of free and trapped charge carriers has to be a little altered and the intrinsic localised 

states contain both the trapped,    and free charge carriers,   . The ratio of free charge carriers to 

the total charge carriers in the intrinsic DOS can thus be defined in terms of θ (Appendix B). θ is 

the barrier electrons have to surpass. 
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For disordered organic semiconductors, θ is limited to unity as according to UML,    must be 

more than  . θ does not comply if    is lower than   and the carrier densities are very high. At 

low temperatures, the free carrier concentration is much less than the trapped carrier concentration 

making θ negligible. Increase in temperature causes the Fermi level to rise and the charge carriers 

to gain sufficient energy to occupy higher energy levels so that the free carrier density increases. 

  from the J-V characteristics plotted in Fig.3.8 is 0.59. 

In disordered semiconductors if diffusion currents are ignored, the current density J due to drift of 

free carriers can be written as 

         3.21 

where   is the effective mobility,    is the concentration of free injected carriers and F is the 

electric field. Current density taking UML, as in Eq. (2.17), in accord gives 

F

xtOSC

T1

T2

T1 < T2

 
 

Figure 3.11. The change in electric field, F with variation of temperature, T. The 

distance is measured across the thickness of the disordered organic material from the 

injecting contact, tOSC. The component m is a material dependent term that changes 

the electric field with change in temperature. 
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Current transport above the Fermi level is caused by free carriers and any change in the amount of 

carriers determines the field across the semiconductor. Poisson’s equation can be used to link the 

change in electric field with thickness of the active layer  
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Integrating the electric field with respect to the thickness of the active layer is given by 
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where x is the thickness of the semiconducting layer. Integrating the voltage applied with respect 

to the thickness of the semiconductor gives the space charge limited current for a disordered 

organic semiconductor (Fig.3.11). The effective mobility is linked with electric field and thus the 

existence of m in Eq. (3.25) indicates strong temperature dependence. In saturation region of a 

disordered organic semiconductor, the current density in the neutral region is given by 
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This gives the value of K from the slope of the plot of J against V
m+2 

as TC and m are known from 

the exponential characteristics of J against V plot, using Eq. (2.18). 

Substituting m=0 in Eq. (3.26) gives the Mott-Gurney law Eq. (3.19) thus indicating that Eq. 

(3.26) is correct. At higher biases the current starts to increase more rapidly with voltage and 

Child’s law is no longer valid indicating that the mobility increases with the applied voltage. The 

mobility is seen to be dependent on the temperature. 
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Another effect to consider is the width of the space charge region compared to the neutral region. 

In forward bias, the increase in potential causes the barrier height to reduce considerably and 

hence the space charge region reduces causing the neutral region to increase. This increase in the 

neutral region is important to be considered in SCL current model for disordered organic 

materials. However to stay uncomplicated, we assume that the width of the neutral region is 

constant. The voltage rise is comparable to the exponential rise in the currents seen across the 

Schottky barrier until the current is limited by the resistance of the neutral region   .  
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where    is the thickness of the neutral region, n is equivalent to the dopant concentration    , A 

is the area and   is the mobility.  

 

Figure 3.12. Current density against bulk voltage gives a slope of 2.9 in the saturation region 

indicating the Space charge limited currents to be dominating. This is believed to be due to the 

disordered grain boundaries trapping a large amount of holes. 
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Figure 3.12 shows the logaritmic plot of the forward current density against voltage in the 

saturation region as highlighted in Fig.3.8. Assuming that there is no potential drop across the 

gold electrode, the neutral region shows either ohmic or space charge limited behaviour, as 

demonstrated by the value extracted from the slope in Fig.3.12. Here the slope is found to be 

greater than one and of the value of 2.9. This thus suggests that the space charge limited currents 

rather dominate. The grain boundaries are said to be responsible for the trapping of large amounts 

of charge as they are amorphous in nature. The concept of UML in developing the SCLC equation 

is not simply restricted to disordered materials but also applicable to polycrystalline such as TIPS-

pentacene, which consists of ordered grains and more particularly grain boundaries which are 

disordered in nature. This has been discussed in detail in Section 2.5.6. 

II. Reverse Bias  

In reverse bias, the depletion region widens restricting the path for current flow. The barrier seen 

by the carriers is due to the combined effect of the built in potential and the applied bias 

(Fig.3.9b). The field in terms of Poisson’s equation is written as 
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ND is the dopant concentration. Integrating gives Field in terms of dopant ion concentration 
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where   here is the depletion region width,     , 
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    is the built in potential,      is the applied voltage and kT/q is due to the majority carriers 

distribution tail.  kT/q <<      and     so can be ignored. Applied field is therefore 
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And the barrier height, from Section 3.2.2, described solely in terms of the applied field can be 

written as 
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Under reverse bias, the barrier at the interface changes due to the image force effect at the metal/ 

semiconductor interface (Section 3.2.2). The current density, JR in this case is given as in Eq. 

(3.36) [13], 
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where ND is the dopant concentration, Vbi is the built in potential, ε0 permittivity of free space and 

εS dielectric constant of the semiconductor.  

As the reverse bias increases, the depletion width expands towards the back ohmic contact. In 

order to determine whether the abrupt depletion region approximation is applicable, plots of the 

logarithmic of the reverse current density against the reverse voltages to V 
0.25

 at room 

temperature were obtained as in Fig.3.13. The value for ND obtained from the slope is 

approximately 4.85x10
17

cm
-3
. It is noticed that V

0.25
 varies linearly with the reverse current 
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density which implies the possibility of a uniform doping profile of acceptor ions. It is essential to 

also establish whether the abrupt depletion region approximation is valid in organics. Generally, 

the interface at the edge of the depletion and neutral regions are assumed to be abrupt. In practice 

this is not the case however the assumption is valid if the depletion region width is much larger 

than the Debye length Eq. (3.37).  

 

Figure 3.13. Log JR against V
0.25

 plot for TIPS/PAMS Schottky diode in reverse bias. The 

dopant density calculated by this method is 4.85 x 10
17

cm
-3

. 

Effective Debye length is the distance over which the charge carriers increase such that it gets 

close to the intrinsic value and the semiconductor becomes effectively neutral. It is defined as the 

length over which a charge imbalance is neutralized by the majority carriers under equilibrium 

conditions and is inversely proportional to the dopant concentration [21]. The expression for a p-

type disordered semiconductor, derived from [13], is written as Eq. (3.37) and the value is found 

to be approximately 3.9 nm [53]. 
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where   is the permittivity of free space,    is the dielectric constant of the semiconductor,   is 

the characteristic temperature of the exponential DOS and    is the dopant concentration.  

The depletion width Wdep is also estimated for TIPS-pentacene and found to be approximately 16 

times more than LDe as defined in Eq. (3.38).  
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All the above equations will be utilised further in the analysis of the experimental data in the next 

sections, and to consequently extract essential material and device parameters. 

III. Effects of Changing Device Fabrication on the Electrical Characteristics 

Schottky diodes with two different ohmic contacts i.e. Gold or Copper and Aluminium Schottky 

contact were fabricated. The effect of using different binders such as PS and PAMS with TIPS-

pentacene, and drying conditions were also explored. Figure 3.14 shows the current-voltage 

characteristics of the various diodes with different ohmic contacts, binders and drying 

temperature. The results demonstrate that the choice for the ohmic contact is essential as the on-

current and subsequently rectification ratios depend on it. This is simply because the current flow 

at high voltages is limited by the properties of the back metal-organic interface. Introduction of a 

series resistance due to an imperfect ohmic contact results in a restriction to the free flow of 

carriers. 

The theoretical work function of gold is higher than that of copper but the practical work function 

change drastically with the deposition method used. It also depends on the chemical nature of the 

resulting metal- organic interface. TIPS-pentacene, like most other organic semiconductors, is 

intrinsically p-type and therefore requires a high work function metal to make good ohmic back 

contacts with it. The LUMO band of TIPS-pentacene is far from the Fermi level of the gold, thus 

electron injection is very unlikely as there is a significant barrier between their energies. This 
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means that there is no current passing through the TIPS-pentacene layer. Nevertheless, a small 

current is observed even when care is taken during fabrication. 

The difference between pentacene and gold interface is shown in Fig.3.15 showing a clear 

deviation from the model by Mott-Schottky [58]. Interface issues can be improved by a method 

suggested by Li et al. [59] where a region in the organic material is made with low mobility and 

placed at the interface with the metal. The rest of the organic semiconductor layer is of higher 

quality.  

Figure 3.14.Current Density (J) against Voltage (V) plot of the best obtained TIPS/ 

PAMS and TIPS/ PS 1mm diameter diodes at different drying temperatures with two 

different ohmic contacts from Table 3.1(b). Gold is observed to be a better ohmic 

contact than copper, giving better rectification measured in orders of magnitude at -

10V and 10V. Table 3.2 lists the results obtained. 

Figure 3.14 shows Schottky diodes with both TIPS/ PAMS and TIPS/ PS as the active layer at 

different drying temperatures and with two different ohmic contacts.  Changing ohmic contacts 

from copper as in Fig.3.14 (c) to gold in (e) in a TIPS/PAMS diode changes the saturation 
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currents from ohmic conduction to space charge limited conduction respectively. Nevertheless, 

gold electrode provides better rectification than copper. 

From Fig.3.14, the rectification with copper as ohmic contact provides better results with PAMS 

binder in Fig.3.14 (c) than PS (d). Fig.3.14 (c) has an approximate rectification of 10
4
 whereas (d) 

has an approximate rectification of 10
3
. The rectification ratios are measured at -10V and 10V in 

forward and reverse bias respectively. The reason for the increase in rectification of Fig.3.14 (c) 

compared to (d) may be due to the effective mass of the binders (PAMS < PS). Moreover, the 

conduction mechanism in saturation is neither ohmic nor space charge as the slope found is less 

than one. Ideality factor obtained for (c) is 1.83 whereas for (d) it is 1.28, close to the ideality 

factor of ideal silicon.  

Evac

EF

1eV                   1.1eV            1.8eV

4.3eV

3.3eV

0.9eV

1.7eV

5.8eV

2.1eV

4.8eV
5.2eV

   Au       Pentacene    TIPS Pentacene   PTAA     Al

Ohmic 

Contact

Organic Semiconductors

Schottky 
Contact

0eV

5eV

LUMO

LUMO

HOMO

HOMO

HOMO

 

Figure 3.15. Energy diagram of a Schottky diode with an organic semiconductor; pentacene, 

TIPS-pentacene [54, 55] or PTAA [56, 57]. Gold forms an ohmic contact whereas aluminium 

forms a Schottky contact with the organic semiconductor. 

Experiments with TIPS-pentacene films carried out without a binder provided rough surfaces with 

a layer that was easy to peel off indicating limited adhesion between the active layer and contact. 

The measurements of such layered Schottky diodes formed short circuits. Increasing the thickness 
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of the drop cast TIPS-pentacene film still resulted in short circuits and layer flaking. Hence, to 

improve the morphology both TIPS/PAMS and TIPS/PS layers were drop cast to produce uniform 

and smooth films. The effects of change in binder in Fig.3.14 show that PAMS binder produces 

improved characteristics with high rectification than the PS binder. The values obtained for T0 and 

TC from Fig.3.14 (b) are 441K and 937K approximately. Values obtained from Fig.3.14 (a) give 

T0 and TC as 558K and 648K respectively. The MNE obtained from Eq. (3.14) for both (b) and (a) 

are 81meV and 56meV respectively. In both the cases, the value of TC found is more than the 

value of T0 indicating MNE due to disorder to be significant. m, the material dependent parameter 

therefore becomes considerable. The ideality factor found for (b) and (a) in the exponential region 

of the plot is 1.47 and 1.83 respectively.  

Moreover, TIPS-pentacene with organic semiconductor PTAA produced better morphology 

compared to PAMS and PS blends. PTAA showed best film uniformity followed by PAMS and 

PS respectively. However, improved morphology in PTAA blend did not improve the 

performance of the Schottky diode. This is because insulating materials such as PTAA introduced 

more molecular disorder and hence decreased the mobility values. 

Drying organic semiconductors films after their deposition is favourable to the device 

characteristics [60] and for this reason, TIPS/PAMS and TIPS/PS samples were dried at different 

temperatures. The drying times differed with temperature, decreasing with increasing 

temperature.  

TIPS/PAMS on gold produced similar layers at temperatures of 45  C and 70  C as in Fig.3.14 (e) 

and (a) respectively. Drying temperature of 70  C produced a better rectification current ratio of 

106 
approximately. The ideality factor obtained for Fig.3.14 (e) and (a) were 2.42 and 1.86 

respectively. The results indicate that the change in drying temperature changes the crystalline 

properties and hence morphology of the material. An efficient removal of organic solvent must 

have some dependence on the drying temperature. For the 70  C sample, as in Fig.3.14 (a), the 

parameters obtained were T0= 558K, TC= 648K, m= 1.16, effective mobility= 7.28x10
-2

 cm
2
/Vs 

and carrier concentration of 2x10
17

cm
-3

. The slope obtained in the saturation region is more than 2 

indicating that the conduction is space charge limited. The value of T0, extracted from the 

exponential region, is much lower than expected in polycrystalline materials and can be an 

indication of the distribution of carriers to be narrower than other organic semiconductors such as 

PTAA [61].  
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TIPS/PS on gold at drying temperatures of 60  C, 85  C and 100  C produced best rectification 

current ratio of around 4.5 orders of magnitude (~10
4.5

) measured at -10V and 10V (Fig.3.14). 

The ideality factor obtained from the I-V characteristics of the sample dried at 85  C was around 

1.4 which is around the inorganic semiconductor range with some added impurities. The 

corresponding parameters obtained were T0= 441K, TC= 937K, m= 2.12 and carrier concentration 

of 5 x10
18

cm
-3

. The slope obtained from the space charge region is less than unity for all TIPS/PS 

samples thus rendering the concept of space charge limited currents in saturation invalid. Ohmic 

conduction is thus responsible in saturation region. In this case, the disorder in the material must 

not be affecting the conduction. Grain boundaries are generally responsible for disorder in a 

polycrystalline material but as ohmic conduction dominates, the grains must be large enough to 

allow the flow of carriers without the boundaries affecting the charge. The drying temperature of 

85  C must then be an optimum temperature to produce better morphology of the TIPS/PS layer 

with large grain size. Such high drying temperatures are effective in such a blend due to the high 

boiling point of PS when compared to PAMS.  

Table 3.2. List of blends and the parameters obtained from their current-voltage 

characteristics in Fig.3.14. 

 (a) (b) (c) (d) (e) 

Ohmic contact Gold Gold Copper Copper Gold 

Blend TIPS/ PAMS TIPS/ PS TIPS/ PAMS TIPS/ PS TIPS/ PAMS 

Drying Temperature 
(oC) 

70 85 45 60 45 

Conduction in 
Saturation Region 

Space 
Charge 
Limited 

 
Ohmic 

 
Ohmic 

 
Ohmic 

Space 
Charge 
Limited 

Area (m2) 7.85 x 10-7 7.85 x 10-7 7.85 x 10-7 7.85 x 10-7 7.85 x 10-7 

Rectification           ~106                   ~104 ~104 ~103 ~106 

Dopant 
Concentration (cm-3) 

2 x 10 17 5 x 10 18 7.5 x 10 18 3 x 10 18 4.85 x 10 17 

T0 (K) 558 441 548 383 725 

TC (K) 648 937 662 1386 511 

Meyer Neldel Energy 
(meV) 

56 81 57 120 44 

m 1.16 2.12 1.21 3.62 0.7 

θ 0.46 0.32 0.45 0.22 0.59 

Ideality factor 1.83 1.47 1.83 1.28 2.42 
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The relationship between conductivity and doping in organic semiconductors has been under 

extensive research and debate for decades [62, 63]. Quantitative analysis of organic 

semiconductors shows that doping of organic semiconductors can increase their conductivity by 

many orders of magnitude. Molecular doping of thin organic films has been used to improve their 

photovoltaic behaviour [64, 65]. A general doping process model for organic semiconductors 

because of their weak intermolecular forces is a challenge. Therefore although doping of organic 

semiconductors is different to those in inorganic semiconductors, crystalline inorganic 

semiconductor can be used to explain the doping process in organic semiconductors [66]. The 

model based on inorganic crystalline semiconductor assumes that the increase in doping improves 

the conductivity and causes a smooth shift of the Fermi level to the valence states.  

 

Figure 3.16. The best obtained Current-Voltage (I-V) characteristics of TIPS: PTAA and TIPS: 

PAMS with different percentages of doping. Addition of extra dopant ions does not have any 

significant effect on the I-V characteristics. All devices are 1mm circular diodes except 

TIPS/PTAA which is a 2mm circular diode. Results are listed briefly in Table 3.3. 

Doping in inorganic semiconductors is easily done due to their strong covalent or covalent-ionic 

bonds [67]. Organic semiconductors, alternatively, are held together by van der Waal forces. 

Therefore only an insufficient number of free carriers are produced from the bending or breaking 

http://www.iue.tuwien.ac.at/phd/li/node49.html#gregg1
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of these low energy intermolecular bonds, or introduction of molecules such as DDQ into the 

lattice. Also, it is highly likely for the mobile charges to become trapped in the deep traps of an 

organic disordered semiconductor.  

Table 3.3. A list of various blends with addition of extrinsic dopants and their 

corresponding dopant concentrations extracted from the reverse characteristics  from 

Fig.3.16.  

 (a) (b) (c) (d) (e) 

Blend TIPS/ 
PAMS 

TIPS/ 
PTAA 

TIPS/ 
PAMS/ 

DDQ 

TIPS/ 
PAMS/ 
DDQ 

TIPS/ 
PAMS + 

DDQ 
Ratio 1:1 1:1 1:1:0.3% 1:1:0.5% Multiple 

layers 
Rectification ~106 ~105 ~105 ~104 ~106 
Area (m2) 7.85 x10-7 3.14x10-6 7.85 x10-7 7.85 x10-7 7.85 x10-7 
Dopant 
concentration(cm-3) 

7x1017 1x1015 9x1018 2x1019 8x1017 

Rectification for multiple doping levels can be found from the plot in Fig.3.16 and are listed in 

Table 3.3, measured at -10V and 10V in forward and reverse bias respectively. The best 

rectification is seen to be achieved by TIPS-pentacene with a separate drop cast layer of highly 

concentrated DDQ solution. It is likely that a separate DDQ layer improves the connection 

between TIPS-pentacene and the gold electrode. Although the rectification ratio observed in 

Fig.3.16 (e) is not as good as the ones achieved in Fig.3.16, it is better than a single layer doped 

TIPS-pentacene on a gold ohmic contact (Fig.3.16 (a)). The dopant concentrations observed from 

Fig.3.16 for (a) to (e) are approximately 7x10
17

cm
-3

, 1x10
15

cm
-3

, 9x10
18

cm
-3

, 2x10
19

cm
-3

 and 

8x10
17

cm
-3

 respectively. The dopant concentration obtained from the characteristics of (e) is not 

much different from (a) indicating that a separate DDQ layer does not help improve the charge 

carrier concentration in the device. TIPS: PTAA combination in (b) shows much lower dopant 

concentration than any other combination due to the increase in disorder in the organic layer. 

Comparison between Fig.3.16 (c) and (d) demonstrates a slight increase in dopant concentration 

due to the increase in dopant ions in the organic layer. 
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3.4 TEMPERATURE EFFECTS ON THE ELECTRICAL 

CHARACTERISTICS OF TIPS-PENTACENE SCHOTTKY DIODES  

The temperature effects on the current-voltage characteristics were studied for two polycrystalline 

organic blends, TIPS/PTAA and doped TIPS/PAMS. The fabrication of the diodes and detailed 

analysis of the characteristics are discussed below. Both the forward and the reverse regions of the 

characteristics are investigated. The exponential current region is evaluated in terms of the 

conventional diode theory and the proposed theory existent for the organic disordered 

semiconductors. For both TIPS/PTAA and doped TIPS/PAMS, the saturation region is analysed 

to follow space charge limited currents (SCLC) and thus the SCLC expression is used to find the 

effective mobility in saturation.  

Essential parameters are extracted from the electrical characteristics for the various temperature 

ranges. Limits on the validity of the theory such as the conduction mechanism, particularly at low 

temperatures are also discussed.   

3.4.1 Experimental Details  

Controlled amounts of TIPS-pentacene and binder (PTAA or PAMS/DDQ) were mixed together 

in solution so as to form the active layer, sandwiched between an Ohmic gold contact and 

Schottky aluminium contact (as in Fig.3.6). The functionalized TIPS-pentacene was drop cast to 

form the active layer as discussed in Section 3.3.1. The temperature of the substrate was kept 

higher than room temperature and at a constant level at the time of drop casting. The sample was 

covered with a glass lid to dry slowly in a solvent-rich environment to promote ordered molecular 

arrangements.   

The dc measurements were then carried out using a HP4145 analyser connected to a Keithley 

voltage source and electrometer. For the temperature measurements, the device was connected 

onto a liquid nitrogen cryostat under 0.1 mbar vacuum and the temperature was lowered from 

room temperature to 160K for TIPS/PTAA diode and to 140K for TIPS/PAMS diode. For 

experimental setup, the sample had to be connected to a holder to keep it in place in the cryostat 

which was then connected to the measurement rig.  
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3.4.2 Temperature Effects on TIPS/PTAA Schottky Diode  

Figure 3.17 shows the I-V characteristics of the TIPS/PTAA Schottky diode measured at various 

temperatures. The rectification ratios are seen to fall by orders of magnitude from 10
4
 at room 

temperature to 10
2
 at 161K (from -10V to 10V). Similar findings have also been observed in 

thermally evaporated pentacene-based thin-film transistors [68]. In order to determine the 

temperature effects on important parameters, we hereafter analyse the different regions of the 

characteristics respectively.  

 

Figure 3.17. Temperature variance on the current against voltage (I-V) 

characteristics of TIPS/PTAA, 2mm diameter Schottky diode from Table 3.1(b). 

Under reverse bias, the currents decrease possibly due to the change in barrier with the movement 

of the Fermi level downwards into lower energies with decreasing temperatures. This could 

possibly be due to the degradation of the semiconductor surface in vacuum with the reduction in 

the photo-oxidation effect. Interestingly, however, at the lowest temperatures i.e. 161K and 178K, 
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the reverse currents remain constant with increase in reverse bias. As discussed in Section 3.2, the 

reverse currents depend on two factors, the image force lowering effect and the applied field. The 

results from Fig.3.17 indicate that there is a net current which does not change with applied field. 

The field in this case is not changing rapidly at the peak of the barrier and thus the depletion 

charge is not increasing quickly. Therefore, the net current seen at lower temperatures is expected 

to be due to the applied field, staying constant throughout the voltage range measured. The 

reverse current, at lower temperatures, is therefore expected to be dependent on V
0.5

 due to the 

applied field instead of V
0.25

 assumed earlier at higher temperatures. Also, the plots are seen to be 

non-linear at lower voltages in the reverse characteristics and are supposed to be the contribution 

of a variety of current conduction mechanisms. Using Eq. (3.36), the dopant concentration is 

found to be around 1x10
17

cm
-3

 at room temperature from the plot of reverse current density 

against V
0.25 

in Fig.3.18. Such high dopant concentrations may possibly be due to the presence of 

residual ions incorporated during synthesis and/or due to photo-oxidation effects as a result of 

exposing the device in ambient conditions. 
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Figure 3.18. Logarithmic plot of the variation of JR against VR
0.25 

measured at room 

temperature. A good linear fit to ¼ power law suggests the abrupt depletion edge 

approximation to be applicable in organics. Divergence at low voltages is due to work -

function difference between the Schottky contact and semiconductor.  

Further analysis of the effect of temperature was carried out on the depletion width Wdep and the 

effective Debye length LDe. At room temperature, Wdep (Eq. (3.31)) and LDe (Eq. (3.37)) are found 

to be approximately 185nm and 11nm respectively. As LDe is only 6% of Wdep from Eq. (3.38), 

this further emphasises the validity of using the abrupt depletion approximation in organics. 

Similar ratio between the depletion width and the Debye length is observed in TIPS/PAMS 

Schottky diodes measured at room temperature in Section 3.3.2. As the temperature falls from 

room temperature, both parameters remain nearly constant until 200K as in Fig.3.19. Below this 

temperature, the values are found to increase linearly which may be due to errors in obtaining the 

slope in Fig.3.17 since the reverse currents measured at the lowest temperatures were nearly 

constant as the applied voltages increased (Fig.3.17). Nevertheless, generally an increase in LDe 



Chapter 3                                                       Analysis of Polycrystalline Organic Schottky Diodes 

 

  79                          S. Afzal  

causes the resulting field across it to be smaller and thus the carriers move at a smaller diffusion 

rate, thereby limiting the current flow in the neutral region.  

 

Figure 3.19. Logarithmic plots of the variations in the depletion region width W dep 

and effective Debye length LDe with change in temperature. Both parameters remain 

constant at approximately 185nm and 11nm respectively above 200K.  

Under forward bias in Fig.3.17, as the temperature falls, the forward current decreases and the 

threshold voltages shift towards more negative voltages, as demonstrated in Fig.3.19. This is 

thought to be possibly due to the shift in the quasi-Fermi level to lower energies as shown in 

Fig.3.20 (considering that the material is p-type). At lower energies and in the band tail, the 

Gaussian distribution is approximated to an exponential function indicating that the density of 

states increases rapidly at low energies. This behaviour can also be accounted for by the decrease 

in effective mobility with lowering temperature, as described later in the discussion. Furthermore, 

a thin layer of accumulated space charge between the Schottky metal and the active layer, at the 

interface may also be present. The movement of the threshold voltage to more negative voltages 

may be explained if the Schottky junction is considered to behave like a battery with some 
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existent charge. This existent charge is accumulated due to the sudden reversal of voltage from 

one temperature to the other as the temperature changes. Externally applied voltage is therefore 

initially used to neutralize the existent charge and get the Fermi level to equilibrium. The current 

can then flow across the diode.   

 

Figure 3.20. Threshold voltage, from the current density against voltage plot in 

Fig.3.17, is demonstrated with the variation in temperature. The plot shows an 

increase in threshold voltage with decreasing temperature most likely due to the 

accumulation of charge at the metal/semiconductor interface. 

From the exponential region, the values for the characteristic temperature of exponential 

distribution of traps and the characteristic temperature of carriers can be obtained. In the 

exponential region, the substantial fall in the exponential current as the temperature reduces (in 

Fig.3.17), leads to extremely large values of the ideality factor, rising from about 3.57 at 300K to 

15.6 at 154K. Such an increase in the ideality factor also results in larger values of T0 obtained 

from using Eq. (3.18) as with decreasing temperature and increasing energy, the energetic 

distribution of holes becomes increasingly wider. 
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Figure 3.21. The shift in quasi Fermi level to lower energies with decrease in 

temperature for a p-type semiconductor. Movement of the Fermi level has an effect on 

the charge transport in the material. The peak of the extrinsic trap distribution is 

represented by regular boxes and the filled circles represent the charge carriers .   

Having obtained T0, the values of TC were also determined using Eq. (3.17) [39]. The 

characteristic temperature of exponential distribution of traps, TC, is expected to stay constant 

whilst T0 changes due to the change in the ideality factor. Instead TC varies in a range that can be 

described as experimental errors and hence we assume that the theory fits perfectly with the 

observed trend. Furthermore, Sedghi et al. [39] provide evidence of a constant TC from the 

capacitance-voltage analysis of an organic MIS diode. Furthermore the Meyer-Neldel Energy 

(MNE), from Eq. (3.14), is found to remain within a range of 30-34 meV at temperatures above 

270K as in Fig.3.22. Below this temperature, a linear decrease in MNE is observed, which may be 

attributed to the formation of a potential barrier at the interface between the ohmic contact and the 

active layer as described further in next section.  
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Figure 3.22. Variation of the Meyer-Neldel Energy (MNE) with temperature. The 

MNE lies within a range of 30 - 34meV, associated with the distribution of the states 

at temperatures above 270K. 

In the saturation region in Fig.3.17, the current is thought to be dominated by the resistivity of the 

semiconductor bulk, which depends on the extrinsic hole concentration and the effective mobility 

µeff. We assume the current due to the extrinsic carriers contributed by the dopant states to be 

larger than that due to the intrinsic carriers. Consequently, the extrinsic concentration is obtained 

assuming every dopant in the depletion region constitutes to a free carrier in the neutral region i.e. 

ND~ p. Figure 3.23 shows the variation of the carrier concentrations with change in temperature. 

At high temperatures i.e. in the range of 200-300K, the carrier concentration is nearly constant 

with an average value of 10
17

cm
-3

.  

Below 200K, a drop in the concentration is possibly due to errors in extracting the dopant 

concentration which is associated with poor linear fits to the JR against VR
0.25

 plots (as in Fig.3.18 

at 300K). The current density might vary with VR
0.5 

instead as discussed above. However this drop 

is also likely to be due to the shift in the quasi-Fermi level of the semiconductor to lower energies 
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as the temperature falls, accordingly resulting in a potential barrier between the ohmic contact and 

the active layer.  

 
Figure 3.23. Logarithmic plot of the variation of carrier concentration with change in 

temperature. The carrier concentration is nearly constant at an average 10
17

cm-3 

above 200K. Below 200K, the assumption that the dopant concentration is similar to 

carrier concentration becomes doubtful and hence, the carrier concentration obtained 

at lower temperatures is uncertain.  

The values for the µeff were found to decrease as the temperature dropped (Fig.3.24). A decrease 

in µeff is commonly associated with the thermally activated behaviour of the carriers in disordered 

materials. The mobilities for polycrystalline pentacene TFTs however were also seen to decrease 

with temperature [68]. The inability of the Fermi level to reach the mobile trap states is due to the 

disorder-promoted trap states near the edge of the grain [69]. It is also possible that the model 

used at higher temperatures is inappropriate at lower temperatures. One reason could be the 

derivation of carrier concentration from the dopant concentration in reverse. Although the 

assumption might be true at high temperatures, however at lower temperatures the decrease in 

dopant concentration and hence carrier concentration is uncertain. At temperatures in the range 
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measured for the purpose of study, dopant concentration is highly unlikely to vary. Hence the 

value of the carrier concentration can be expected to be erroneous. 

 

Figure 3.24. The variation of effective mobilty and bulk mobility with temperature for 

TIPS/PTAA based Schottky diode. The bulk mobility is seen to increase whereas the 

effective mobility is seen to decrease with a reduction in temperature.  

Bulk mobility using Eq. (3.27), associated with the neutral region, is seen to decrease with 

decreasing temperature till a certain temperature after which it increases till about 150K as in Fig 

3.24. In contrast, Eq. (2.17) shows that the effective mobility is directly dependent on the carrier 

concentration. It can be calculated by finding K from the gradient of the plot of J against Vapp
m+2

 

in the saturation region, n from Fig.3.31 and m using Eq. (2.18).  

As the temperature lowers, the Fermi level moves closer to the HOMO level and hence deeper in 

the distribution of traps indicating an increase in the carriers available for conduction. However, 

the carriers injected at the metal electrode into various energy states have to penetrate down 

through the distribution of states until they reach quasi equilibrium. This process is difficult at 
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lower temperatures as the thermal energy of the holes is significantly reduced thus reducing the 

hopping rate. The Fermi level does not lie in the band tail of the Fermi-Dirac distribution anymore 

and therefore it is unlikely for a quasi level to exist at lower temperatures.  

 

Figure 3.25. Logarithmic Arrhenius plot of the variation of the current density, Js , 

over a temperature range for various forward biases in the saturation region. The 

activation energy (Ea) obtained from the slope is found to be nearly constant a 

different voltages at approximately 0.3eV.  

In order to further understand the transport properties and the effect of temperature on the 

transport energy, the activation energy Ea of the organic material at high temperatures is 

determined from the Arrhenius plot of current density Js against 1000/T in saturation as in 

Fig.3.25. The hopping of the carriers in an exponential DOS from EF to a single transport level is 

usually explained in terms of their activation energy, Ea [70, 71]. At room temperature, the 

activation energy extracted from the slope is found to be 27meV, which corresponds to the 

thermal energy and a temperature of around 310K. The activation energy is found to be nearly 

constant at about 0.3eV, between temperatures of 196K and 240K and also 245K to 300K, for 
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different applied voltages in saturation. The small variation in Ea suggests that the energetic 

position of the transport energy remains almost constant within the examined temperature range. 

The fact that the activation energy does not change in most of the measured range indicates that 

the concentration of carriers is about constant as well, confirmed in Fig.3.23. And that the 

movement of quasi-Fermi level towards the HOMO level does not cause a major change in the 

amount of carrier concentration.  The small change seen between 235K and 250K can be seen as a 

transition between two different conduction mechanisms with similar activation energies. These 

transport mechanisms are not totally distinguishable. 

At lower temperatures, the activation energy must be reviewed with caution as the back ohmic 

contact forms a barrier to carrier flow into the semiconductor. This is because as the Fermi level 

lowers in the semiconductor with temperature, a work function difference between the ohmic 

metal and the semiconductor is introduced.  

3.4.3 Temperature Effects on Doped TIPS/PAMS Schottky Diode  

Figure 3.26 shows the I-V characteristics of a Schottky diode with doped TIPS/PAMS as the 

active layer measured at various temperatures from 138K to room temperature (RT). Decreasing 

the temperature causes the threshold voltage to shift towards more negative voltages most likely 

due to a thin layer of accumulated space charge between the metal and the interface. At each 

measured temperature, the voltage is swept from one direction to another. With sudden reversal of 

direction, not all accumulated charge from the previous cycle is discharged instantaneously. Thus, 

a thin layer of accumulated space charge is left to remain.   

At room temperature a flat quasi-Fermi level is assumed across the thickness of the organic 

semiconductor under steady state conditions. To reach equilibrium and hence to achieve a flat 

quasi Fermi level, the injected carriers from the back metal need to penetrate through the 

distribution of localised states. Under both forward and reverse biases, a decrease in temperature 

causes the current to decline possibly due to the quasi Fermi level shifting to lower energies, as 

discussed previously and illustrated in Fig.3.21. 
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Figure 3.26. Current-Voltage (I-V) Characteristics of 0.3% DDQ doped TIPS/PAMS 

1mm diameter Schottky diode at various temperatures from Table 3.1(b). 

Interestingly the rectification ratios do not vary drastically with changes in temperature. The 

magnitude of the rectification ratio is approximately four orders of magnitude at room 

temperature, and four and half orders of magnitude at the lowest temperature of 138 K in the 

range -10 V to 10 V. These findings are in contrary to those obtained for TIPS/PTAA based 

Schottky diodes discussed previously.  At lower temperatures, the thermal energy of the carriers is 

reduced and thus it becomes harder for the carriers to penetrate to the equilibrium level. Also, the 

hopping rate is reduced and it becomes harder for the carriers to obey the Fermi Dirac distribution 

function across the thickness of the organic layer. However, in the range of 248-138K, the reverse 

current in small reverse bias, appears to be independent of temperature variation. This effect can 

be associated to the conduction at an intrinsic level. 
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Figure 3.27. Plot of reverse current density, J against V
0.25 

and V
0.5

. A linear fit it 

obtained from the plot of J-V
0.25

. 

The plot of the logarithmic reverse current density against V 
0.5

 and V 
0.25

 at 305K is shown as in 

Fig.3.27. Quarter power law applies when barrier height lowering is due to both the image charge 

and externally applied field assuming the depletion region is abrupt. However if depletion region 

approximation does not apply, half power law dominates. The slope in Fig.3.27 determines the 

value of dopant concentration, using quarter power law in Eq. (3.36), which was approximately 

2x10
17

cm
-3

 for TIPS/PAMS Schottky diode. This value is in agreement to that obtained for 

TIPS/PTAA Schottky diode at room temperature. Such high dopant concentrations are most 

probably due to photo-oxidation effects and residual dopants included during synthesis. 

The variations of the depletion region width and Debye length were further explored with change 

in temperature as in indicated in Fig.3.28. From the plot, both the depletion region width and the 

Debye length were found to increase as the temperature falls. At room temperature, LDe is 

approximately 5% of Wdep. Abrupt depletion region assumption can be applicable if the Wdep/LDe 

as in Eq.(3.15) is large, which stands true even at lower temperatures. 
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Figure 3.28. The depletion region width Wdep and the Debye length LDe plotted against 

temperature. Both parameters are seen to increase with decrease in temperature.  

Under forward bias, the increase in the current levels is due to the decrease in Schottky barrier 

height and also the temperature dependence of the Fermi Dirac statistics. The latter provides 

energy to the holes to hop and redistribute into higher energy levels. For a p-type organic 

semiconductor with disorder, assumption of an exponential DOS means that as the energy moves 

downwards, the hopping transitions will rise exponentially. Therefore, although the free hole 

concentration is essentially unaffected, the hopping transition rate may be highly affected by the 

number of localised states available at higher energies.  

In the forward characteristics of Fig.3.26, a small hump is visible at lower voltages in the 

exponential region, which is thought to be due to the oxidation of the aluminium contact. The 

current density, to explain the ideality factor, of Schottky barrier diode in exponential region can 

be given in terms of Eq. (3.18). In crystalline semiconductors, an ideal value of ideality factor is 

given by 1 (Eq. (3.16)). Thus assuming that the interface is free of extrinsic trap states and carriers 
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contributing to the current come from the energy range with width of ~kT. In the range 180-305K 

from the plot in Fig.3.29, the ideality factor of TIPS/PAMS blend increases between 3 and 5. 

Below 180K, the ideality factor gradually increases above 5. The value of ideality factor obtained 

at 138K is almost twice that of the ideality factor obtained at room temperature.  

 

Figure 3.29. The change in ideality factor with temperature. Ideality factor increases 

slowly till about 180K in the range of 3 to 5. After 180K, ideality factor increases 

rapidly. 

The change in ideality factor is indicative of the interface between the metal and the organic 

semiconductor changing with temperature. The interface at lower temperatures cannot be assumed 

to be free of extrinsic trapping states or other non-ideal behaviours. Although the value of ideality 

factor increase, T0 is seen to decrease with decrease in temperature indicating that the Fermi Dirac 

statistics which governs the carrier distribution falls more sharply with a decrease in energy. T0 

obtained at room temperature is approximately 1250K and is less than the one obtained for 

TIPS/PTAA at room temperature (~1700K). kT0 also decreases showing that the width of the 

energetic distribution of holes becomes narrower with decrease in temperature. The decrease in 



Chapter 3                                                       Analysis of Polycrystalline Organic Schottky Diodes 

 

  91                          S. Afzal  

the width of the energetic distribution of carriers at lower temperatures increases the possibility of 

holes crossing over at other potential barriers thus the assumption of ignoring carrier taking any 

alternate routes for conduction may not be wise. This limits the applicability of Eq. (3.18) at 

lower temperatures. 

 

Figure 3.30. Meyer Neldel Energy (MNE) plotted against temperature associated with 

the disorder in the organic film.  

As the temperature decreases, TC falls and so does MN energy [72] (Fig.3.30). Hence, there must 

be a relationship between absolute temperature and the energetic distribution of DOS. In organic 

semiconductors, justification of the MN effect for the charge carrier mobility and the physical 

meaning of MNE are still heavily under debate. Even though numerous theoretical efforts based 

on a polaron model have been recommended to rationalize the MNR in different systems [73]. 

A significant assumption made by the suggested theory is that the MNE in disordered organic 

semiconductors is directly related to the width of the Gaussian DOS, thus providing a technique 

for evaluation of the degree of energetic disorder in the material. Furthermore, it is said that the 
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MNR effect for the temperature dependences of the charge carrier mobility is due to changing the 

carrier concentration and not because of change in the width of the DOS [74]. MNE obtained 

from Fig.3.30 at room temperature and the lowest temperature measured (138K) is approximately 

35meV and 14meV respectively. Conversely, MNE obtained from TIPS/PTAA Schottky diodes 

at room temperature and 154K is approximately 31.5meV and 14meV respectively. The 

difference in MNE between doped TIPS/PAMS and TIPS/PTAA is thought to depend on 

energetic disorder in the individual blends. At room temperature, TC acquired from Fig.3.30 using 

Eq. (3.14) and p from Fig.3.31 is roughly 400K and 2x10
17

cm
-3

 respectively. At 138K, TC and p 

are approximated to 159K and 5x10
14

cm
-3 

respectively. This is confirmed with the increase in 

Debye length seen in Fig.3.28 when the temperature is decreased. Debye length at 138K from 

Fig.3.28 is nearly 0.6nm. 

 

Figure 3.31. Carrier concentration against temperature. Carrier concentration 

decreases almost linearly with decrease in temperature.  

The plot of carrier concentration and temperature is given in Fig.3.31. Intrinsic hole concentration 

is more than dopant concentration at higher temperatures for carrier conduction whereas the 
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opposite is true at lower temperatures. The material acts as an intrinsic semiconductor at higher 

temperatures as the quasi Fermi level moves to be closer to the intrinsic energy level. At lower 

temperatures, the intrinsic carriers are considered negligible.  

 

Figure 3.32. Plot of bulk mobility against temperature shows that bulk mobility is 

higher at lower temperatures. Inset is the plot of effective mobility with temperature. 

Effective mobility is seen to decrease with decrease in temperature as it is dependent 

on the carrier concentration. 

In organic semiconductors, the effective mobility is directly dependent on the carrier 

concentration as demonstrated in Eq. (2.17). K is obtained from the gradient of the plot of J 

against Vapp
m+2

 in the saturation region, n is obtained from Fig.3.31 and m is obtained using Eq. 

(2.18). Therefore, μeff at room temperature is approximately 10
-2

cm
2
V

-1
s

-1 
for doped TIPS/PAMS 

blend as compared to about 5x10
-3

cm
2
V

-1
s

-1 
for TIPS/PTAA from Section 3.4.2. The fall in carrier 

concentration with temperature causes the effective mobility to fall as well (Fig.3.32). The 

transport energy is greatly dependent on the carrier concentration and thus as the temperature 
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decreases, the transport energy might see a shift to lower energies. Transport energy, in organic 

semiconductors, is defined as a hypothetical energy level after which the carriers can jump 

between localised states as the states are closer together. The concept of transport energy is 

supported by the experimentally obtained T0 values from the exponential region suggesting that 

most of the carriers following the current come from an energy kT0 ≈4kT.  

Only a fraction of the exponential DOS distribution is occupied by charge carriers. Hence, the 

carriers hopping from the Fermi level govern charge transport. This can be confirmed by an 

Arrhenius-type plot of ln µ against 1000/T where the temperature dependence of mobility [75, 76] 

can be obtained. The plot provides the activation energy dependent on the carrier concentration 

giving the temperature independent position of the Fermi level position with respect to the centre 

of the DOS. At lower carrier concentrations, a non-Arrhenius type temperature dependence is 

expected from the plot of ln µ against 1000/T
2
. The charge transport in such a case is 

predominantly due to the hopping mechanism followed by the carriers to hop from a temperature 

dependent equilibrium DOS distribution [77, 78]. 

 

Figure 3.33. Arrhenius plot of effective mobility against 1000/T gives a straight line. 

The slope provides an estimate of the transport energy.  
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Figure 3.33 demonstrates an Arrhenius plot of ln µ against 1000/T providing the transport energy 

from the slope. An increase in the transport energy Etr is partially compensated by an increase in 

the prefactor so that the thermally activated effective mobility as in TIPS-pentacene 

semiconductor can be explained by  

 
             

   
  

  
3.39 

where    is the prefactor and Etr is the transport energy in a disordered grain boundary. The 

effective mobility is demonstrated experimentally by the use of Eq. (2.17). The prefactor    is 

associated with parameters associated with crystalline solids and can be avoided by plotting log 

     against log of carrier concentration (Fig.3.34).  

 

Figure 3.34. Effective mobility plotted against carrier concentration gives a straight 

line with both effective mobility and carrier concentration decreasing with decrease in 

temperature. The slope provides the value for m, a material and disorder dependent 

parameter.  
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MNE changes with disorder and is dependent on exponential DOS. The plot of effective mobility 

and carrier concentration gives a straight line whose intercept is m, a material dependent 

dimensionless parameter. The value of m in turn provides the ratio of TC/T, a temperature 

dependent ratio. The values of TC decreases as the temperature decreases. Figure 3.34 presents an 

agreement with the obtained ratio of exponential DOS to absolute temperature. It also indicates 

that the ratio of total injected carrier density to the free injected carrier concentration (defined in 

Appendix B) is constant for all temperatures in saturation region. TC obtained from Fig.3.34 is 

approximately 320K. This is much less than expected and can be because both the effective 

mobility and carrier concentration are obtained experimentally with changing temperature. 

 

Figure 3.35. Arrhenius plot of saturation current density against 1000/T provides the 

activation energy from the slope. In the range 138 to about 210K, the activation 

energy Ea is 31meV. Above 210K to room temperature, Ea is approximately doubled.  

Plotting the Arrhenius plot of current density, J or conductivity, σ against 1000/T in saturation for 

different applied bias is another way to obtain the activation energies in the forward region. 
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Figure 3.35 shows two obtained activation energies. At high temperatures from about 210-305K, 

the obtained Ea is around 63meV whereas below 210K the activation energy is halved. Ea~0.3eV 

obtained from J against 1000/T plot of TIPS/PTAA Schottky diode is higher in the temperature 

range analysed. 

Another method to obtain activation energy is shown by plotting the Arrhenius plot of 

conductivity against 1000/T (Fig.3.36). Conductivity is obtained by measuring the deviation of 

the voltage from exponential into the saturation regime in forward bias. The conductivity is given 

by   

 
   

     
   

 
3.40 

where J is the current density,      is the thickness of the organic layer, q is the electronic charge 

and    is the deviation in potential in the neutral region.  

 
           

  
  
  

        
  
  

 

3.41 

 

3.42 

where    is the prefactor obtained from the experimental results. Ea obtained from conductivity 

against 1000/T plot in Fig.3.36 is 69meV in a high temperature range of around 305-200K and is 

32meV below 200K. These values are in agreement with the activation energies obtained by J-

1000/T plot in Fig.3.35 for the same range of temperatures. At lower temperatures, the 

temperature dependence of the interface between back ohmic metal and the organic 

semiconductor becomes important. This is because at much lower temperatures the ohmic contact 

may not longer be ohmic but a barrier to current flow may possibly form. The transport energy 

obtained from the Arrhenius plot of effective mobility against 1000/T gives a higher value of 

(~77.9meV) for the range 138-305K.  

The two different activation energies obtained within the temperature range measured is thought 

to be due to two different conduction mechanisms present in the system. These activation energies 

are thought to be associated with Meyer Neldel energy and hence the distribution of states. A 
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model based on the statistical shift of EF for inorganic materials is considered in terms of organic 

materials. This is dependent on the movement of the Fermi level with respect to the HOMO level 

with the change in temperature. The gap between the Fermi level EF and the HOMO level EHOMO 

increases with the increase in temperature and the rate of change of EF is dependent on the 

gradient for the density of states. Two activation energies must then be due the dc conductivity in 

the extended extrinsic states. These extrinsic states also follow an exponential distribution and 

vary by Arrhenius dependence [79].  

 

Figure 3.36. The variation of conductivity in the neutral region against 1000/T. 

Similar activation energy of 32meV is obtained in the range 137 to about 210K.  

Above 210K to room temperature, E a is approximately doubled. 

The temperature dependence of conductivity is very interesting as it provides similar results with 

the bulk limited currents. The change in activation energy is from ~69meV at higher temperature 

to ~32meV at lower temperatures corresponding to the 730K and 371K respectively. This 

transition is said to be because of the existence of two different temperature regions where two 

different transport mechanisms dominate individually.  These are separated at around 200K due to 
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the charge transfer between two distributions with different occupancies and can coexist in the 

same device. The lower section of the temperature range in both Fig.3.35 and Fig.3.36 is 

indicative of one mechanism whereas the upper section is indicative of another transport 

mechanism. The existence and the dominance of these mechanisms are dependent on the structure 

of the sample and the temperature range being measured.  

The high value of activation energy, corresponding to the characteristic temperature of 730K, 

observed is thought to be from the activated hopping in the band tail of the intrinsic distribution 

thus is consistent with the model proposed on the statistical shift. The lower value of activation 

energy is due to extended state transport as the Fermi level moves into lower energies with lower 

temperature and 371K is the characteristic temperature relating to ~32meV. 

3.5 CAPACITANCE-VOLTAGE (C-V) CHARACTERISTICS OF TIPS-

PENTACENE SCHOTTKY DIODE  

Capacitance-Voltage (C-V) measurements are considered to be one of the most essential electrical 

measurements for devices. For organic Schottky diodes, they can be used to evaluate important 

device characteristics such as the impurity concentration [13, 82], interface, bulk and surface state 

characteristics [83-86]. A changing dc voltage and a constant small signal ac voltage is applied to 

the Schottky diode and can be defined in terms of both real and imaginary parts from the resulting 

admittance (as analysed in detail in chapter 5). The capacitance is taken to be the imaginary part 

whereas the conductance is considered as the real component.   

The device can be illustrated as a small signal equivalent circuit model consisting of a capacitor 

and in parallel with a resistor, and the combined RC in series with a contact resistor.  If deep 

trapping and series resistance effects are neglected, the equivalent circuit is just made up of a 

capacitor due to space charge in the organic semiconductor and the resistance due to residual 

conductance of the diode.  

Figure 3.37 shows the C-V plot of a doped polycrystalline organic Schottky diode. The diode 

consists of a semiconducting layer of TIPS-pentacene doped with 0.5% of DDQ on top of 

evaporated gold. The depletion capacitance steadily increases with the application of a small 

reverse bias and is associated with the depletion region.  
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Figure 3.37. Capacitance Voltage characteristics of a 2mm diameter Schottky diode 

with active layer, TIPS doped with 0.5% of DDQ. The sample was dried on a hot plate 

before leaving it overnight in air. The small signal ac voltage applied is kept constant 

at 5mV whilst the dc voltage is varied. 

Assuming that the Schottky diode is ideal with no interface layer, the slope of the inverse squared 

capacitance 1/C
2
 against voltage in depletion region provides information on the dopant (acceptor 

ion) concentration (Fig.3.38) [87] given by the term 

     
  

       
 

  

       
 3.45 

where ND is the dopant concentration, A is the area of the Schottky diode,    is the dielectric 

constant of the semiconductor, q is the electronic charge and    is the permittivity of free space.  
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Figure 3.38. Plot of the inverse square capacitance against voltage at a frequency of 

500 Hz and oscillating voltage of 5mV. 

The dopant concentration ND extracted at frequencies of 500Hz, 1kHz and 2kHz were 

approximately 7.6 x 10
16 

cm
-3

, 5.2 x 10
14 

cm
-3

 and 2.98 x 10
14

cm
-3
  respectively. The dopant 

concentrations obtained from such C-V measurements were lower than those extracted from 

current-voltage measurement of approximately 10
17

cm
-3 

room temperature for both TIPS/PTAA 

and doped TIPS/PAMS blend. With C-V measurements, the dopant concentration is seen to 

decrease with increase frequency for the doped TIPS Schottky diode as in Fig.3.38. This is 

thought to be due to the low mobility of holes, which are unable to respond to the signal at higher 

frequencies. At such frequencies, the holes are only able to follow the dc signal which in turn 

decreases the contribution to capacitance. This means that the doping concentration obtained at 

the lowest measured frequency gives the best true estimation. 

The built in potential Vbi observed from the intercept of 1/C
2
 against the applied voltage in 

Fig.3.38 varies with changes in the ac frequency. The high Vbi obtained maybe due to an interface 

layer formed between the metal and the organic layer.  
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3.7 DISCUSSION AND CONCLUSION 

Detailed analysis of organic TIPS-pentacene based Schottky diodes is presented in this chapter. 

The rectification ratios achieved by using TIPS-pentacene produced better results than P3HT and 

PTAA [78, 81] indicating that TIPS-pentacene can be used in rectification circuits such as RFID 

tags. Various blends of TIPS-pentacene with organic materials are used to produce Schottky 

diodes. The use of TIPS solution alone as the active layer produced rough morphology and had 

poor adhesion with the gold electrode. Insulating organic binders such PAMS and PS with TIPS 

produced better morphology and improved connections with the ohmic contact.  

Deposition of the drop cast layer on the ohmic contact is carried out on various temperatures. It is 

thought that varying the deposition temperature and drying in a solvent rich environment gives 

different nucleation rates and hence varied morphology. From the experimentation carried out, a 

lower temperature drying step help in the formation of larger grain sizes and introduces less 

disorder. It defines the intrinsic DOS and hence the width of the DOS. The width of the DOS is 

said to correspond to MNE and is believed to stay constant in the experiments involving the 

variation in temperature using a cryostat. This has been discussed in the text following Section 

3.4. A number of chemical treatments are tried before and after the vacuum evaporation of the 

ohmic contact. Oxygen plasma treatment provides good adhesion. Treatment using PFBT did not 

provide any significant changes in the device structure and is not used in the fabrication of 

Schottky diodes. Addition of extrinsic dopants in the material such as DDQ did not have a major 

change in the current voltage characteristics and the dopant ions.  

A new term for the SCLC in the saturation region of the forward characteristics is used in 

conjunction with UML to provide the dependence of current density on applied voltage. In 

reverse bias, the Schottky theory is used to find the dopant concentration. ln JR against V
0.25 

gives 

good fits at room temperature. However, decreasing the temperature provides only a rough value 

for the dopant concentration. Therefore it is necessary to consider the exponential distribution of 

states with the Schottky theory.   

A new blend using disordered organic semiconductor, PTAA, is also tested as a binder in 

combination with TIPS-pentacene and provided a good compromise between better morphology, 

adhesion quality and enhanced conductivity. The blend is believed to introduce molecular 

disorder in the layer. The fact that the active layer is made up of two organic semiconductors 
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instead of one semiconductor and one insulator means that the properties of the resulting layer are 

changed. It is believed that addition of a disordered material with the polycrystalline 

semiconductor increases the disorder in the system, making the disordered properties more 

dominant. Therefore, the effects of temperature on the electrical parameters of the polycrystalline 

TIPS-based Schottky diodes are investigated. Two TIPS-pentacene blends i.e. TIPS/PTAA and 

0.3% doped TIPS/PAMS are examined in detail for comparison. Such studies are essential in 

understanding the conduction processes of the organic device particularly in terms of trapping 

effects, which is useful in the development of device models for organic circuitry.  

Several parameters such as dopant and carrier concentrations (ND/p), effective mobility (µeff), 

depletion width (Wdep), effective Debye length (LDe) and the characteristic temperature of the 

carriers (To) are extracted from the current-voltage characteristics of the diode. At room 

temperature, their respective values are found to be approximately 5.7x10
16 

cm
-3

, 1.8x10
-2 

cm
2
/Vs, 

185nm, 11nm and 780K for the TIPS/PTAA diode. As the temperature is lowered from room 

temperature for TIPS/PTAA based Schottky diode, most parameters are found to remain constant 

until a critical temperature. Below this temperature, the depletion region width and effective 

Debye length are found to increase. This is probably due to the error in the fits to the JR against 

VR
0.25

 plots at lower temperature. In contrast the carrier mobilities, carrier concentrations and 

MNE are found to decrease possibly due to the shift in the quasi Fermi level to lower energies, 

resulting in a potential barrier at the ohmic/semiconductor interface. At low temperatures, the 

thermal energies of the carriers are also reduced resulting in reduced mobility. The ideality factor 

and T0 are found to increase with decrease in temperature which is probably due to the energetic 

distribution of holes becoming wider with increasing energy. Finally, the activation energy of 

TIPS is found to remain constant at various saturation voltages within a temperature range of 

196K to 240K and 240K to 300K. This suggests that the transport level is independent of 

temperature and practically constant at energy of 0.3eV.  

Doped TIPS/PAMS based Schottky diode is also analysed in depth. Lowering of temperature 

caused most of the parameters to change immediately below room temperature, unlike 

TIPS/PTAA diode.  The carrier mobilities, carrier concentrations and MNE are found to decrease 

with decrease in temperature. Ideality factor and bulk mobility is seen to increase with decrease in 

temperature. For organic disordered materials with exponential DOS, the ideality factor is 

assumed in the range 3-5. Thus a rise in ideality factor above 5 at a much smaller temperature 
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range identifies the increase in extrinsic trapping states or other non-ideal behaviours. In 

conclusion, the activation energy of doped TIPS/PAMS is also found. The activation energy is 

extracted from the slope of the Arrhenius plot of effective mobility against 1000/T and is 

approximately 80meV. Activation energy is found from the saturation region, Js in forward bias at 

various different applied biases and confirmed by the conductivity plots. The Arrhenius plots of ln 

Js against 1000/T and conductivity against 1000/T provide two approximate activation energies in 

two temperature ranges. From 138-210K, the extracted activation energy is around 30meV. 

Above 210K to room temperature, the extracted activation energy is approximately 66meV. This 

suggests two different results. From the plot of effective mobility against 1000/T plot, the 

transport energy level is independent of temperature as it is seen to be constant. From Arrhenius 

plots of conductivity and saturation currents, the transport energy level is seen to be dependent on 

temperature range. 

In the model considered in this thesis, the current in the exponential DOS in the grain boundaries 

may be represented by a single hypothetical transport energy with an abrupt edge, just like the 

crystalline solids (or the adjacent grains). Transport energy in disordered materials is likely due to 

the exponential distribution of carriers strongly following the Fermi Dirac probability. In Schottky 

diodes, the minimum energy over which the hopping of carriers produces any current is defined as 

the transport energy. The existence of activation energy in both the blends indicates that the 

theory of transport energy defining the mobility edge stands strong in polycrystalline materials. 

The activation energy observed in TIPS/PTAA is larger than the activation energies obtained for 

TIPS/ PAMS. Higher activation energy is a property of disordered materials and may be because 

of the dominion of PTAA in TIPS/PTAA blend (Section 3.4.2). Regio-irregular P3HT is known 

to show the activation energy of 0.35eV [88]. PTAA, on the other hand, have shown activation 

energy of 0.6eV from experiments carried out by Mathijssen et al. on OFETs using PTAA as the 

organic semiconductor [89]. Depending on the fabrication processes, the activation energy of 

around 60-170meV is observed for TIPS-pentacene based OFETs from previous experiments 

carried out by Park et al. [90]. Therefore, the two activation energies obtained in TIPS/PAMS 

blend (Section 3.4.3) may be an evidence of both intrinsic and extrinsic DOS with two different 

transport energy levels. As this sample is doped, the extrinsic DOS may be owing to the DDQ 

dopant ions. More experimental and analytical work is required to fully comprehend this 

speculation.  
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In the approach employed, it is established that the UML applies without considering the 

conduction mechanism- variable range hopping. The effective mobility is thus found using the 

mobility prefactor and the carrier concentration. The mobility prefactor is obtained from the 

saturation region of the Schottky diode where SCL currents are expected to dominate. In this 

thesis, the effective mobilities obtained from the current voltage characteristics are in the order of 

10
-2

 cm
2
V

-1
s

-1
. However, mobilities obtained in existing experiments on OTFTs made with 

pentacene are in the orders of 10
1
 cm

2
V

-1
s

-1
. The magnitude of mobilities obtained in TFTs is 

assumed to be two orders of magnitude higher that the mobilities obtained in Schottky diodes 

because of the field-effect. Furthermore, the ratio between the free and the trapped carriers is also 

obtained. From our results, the effective mobility is seen to decrease with decreasing temperature. 

This is owing to the disordered grain boundaries in the polycrystalline material. The results are a 

proof that the polycrystalline material can be modelled in terms of grains and grain boundaries. 

Small signal capacitance-voltage measurements are conducted at a few different frequencies. The 

dopant concentration is found from the slope of the depletion region from the plot of 1/C
2
 against 

voltage. At frequencies of 500Hz, 1kHz and 2kHz, the dopant concentration is 7.6 x 10
16 

cm
-3

, 5.2 

x 10
14 

cm
-3

 and 2.98 x 10
14

cm
-3

 respectively. These are much lower than the dopant concentration 

obtained from the IV characteristics in previous experiments. It is seen that dopant concentration 

decreases with increasing frequency for a polycrystalline Schottky diode as it is harder for the 

carriers to follow the ac signal.   
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CHAPTER 4- TWO DIMENSIONAL MODEL FOR 

ORGANIC POLYCRYSTALLINE SEMICONDUCTOR 

MATERIALS 

A two-dimensional model for polycrystalline organic semiconductor is proposed. Firstly, a lateral 

representation of a polycrystalline material is considered including a number of grains and grain 

boundaries in thermal equilibrium. Application of a bias causes drift and diffusion mechanisms to 

contribute to current flow. Furthermore, a vertical representation for a thin organic layer based 

Schottky diode is developed. In thermal equilibrium, detailed analysis is conducted to find two 

boundary conditions; at the edge of the grains and in the grain. Conduction under forward bias is 

eventually considered assuming an exponential approximate to the Gaussian distribution for the 

DOS. Finally, Laplace DOS is proposed as a better alternative to the Gaussian DOS.  
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4.1 CHARGE TRANSPORT IN POLYCRYSTALLINE ORGANIC 

MATERIALS  

Pentacene and its derivatives are p-type polycrystalline semiconductors consisting of ordered 

grains and narrow disordered grain boundaries, as discussed briefly in the previous chapters. In 

order to comprehend the conduction behaviour in the two distinct regions, the grains and grain 

boundaries are considered separately. A two dimensional deliberation is significant in organic 

devices, particularly with the need to scale down channel lengths and increase grain lengths. 

Development of lateral and vertical conduction in a polycrystalline material is investigated. In this 

chapter, detailed analysis of the potential variation in the grains and the grain boundaries is 

provided. Two boundary conditions are developed in order to define the shape in grain and grain 

boundary due to the field; at the edge of the grain in the z- direction and in the grain in the x-

direction, as illustrated in Fig. 4.1.  

Vertical Representation in z-direction

Lateral Representation in x-direction

GB        G

Schottky Metal

Polycrystalline 

Semiconductor

Ohmic Metal
a

z

V

 

Figure 4.1. Schematics of a Schottky diode considering a thin organic polycrystalline 

layer sandwiched between an ohmic metal and a Schottky metal. A minimum number 

of grains and grain boundaries are assumed in the vertical direction. G and GB is 

representative of the grain and the grain boundary respectively , a is the distance 

between two grain boundaries and z is the thickness of the organic layer. The width of 

GB << G and is drawn wide for demonstration purposes only. x- and z- directions are 

illustrated above.  

Lateral conduction in the case of a polycrystalline transistor, takes place across the channel length 

between the source and drain contacts, and at the interface between the dielectric and the organic 

layer. Upon application of an external bias, the conduction within the organic layer occurs 
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through movement of the carriers between the various aligned grains and grain boundaries present 

in the channel. This conduction is consequently dominated by either diffusion, drift or a 

combination of these mechanisms.  

For the vertical conduction as in the Schottky diode, the carriers flow within the width of the 

active layer, from the bottom electrode to top or vice versa. For simplicity, we also assume that 

the Schottky diode comprise of a thin layer of organic semiconductor sandwiched in between the 

ohmic and Schottky metal (Fig.4.1). In such case, the grains and grain boundaries are parallel to 

the charge conduction. Consequently the vertical conduction is assumed to be across one layer of 

grain separated by grain boundaries (in z-direction), whilst the lateral conduction occurs across 

several grain and grain boundaries (in x direction). Grain size is important in vertical charge 

conduction analysis. In a Schottky diode, providing the grain size is large, the proposed vertical 

representation of a single layer of grains and grain boundaries is applicable. In printing processes, 

an OTFT has channel lengths of approximately 20μm whereas in organic diodes the thickness of 

the organic layer does not matter as long as the crystalline grain area is large. Subsequently, the 

approximation of a single layer of grains/grain boundaries across the thickness of the 

semiconducting layer is valid. However, this is an ideal scenario.  

The model developed for a Schottky diode loosely fits for any polycrystalline based device having 

vertical conduction such as a MOS capacitor. An addition of an oxide layer between the Schottky 

metal (gate electrode) and the organic layer gives the structure of a MOS capacitor. However, the 

built in potential seen at the semiconductor/oxide interface is different than a semiconductor/metal 

interface. Without the application of an external bias, a vertical representation of the thin 

polycrystalline film is initially considered. In this chapter, an n-type organic semiconductor is 

assumed for the analysis.  

4.2 CHARGE TRANSPORT IN LATERAL PATH 

A model to analyse current flow in polycrystalline semiconductors has been proposed by 

Eccleston [1]. This is essentially the basis of polycrystalline theory discussed and illustrated in 

Fig.4.2. For the grain and grain boundary to be in equilibrium, the material is required to have the 

same ionisation potential. The transport level, in disordered material is defined as a subjective 

energy level, able of supporting a comparable current to that of an exponential density of states 
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under thermal equilibrium conditions. In such a case, the ET and transport level at the adjacent 

edges of the grain and grain boundary are continuous. The inclusion of a transport level limits the 

model to small carrier concentrations. The concentration of electrons at the edge of the grains is 

dependent on the position of the Fermi level. The extent of the dip of the transport level in the 

grain is dependent on the size of the grain and the Debye length. For a grain reaching its intrinsic 

concentration at its centre, the Debye length can be defined as the distance over which the 

electron concentration increases to the intrinsic value such that the semiconductor becomes 

effectively neutral. The Debye length defined in the x-axis for the grains    , is dependent on the 

potential at the grain edge, is defined as in Eq.(4.1) [2]  

n(x)

n1 n2

GB1 GB2

-a/2       a/2

0

LD

EF

GB1 GB2

0

EFET 

if GB1 was not present

Resultant ET level

ET 

if GB2 was not present

(a)

(b)
 

Figure 4.2. A flat quasi Fermi level is assumed indicating that the carriers in the 

grain are at thermal equilibrium without the application of a voltage. (a) The 

variation of transport energy, ET, level with and without the presence of a second 

grain boundary in the x-direction. (b) The transport level reaches maximum n(x) at 

the centre of the grain. Debye Length, LD, is taken from the centre of the grain. The 

carriers in the grain are considered to be in thermal equilibrium.  
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4.1 

where   is the carrier density at the centre of the grain, T is the absolute temperature,    is the 

permittivity of free space and    is the dielectric constant in the grains.  

Figure 4.2a shows dotted curves extending from each grain boundary corresponding to a single 

crystal at infinity. In the case of the existence of grain boundary, an ET level is formed for a semi- 

infinite grain as shown in the Fig.4.2b. The grain boundaries are assumed to be columnar and are 

much smaller than the grains. Also, the potential drop in the grain boundaries is taken to be 

negligible. Fig.4.2 shows that the grain boundaries are exaggerated in comparison to the grains 

and that the grain size is assumed to be equal to a. However, large potential barriers exist at the 

grain boundaries. 

-a

EF

transport level a

g rain  boundary

ET

q

 

Figure 4.3. The Quasi-Diffusion Model for Polycrystalline organic material. The 

Fermi level is seen to change between neighbouring grains relative to the grain 

transport level, ET.  

The carrier conduction is dependent on mechanisms such a drift and diffusion. The quasi-

diffusion model is presented in Fig.4.3. When low voltages are applied, there is no net potential 

drop between adjacent boundaries. However, there is a change in energy difference between the 

ET level maximum and the Fermi levels between adjacent boundaries. The increase in distance 

between the ET level maximum and the Fermi level at the grain centre corresponds to a decrease 
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in electron density. The gradient formed by such a mechanism is similar to classic diffusion 

without the linear variation with distance in this case.  

a

E F

tran spo rt lev e l

ET

q

n(x-a)     n(x)   n(x+a)

grain  boundary

 

Figure 4.4. Quasi- drift model proposed for an organic polycrystalline material. The potential 

barrier at the grain boundary is gradually lowered. However, the electron concentration at the 

grain centres remains the same relative to the Fermi level. 

Increasing the applied voltage will cause a net potential drop between adjacent grains. This does 

not have an effect on the Fermi level as it remains constant with respect to the ET level maximum. 

This phenomenon is shown in Fig.4.4 and referred to as the quasi-drift since charge transfer 

occurs across a series of grain boundaries. An external field causes the potential barrier at the 

boundary to be lowered but the carrier density at the grain centres n(x-a), n(x) and n(x+a) remains 

constant. When both the quasi-drift and quasi-diffusion mechanisms contribute towards the 

current flow, the energy diagram looks like Fig.4.5.  

The electric field Fxmean is obtained by dividing the voltage falling across the material by the 

thickness of the film. At each grain boundary, the potential barrier to the flow of carriers is 

therefore assumed to be reduced by aFxmean. 
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a

E F

transport level

g rain  boundary

ETq

n(x- a)     n(x)   n(x+ a)

X1

X2
X3

X4

 

Figure 4.5. Flux seen at the boundary due to both quasi - drift and quasi- diffusion. 

X1, X2, X3 and X4 represent the position and direction of the carrier flux across the 

grain boundaries. 

The flux of carriers across a certain grain boundary is thought to be proportional to the carrier 

density in the grain adjacent to the grain boundary/grain interface. The flux X at x is therefore 

written as [1] 

 
                

  

  
      

        

  
 

     
  

  
    

  

  
      

        

  
    

4.2 

where v is the frequency of electrons crossing the grain boundary, n(x) is the density of carriers at 

the grain centre,   is the potential barrier at the grain boundary relative to the centre of the grain 

in the absence of an applied field.  

At a small electric field or for bigger grain sizes,              , X(x) in Eq. (4.2) can be 

simplified to  
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4.3 

where    
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 . D is defined as the quasi-diffusion coefficient 

whereas   is the quasi-mobility of the carriers. The two terms defined in Eq. (4.3) can be regarded 

as diffusion and drift flux components respectively. The simplified X(x) indicates that although 

the flux at the grain centre is controlled by the potential barriers at the grain boundaries, the 

carrier conduction at the grain centre resembles that of inorganic crystalline materials.  

Observation signifies that the quasi-diffusion coefficient, D, provides the Einstein’s relationship 

as in Eq. (4.4) (Appendix C) [1, 2]. This is noteworthy as it indicates the use of concepts quasi-

diffusion and quasi-drift for carrier conduction in the grains.  

    
   

   4.4 

However, as both these conduction mechanisms are defined by the disordered grain boundaries 

there is an exponential dependence on the potential barrier. As the diffusion coefficient is 

dependent on the carrier concentration, the flux X(x) is approximately proportional to the gradient 

of the Fermi level. The increase in Fermi level gradient is observed with a decrease in the carrier 

concentration at the grain boundary contributing to the effective barrier lowering at the grain 

edge.  

At a particular current level, under steady state conditions, there will be a small slope developed in 

the Fermi level or the carrier density would vary considerably (Appendix C) [1, 2]. Eq. (4.4) 

defines the single most important relationship used to understand the quasi Fermi level 

approximation in semiconductor devices under steady state conditions [2]. As the grain boundaries 

are small and the change in Fermi level gradient is smaller, the total effect is considered 

insignificant. In our analysis to follow, the Fermi level gradient is ignored and a flat quasi-Fermi 

level is considered throughout the grains and grain boundaries.  
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4.3 POTENTIAL VARIATION IN GRAINS AND GRAIN BOUNDARIES  

Polycrystalline inorganic materials, such as silicon, give much lower mobility values than single 

crystal semiconductors. However, these mobility values are much greater than 

disordered/amorphous silicon. The extension of the existent polycrystalline theory is fundamental 

because polycrystalline organic materials such as pentacene and its derivatives are said to produce 

higher mobility values than the disordered organic materials [3]. Experimental results on 

disordered organic materials have shown mobility values of close to about 0.1cm
2
V

-1
s

-1
 [4, 5]. 

However, in the future, mobility value of more than 1cm
2
V

-1
s

-1
 is the target value in order to 

produce commercially viable circuits at 1µm minimum feature size [6]. A number of techniques 

are already being used to improve the feature size for the purpose of circuitry [7, 8]. Various 

researches, together with ongoing studies at Liverpool, are dedicated to unveil the potential of 

these polycrystalline organic materials despite their poor morphologies and other related 

difficulties [9-12].  

Another reason for the extension of the polycrystalline model is for the purpose of computational 

modelling. Eventually, the models created for polycrystalline organic semiconductors in terms of 

the variation in potential in the grain and grain boundaries would provide a fundamental two 

dimension basis, not only for conduction in the vertical direction but also extend in the lateral 

direction. This could then be used as a building block to model conduction of a number of organic 

devices. The need to expand the dc theoretical models stems from the use of OTFTs as a 

fundamental component for many circuit applications. However primarily, it is essential that dc 

models for simple organic devices such an organic Schottky diode or MOS capacitor are 

understood. The aim is to look at diodes since an attempt to model devices in intrinsic polysilicon 

has already been published by the Organic Electronics group at Liverpool [1]. Development of dc 

theoretical models for such devices is crucial to ultimately develop compact models dealing with 

ac equivalent circuits. Software such as Cadence can be used as tools to consider dc models and to 

understand the more complicated ac models before fabrication is carried out. The aim is to have 

both a dc model and a transient model suitable for determining power-delay products for 

producing commercial applications in devices linked particularly to medical diagnosis. Building 

generic models will not only save the cost associated to fabrication but also avoid making 

complicated samples, save precious time and improve understanding of the structures. These 

models will be an immense help to design circuits for real applications.  
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The two dimensional situation, to explain charge transport, will be treated as two separate one 

dimensional problems at right angles to each other, as shown in Fig.3.7. The model consists of 

vertical columnar grains detached by vertical boundaries. In films that are compared with the 

lateral dimensions associated with devices, this is likely to be a good approximation.   A number 

of assumptions are introduced for the development of this model making the model susceptible to 

errors. These errors, however, are constant throughout the model. There are two outlooks to such 

an approach. One is to solve Poisson’s Equation for the grain boundary with the universal 

mobility law (UML) incorporated and the second is that the carrier density in the grain boundary 

determines the electrostatics in the grains. The latter is used for our analysis. The variation of 

potential is ultimately used for the calculation of carrier density. 

To develop the model further, a few boundary conditions must be defined in thermal equilibrium. 

As no external voltage is being applied, the Fermi levels in the grain and the grain boundary are 

aligned such that lateral flux can be ignored. The flux due to the grain is in equilibrium with the 

flux due to the neighbouring grain boundary. Firstly, the variation of potential through the depth 

(z- direction) of the grain boundary has to be established. This enables the variation of potential in 

the grain to be found (x- direction).  The two potential variations give an idea of the charge 

carriers at any point in the grains that are available for conduction. The main path of the current 

density J is through the grain centre and therefore a term for the potential at the centre of the grain 

is established. This is done so by assuming that each grain extending from the grain boundary is 

wide enough to meet in the centre of the grain. In this case, the variation of potential is such that 

the resulting grain reaches intrinsic concentration at the centre of the grain i.e. that the field due to 

grain boundary is zero at the centre. This needs to be checked against known parameters.   

4.3.1 Field in Grain due to Grain Boundary  

In vertical Schottky diodes, the work function difference defines a barrier at the interface between 

the metal and semiconductor [2]. For a polycrystalline organic semiconductor, this is equivalent 

to the potential barrier matching with the Fermi level within the grain or the grain boundary. As 

the Fermi level in the grain and the grain boundaries are aligned in thermal equilibrium, this 

potential barrier is greatest at the centre of the grain causing the maximum amount of interface 

bending.  
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qV
app
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Figure 4.6. Potential Barrier observed by an electron at the Semiconductor Metal 

Schottky contact interface.  LDZ is the Debye length in the z-direction, Vapp is the 

applied voltage at the ohmic contact, e is the electron.  

The potential barrier in the grain boundary noticed over the top of the Schottky barrier limits the 

flow of charge due to trapping effects (Fig.4.6). The grains, on the other hand, dominate the 

charge transport from the ohmic contact to the Schottky interface with the application of an 

external bias.  This is made possible by the lower energy barrier seen at the grain centre compared 

to the grain boundary. As the number of charge carriers in the grain boundary increases, the 

energy difference between the Fermi level and the grain edge reduces allowing more charge 

carriers to cross over into the adjacent grain. This in fact means that the grain boundaries define 

the variation of potential that eventually control the grain edge and hence the carrier concentration 

in adjacent grains. The variation of potential in the grain boundary is controlled by the states 

obeying the exponential distribution law.  

In the grain boundary, an assumption that the current density alone determines the electrostatics 

across the thickness of the layer is required to make some calculations of the potential variations. 

The variation of potential across the thickness of the active layer (in the z direction) of the grain 

boundary has to be found to give the first boundary condition at the edge of the grain.  The 

variation of potential across the grain (in the x direction) dependent on the potential at the grain 

edge can thus be found. This gives the second boundary condition in the grain. Furthermore, the 

main path to conduction through the region and the carrier concentration at a certain point can 

then be found. This leads to the carrier concentration at the peak of the barrier between the metal 

and the semiconductor to be determined.  
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Assuming that from the edge of the grain, the distance in the grain (in x-direction) over which the 

carrier density becomes intrinsic falls at the centre of the grain xD=a/2, the maximum field 

strength in the grain can be defined by Gauss’s law [2]  

 
   

       

    
 

4.5 

The potential drop across this region is given by the area under the graph of field against distance. 

The field declines linearly and is given as 

 
    

  

  
 

4.6 

Equating Eq. (4.5) and Eq. (4.6) together gives the width from the grain edge 

 
       

      

   
 

 
  

 
4.7 

Imagine a polycrystalline material with the size of the grain x equal to a, between two adjacent 

grain boundaries. If for instance, the distance extending from each grain boundary into the grain 

reaches the intrinsic level after the centre of the grain (x > a/2), the resultant potential curve in the 

grain would be at a higher energy level (Fig.4.2). As a result, the number of carriers available for 

conduction is lower. This case is ignored for the analysis given below. At a grain boundary 

potential  z, grain reaching its intrinsic level at the centre of the grain at distance a/2 from each of 

the grain boundary is the maximum width providing the best number of carriers for conduction. 

The grain boundaries on either side of the grain are on an equal potential and are at an equal 

distance away from the centre of the grain as discussed in Section 4.1. For simplification of 

analysis the grain size is approximated to be 1    in the x direction. Hence, the assumption that 

the carrier concentration reaches intrinsic levels at grain centre (~0.5 m) is valid. The potential 

drop across this region is 0.5eV with respect to the neutral level and is defined by the grain 



Chapter 4               Two Dimensional Model for Organic Polycrystalline Semiconductor Materials 

 

  122                          S. Afzal  

boundary. The value for potential drop is chosen at random for simplification. Using Eq. (4.7), an 

estimate value for    (~5.5x10
14 

cm
-3

) can be obtained.  The dopant concentration observed from 

the current density against voltage plot for a TIPS-pentacene Schottky diode in Section 3.3 

indicates a ND of approximately 10
17

cm
-3

. These high dopant levels can be associated to the 

addition of impurities during fabrication or due to photo-oxidation effects. Moreover, ND in the 

range of 10
14

–10
16

 cm
-3

 is determined from the capacitance-voltage characteristics of the Schottky 

diodes for various frequencies in Section 3.5. These example parameters have been used to 

develop the curves such as shown in Fig.3.7 and Fig.4.7. Making these assumptions limits our 

model but is necessary for a basic analytical presentation. 
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Figure 4.7. Energy Band diagram of an energy level in the grain (LHS) 

corresponding to the exponential decline in energy in the grain boundary (RHS). q B 

is the energy at the Schottky barrier w.r.t the neutral level, q 0 is the energy at the 

neutral level w.r.t the Fermi level, q min is the energy at the centre of the grain w.r.t 

the neutral region, q z is the energy at any point z in the z direction w.r.t to the 

neutral region, q i is the energy at intrinsic level w.r.t the Fermi level.  

In a polycrystalline material, the dopant ion concentration is uniform and somewhat stationary. 

Thus, indicating that any change in the energy of Fermi level will have little effect on the fraction 

of ionised dopant. The density of the intrinsic conducting states, into which the dopant carriers are 
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distributed, is a result of their being a much higher carrier density N(E) compared with the dopant 

levels. For organic materials, typically dopant related carriers dominate the electrical conduction 

unless the carrier concentration is improved by optical excitation or by field effect such as in the 

case of thin film transistors [13-15]. It is therefore essential to be cautious when applying the 

conduction mechanisms to the already existent inorganic disordered materials.  

I. First Boundary Condition at the Edge of the Grain  

In the z-direction, the potential variation in the grain boundary is affected by the trapping of 

electrons in the grain boundaries, subsequently allowing the carrier concentration in such region 

to be determined. Consequently, adjacent carrier concentration at the edge of the grain can also be 

determined. The distribution of trap density N(E) and the rate of change of density with energy 

N
/
(E) is determined by the exponential distribution given by 

 
       

    

   
    

 

   
  

4.8 

Applying the Maxwell Boltzmann statistics,       the density of trapped electrons in the grain 

boundaries is given by (refer to Chapter 2) 

 
                  

4.9 

The density of traps above the Fermi level is larger than the one below the Fermi level. At lower 

energies, the fewer number of localised states are located further apart from each other limiting 

the hopping probability to almost zero. At higher frequencies, the hopping probability of electrons 

will rise due to the combined effect of exponential DOS and the Fermi Dirac statistics. At the 

peak of the exponential distribution, the density of traps is small. The minimum energy level over 

which the electrons are able to hop into empty states corresponds to the Fermi level. Integrating 

from the Fermi level to infinity provides a very good approximation of the carrier concentration at 

the Fermi level,   , playing a role in charge transfer. 
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4.10 

The denominator kTC is dependent on the lower integration limit. It is indicative of the Fermi level 

lying in the band tail of the distribution where there is a slow rise in the DOS and the DOS is 

strongly exponential. Assuming Maxwell Boltzmann’s statistics is unchanged with a quasi Fermi 

level, the intrinsic carrier concentration,   , can be written as 

 
   

      
  

    
  
   

  
4.11 

The ratio of carrier concentration at Fermi level,     and at the intrinsic level,     is therefore 

   
  

     
     
   

  

  
  

      
   
   

  

4.12 

 

4.13 

The ratio of carrier concentration in the neutral region of the semiconductor,        to the one at 

Fermi level is given by 

      
  

     
      
   

  

     
  

     
   
   

  

4.14 

 

4.15 

where Etr is the transport energy in the grain boundaries and    is the potential between the bulk 

energy level and the Fermi level. The carrier concentration at any potential   with respect to the 

Fermi level is given by 
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4.16 

Point A and B in Fig.4.7 can be explained in terms of Eq. (4.16).The carrier concentration at A 

must be equal to the carrier concentration at B as the carrier concentration at the Fermi level 

remains unchanged due to an assumption of a flat quasi-Fermi level. A flat quasi-Fermi level is 

assumed for the density of states to get to an equilibrium point at the barrier. The lower the height 

of the barrier, the larger is the charge flow to the barrier. The potential barrier seen by the carriers 

at point A and B are equal regardless of the position of carrier in the thickness of the organic layer. 

The carriers at any point in the same energy level have the same thermal energy required to cross 

over. The movement of charge from its original position is retained and neutralized by the 

addition of charge through external bias. Thus, at an energy level at any particular point, the 

number of carriers observed is as before. The conduction mechanism in this case is not considered 

as conduction due to diffusion is considered unlikely cause of flow of charge across the Schottky 

barrier. Eq. (4.10) is used indicating that the energetic distribution of charge carriers at the Fermi 

level determines the current across the top of the barrier.  

The carrier concentration n, defined in Eq. (4.16), at any point in the grain boundary defines and 

controls the variation of electrostatic potential in the grains. It is thus important to find a term that 

defines the potential variation in the grain boundary. For such an analysis, it is essential to define 

carrier concentration and potential variation in terms of Gauss’s law from the Schottky contact to 

the ohmic contact (z- direction) in terms of a double differential equation.  

    

   
  

  

    
 

4.17 

where z is the thickness of the semiconductor film grain boundary in the z- direction and n is the 

total density at any point   in the grain boundary. 
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4.18 

Integration of the above equation defines the field, 

 
    

      
    

  

 
  

    
  

    
  

4.19 

Integrating between     at the peak of the barrier at the Schottky contact where z=0 and 

     at a point z=z in the disordered grain boundary, 

 
      

  

    
 

  

  

       
      
    

  

 
   

 

   
4.20 

The Debye length is a material dependent parameter and is defined as the distance over which the 

exponential distribution of carriers increases towards the neutral region to get to equilibrium or 

steady state (refer to Chapter 3) [2, 16]. It is given by 

 

      
         

    
 

 
  

 

4.21 

and decreases with an increase in the gate voltage.     is the characteristic temperature of DOS, 

   is the density corresponding to the Fermi level,    is the permittivity of free space and     is 

dielectric constant of the grain boundary. Therefore, Eq. (4.22) defines    as the first boundary 

condition at the edge of the grain (Appendix D). 

 
    

    
 

        
   
    

   
 

   
  

4.22 
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As potential    varies exponentially with the distance (from the Schottky contact), the carrier 

density changes exponentially too. A small change in the potential in the grain boundary, away 

from the Schottky contact will have little effect on the carrier concentration. The potential can be 

assumed to be constant after distance z in the organic layer. This distance z in the grain boundary 

of the organic layer is assumed to be equivalent to the LDZ. The equation above is true for all    

less than    . Above this length        ,    is essentially approximated to     The potential 

barrier seen in the grains is defined by the grain boundaries and only varies as much as the grain 

boundary. The traps in the grain boundary control the current such that any change in grain 

boundary confers a similar change in the grain. 

II. Second Boundary Condition in the Grain  

GB2  G1            GB1

z

e
z z

minX

Schottky Metal

Ohmic Contact

x

q

z
Ei

EF

x = a                                                                    x = 0  

Figure 4.8. A two Dimensional drawing of the band bending in grain due to the 

potential at the edge of the grain. q min is the energy at the centre of the grain w.r.t 

the neutral region and q z is the energy corresponding to a point z on the grain edge 

w.r.t to the neutral region. 
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After developing a term for the change in potential for the grain boundaries in the z-direction, 

there is a need to develop a term for the variation in potential in the grains in the x-direction. 

Figure 4.8 illustrates a sketch of an n-type organic polycrystalline semiconductor with a single 

grain separating two grain boundaries, carried forward from Fig.4.2 It gives an indication of the 

change in the potential from one grain boundary to the other. The potential seen at the grain edge 

is demonstrated by the term  z obtained from Eq. (4.22) and potential at the centre of the grain is 

demonstrates by the term  Xmin.The potential  z  is responsible for the resulting grain illustrated in 

Fig.4.8. 

In the x- direction, the grain is crystalline with the dopant concentration   . The variation of the 

ET level in the grain is determined by this dopant concentration shown by using Gauss’s law as 

before  

 
  
  

  
  

   
    

  

  
 

4.23 

The boundary conditions are defined in terms of the field F at the grain boundary Fboundary where 

the potential   is equal to    at the edge of the grain at x= 0. The field Fx corresponding to a 

potential    in the x-direction is at an arbitrary point x= x on the grain ET level. These limits are 

used to define the drop in electric field between two points given by 

 
   

         

  

     
   
    

  

  

   
4.24 

where the minimum grain condition is F=0 at x=xD,      in the neutral region w. r. t the Fermi 

level (    at F=0). The potential at the point x with regards to the grain edge is then given in 

terms of the second boundary condition. This is true for any point x on the grain corresponding to 

the energy level q   on grain edge (Appendix E). 
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4.25 

For the model we assume that the two grain boundaries at either side of the grain are equal 

distance apart from the centre of the grain such that they are symmetric (Fig.4.2). In this case, 

potential    at the any point x (x < a) in the grain for the resultant full curve,   , is given by 

             

      
 
    

   
     

 

 
  

  

 

    
 
    

   
     

 

 
  

      

 

 

4.26 

4.27 

where a is the maximum distance between two adjacent grain boundaries. With this assumption, 

the minimum potential on the curve       at the centre of the grain on the resultant ET level can 

be written as (Appendix F) 

 

          
 
    

   
     

 

 
  

 
 

 
  

 

 

4.28 

The potential variation in the grain boundary in z-direction causes the resulting full curve    in 

the grain to change.  This is because    at the grain edge determines the resulting curve in the 

grains. As the dopant concentration remains unchanged and    varies in z-direction, the width of 

an individual grain extending in x-direction from a single grain boundary must be changing with 

initial   changing along the z-axis. This width    is the distance over which field in the x 

direction due to the grain boundary becomes zero.  

Assume that at some potential in the grain boundary,   , the field reaches zero at the grain centre 

(xD = a/2). Consequently at grain boundary potentials of above   , the surface potential in grains 

will not be able to reach a constant value at the grain centre (xD > a/2). The addition of two grains 

extending from the grain boundaries at either end would, in this case, give a resulting full grain 
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higher in energy. In this case, the grain would not have reached the neutral level at the centre of 

the grain. At grain boundary potentials below    , the surface potential in the  grain would reach a 

minimum field F=0 before arriving at the centre of the grain (xD < a/2). The grain extending from 

the individual grain boundaries is thus smaller.  As a result, for any position x > xD,    is assumed 

constant at     for F = 0 in Fig.4.9. This corresponds to   , the potential between the neutral 

region and the Fermi Level. The carrier concentration in the grains is therefore seen constant 

before the centre of the grain is reached. This happens closer to the ohmic end.  

 

Figure 4.9. The variation of potential in the grain (G) in x-direction defined by the 

grain boundaries (GB). The example values taken for    and a are 2.6eV and 1   

respectively and the grains are fully depleted at the centre of the grain at         . 

4.4 CONDUCTION UNDER FORWARD BIAS  

4.4.1 Assuming Gaussian DOS  

If a flat quasi Fermi level is considered in the grains and grain boundaries of an n-type 

semiconductor, the carrier concentration at point A and B should be the same (Fig.4.7), even in 

steady state conditions. At the energy peak shown in Fig.4.2, the carrier density is also very small 

and so integrating to infinite energy adds insignificant additional current density. Integration 
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limits are significant as they identify the amount of carriers that are present enabling current to 

flow. The current density from the energy level at A to infinity is given by Eq. (4.29) using Eq. 

(4.9). 

 
     

      

  
    

  
  
      

 

   
  

4.29 

Trap density below the Fermi EF is considered very small and with relatively few vacant states 

thus rendering it difficult for the carriers to hop between states and hence producing any 

significant current. 

 

The barrier to current flow defined by     in the grain boundary at the Schottky metal and 

semiconductor interface, at z=0, is given by  

 
       

      

  
    

  
  
      

       
   

  
4.30 

and with modification by the application of an external voltage (-Vapp), 

 
       

      

  
    

  
  
      

       
   

     
      

   
  

4.31 

The corresponding carrier density at any point on the full grain curve, given by potential      at 

the Schottky metal/semiconductor interface, can thus be written  

 
             

  
  
      

   
  

      
     

  
     

      

   
  

4.32 

where NT is the carrier density at the transport level in the crystalline grains. The maximum 

current density,      expected at the interface of Schottky metal and the grain centre is defined by 
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the potential        as in Eq. (4.28). This corresponds to the energy     at the edge of the grain 

from Eq. (4.22) 

         
  

  
           

      

   
 . 4.33 

4.4.2 Assuming Laplace DOS  

Laplace DOS is said to be more suitable to characterize charge conduction in the grain boundaries 

of a polycrystalline semiconductor, predominantly when explaining conduction in terms of diode 

current. This is because it is easier to study the density of states with energy in a diode as a large 

number of energy levels are inspected. The application of voltage at the metal in forward bias 

causes almost all of the voltage to drop across the semiconductor. The higher the application of 

voltage, the deeper the investigation of energy levels is carried out. Through the ohmic contact 

large voltages may be applied thereby allowing a free flow of carriers into the semiconducting 

material. This consequently allows the study of a much wider distribution of carriers within the 

semiconductor, which is unlike in MOS capacitors and OTFTs, where only a small voltage is used 

to vary the carriers on the surface as most of the voltage is across the oxide layer. 

3eV

37meV

Log I

                45 meV

        V

 

Figure 4.10. A sketch of the log-linear Current-Voltage characteristics of a Schottky 

diode in forward bias. The voltage drop across the exponential region is much more 

than the Meyer Neldel Energy of approximately 45meV for polycrystalline materials.  

When a small forward bias is applied to the ohmic metal, the current rises exponentially across 

the barrier into the Schottky metal as indicated in Fig.4.10. Although thinning of the neutral 
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region can cause the expansion of the depletion region due to the expansion of the exponential 

voltage range, the conduction is limited by the contraction of the depletion region and the 

expansion of the neutral region. At higher voltages, the current is limited by the resistivity of the 

neutral region and therefore it becomes harder for carriers to pass through to the metal. This is 

shown in Fig.4.10 as the decrease in current at higher voltages from exponential to SCL currents. 

The difference between Gaussian and Laplace distribution as in Fig.2.5 is that the prediction of 

current density for a higher range of energy levels is possible with Laplace than the Gaussian 

distribution to correspond to the rise of the Fermi level with applied bias in the depletion region.  

The carrier concentration at the peak of the barrier can be explained by the product of both the 

carrier density defined by the Laplace DOS and the Maxwell Boltzmann approximation from the 

tail of Fermi Dirac statistics as in Eq. (4.9). These are both exponential functions and can be used 

to define the exponential rise of carrier concentration at the peak of the barrier. The Maxwell 

Boltzmann statistics above the Fermi level is defined in Section 2.3, Eq. (2.3). 

Vg

Vg

very small voltage drop (~37meV)

      all voltage (>>37meV)

M     I      S

  

M  S  

Figure 4.11. Metal Insulator Semiconductor and Schottky diode structure describing 

the amount of voltage drop across the semiconductor.  

Detailed analysis on the Meyer Neldel energy is conducted in Chapter 3. The Meyer Neldel rule is 

defined in terms of the width of the carrier distribution. The Meyer Neldel energy in the range of 
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30-40meV is produced in the exponential region of a Schottky diode, representing the density of 

DOS with energy [6, 17]. Polycrystalline semiconductor based Schottky diodes provide a high 

MN energy of approximately 45meV from Fig.3.8. But this is only a small portion of the 

exponential region when compared to the experimental data obtained. In ideal diodes, the applied 

bias at the metal is completely dropped across the semiconductor (Fig.4.11). The applied bias can 

scan a wider range of energy levels (>> 37meV) unlike when there exists a dielectric layer 

between the metal and the semiconductor like in MIS capacitors and TFTs (Fig.4.11) (as in 

Chapter 5). Gaussian DOS gives a good fit for the energy range measured in TFTs (37meV) but 

becomes a doubtful distribution when scanning a larger number of states (around 3eV) as in 

diodes. 

Section 2.4.3, Eq. (2.7), gives the carrier density        characterised in terms of L1 distribution. 

The carrier density at E=0 is NL1(0) and can be written as 

                 
  

  
  

4.34 

where  

        
 

  
  
  
 
  

 

    
 

4.35 

and     
   

   where    is defined as the characteristic temperature corresponding to the 

Laplace DOS.  

                   
 

  
  4.36 

To define the whole distribution,  

                  
   

  
  

4.37 

The rate of change of energy NL1’ (E) becomes 

         
      

    
    

   

    
  

4.38 
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where    is similar to    defined in terms of exponential DOS. Using Eq. (4.9), the carrier 

concentration in terms of Laplace DOS is written as 

     
      

    
    

   

    
      

    
  

     
4.39 

Assuming that trap density is significantly less below the Fermi level and are almost completely 

full such that the hopping rate is significantly reduced, the trap density can be ignored. The carrier 

density is also very small at the peak of the distribution and therefore can be used as an 

integration limit.  

   
      

    
    

  
  
        

 

   
 

 

  

    
4.40 

where T0 incorporates both absolute temperature T and characteristic temperature due to structural 

disorder in the Laplace distribution,   , given by 
 

  
  

 

 
  

 

   
   

   
        

   
    

  
   

  
4.41 

The current density above the Fermi level, not considering the conduction mechanisms involved, 

is proportional to the carrier concentration 

 
      

  
   

  
4.42 

If the current is limited by the grain boundaries, the above mentioned phenomenon is true. 

However, if the current is limited by the conduction in grains, the neutral region has a higher 

mobility and the curve defining the current turns on much more quickly. The ideality factor 

obtained in such a case, if high, is due to the poor back contact. This causes a voltage drop at the 

back metal contact which is visible at lower voltages (such as in the exponential region) and at 

higher voltages, this voltage drop becomes insignificant. The current in the ordered grains is 

expected to be much higher than the total disordered grain boundaries and thus higher mobility 

values can be expected. The Laplace can be compared against the Gaussian distribution if the 

variance is kept constant and is known as the standardised classical Laplace distribution (Fig.2.5). 
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The distributions show good similarity, except that Laplace has a thicker tail than the Gaussian 

distribution and has a higher pointed peak at the centre [18]. 

4.5 CONCLUSION 

The conduction in polycrystalline organic material is represented laterally and vertically. Lateral 

conduction is expected in between two electrodes, such as the source and the drain electrodes in 

an organic thin-film transistor (OTFT), consisting of a number of grains and grain boundaries. 

Considering the effects of an external voltage applied laterally, the formation of grains and grain 

boundaries depend mainly on two conduction mechanisms, namely drift and diffusion. In the case 

of organic semiconductors, these terms are developed as quasi- drift and quasi- diffusion. It is said 

that the exponential distribution of states in the grain boundary defines a potential in the grains. 

The further the grain boundaries are from each other, the lower the potential barrier exists at the 

centre of the grain. The difference in energy between the grain centre and the Fermi level is 

therefore reduced and conduction at the centre of the grain dominates.  

From one grain boundary to another, the potential barrier progressively drops till the centre of the 

grain. The concentration gradient observed in this case is similar to the diffusion mechanism. In 

the case of drift mechanism, the difference between the energy of Fermi level and the transport 

level stays the same. Combination of both these mechanisms provides a good idea of the flux 

across the grain boundaries. The derivation of flux is therefore used to model a polycrystalline 

organic material for devices such as organic lateral diodes or TFT devices.  

Vertical conduction is expected in vertical Schottky diodes between the ohmic and Schottky 

contacts. A vertical representation is important to determine the grains and grain boundaries 

across the thickness of the organic layer. The polycrystalline organic layer in this case is thin. 

Thinner organic layers lead to an extension of the depletion region across the thickness of the 

organic layer. Assuming that only a single layer of grain and grain boundaries exist, a 2- 

Dimensional model based on the potential variation in grains due to exponential distribution of 

traps is proposed in this thesis. The charge conduction is thus dependent on the exponential DOS 

in the grain boundaries and the conduction mechanisms are not considered. The disordered grain 

boundaries form a potential barrier to current flow due to the distribution of traps. 
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To solve this two dimensional problem, the grains and the grain boundaries are considered as two 

one-dimensional issues that at right angle to each other. In the vertical direction, Poisson’s 

equation is used to define the variation of potential in the grain boundary. A term in the z-

direction is thus developed. Accordingly, this causes the grains to see a variation in potential at 

the grain edge such that the grains can be constructed. The potential variation in grains is 

developed by the use of Poisson’s equation applied at the grain edge. A few assumptions are 

made to construct the grain and consequently, the variation of potential in the whole of the grain 

is defined in the x-direction. A novel term for the potential at grain centre is established which 

provides the maximum number of carriers for charge conduction. Ultimately using drift currents, 

a new expression corresponding to the current density at the grain centre in the forward 

characteristics is established. 

Laplace L1 DOS is a new approach used to describe the density of states in the grain boundaries 

of an organic polycrystalline material. Laplace DOS is considered a suitable representation for the 

distribution of states in a polycrystalline material as prediction of current density for a higher 

range of energy levels is possible with Laplace DOS. A number of reasons are provided to back 

the claim made in this thesis. In the case of devices such as a Schottky diode, the drop across the 

exponential region in the forward electrical characteristics is much more than the Meyer Neldel 

energy. Consequently, Laplace distribution is believed to be a better representation of the DOS 

instead of the vastly followed Gaussian DOS. Finally, by taking the exponential L1 distribution 

and the Maxwell-Boltzmann statistics into account, an expression to identify the carrier 

concentration is finally developed.  
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CHAPTER 5- ANALYSIS OF POLYCRYSTALLINE 

ORGANIC METAL-OXIDE-SEMICONDUCTOR (MOS) 

CAPACITORS  

Detailed analysis is carried out on the capacitance voltage (C-V) characteristics on an organic 

MOS capacitor. An RC equivalent circuit to model frequency-dependent capacitance of MOS 

capacitor is examined. An equivalent circuit model is also considered to find the bulk 

components. Finally, the temperature dependence of the C-V characteristics is observed to 

recognize the variation in charge transport, for polycrystalline organic MOS capacitors.     
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5.1 INTRODUCTION  

Metal-Oxide-Semiconductor (MOS) capacitors are essential devices for in depth analysis of 

semiconductor surfaces. They are also useful in the study of properties at the interface between 

the oxide and semiconductor, semiconductor bulk and oxide bulk. It is also a fundamental 

approach to understanding complicated devices such as the MOS transistors. An important factor 

to consider when designing any semiconductor device is the knowledge of distribution of carriers 

in the structure of the semiconductor. This is because it offers the fundamental relations between 

different device parameters dictating their device characteristics. Structural properties are 

important for the development and improvement of semiconductor devices. For this purpose, a 

technique for accurate profiling is required. Most commonly, the differential capacitance method 

with depletion approximation is used [1]. With this, the semiconductor can be separated into 

distinct regions namely the accumulation, the depletion and the neutral region.  

High and low frequencies Capacitance-Voltage (C-V) responses can be obtained from an MOS 

capacitor and used to measure gate oxide charges, oxide thicknesses, doping concentration of 

semiconductor, the interface charge density and flat band voltages [2-4]. Recent publications 

indicate that organic circuits are limited to operation at only a few kilohertz because of their 

limited carrier mobilities in the organic active materials [5, 6]. Capacitance-Voltage 

characterisation of pentacene based TFTs have reported a cut-off frequency of tens of kilohertz 

[5]. Such quantitative characterization is crucial for device performance evaluation and an easy 

approach to get insight into structures such as organic TFTs (OTFTs) for commercial applications 

in flexible flat panel TVs, and digital cameras etc [7]. In essence, the workings of a thin-film 

transistor are similar to that of a capacitor. Application of a gate bias induces an equidistant, equal 

and opposite charge on both sides of an insulator. A conducting channel is formed in the 

semiconductor if charge carriers can be injected into it. The conductance of the semiconductor 

channel in a transistor is proportional to the amount of charge present and hence proportional to 

the gate voltage. Thus a transistor can effectively be seen to operate as a capacitor.  

Detailed study of the frequency and temperature variations on the capacitance voltage (C-V) 

characteristics of an organic Metal-Oxide-Semiconductor (MOS) capacitor provides information 

on the defects present in an organic material and the interfacial properties between the gate 

dielectric and organic semiconductor. Many studies have been reported on the dc characterisation 

and modelling of polycrystalline organic based structures but little exists on the ac characteristics 
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of such devices. Non-equilibrium properties of the semiconductor structure in MOS capacitors 

can also be measured using the transient capacitance response (C-t). These include the generation 

and recombination lifetimes, and the surface generation and recombination velocities. Speed at 

which the initial deep depletion changes to the minimum capacitance by the formation of an 

inversion layer with the generation of minority carriers can be shown by the C-t response, both in 

the bulk and at the surface of the organic semiconductor. The performance of a device can be 

considerably affected by these processes especially if it is a charge coupled device.  

5.2 CONVENTIONAL MOS CAPACITORS 

A MOS capacitor consists of a metallic gate electrode, an oxide (insulator) and a semiconducting 

electrode. The capacitor is in equilibrium when the Fermi levels, of each of the materials, align 

themselves such that there is no gradient. The conduction band of the oxide is at a higher level 

than the conduction band of the Semiconductor. Figure 5.1 a, b shows the band profiles before 

and after equilibrium.  

5.2.1 Accumulation Region  

The band profiles for the devices can be changed with the application of an external bias. For a p-

type semiconductor, application of a negative bias to the metal with respect to the semiconductor 

causes a negative charge to build up at the metal. This creates an accumulation of equal positive 

charge consisting of holes at the oxide-semiconductor interface [8, 9]. 
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Figure 5.1. (a) Band diagram of the metal, oxide and a p-type semiconductor before 

contact. (b) Band diagram of a MOS capacitor in equilibrium.     is the work 

function of the metal,      is the work function of the semiconductor,    is the 

energy difference between the valence and conduction band and    is the electron 

affinity [8, 9]. 
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Figure 5.2. Band diagrams and charge distribution in (a) accumulation (VG<Vfb), (b) 

depletion (Vfb<VG<VT) and (c) inversion (VT<<VG). Vfb is the flat band voltage, VG is 

the gate voltage and VT is the threshold voltage [8].  
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In the accumulation region, increasing the negative potential causes the valence band to bend 

closer to the Fermi level (Fig.5.2a). A small change in the gate voltage provides an amplification 

of the accumulation charge so that approximately all the potential falls across the oxide.  The 

capacitance due to the accumulation of holes (Cacc) is much more than the capacitance of the 

oxide (Cox). As Cacc is in series with the Cox, the total capacitance CMOS is approximated to Cox. 

The total MOS capacitance CMOS per unit area is  

 
           

     
   

 
5.1 

where Cox is the oxide capacitance per unit area,    is the permittivity of free space,     is the 

dielectric constant associated with the oxide and     is the thickness of the oxide. 

The oxide has an electric field that terminates immediately in a perfect conducting metal but 

covers a finite distance in the semiconductor due to its finite resistivity. Hence, almost all the 

potential variation is within the oxide as only a small amount of band bending is required to 

amplify the accumulation charge. As no charge exists in the oxide, Poisson’s Equation gives 

     
  

   
5.2 

Field across the oxide,     is constant throughout the oxide referring to linear variation of 

potential with distance. 

5.2.2 Flat Band Condition  

When no charge exists in the semiconductor, a flat energy band is assumed at zero bias in ideal 

conditions called the flat band. Flat band condition exists when the applied gate voltage is equal 

to the work function difference between the gate metal and the semiconductor and changes with 

the existence of fixed charge in the oxide and/or at the oxide-semiconductor interface (Fig.5.3). 

In an ideal situation where the flat band is at Vapp=0, the depletion region is given by 

 
                 

    
  

 
5.3 

and the total flat band capacitance is given by 
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 5.4 

where     is the dielectric constant of the oxide,    is the dielectric constant of the semiconductor, 

   is the Debye length and     is the thickness of the oxide.  
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Figure 5.3. Energy diagram in flat band condition. Eg is the energy difference 

between the conduction and valence band, χ is the electron affinity of the 

semiconductor, χoxide is electron affinity of the oxide and Vfb is the flat band voltage. 

5.2.3 Depletion Region  

Increase in the positive voltage on the metal side causes the conduction band edge to bend closer 

to the Fermi level and in turn increase the negative ionised dopant atoms at the oxide-

semiconductor interface forming a depletion layer whose width increases with increasing gate 

voltage [8, 9]. The positive charge on the gate depletes the mobile carriers at the interface. This 

causes a negative charge to be left in the space charge region due to the ionized acceptor atoms. In 

reality, a naturally built in region exists (at Vfb) due to the work function difference between the 

semiconductor and the dielectric layer providing the charge. 

The capacitance of a MOS structure      is the series combination of the depletion capacitance 

in the semiconductor      and the oxide capacitance    .  
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Figure 5.4. The (a) Electric Field and (b) Potential are plotted against distance x for 

a MOS capacitor. The electric field and the potential are obtained by first and second 

integrations of Poisson’s equation, respectively [8].  

The capacitance of the depletion region is seen to dominate with the increase of positive voltage 

at the gate as the channel is depleted of holes. The depletion capacitance is given by  

 
      

    
    

 
5.6 

   is the relative permittivity of the semiconductor and Wdep is the width of the depletion region. 

And hence,  
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 5.7 

For a full depletion analysis to be carried out in convention semiconductors, a full depletion 

approximation and zero inversion layer charge below the threshold voltage is considered. The 

charge per unit area,     , in deletion region can therefore be given as 

                5.8 

where Wdep is the depletion region width and    is the acceptor density in the active layer. 

Integrating the charge density gives the electric field distribution. The electric field in the 

semiconductor, considering full depletion approximation, changes linearly due to the constant 

doping density and approaches zero at the edge of the depletion region (Fig.5.4a). The electric 

field at the oxide-semiconductor interface, FS and in the oxide, Fox is defined in terms of Gauss’s 

law as 

              

   
        

    
 

5.9 

5.10 

and   

 

    
        

     
 

5.11 

respectively. The carrier concentration is more than zero in depletion region as the states below 

the Fermi level are full. Thus the field, ignoring the exponential component is given by 

 
    

     

    
 
   

 
5.12 
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Figure 5.4a shows the electric field changing abruptly at the oxide/semiconductor interface. This 

is because of the change in dielectric constants in both the oxide and the semiconductor. Further 

integration of the electric field gives the potential    at the surface (Fig.5.4b).  

 
    

       
  

     
 

5.13 

5.2.4 Inversion Region  

In conventional semiconductors, if the positive bias is increased so much that the conduction band 

edge gets very close to the Fermi level, the electron concentration increases and the 

semiconductor shows properties of an n-type semiconductor (Fig.5.2c) [8, 9]. This happens at 

voltages beyond the threshold voltage VT which is generally twice the bulk potential    . A 

negatively charged inversion layer exists at the oxide semiconductor interface with the depletion 

layer and contains the minority carriers (electrons) that are attracted to the interface by a positive 

voltage. Unlike in depletion region where the electrostatics of the interface is dominated by the 

ionised dopant atoms, the electrostatics in inversion is dominated by the concentration of the 

minority carriers. Increasing gate voltage any further does not change the depletion region width. 

However, the minority charge in the inversion layer increases exponentially with surface 

potential. The semiconductor remains in thermal equilibrium even when a voltage is applied at the 

gate. Applying an electric field does not necessarily mean the semiconductor is in a non-

equilibrium state. 

When the electron density at the surface exceeds the hole density in the semiconductor, strong 

inversion takes place. An additional charge      is present in the inversion region and is zero at 

and below the threshold voltage. The total potential across the surface of the semiconductor,   , 

equals twice the bulk potential,       . 

The depletion region does not change once the inversion condition is satisfied as the free carriers 

induced after inversion start to prevent further depletion. The depletion region is therefore 

restricted to the potential range 
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Figure 5.5. A typical C-V plot of a conventional p-type MOS capacitor at various 

frequencies in inversion; (a) The capacitance due to minority carriers is more than 

the capacitance due to the oxide and hence the oxide capacitance dominates. (b) At 

high frequency, the minority carriers (electrons) are unable to keep up with the 

change in ac signal and (c) at low frequency. 

For a conventional semiconductor, the capacitance measured at inversion is dependent on the 

frequency of the ac signal. Figure 5.5 explains three different inversion conditions at various 

frequencies. The minority carriers, electrons in a p-type semiconductor, are able to keep up with 

the dc ramp and the ac signal at low frequencies in the inversion region. This causes an 

accumulation of minority carriers in the inversion region and hence gives rise to the inversion 

capacitance. The dominion of the accumulated minority charge causes the device to act as a 

capacitor Cinv, which becomes larger than Cox . The equivalent circuit defined in terms of series 

combination of Cinv and Cox provides a total capacitance thus dominated by Cox, Cmax= Cox 

(Fig.5.5a). The dominion of Cox in accumulation is due to the presence of majority carriers, holes 

but the dominion of Cox in inversion is due to the minority carriers. These minority carriers are 

able to follow both the ac signal and the dc ramp at low frequencies.  
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At high frequencies in inversion, the electrons are unable to keep up with the change in ac signal 

causing a split in the Fermi level. The electrons cannot accumulate at the interface causing the 

capacitance to stay constant at Cmin due to the depletion region of ionised dopant atoms. The 

minimum capacitance in the C-V characteristics is thus given by 

       
     

      
   

        

 5.15 

Wmax is the maximum width of the depletion region and does not change. When Wdep is less than 

thickness of the semiconductor, an inversion layer is formed. Any extra gate voltage applied 

causes electrons to be added to the inversion layer. This produces C-V characteristics as in 

Fig.5.5b. 

Unlike conventional semiconductors, inversion in the case of a polycrystalline organic 

semiconductor may not be possible. Instead, it is possible for deep depletion to take place across 

the full thickness of the semiconductor layer (Fig.5.5c). The extension of the depletion width to 

the back of the semiconductor layer then results in a drop in the depletion capacitance (Fig.5.7). 

These effects are explained in the following text from the results obtained for a polycrystalline 

MOS capacitor.  

5.3 FABRICATION OF POLYCRYSTALLINE ORGANIC MOS 

CAPACITORS 

For polycrystalline organic semiconductor based capacitors, Aluminium is evaporated as the 

bottom contact followed by the annodisation of the dielectric layer. Self-assembled-monolayers 

(SAMs) can be used as dielectric layers in various devices such as TFTs. SAMs with defined 

deposition process and proper molecular design, are used to decrease the thickness of a dielectric 

layer and thus enhance device properties and consequently the performance of integrated circuits 

[10, 11]. Moreover, solution processed polymer gate dielectrics are of vast interest due to their 

low-cost fabrication processes of the organic devices [12-17]. These solution-processable 

dielectrics have an advantage of being able to be deposited by methods such as printing, spin-

coating and spray-coating instead of expensive techniques as vacuum deposition. Although the 

solubility of organic layers is an advantage in terms of low cost, it makes the deposited layers in a 
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top gate configuration more susceptible to intermixing and swelling when preparing an all-organic 

multilayer structure. Another huge advantage is the ease of dielectric synthesis to suit the 

application type especially in terms of organic electronics. In a bottom gate configuration, the 

insulator is able to change the morphology of the semiconductor. The surface energy of the 

insulator affects the nucleation and growth mechanism of deposited films. A decrease in the grain 

size with an increase in surface energy is expected when the nucleation rate is increased. 

Nucleation rate is expected to be different for different insulating layers [18].  

Insulators can also affect the chemical and electrical characteristics. High- k insulators boost the 

formation of local states which in turn induces carrier localization and reduces charge-carrier 

mobility. High- k dielectrics have high capacitance which is of interest from the dependence of 

charge density (or gate voltage) on mobility [19]. For high capacitance insulators at low gate 

voltages, the increase in mobility is expected with the increase in carrier concentration. 

Nevertheless, benefits have also resulted from the use of low- k insulators [20] and further 

research is required to understand this.  

A large number of inorganic dielectrics have been investigated over the years with a range from 

bulk materials like inorganic oxides [21-24] and nitrides [12, 25, 26] and their deposition 

methods, to multi layers and blends consisting of inorganic dielectrics and polymer dielectrics 

[30-32]. Most high- k dielectrics are expensive to process with expensive deposition methods and 

result in poor film quality unless they are made thick to reduce leakage currents.  

Aluminium oxide, a high- k dielectric, has shown good progress over the years [27, 30]. For the 

fabrication of a polycrystalline MOS capacitor, aluminium is converted directly to aluminium 

oxide (Al2O3) by anodisation at 35V. The oxide is annealed under nitrogen gas for two hours at 

100 C followed by treatment with either plasma or hexamethyldisilazane (HMDS). HMDS is 

soluble in organic solvents and is an excellent adhesion promoter deposited prior to the deposition 

of the organic semiconductor layer [31]. The silanes in HMDS, due to their non-functional nature, 

react with only one site on the surface making the surface inert. This means unbound polymers 

are restricted to move freely and elute from the column as polymerization is not viable. Also, 

HMDS causes elimination of surface moisture by surface dehydration due to mono-functional 

reagents [32]. Surface treatment is followed by spinning of the organic semiconductors.  
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Experiments on two kinds of pentacene derivatives are carried out, namely S1150 and TIPS-

pentacene [33, 34].  The S1150 solution is spun once at high speeds and re-spun to ensure that a 

film of S1150 is formed on the oxide. It must be noted that no prior surface treatment is carried 

out on the S1150 sample. However, surface treatments are carried out with TIPS-pentacene 

samples. Alternatively, TIPS solution is prepared by dissolving approximately 10mg of TIPS in 

1ml of Toluene. The solution is heated to enhance the solubility and increase the concentration of 

the solution. Increasing the concentration of the organic solution can cause the solution spun film 

to become too thick and peel off. The solution is spun at different speeds to obtain the best 

organic film. The organic film is re-spun if the layer formed is visibly unsatisfying. The thickness 

of both the organic films is in the range of 50 to 100nm.  

The effect of grain size is of much importance in organic TFTs and under continuous scrutiny. 

For conventional polycrystalline semiconductors, the mobility increase with an increase in grain 

size as the charge transport in polycrystalline materials is limited by the grain boundaries but 

controlled by the highly conducting ordered grains. An increase in the grain size automatically 

means that the grain boundaries decrease leading to enhancement in transport. Although this is 

assumed for oligothiophenes like sexithiophenes [35], the opposite is observed in many of 

pentacene experiments [36, 37].  

Al Vapp
Flexible Substrate

Organic Semiconductor

Au

Aluminium Oxide
CS

Cox

 

Figure 5.6. Schematics of a MOS capacitor and a simple equivalent circuit consisting 

of capacitance due to space charge and the oxide in series. 

After the samples have dried, gold contact is evaporated through a shadow mask. The ohmic 

contact is necessary for an unhindered supply of carriers. The structure diagram of the organic 

MOS capacitor used in our study is given in Fig.5.6 and looks like that of a conventional MOS 

capacitor. A list of steps, to fabricate the MOS capacitors, is presented in Table 5.1. Because of 

the different physical and chemical nature of the insulator and the semiconductor, their 
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association may lead to highly disordered interfaces and hence to poor performance. Heating the 

substrate during drying of the active layer [38-40] and deposition of the active layer a low rate 

[39, 41] have shown to lead to better performance. Alternatively, introducing an organic 

monolayer such as octadecyltrichlorosilane (OTS) on the oxide, prior to the deposition of the 

active layer has been demonstrated to be effective by Lin et al. [42]. Another way to improve 

characteristics is to use polystyrene (PS) as an ultra thin film [43] or self-aligned monolayers 

(SAMs) [44, 45]. 

Table 5.1. A list of steps involved in producing organic MOS capacitors used in this 

chapter.  

Fabrication Steps 1 2 

Substrate Glass Glass 
Gate Electrode Aluminium Aluminium 
Insulator Aluminium Oxide Aluminium Oxide 
Treatment Annealing Annealing 
Surface Treatment HMDS 

Oxygen Plasma 
None 

Organic Layer TIPS-Pentacene -Spun S1150 (Pentacene derivative) -Spun 
Binder None None 
Ohmic Electrode Gold Gold 

The ac and dc characterisations are carried out using the Hewlett-Packard 4192A Impedance 

Analyser. The Capacitance-Voltage characteristics were obtained using PC controlled Keithley 

Voltage Source and Electrometer. Most of the measurements were performed using a step size of 

0.1V with a sweep time of 1 second. 

5.4 CAPACITANCE VOLTAGE CHARACTERISTICS 

The electrical behaviour of the grain boundaries in a polycrystalline organic semiconductor, in 

essence, is a topic of interest due to their charge conduction properties and hence their link to 

device performance. In a MOS capacitor structure, the grain boundaries are assumed to be in 

parallel to the charge transport. This is thought to be because of a minimum number of grain and 

grain boundaries across the thickness of the thin organic layer. C-V measurements are conducted 

for polycrystalline S1150 based MOS capacitor to measure changes to the carrier kinetics with 

applied bias and frequency as they are also parallel to the grain boundaries.  
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For C-V measurements, a dc voltage is applied in the range of -10V to 5V and a small ac voltage 

of about 5-10mV is superimposed (Fig.5.8). The dc voltage provides the charge carriers whereas 

the ac voltage depends on the mobility of the charge carriers. The C-V characteristics shown in 

Fig.5.8 clearly indicate the behaviour of S1150, as a p-type semiconductor. In accumulation 

region, the dielectric thickness of the gate dielectric is much larger than the effective Debye 

length such that the capacitance of the accumulation region is much greater than the oxide 

capacitance. However as the two capacitances are in series, the smaller oxide capacitance 

dominates such that Cmax  Cox. Cox is approximately 1800pF from Fig.5.8 and gives the oxide 

thickness of approximately 38nm using Eq. (5.1) at a frequency of 1 kHz. The calculated oxide 

thickness might not be accurate due to the dependence of accumulation capacitance on the 

frequency of the ac signal. The capacitance in the accumulation region is determined by the 

effective Debye length of the semiconductor as in Eq. (4.1). As effective Debye length increases, 

the capacitance of the accumulation region decreases resulting in the Debye length effect.  

The carriers drift within the organic layer depending on the applied bias. After an initial reverse 

sweep (deep depletion- depletion- accumulation), a thin uniform layer of charge is accumulated at 

the surface. However, sudden reversal of voltage as in Fig.5.8 shows that the carriers go into 

instantaneous depletion with the application of forward sweep (accumulation- depletion- deep 

depletion). The flat band in Fig.5.8 is seen to shift to higher negative voltages as the sweep is 

reversed. This anti-clockwise effect is most likely due to the combined effect of the fixed oxide 

charge, work function difference between the metal and the semiconductor and mobile ionic 

charge. The flat band voltage is thus higher than expected. The presence of fixed oxide charge 

creates a fixed voltage drop across the oxide which can be seen on the C-V curve.  

When both ac and dc signals are applied together, the depletion region moves back and forth due 

to the ac term such that the depletion region is seen to be constant while increasing dc voltage 

provides the flow of electrons. In the depletion region, the depletion capacitance falls and 

therefore dominates as the depletion width increases. The slope obtained from the C-V method 

gives a good approximate of the dopant concentration, ND (or Na), which is independent of the 

interface trap effects.  
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Figure 5.7. The change in organic MOS capacitor with application of an external bias 

at the gate electrode. The polycrystalline active layer shows both the grains and the 

grain boundaries. A negative potential VG<0 causes an accumulation of holes at the 

interface. Application of a positive voltage VG>0 causes the dopant ions to drift to the 

interface and the depletion of holes. Increasing the positive bias VG>>0 causes the 

extension of the depletion region into deep depletion where depletion region falls 

across the thickness of the organic layer.  
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In the inversion region for high frequency C-V plots (VG >>0, Fig.5.7), the interface trap effect 

does not contribute to the total capacitance directly. The capacitance in inversion is given by Cmin 

as discussed before. This is because the response time is longer than the period of the ac signal 

and therefore they cannot respond to the ac excitation. They do, however, stretch out of the C-V 

curve. As Cmin has a value, there is assumed to be some accumulation of minority carriers. 

Nevertheless, the depletion condition in organic materials is stronger than in the inorganic 

counterparts and there may not be a supply of minority carriers causing inversion. The electron-

hole pairs exist in organic materials. However, the separation of these charge pairs is improbable 

due to their low relative permittivity values [46, 47]. A high percentage of these charge pairs 

recombine quickly before the separation. The charge carrier movement is also considered to be 

one dimensional and thus may cause the charge pairs to recombine without separation. 

A constant Cmin is observed due to Fermi level pinning of traps in grain boundaries of the 

polycrystalline layer so any further application of bias makes little difference to the capacitance 

[47, 48].The Fermi level is pinned because of a large surface state density at an energy level such 

that any further increase in applied bias prevents any reduction in capacitance. The Cmin is seen to 

be constant when trap filling causes little or no effect with change in voltage [48]. It is also 

believed that a constant Cmin is observed once the depletion region extends across the whole 

thickness of the active layer as discussed earlier [47]. 

The contact of gold with S1150 does not provide an unhindered injection of electrons since the 

electrons have to overcome a large barrier at the gold/S1150 interface. The contact treatments 

carried out for barrier reduction at the gold/TIPS-pentacene interface, for Schottky diodes in 

Chapter 3, are not application in such a situation. The treatments cannot be attempted on top of 

the organic layer as they greatly affect the device characteristics. Also, even if electrons were 

introduced into the organic film, they would not be able to invert the surface at low frequencies 

due to their low mobility values.  
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Figure 5.8. The best obtained capacitance voltage (CV) characteristics of a S1150 

based MOS capacitor at 1kHz with device area of 7.85x10
-7

m
2
. The oxide capacitance 

is approximated to be 1800pF. A constant Cmin is observed at higher positive biasing 

conditions. An anti-clockwise hysteresis is thought to be due to the oxide charges, 

charge at the metal/semiconductor interface, mobile ionic charges and the 

metal/semiconductor work function difference. 

Using the conventional method, the dopant density from Cmax and Cmin ratio provides enough 

information to find the approximate maximum depletion width by, 
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For an MOS capacitor made with a polycrystalline organic material, equating Eq. (5.17) in Eq. 

(5.14) gives the dopant concentration for ordered grains and the surface concentration (equivalent 

to dopant concentration) for disordered grain boundaries respectively. 

 
    

     
   

      
    

    
   

  
5.18 

The dopant concentrations obtained, from the C-V plots of an MOS capacitor are only an 

approximation. Na obtained at the frequency of 1 kHz is approximately 3.6x10
17

cm
-3

 with the 

conventional method. This value cannot be treated as an accurate value for Na as Cmin changes 

with frequency. The true value of Cmin is thought to occur at a lower frequency than 1 kHz. 

However, Na obtained at 1 kHz can be considered a good approximation as Cmax is equivalent to 

the Cox at this frequency and Cmin is flat such that a maximum depletion width is reached. This is 

discussed further in Section 5.5. 

5.4.1 Effects of Oxide and Interface charge on C-V Characteristics 

Hysteresis is due to charge trapping in the oxides. Two basic types of charges can exist in the 

oxide layer, the trap charges     and the fixed oxide charges        . These types of charges can 

either shift or stretch the characteristics along the axes (Fig.5.9a). The direction of the shift 

relative to an ideal C-V curve can be used to determine the magnitudes of the oxide. A positive 

oxide charge tends to move the characteristics towards the negative side of the plot whereas a 

negative charge does the opposite and shifts the characteristics in the positive voltage direction. 

The anticlockwise movement of characteristics can be due to the interface trapped charges, Qit. A 

positive interface charge exists at the interface, causing the plot to shift towards more negative 

voltages. Interface charge stretches the CV and may give an overestimation of Na. Both interface 

trapped charge and the oxide charge must be present to shift the CV to negative voltages in 

Fig.5.8. 

Figure 5.9b explains the change in the C-V characteristics if the fixed oxide charge is responsible 

for the voltage shift. The fixed charge displayed in Fig.5.9b is assumed to be close to the oxide- 

organic semiconductor interface and cannot be charged or discharged over a wide variation of 

surface potential. Thus fixed oxide charge is position dependent. The fixed charge is usually 
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thought to be positive and depends on oxidation and annealing processes. It does not depend on 

the type or concentration of impurities in the semiconductor and/or the thickness of the oxide [2, 

8]. Existence of a fixed oxide charge leads to an increase in the capacitance for all values of the 

gate bias in the depletion and weak inversion region. However, depletion capacitance is less in the 

presence of fixed charge. When no fixed charge is present, the depletion capacitance increases 

and total charge comprise of the ionized donors at a given bias.  

Oxide trapped charge     exists due to imperfections in the oxide. Interface state charge    , 

arises at the interface between oxide and semiconductor, due the sudden break in the 

semiconductor lattice at the oxide interface  and depends on the lattice structure of the 

semiconductor itself. At the interface, adding all the components of charges gives the effective 

positive charge    . This induces an equivalent negative charge in the semiconductor. The flat 

band voltage then becomes 

 
          

  
   

 
5.19 

Band bending at the semiconductor surface thus occurs due to both the combined positive charge 

due to work function difference     and the effective interface charge   . This charge causes the 

semiconductor to become negative as a negative charge is induced in it. A less positive voltage is 

thus applied to the metal to achieve the flat band conditions.  

For S1150 MOS capacitor, an anti-clockwise hysteresis is obtained when the voltage is swept in 

both directions (Fig.5.8), as discussed earlier. The anti-clockwise hysteresis is thought to be due 

to oxide charges and the work function difference between the TIPS-pentacene and oxide layer. It 

is also likely that hysteresis is dependent on the thickness of the semiconducting layer, increasing 

with decreasing thickness. Slow trapping of electrons is also a possible reason for the anti-

clockwise hysteresis but as this is a slow process, it is unlikely to cause such a large effect as seen 

in Fig.5.8. A possible effect for this large hysteresis can be the presence of mobile residual 

impurities and dopant ions within the bulk of the organic semiconductor film. Mobile residual 

doping and impurities can be introduced into the structure unintentionally during fabrication 

processes. Therefore, it is essential to use clean chemicals, water, gases and processing 

environment to minimise the effects of contamination. Increasing the temperature makes the 
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impurities much more mobile so they can drift closer to the interface due to an applied electric 

field and have a bigger effect on the semiconductor.  

 

Aluminium

Aluminium Oxide

TIPS pentacene

Gold

tox

Wdep(Qfixed = 0)

Wdep(Qfixed  > 0)

tosc

Fixed Oxide Charge
Oxide Trap Charge

Interface Trap Charge

 

(a)                                           (b) 

Figure 5.9. A MOS capacitor (a) with various oxide and interface charges, (b) with a 

negative bias and fixed oxide charge [49] 

5.4.2 Effect of Air Exposure 

Upon exposure to air, an interesting phenomenon is observed in the accumulation region of the C-

V plot of a TIPS-pentacene based MOS capacitor as in Fig 5.10. As the capacitor is exposed in 

air, an improvement in Cmax is observed with increase number of days, reaching a value close to 

that of the oxide capacitance. The high measured Cmax is thought to be due to the improvement in 

charge transport. The exposure to air and light, an effect known as photo-oxidation facilitates the 

charge transport in the organic layer. Photo-oxidation causes doping of the semiconductor 

implying that the lowest trap states are filled and the carriers introduced by applied bias occupy 

higher closer states thus allowing for an ease in hopping. Enhanced transport means that the 

carriers are much more active to hop around in the available states present along with the dopant 
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ions such that the charge mobility improves and the maximum capacitance increases. In addition, 

an increase in hysteresis is observed with photo-oxidation. 

 

Figure 5.10. The effects on Capacitance Voltage Characteristics on plasma treated 

undoped TIPS pentacene based MOS capacitor from Table 5.1 with days left in air. 

The active material is spun at 1000 rpm for 30s and left to dry in air before further 

fabrication and the device area is 7.85x10
-7

m
2
. 

Furthermore, oxygen is expected to increase the acceptor-like traps in organic materials to 

promote surface oxidation of the semiconductor. In pentacene OTFTs, these oxygen- induced 

traps are thought to be the basis of the generation of extra hole current in the sub-threshold region 

[50, 51]. Impurities, improving the C-V characteristics with time, also include positive trap charge 

due to moisture or mobile charges [51, 52]. These impurities increase the charge collected at the 

interface such that the accumulation charge at the interface improves and resulting accumulation 

capacitance increases. 
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5.5 CAPACITANCE-VOLTAGE FREQUENCY CHARACTERISTICS 

The capacitance voltage (C-V) behaviour of an organic S1150 based MOS capacitor is different 

from an ideal case as a result of the presence of the interface states between the S1150 and Al2O3 

or other non-uniformities mentioned earlier in Section 5.4. These interface states can be due to the 

various fabrication processes involved, surface morphology, formation of an  insulating layer and 

impurities added to the organic semiconductor during synthesis. A bias shift and frequency 

dispersion on a C-V characteristics denotes existence of these interface states as seen in Fig.5.8. 

C-V analysis is also useful to find parameters such as the flat and the mid band-gap voltages and 

the oxide thickness. This has been done in the previous sections. 

Recently, Kim et al. [53] used an RC equivalent circuit to model frequency-dependent 

capacitance of pentacene transistors. They also suggested that a charge control model based on 

Meyer [54] may be effective in explaining the voltage dependent intrinsic capacitance of a 

pentacene TFT. This section deals with the variation of frequency of an organic polycrystalline 

based MOS capacitor from the lowest to the highest measurable frequency. This is to extract 

parameters such as the mobility, conductivity, cut-off frequency and the bulk components.  An 

equivalent circuit model is also proposed to find the bulk resistance and the bulk capacitance of 

the organic semiconductor. For these reasons, it is important to consider the effect of frequency 

and applied bias voltage in the examination of electrical characteristics of MOS devices. The C-V 

measurements have been carried out in the frequency range of 500 Hz–1 MHz, in air and at room 

temperature (Fig.5.11).  
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Figure 5.11. Variation of Capacitance Voltage characteristics with change in 

frequency for the Al/Al2O3/S1150 MOS structure from Table 5.1. The increase in 

frequency causes a decrease in both the accumulation capacitance and C min. 

Change in frequency causes a change in the accumulation capacitance. The capacitance frequency 

(C-f) plot is obtained by plotting the capacitance in strong accumulation against frequency 

(Fig.5.12). As the frequency increases, the accumulation capacitance decreases due to a reduction 

in the concentration of holes at the surface associated to the relaxation time attributed to the 

conductivity of the S1150 layer. At lower frequencies, a constant capacitance is expected however 

not evident as in Fig.5.12. Factors such as the fringe effect at the sides of the contact electrodes or 

a rough oxide layer can cause the capacitance to vary at lower frequencies. Fringe effect is caused 

due to the field lines spreading outside the active device area resulting in a larger effective area. 

However, a rough oxide layer is mainly associated with the fabrication process. 
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Figure 5.12. Accumulation capacitance against frequency for a S1150 based MOS 

capacitor (at -15V). The small deviation at lower frequencies is thought to be owing to 

fringe effects. 

In accumulation at high frequencies, the ac signal is too fast for the carriers to follow. The 

mobility of the carriers is low for organic materials to respond to the ac signal at higher 

frequencies and accordingly the contribution to the overall capacitance is reduced. At lower 

frequencies, the oxide capacitance dominates Cmax ~ Cox and therefore, Cacc must be larger than 

Cox. However as the resultant capacitance decreases with increasing frequency and the oxide 

capacitance is fixed, the accumulation capacitance must be decreasing as in Fig.5.12.  
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Figure 5.13. Plot of dopant concentration against frequency for the Al/Al2O3/S1150 

MOS capacitor. The dopant concentration is seen to decrease with an increase in 

frequency. 

For polycrystalline organic based MOS capacitor, the dopant concentration is found to decrease 

with increase frequency as in Fig. 5.13, particularly due to changes in Cmax. At lower frequencies, 

the charge is able to follow both ac and dc voltage and holes are able to deplete easily. At higher 

frequencies, however, the carriers cannot accumulate sufficiently and thus Cmax decreases. The 

carriers are only able to follow the dc voltage and cannot contribute to the capacitance. Also, 

inversion is considered unlikely in organic semiconductors, especially at higher frequencies as the 

width of the depletion region is assumed to extend to the back of the organic layer, causing deep 

depletion. This causes the semiconductor to deplete at the back contact. The thickness of the 

organic layer in this case is assumed less than the width of the depletion region.  Ideally the 

dopant concentration for a given semiconductor must remain constant with the change in 

frequency. Thus, the decrease in dopant concentration with frequency is unlikely, therefore, 

making the method to obtain Na not very accurate but only estimation.  
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The maximum capacitance is equivalent to the oxide capacitance at 1 kHz where Cox~ 1800pF 

corresponding to the thickness of the oxide layer of 38nm in Fig.5.11. The thickness of 

approximately 40nm is expected from the annodisation process to form Al2O3. Cmax for the 

purpose of obtaining the dopant concentration is kept constant at Cmax~ Cox. At 1 kHz the dopant 

concentration from the C-V plot in Fig.5.11 is approximately 3.6x10
17

cm
-3

. This is much higher 

than the dopant concentration of approximately 5.2x10
14

cm
-3 

obtained at 1 kHz using Eq. (3.45) 

from the C-V analysis of polycrystalline TIPS/PAMS diodes in Section 3.5. However, Eq. (5.18) 

is still limited by the frequency for a polycrystalline organic based MOS capacitor. Cmin is also 

seen to fall with the increase in frequency. The reasons for a constant Cmin have been discussed 

earlier in Section 5.4. 

5.5.1 Small Signal Behaviour of an Ideal Organic MOS Capacitor  

Cox

CS

Cb       Rb

   

1/j   Cb          Rb

1/j   Cox  1/j   Cox 


Rb

 

(a)                                                   (b)                                            (c) 

Figure 5.14. Proposed model for an equivalent circuit of a polycrystalline organic 

MOS capacitor (a) at accumulation of space charge C S, (b) simplified model assuming 

CS>> Cox so that Cox dominates and (c) a further simplified circuit ignoring the effects 

of bulk capacitance Cb. 

A simple model of an MOS capacitor based in accumulation can be obtained by assuming the 

space charge capacitance, CS and the oxide capacitance, Cox to be in series. Addition of the bulk 

properties of an organic semiconductor includes the capacitance Cb and resistance Rb to the 

existent model. The circuit consists of the bulk resistor and bulk capacitor in parallel to each other 
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with a space charge capacitor and oxide capacitor in series as in Fig.5.14a. The interface 

properties have been ignored at either side of the semiconducting layer for a simplified analysis. 

Total admittance of the bulk circuit is given by 

 
    

 

   
       

5.20 

where   is the angular frequency and         When the device is in accumulation, the space 

charge capacitance can be ignored as in Fig.5.14b and total admittance YMOS of the circuit is given 

by  

                   

          
       
       

 

5.21 

5.22 

where CC is the series equivalent of Cox and Cb and   is the relaxation time,              

     
 

  
      

 

       
 

5.23 

If space charge capacitance is considered as in fig.5.14a, the series equivalent capacitance for Cox 

and Cs is given by C1. The total impedance,  , for the circuit is then given by Eq.(5.17).  

 
    

  
        

 
 

    
 

5.24 

As the depletion region changes with application of an external field, Rb and Cb both are adapted 

to explain the decline in the effective thickness of the bulk semiconductor.  

 
    

            

      
 

     
     

            
  

5.25 

 

5.26 
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   is the bulk mobility of carriers in the semiconductor [55]. 

For frequencies of         , the impedance in accumulation region can ignore the bulk 

capacitance and the space charge capacitance such that the circuit looks like Fig.5.14c 

 
   

 

      
      

5.27 

The space charge capacitance, in accumulation, is much bigger than the oxide capacitance 

resulting in Cmax~Cox . The bulk capacitance, at very low frequencies, has no effect as it is thought 

to be dependent on the dielectric constant and the thickness of the organic layer. The measured 

capacitance, thus, does not vary with frequency. Below a low frequency of about 5 kHz, the 

measured capacitance is constant and given by the oxide capacitance. The angular frequency at 5 

kHz corresponds to 1/RbCb ≈ 3.14x10
4 
rads

-1
. 1/RbCb is the higher limit of the relaxation frequency 

discussed later in the section. Above this frequency, the capacitance falls rapidly with frequency.  

The frequency at which the bulk capacitance starts having an effect on the circuit is also 

dependant on the bulk resistance. For instance, a resistance connected in series with the MOS 

capacitor would confirm that the frequency at which Cb starts to fall decreases with increasing 

resistance.   

At high frequencies of         , the bulk resistor is shorted out by the bulk capacitance such 

that both the Rb and Cb can be ignored and the equivalent circuit can be simplified to Fig.5.15. 

The measured capacitance then varies with frequency as observed in Fig.5.11. Impedance Zt is 

therefore the series combination of the space charge and the oxide capacitance. 
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1/j   Cox 

1/j   CS 





 

Figure 5.15. Simplified circuit for a MOS capacitor consisting of the oxide and space 

charge capacitance. 

 
   

 

      
  

 

     
 

5.28 

The small signal behaviour of an ideal MOS capacitor can be explained in terms of the equivalent 

circuit given in Fig.5.14a. The frequency response in inversion is indicative that the minority 

carriers are completely inactive. Only the majority carriers at the depletion layer edge contribute 

to the capacitance which becomes almost independent of the applied voltage. The model proposed 

in Fig.5.14 is explored further. Expanding Eq. (5.24) gives the total impedance, 

 
   

              

              
  

5.29 

The total admittance from Eq. (5.29) is then 

 
   

              

              
 

5.30 

The equivalent circuit, as a function of frequency, can thus be written in terms of an equivalent 

capacitor Ct , resistor Rt  and conductance Gt . 

 
            

 

  
       

5.31 
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In accumulation and at very low frequencies, Ct is C1 and hence given by Cox. Cox gives the 

thickness of the oxide which is 42nm like the one from the oxide C-V measurements with 

dielectric constant of Al2O3,       . Eq. (5.32) and (5.33) can be simplified at lower 

frequencies as  

        

     

5.34 

5.35 

and at higher frequencies as 

 
        

    
        

 

    
          

 

  
  

5.36 

 

5.37 

The imaginary part of    gives    with two poles and two zeros at 

                  

                    

5.38 

5.39 

At very high frequencies, Cb can be found from Eq. (5.36) as C1 is already known and Ct is 514pF 

at 1MHz from the plot. Cb, found is approximately 760pF from Fig.5.16. This provides enough 

information to give the spun film thickness which is approximately 27nm. C1 and Cb then give the 

bulk resistance Rb if Rt is known. With Na from the slope of C-V plot, bulk mobility can also be 
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found from Eq. (5.40). Although, the poles and zeros provide crucial information, if they are close 

enough to each other, the error is critical providing a poor estimate for the bulk mobility. 

The bulk capacitance has a value similar to the depletion capacitance such that the frequency 

dependent term of total capacitance Ct is nearly constant and is approximately equal to the 

depletion capacitance. Consequently, Ct does not change significantly with frequency. However, 

the frequency dependence of Cmin can be significant in such a case.  

The dielectric constant of the oxide is approximately 10 and is bigger than the dielectric constant 

associated with the semiconductor (~3) by a factor of more than 3. Hence, the depletion 

capacitance is less than the oxide capacitance by at least a factor of 3 and so C1 is smaller but very 

close to Cs. The reduction in the capacitance above the frequency of 5 kHz may be explained by 

Maxwell–Wagner dispersion. The depletion region in this case is dependent on the frequency 

[53]. It is described as a momentary delay in the polarization of molecules at the boundary 

between two materials of different dielectric constants such as the oxide and the semiconductor, 

with respect to the change in electric field.  

The bulk resistance can be found from the cut-off frequency fC of the maximum capacitance in 

accumulation Cmax versus frequency (Fig.5.16). The maximum slope of capacitance versus 

frequency is -6.2dB/decade which is much less than the slope of the ideal curve of -40dB/decade 

for large frequencies [56]. Hence the poles and zeros are not far from each other. However, if the 

low cut-off frequency is assumed to be around 5 kHz, the bulk resistance Rb found using Eq. 

(5.38) is approximately 13kΩ. If the concentration of holes is equivalent to the doping density (Na 

≈ 3.6 x 10
17

cm
-3

 at 1 kHz), the hole mobility from Eq. (5.40) of approximately 4.6x10
-7
 cm

2
V

-1
s

-1
 

can be estimated assuming the neutral region has ohmic conduction. At room temperature, the 

hole mobility   obtained from TIPS/PTAA Schottky diodes in Fig.3.24 and TIPS/PAMS 

Schottky diodes in Fig.3.32 is in the range of 10
-7

 cm
2
V

-1
s

-1 
approximately. The hole mobilities 

obtained from either of the devices are low but nearly equivalent. 

 
    

    
      

 
5.40 
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Figure 5.16. Cut-off Frequency and bulk capacitance from plot of accumulation 

capacitance and frequency at -15V. 

Na stays the same throughout the frequency range and therefore some other parameter must be 

changing for the change in hole mobility. The bulk resistance and thickness of the organic layer 

are both extracted values and must be approximates for a change in the mobility to occur. The 

bulk resistance is dependent on the frequency response and the tOSC dependent on the spun film. 

Moreover, at lower frequencies the area of the device is an approximate if fringe effects are 

considered. A low value of bulk mobility obtained can be accounted by the frequency dependence 

of the C-V characteristics, the approximated constant value for the dopant concentration obtained 

from Eq. (5.18) at 1kHz or trapping effects at the semiconductor/oxide interface. The cut-off 

frequency fC is dependent on the hole mobility in the organic layer. As the cut-off frequency 

increases indicating a decline in bulk resistance, the hole mobility increases. fC is greatly 

dependent on the slope of the C-f curve. In essence, fC is defined by the hole mobility and the 

active area of the device. Kim et al. [53] studied mobility effects on the cut-off frequency in 

pentacene transistors with the application of gate bias. The cut-off frequency was seen to improve 
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with an increase in gate voltage as it provided carriers to fill in the traps inside of pentacene and 

thus improved the mobility values [54].  

Effects of Contact Resistance 

The previous analysis comprises of an equivalent circuit without the effects of a contact resistance 

RC (Fig.5.14a). However, it is now included in series with other components for a better 

understanding of the contact between the organic layer and the ohmic contact. Relaxation 

frequency for a circuit is the frequency over which the system comes into equilibrium with the 

surrounding. In such a circuit, two relaxation frequencies are visible; lower frequency due to bulk 

effects and a higher frequency due to the presence of the contact resistance. The circuit 

admittance, without the frequency effects of the series resistance, is given by Eq. (5.30) and is 

characterised as the typical Maxwell-Wagner effect [58, 59]. Maxwell- Wagner effect for two 

dielectric layers, namely the oxide and the semiconducting layer in our case, is defined in terms of 

the frequency response whose relaxation frequency fR1 (using the poles from Eq. (5.32) given in 

Eq. (5.38)) is  

      
 

           
  

 

   
 5.41 

where   is the device relaxation time. The relaxation frequency    is approximately equivalent to 

5.19 kHz and   is thus estimated to about 30µs. 

As described above, the depletion region width is not constant in a MOS capacitor with constantly 

changing bulk resistance and bulk capacitance. Hence, the depletion capacitance is constantly 

changing with applied bias as well. For the device moving from accumulation to maximum 

depletion or back of the semiconductor thickness, the relaxation frequency      is taken to stay 

within the limits of [58, 59] 

 

     
      

       
 

             
 5.42 

where    is the bulk mobility, Na is the dopant concentration, Rb0 is the bulk resistance when the 

Wdep= 0 and Cb0 is the bulk capacitance when Wdep= 0. The higher limit is independent of the 

geometric parameter of the MOS capacitor and can be obtained even without the knowledge of 

the thickness of the device or the area in contact with the electrode. Thus,      limits are defined 
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between the frequencies of 5.2 kHz and 15.9 kHz approximately. The second relaxation frequency 

    , observed due to the contact resistance, is at a higher frequency given by  

       
 

      
 5.43 

where CC  is the series combination of Cox, CS and Cb. If the second relaxation frequency is very 

high (> 1MHz), the contact resistance is calculated to be < 309Ω.  

5.6 CAPACITANCE-VOLTAGE TEMPERATURE CHARACTER-ISTICS  

5.6.1 Experimental Procedure  

Measurements on the capacitance-voltage (C-V) characteristics of polycrystalline organic S1150 

based MOS capacitors are conducted for a range of temperatures to understand the variation in 

charge transport due to the presence of grains and grain boundaries. The C-V measurements were 

carried out using the method defined previously in Section 5.3. For the temperature 

measurements, the device was connected onto a liquid nitrogen cryostat under 0.1 mbar vacuum 

and the temperature was lowered from room temperature to 228K. Detailed analysis of the 

capacitance dependency on temperature with bias voltage is conducted and discussed further. The 

samples were attached to a metal holder using silver paint. The holder was then connected inside 

the cryostat with crocodile clips. Measurements following the connections show a large drop in 

accumulation capacitance associated with silver paint. It is thus very vital to establish a good 

connection between the metal and the metal holder to achieve better C-V characteristics.  

5.6.2 Effects of Temperature Variance 

Detailed analysis of surface states in a polycrystalline organic semiconductor based MOS 

capacitor requires temperature variation of capacitance with applied voltage. A method to find 

interface state density near the HOMO level can be explained in terms of a technique defined by 

Gray and Brown for inorganic semiconductors [60]. This technique measures interface density 

close to the majority carrier band edge. The change in flat band voltage is measured with change 

in temperature. The Fermi level, in this case, determines the small length of band gap available as 

the temperature changes. At high temperature it is likely for the oxide stability to control the 

Fermi level. The results obtained for temperature variation on C-V plots (Fig.5.17) are seen to be 

noisy due to the connections. 
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Figure 5.17. Change in the plot of capacitance voltage characteristics as the 

temperature decreases from room temperature to 228K for a polycrystalline S1150 

based MOS capacitor. Typical area of the device is 7.85x10
-7

m
2
. 

In disordered materials, the C-V measurements are used to define the conduction as a function of 

temperature. The change in applied bias and hence the surface charge is used as a measurement 

process. To maintain a flat quasi Fermi level, the change in surface charge is measured with a 

change in temperature. A flat band condition is maintained but the flat band voltage becomes 

more negative with a decrease in temperature hence indicating a change in Debye length. Using 

Poisson’s equation for the change in electric field with distance gives  

  

  
   

   

   
  

  

  
 
  

  
 

The electric field in terms of effective Debye length, LDe, 
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5.44 

Space Charge,   , is given in terms of the surface field 

             

    
       
    

    
   
    

  

5.45 

5.46 

Assuming that the device is in accumulation at ~-11V, the space charge capacitance    can be 

explained in terms of the Debye length (Eq. (3.37)) in flat band condition due to the accumulated 

charge layer. 

 
    

   
   

  
    
  

 
    

      
 

5.47 

where     is defined in Eq. (5.3). However, this analysis may be flawed as the max-min 

capacitance ratio certainly decreases with a decrease in temperature and is seen to move to a more 

negative voltage. The thickness of the oxide layer is not changing with temperature hence the 

capacitor is assumed to be in depletion even at a very high negative applied bias in the 

temperature range of 228 K- 300K.  

    
    

 
        
    

 

 
  
 

5.48 

The max-min capacitance ratio change with temperature is indicative of the movement of Fermi 

level. Hence, considering the concentration of traps at the surface     is given by  

 
          

   
   

  
5.49 
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where    is the surface potential and TC is the characteristic temperature of the exponential 

function and    is the total intrinsic hole concentration above and below the Fermi Level is given 

by,    (Appendix G) 

 
          

  
  
     

      
   

  
5.50 

Ni is the number of states per unit volume at energy level Ei, the intrinsic level, and EF is the 

energy at Fermi level. Thus, the relationship between the space charge capacitance and 

temperature can be derived as in Eq. (5.52) (Appendix H). 

 
 
  

       
    

        
     

   
   

   

 
  

       
   

        
    

      
   

      
   
   

         

5.51 

5.52 

In ordered grains, the space charge capacitance in the accumulation region is defined in terms of 

Debye length 

      
    
  

  
    

 
       
   

 

 
  
 

5.53 

where          
  

  
     is the permittivity of free space and    is the dielectric constant.  1/CS

2 

and temperature can thus be defined in terms of surface potential as follows 

  

  
   

  

        
     

   
  

   
5.54 

and in terms of intrinsic carrier density as (Appendix I) 
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5.55 

Recalling the equivalent circuit in Fig.5.15, the total capacitance CMOS  can then be defined by Eq. 

(5.5). For a p-type disordered organic semiconductor based MOS capacitor, the voltage required 

on the gate metal to reach the flat band condition becomes more negative with decreasing 

temperature. At high temperatures, the Fermi level is in the band tail of the Gaussian distribution. 

Application of a positive voltage thus causes flat band conditions and partial depletion of hole 

concentration at the surface.  

          Cox

Cgb      Cg

Small Area 

Large Carrier Concentration

Large Area

Small Carrier concentration 

(a)              (b)  

Figure 5.18. (a) Equivalent circuit for a polycrystalline material in contact with an oxide. The 

capacitance associated with the grain boundary Cgb or the grain Cg dominates the overall 

capacitance. (b) A simple model showing both the small area grain boundaries with large 

carrier concentration and large area grains with smaller carrier concentration. 

For polycrystalline organic MOS capacitor, an equivalent circuit such as shown in Fig.5.18a can 

be assumed. The capacitance measured is associated with the charge in the grain or the grain 

boundary. The grains are ordered and conducting with low hole concentration and have a much 

larger area than the grain boundaries. Conversely, the grain boundaries are very thin compared to 
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the grains with a much larger concentration of trapped holes due to their disordered nature [61]. 

For this reason, either the grain capacitance or the grain boundary capacitance can dominate at 

any point. If the grain boundary dominates, a plot from Eq. (5.52) will provide x-intercept 

indicative of characteristic temperature of exponential DOS, TC. If the x-intercept is not TC but 

much lower, the grains are most likely to be dominating the capacitance. Figure 5.18b shows a 

resultant grain formed between two grain boundaries for a polycrystalline semiconductor.  

In disordered MOS structures, decrease in temperature does not change the minimum capacitance 

or the TC value and hence dopant concentration is not affected. However, as the temperature 

decreases the Fermi level moves closer to the HOMO level of an organic semiconductor. Rise in 

the positive voltage thus causes more holes to leave the surface of the semiconductor and a larger 

insulating, depletion region with no mobile holes remains. The number of holes leaving the 

surface is directly proportional to the number of empty traps available and defines the dopant 

concentration. Although an increase in positive voltage causes such an increase, the width of the 

depletion region in disordered materials cannot be defined as the depletion region may expand 

across the whole organic film. It is, therefore, considered impossible to achieve inversion in 

organics. The minimum capacitance Cmin observed, although considered constant, is not the true 

value of capacitance in inversion as has been discussed in Section 5.4. The organic film is not 

totally depleted of holes at Cmin. 

The dopant concentration is not expected to change in the range of temperature measured. 

However, the experimental results in Fig.5.19 indicate otherwise. This effect is similar but not 

identical to the fall in dopant concentration with temperature in organic polycrystalline based 

Schottky diodes (chapter 3). The dopant concentration in this case is obtained from Eq. (5.18) 

keeping the value of Cmax constant at the oxide capacitance (~1800pF). From the plot of inverse 

square of depletion capacitance 1/CS
2
 against temperature (Fig.5.20), it is visible that 1/CS

2 
rises 

with decreasing temperature at different applied bias in accumulation and depletion. The 

depletion capacitance must therefore be falling with decreasing temperature. The depletion region 

width extends across the whole thickness of the organic layer, hence, causing the capacitor to go 

into deep deletion. 
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Figure 5.19. The variation of dopant concentration with temperature. The dopant 

concentration is seen to decrease with temperature. 

The characteristic temperature of exponential distribution of traps, TC, is expected to stay constant 

because the exponential DOS has no observed mechanism by which they might vary with 

temperature. Sedghi et al. [62] experiment on disordered material for MOS capacitor produced TC 

of 425 K from 1/C
2
 against temperature plot using Eq. (5.52). The capacitance was measured in 

accumulation at flat band assuming that the flat band was constant with changing temperature. As 

the flat band is not constant in our case and the C-V plot moves towards negative voltages with 

temperature, a range of applied bias were taken in both accumulation and early depletion region. 

Early depletion is referred to the start of depletion of carriers in the semiconductor with an 

application of a small positive voltage, more than the flat band voltage. Using Eq. (5.52), the 

intercept of Fig.5.20 gives TC in the range of 320–336K for bias in range of -11.4 V 

(accumulation) and -6 V (early depletion). This is lower than to the values of TC obtained from 

Schottky diodes at room temperature in Chapter 3. The values for TC found at room temperature 
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are almost 365K and 400K from TIPS/PTAA and doped TIPS/PAMS Schottky diodes 

respectively. 

 

Figure 5.20. The inverse square of space charge capacitance against temperature for different 

applied bias conditions from accumulation to early depletion to find TC at the x-intercept.TC 

obtained is lower than expected for disordered organic semiconductors (425K [62]). 

Furthermore, the low value of TC obtained from Fig.5.20 indicates the absence of disorder in the 

polycrystalline material. It is maybe that the measurements obtained are from a grain instead of a 

grain boundary and Eq. (5.55) applies. If TC is approximately 300K, Eq. (5.52) does not apply. 

That is to say that the change is Fermi level due to change in temperature is not sufficient to cause 

any increase or decrease in surface state concentration. Another explanation for a low value of TC 

is the movement of grains and grain boundaries with change in voltage. If the number of carriers 

at grain minimum (where most conduction takes place) is proportional to the number of carriers at 

the grain boundary, the relation gives the Meyer Neldel Energy (MNE) where MNE gives 
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information on the disorder in the grain boundaries. It is well known that although the conduction 

is maximized at the grain centre, the grain boundary controls the surface potential in the grains 

and defines the energy barrier due to Fermi level pinning. A low TC of approximately the same 

value as T indicates that the movement of grain centre with voltage does not follow the grain 

boundary potential and hence are not proportional. A small change in the grain boundary with an 

applied gate potential, thus, causes a great change in the grains such that the value of TC obtained 

is lower than expected for disordered organic semiconductors (425 K [62]). A small value of TC 

obtained from the intercept signifies the dominion of grains.  

 

Figure 5.21. The maximum capacitance (at -11V) and minimum capacitance (at 0V) 

are plotted against temperature at the frequency of 1kHz. Cmax falls linearly with 

decreasing temperature 

Last but not the least, from chapter 3, the current voltage plots show dc characteristics. The 

capacitance voltage characteristics however show the ac characteristics. As discussed before, the 

characteristics indicate that the boundary traps are filling so that the grain boundary controls the 
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barrier seen by the carriers and hence the capacitance. However, that is not the case seen from the 

results obtained. A small value of TC comparable with T indicates that the boundary traps are not 

filling and that the capacitance is being controlled by the grains instead of the grain boundaries.  

The effective mobility values lowers in organic MOS capacitor with decreasing temperature. This 

phenomenon is also seen in polycrystalline pentacene TFTs as the temperature decreases [63]. In 

the temperature range observed, the change in effective mobility is due to the thermally activated 

behaviour of carriers in disordered grain boundaries. Reasons for a decline in mobility with 

temperature include the disorder-promoted trap states near the edge of the grain and the Fermi 

level being unable to reach the mobile trap states [64]. This effect can be better understood by 

plotting the maximum and minimum capacitance values against temperature (Fig.5.21). As seen, 

the ratio between the Cmax and Cmin falls linearly with temperature indicating that at lower 

temperatures, the Fermi level indeed has difficulty reaching the mobile trap states. 

As the temperature falls, the thermal energy of the holes is significantly reduced and the hopping 

rate declines suggesting that the carriers may only be capable of accurately obeying the Fermi-

Dirac distribution function and not Maxwell-Boltzmann approximation further into the organic 

film. The Fermi level is thought to move closer to the HOMO level. At lower temperatures, 

outside the range measured, the Fermi level may not lie in the band tail of the Fermi-Dirac 

distribution anymore and therefore it may be unlikely that a quasi level exists at much lower 

temperatures. A decrease in temperature may also have an effect on the plot of capacitance 

against frequency. As the temperature falls, it is expected that the resistivity in the bulk of the 

semiconductor increases and thus the plot moves towards lower frequencies. An increase in 

resistivity is indicative of decrease in conductivity of an organic film if the conduction is 

controlled by the bulk of the semiconductor. 

5.7 CONCLUSION 

The effect of frequency and temperature in the examination of electrical characteristics of MOS 

devices are important to consider. Parameters such as the doping concentration, insulator 

thickness and threshold voltage can be found by analysing the C-V characteristics. A high 

frequency C-V plot for a p-type semiconductor based MOS capacitor shows higher and lower 

capacitance values at negative and positive gate biases respectively. Maximum capacitance is as a 

result of the accumulation of holes at the semiconductor surface whilst the minimum capacitance 
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corresponds to the maximum depletion layer width. The deviation from ideal C-V characteristics 

is attributable to various oxide charges and interface charges. Effects of duration of exposure to 

air are discussed for TIPS-pentacene based MOS capacitors and an attempt is made to explain the 

results obtained.  

The variation of C-V characteristics with frequency is examined for the case of a polycrystalline 

organic S1150 MOS capacitor. In theory, Cmax and Cmin can be used to estimate the doping 

concentration Na, which is found to be approximately 3.6x10
17

cm
-3
 at 1 kHz. An RC equivalent 

circuit to model frequency-dependent capacitance of MOS capacitor is considered and examined 

in detail. The frequency is altered from lowest to the highest measurable value so as to 

characterize parameters such as the mobility, conductivity, thickness of the organic 

semiconducting layer tOSC and cut-off frequency. Furthermore, an equivalent circuit model is also 

proposed to find the bulk components, namely the bulk resistance Rb and the bulk capacitance Cb 

of the organic semiconductor. Terms for conductance and impedance for the equivalent circuits 

are derived for a number of equivalent circuit cases. The cut-off frequency, the poles and the 

zeros of the device are also defined. Rb, Cb and tOSC found are 13 kΩ, 760pF and 27nm 

respectively. The maximum depletion width obtained from the C-V plot at 1 kHz is 

approximately 30nm. This indicates that the minimum capacitance is not due to inversion but due 

to the extension of the depletion width across the thickness of the semiconducting layer.  

The value of doping density obtained from Eq. (5.18) is very sensitive to the ratio of Cmax/Cmin 

such that any decrease in Cmin will also change the mobility value. From the equivalent circuit 

proposed, it is assumed that Cmin is in series with the oxide capacitance Cox and that in ‘so- called’ 

inversion, the space charge capacitance Cs and the bulk capacitance Cb can be ignored. 

Nevertheless, the bulk capacitance in high mobility semiconductors may as well be ignored as the 

bulk resistance compensates by being huge but in organic lower mobility semiconductors, this 

approximation provides unexpected results. This is because the bulk resistance is not large enough 

to overlook the effects of the bulk capacitance.  

Furthermore, a contact resistance owing to the existence of barrier between the semiconductor and 

ohmic contact is considered. Two relaxation frequencies are visible due to the Maxwell Wagner 

effect for two connecting dielectric layers. The lower relaxation frequency is because of the bulk 

effects whereas the higher relaxation frequency gives the contact resistance. In the case 
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considered in this thesis, RC is lower than expected especially because no contact treatment is 

performed between the semiconductor and ohmic contact layer.  

Finally, the temperature dependence of the capacitance-voltage characteristics is observed to 

recognize the variation in charge transport, for polycrystalline organic S1150 based MOS 

capacitors. A low value of TC (approximately 330 K) obtained from temperature measurements 

indicates a decrease in disorder in the polycrystalline material compared to disordered materials 

(~450K). A number of reasons are provided for this low value. Eventually, the capacitance 

measurements obtained are assumed to be from a grain instead of a grain boundary. The grain 

dominates the capacitance observed and therefore the dopant concentration, in theory, does not 

vary with temperature. The change in Fermi level due to change in temperature is not enough to 

cause any increase or decrease in surface state concentration. 
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CHAPTER 6- CONCLUSION AND FURTHER RESEARCH 

PROSPECTS 
This chapter provides the conclusion to the work presented in this thesis. Further research 

recommendations are also discussed. 
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6.1 DISCUSSION AND CONCLUSION 

Organic polymeric semiconductors are potentially simpler to process and can be used for 

printable electronics due to their ease of solubility in organic solvents [1]. Material such as P3HT 

is considered more suitable for organic thin film transistors (OTFTs) whereas disordered PTAA 

can be used in the formation of organic light-emitting diodes (OLEDs) [2]. The charge transport 

and processing of amorphous [3] and liquid crystalline [4] is quite similar to the polymeric 

semiconductors.  

A detailed review of the various charge transport models for organic materials is presented. Such 

models include the Miller Abraham model, percolation theory, variable range hopping 

mechanism, and multiple trap and release model. The density of states (DOS) particularly in 

disordered organic semiconductors is commonly defined by the Gaussian distribution and the 

associated exponential approximate at the band tail. The Meyer-Neldel Energy (MNE) is related 

to the width of such Gaussian distribution, which is associated with the degree of disorder in the 

semiconductor. It can also be explained in terms of shift in the quasi-Fermi level with 

temperature. Previous models proposed for Meyer Neldel Energy (MNE) go back decades. 

Detailed review of MNE is provided in Section 2.4.4.  

The existence of TC, the characteristic temperature of the DOS, indicates that although the concept 

of MNE is purely for disordered materials, it is also obtained in polycrystalline organic 

semiconductors. Thus, the equations already developed on a disorder model seem to be valid for 

polycrystalline organic materials. The universal mobility law is discussed and reformed to fit in 

terms of polycrystalline materials where the disordered grain boundary is in contact with the 

grain. The disordered organic grain boundary has mobility values depending on the energetic 

distribution of states and the hopping characteristics instead of a single mobility value like in a 

crystalline grain. The crystalline grain is akin to inorganic crystalline semiconductors. A term to 

define mobility in polycrystalline semiconductor can therefore be explained as the effective 

mobility.  

The charge mobility obtained for organic materials is to a large extent lower than the inorganic 

counterparts (eg. silicon). For TFTs, the minimum acceptable mobility for the use in circuits is 

1cm
2
s

-1
V

-1 
but organic materials are unable to produce mobilities of that order. The best results 

obtained with polymeric materials are an order lower than inorganic materials [3]. For a highly 
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pure polycrystalline pentacene crystal [5], the mobilities obtained are more than 10cm
2
s

-1
V

-1
. 

Rubrene has shown similar mobility values [6].  TIPS- pentacene, a derivative of pentacene, is 

another promising polycrystalline material with expected mobilities more than that of pentacene. 

Therefore, it has been tested in the thesis.  

The charge transport in crystalline organic materials is said to be due to weak Van der Waal 

forces rendering the material soft whereas polymeric materials show a high level of ordering 

indicating that they offer better mobility values [7-9]. Small molecule structures (polycrystalline 

material) consist of crystalline domains separated by amorphous sections. It is seen that it is easier 

to form better ordered crystals from molecules in lower molecular weight films than high 

molecular films [10]. Contrary to Cheung and Troisi [10], films formed with high molecular 

weight P3HT films have seen to give superior charge mobility values [11]. This has been believed 

to be due to the link between small molecules and different crystalline domains [12]. To research 

it further, mobility values in organic semiconductors are obtainable experimentally in this thesis. 

However, reproduction of mobility values in synthesised materials is hard experimentally and 

even harder computationally. This is because the mobility values highly depend on the quality of 

the material and their fabrication processes.  

Inadequacy in explaining the charge transport methods in organic material has led to an interest in 

researching this topic at the University of Liverpool. The theories and methods used are similar to 

the ones existent for the inorganic counterparts with variation to fit the organic semiconductor. 

This is seen as an uncomplicated way to define parameters such as the mobility of the material. 

However, the charge transport in a polycrystalline organic material such as TIPS-pentacene 

cannot be defined simply by a band like model or as hopping between localised states without 

disagreeing with the results obtained from experiments. Using theories, a simple model for charge 

transport for polycrystalline organic semiconductor is defined in terms of current, voltage, 

frequency and temperature in this thesis. This leads to the derivation of properties like the 

mobility and the ideality factors.  DOS models like the Gaussian model for disordered materials 

[13] and derivatives of Gaussian model [14-16] are a few such theoretical models for charge 

distribution in existence.  

Polycrystalline organic Schottky diodes are fabricated using organic TIPS- Pentacene in chapter 

3. TIPS-pentacene is a particularly interesting material as it can be deposited easily from solution. 

A relatively thicker drop cast active layer produced continuous films but showed less uniformity 
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than the spin coated layer. The former also produces better overall results. Space charge limited 

currents (SCLC) are defined in the saturation region of the forward characteristics of the Schottky 

diode where the current is dominated by the bulk effects. The theory of SCLC is reviewed for trap 

free dielectric material and eventually for a disordered material with exponential distribution of 

traps. Furthermore, a model demonstrating the universal dependency of mobility on carrier 

density is presented for space charge limited currents. Disordered materials are compared with the 

conventional crystalline solids to define the universal mobility law (UML) in disordered 

materials.  Hence, space charge limited current expression including UML is developed for 

disordered organic semiconductors. Moreover, the importance of UML in polycrystalline organic 

semiconductor is also established. In SCLC, the current density is therefore dependent on voltage 

by a power law given in terms of m, also temperature dependent.  

Following the discussion on space charge limited currents the analysis of the DC characteristics of 

polycrystalline organic Schottky diodes is carried out with change in temperature. Temperature 

effects on the electrical characteristics of two different blends of polycrystalline organic Schottky 

diodes is conducted, namely TIPS/PTAA and doped TIPS/PAMS. The characteristic temperature 

of the intrinsic distribution of carriers T0 is obtained from the exponential region of these diodes. 

This is equivalent to the ideality factor multiplied by the absolute temperature where the ideality 

factor is the measure of defects and the presence of traps in the organic semiconductor.  

Various other parameters such as characteristic temperature of DOS (TC), the ratio of free charge 

carriers to the total charge carriers in the intrinsic DOS ( ) and MNE are also extracted.  For a 

TIPS/PTAA Schottky diode at room temperature, the respective values for Na, µeff, Wdep, LDe, 

MNE and the characteristic temperature describing the width of the carrier distribution, T0,are 

found to be approximately 1x10
17 

cm
-3

, 1.8x10
-2 

cm
2
V

-1
s

-1
, 185nm, 11nm, 31.5meV and 780K. For 

a doped TIPS/PAMS Schottky diode at room temperature, these parameters correspond with 

2x10
17

cm
-3

, 1x10
-2

cm
2
V

-1
s

-1
, 100nm, 5nm, 35meV and 1200K respectively. A large value for 

ideality factor obtained in both samples, TIPS/PAMS and TIPS/PTAA, is consistent with previous 

experiments on disordered materials. The high value in the range of 3-5 proves that the material 

suffers from some trapping effects. High values of TC and hence MNE are indicative of both the 

extrinsic and intrinsic traps at room temperature. The nature of the forward saturation current is 

thought to be dependent on the back metal/organic junction. Considering the change of 

parameters over the temperature range measured, the fall in temperature does not change for most 

of the parameters until a critical temperature for TIPS/PTAA Schottky diode. After this critical 
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temperature, most parameters are observed to decrease. For the case of doped TIPS/PAMS 

Schottky diode, parameters such as effective mobility, carrier concentration, MNE decrease with 

decreasing temperature.  

In order to further understand the transport properties and the effect of temperature on the 

transport energy the activation energy Ea of the organic material at high temperatures is 

determined, from the Arrhenius plot of current density Js against 1000/T in saturation.  For 

TIPS/PTAA Schottky diode, the activation energy remains constant at approximately 0.3eV for 

various applied voltages in saturation. However, for doped TIPS/PAMS Schottky diode, two 

different activation energies are obtained in the range of temperatures observed. In higher 

temperature range, the activation energy obtained from the Arrhenius plot of current density is 

seen to be twice (~63meV) that of the one obtained in the lower temperature range (31meV). 

Difference in activation energies is assumed to be due to two different mechanisms governing two 

separate temperature ranges. It is thought to be due to the movement of quasi-Fermi level in the 

energy domain. Furthermore, the two activation energies may be an evidence of both intrinsic and 

extrinsic DOS with two different transport energy levels. As this sample is doped, the extrinsic 

DOS may be owing to the DDQ dopant ions. More experimental and analytical work is required 

to fully comprehend this theory.  

Small signal capacitance analysis is conducted on Schottky diodes at ac voltages of as low as 

5mV. The dopant concentration are found from the slope of the inverse square of the depletion 

capacitance against voltage plot with a corresponding value of 5.2x10
14 

cm
-3

 at 1 kHz. This 

method for obtaining the dopant concentration is frequency dependent and can only be used as 

estimation as a large difference in ND is observed between C-V and I-V analysis. 

Charge conduction in polycrystalline organic semiconductor is determined in the vertical 

Schottky structure. A straightforward method is to define a polycrystalline material such as 

pentacene to be made up of ordered and disordered sections. A 2D model is therefore proposed to 

define the charge transport model in terms of both ordered grains and disordered grain boundaries 

(in Chapter 4). The potential variation at the grain edge is used to define the variation of potential 

in the grains. The grains are constructed by making a number of assumptions. Thus, the variation 

of potential in the whole of the grain is defined in the x-direction. A new term for the potential at 

grain centre is recognized such that the maximum number of carriers for charge conduction is 

found. Finally with the use of drift currents, the current density at the grain centre in the forward 
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characteristics is established. Although this is a simple method to define the experimentally 

obtained results, the charge transport in organic materials is still not anywhere close to be 

thoroughly understood. 

Two different directions of current flow are considered in this thesis. Firstly, lateral conduction is 

introduced between a number of grains and grain boundaries. The carrier conduction is dominated 

by diffusion and drift at low and high applied biases respectively. A term for the flux between the 

grain and the grain boundary is established. Assuming that the thickness of the semiconductor is 

significantly smaller than the lateral length, vertical conduction in terms of a single layer of grain 

and grain boundary can be established. Subsequently, a two dimensional model for a 

polycrystalline organic semiconductor based Schottky diode is proposed based on simple two one 

dimensional cases using Gauss’s law. The model assumes that the carrier density in the grain 

boundaries determines the electrostatics in the grains. The exponential distribution controls the 

potential barrier seen at the grain boundaries. This potential barrier in the grain boundary noticed 

over the top of the Schottky barrier limits the flow of charge due to trapping effects. The grains, 

on the other hand, dominate the charge transport from the ohmic contact to the Schottky interface 

with the application of an external bias due to the lower energy barrier seen at the grain centre 

compared to the grain boundary. Boundary conditions for the edge of the grain and grains are 

determined. Thus, the grains and the grain boundaries are identified in terms of simple equations 

and the current density classified for both in the forward bias. These are new terms to define the 

charge conduction in the grain boundaries and at the centre of the grain where the charge transport 

dominates. Furthermore, a new model is proposed for the DOS to define conduction in the grain 

boundaries of a polycrystalline semiconductors based on Laplace’s first law- L1. It is thought to 

be a better suited distribution then the Gaussian DOS. This is because it gives the MNE for a 

wider range of voltage values than the Gaussian DOS (~37meV). Finally, a term for the carrier 

concentration using L1 DOS is also derived.  

Organic polycrystalline based MOS capacitors are fabricated for oxide/semiconductor interface 

analysis. The electrical behaviour of the grain boundaries, in essence, is a topic of interest due to 

their charge conduction properties and hence their link to device performance. Also, the presence 

of an oxide layer between the metal and the organic semiconductor strongly affects the device 

characteristics. MOS capacitors with two different pentacene derivatives, S1150 and TIPS-

pentacene are fabricated in a bottom gate configuration. Capacitance Voltage (C-V) analysis is 

carried on both samples and the best obtained results discussed. TIPS-pentacene based MOS 
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capacitors are used for experiment involving effects of air exposure on device characteristics. 

However, S1150 based MOS capacitors are used to explain both the effects of temperature and 

frequency on device characteristics.  

The C-V characteristics obtained from the S1150 MOS capacitor demonstrated a decrease in the 

maximum capacitance with the change in frequency of the ac signal and temperature, unlike the 

conventional inorganic MOS capacitors. This indicated that the surface charge is very important 

in the case of organics, especially polycrystalline semiconductors with ordered grains and 

disordered grain boundaries. The grain boundaries control the trapping effects, Fermi level 

pinning and hence the conduction in the grains. Interface states, in such an instance, do not matter.  

In accumulation region, the oxide capacitance is assumed to dominate. When both ac and dc 

signals are applied together, the depletion region moves back and forth due to the ac term such 

that the depletion region is seen to be constant while increasing dc voltage provides the flow of 

electrons. In so-called inversion region, the capacitance does not drop to zero but has a value. The 

dopant density is provided from the slope obtained from the C-V method but may only be an 

approximation due to the nature of the material where the dopant ions are not typically uniformly 

distributed. The thickness of the oxide obtained is 40nm at Cox of 1800pF and the dopant 

concentration is approximately 3.6x10
17

cm
-3
 at 1 kHz.  

Interface states and other non-uniformities at the metal/semiconductor cause the C-V behaviour of 

an organic semiconductor based MOS capacitor to be different from an ideal case. These interface 

states can be as a result of the various fabrication processes involved, lattice structure at the 

surface, development of an insulating layer and owing to impurities added to the organic 

semiconductor during synthesis. A bias shift and frequency dispersion on a C-V characteristics 

obtained from MOS capacitors signify the presence of these interface states.  

From accumulation-depletion-deep depletion (forward sweep), the flat band is more negative than 

from deep depletion-depletion-accumulation (reverse sweep). This anti-clockwise hysteresis is 

thought to be owing to oxide charges, the interface charges, the mobile ions and also the slow 

trapping of electrons. The presence of mobile dopant ions in the organic film, introduced during 

fabrication, is expected to increase the instability. Especially when the temperature is raised 

making the mobile ions more mobile. 
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The C-V characteristics of the TIPS-pentacene based MOS capacitor are seen to improve with 

time in air. This is associated with the accumulation of charge at the metal semiconductor 

interface. Impurities, improving the C-V characteristics with time, include positive trap charge 

due to moisture, oxygen or mobile charges. Also, exposure to air assists the charge transport in 

the organic layer. The carriers are able to hop around into and out of the available states such that 

the transport properties improve and the maximum capacitance increases.  

Effects of changing the frequency are analysed on S1150 based MOS capacitors. The 

accumulation capacitance decreases with increasing frequency because of a decline in the surface 

hole concentration. The conductivity of the S1150 layer decreases, causing the relaxation times to 

increase. Plotting accumulation capacitance against frequency demonstrates this effect more 

clearly. Various equivalent circuits are proposed for understanding the small signal behaviour for 

an ideal MOS capacitor to consider the device characteristics. A simple model of an MOS 

capacitor is obtained by assuming the space charge capacitance, CS and the oxide capacitance, Cox 

to be in series. Addition of the bulk properties of an organic semiconductor includes the 

capacitance Cb and the resistance Rb of the bulk region of the S1150 film to the existent model. Cb 

and Rb are in parallel to each other and in series with CS and Cox. Parameters such as the thickness 

of the oxide layer, thickness of the organic semiconducting layer, bulk capacitance and bulk 

resistance are found from the C-f analysis. These are approximated to 40nm, 27nm, 760pF, 13 

kHz respectively. The hole mobility obtained at 1 kHz is low (4.6x10
-7
 cm

2
V

-1
s

-1
) but can be 

compared to bulk hole mobilities obtained from the TIPS/PTAA and TIPS/PAMS Schottky 

diodes at room temperature. The bulk hole mobilities are considered approximately two orders of 

magnitude lower than the mobilities obtained in OTFTs. The mobility of the carriers is low for 

organic materials to respond to the ac signal at higher frequencies and accordingly the 

contribution to the overall capacitance is reduced. Finally, a contact resistor is also considered to 

be in series to all the above mentioned components, denoting the existence of a barrier between 

the semiconductor and the (not so) ohmic metal. Terms for conductance and impedance for the 

equivalent circuits are derived for a number of equivalent circuit cases. The cut-off frequency, the 

poles and the zeros of the device are also defined.  

This leads to the derivation of two relaxation frequencies indicating the existence of Maxwell 

Wagner effect for two dielectrics in contact with each other. In this is case, the semiconductor and 

oxide layer both acts as dielectric layers in contact with each other. For the device moving from 

accumulation to maximum depletion or back of the semiconductor thickness, the relaxation 
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frequency      is taken to stay within the limits of 5.19 kHz and 15.9 kHz. Considering that the 

second relaxation frequency      is > 1 MHz, the contact resistance of < 309 Ω is calculated. A 

low value obtained for the contact resistance is an indication of a good ohmic contact between the 

ohmic metal and semiconductor. It shows that a low barrier to carrier flow exists and there is an 

unhindered flow of carriers into the semiconductor. 

Temperature dependence of the C-V characteristics is also observed for organic S1150 MOS 

capacitors to distinguish the charge transport variation. Either the grain or the grain boundary of 

the polycrystalline material is expected to dominate the charge transport depending on the device 

structure and the morphology of the organic semiconductor. In the case that disordered grain 

boundaries control the charge, detailed study of surface states involve temperature variation of 

capacitance with applied voltage. The change in temperature causes the Fermi level of S1150 to 

vary. Thus to maintain a flat quasi Fermi level, the modification in surface charge is calculated 

with change in temperature.  The movement of the Fermi level is examined with the change in the 

ratio of max-min capacitance temperature.   

For a polycrystalline organic MOS capacitor, the grain boundaries are very thin compared to the 

ordered and conducting grains nevertheless with a much larger concentration of holes. 

Consequently, either the grain capacitance or the grain boundary capacitance is thought to 

dominate at any one point. In the case where the grain boundary dominates, a plot of 1/CS
2
 against 

temperature will provide x-intercept indicative of characteristic temperature of exponential DOS, 

TC. If the x-intercept is not TC but much lower, the grains are most likely to be dominating the 

capacitance of the system. This is contrary to what is expected according to the theory. 

Experimental results provide a temperature very close to the absolute temperature T in the range 

of 320 – 336K, instead of the TC of around 450K expected of organic disordered materials. Thus, 

opposing the expected, the ordered grains may dictate the capacitance. Nevertheless, a lower TC 

may be indicative of less disorder in the grain boundaries of the polycrystalline semiconductor 

due to a narrower distribution of density of states.  

6.2 FURTHER RESEARCH PROSPECTS 

Organic materials such as polycrystalline materials can show poorer mobility values when 

compared to inorganic materials such as silicon. These organic materials are flexible or easy to 

process so the charge transport is highly dependent on the processing technique. The disorder 
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induced in the small molecule backbone and the chemical defects introduced during processing 

can highly affect the mobility of the material. Morphology, both at a molecular level and over 

larger scales, can strongly affect the charge mobility in the semiconductor. Apart from these 

considerations, the molecular packing of the small molecule is also important as a better packed 

molecular structure can strongly affect the mobility values. Improved organic structures are thus 

the key to producing better mobility devices. The ability to tweak the organic structures according 

to user-preference provides better organic materials with better outcomes. 

The ease of processing of organic semiconductors, such as TIPS-pentacene, is a route to produce 

low cost organic circuits and for other product development opportunities. Unlike its parent 

molecule, pentacene, TIPS-pentacene is soluble in various organic solvents and can therefore be 

spun or drop cast. The use of semi-crystalline binders and other organic semiconductors seem to 

help the morphology but requires considerable amount of more work. Solvents with rapid drying 

times seem to produce much better performance in Schottky diodes unlike materials such as 

P3HT where the solvent with higher boiling point and thus longer drying time is ideal. Research 

into the different drying times for various number of solvents must also be considered to 

understand the characteristic temperature of the DOS, TC. The TC is considered independent of the 

temperature variation and dependent on the nucleation rate of the solution processed layer. 

Further experimental work is required to confirm the magnitude of TC with the change in drying 

temperature which effects the rate of nucleation and hence the morphology of the organic layer. In 

terms of organic MOS capacitors with spun thin films, the rate of spinning can affect the active 

layer morphology and hence the structure. Carrying out these experiments will lead to a better 

understanding of the effect of drying temperature on the intrinsic distribution of states and thus 

the Meyer Neldel energy. This can then be checked for TIPS with various organic binder or 

insulator combinations.  

The contact between the ohmic metal and the organic semiconductor is another area that requires 

optimization. Especially with polycrystalline organic semiconductors, the so-called ohmic metal 

forms a barrier to carrier flow. Thus some of applied external bias must be used to overcome this 

barrier. One way to improve the contact between the ohmic metal and the organic material is 

through surface treatments. Oxygen plasma, HMDS and PFBT are some of the surface materials 

that have been successfully used in the past. Most of these treatments are also used in Schottky 

diodes. The use of PFBT showed no significant improvements to the device characteristics (refer 
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to chapter 3). Testing these treatments on oxide/semiconductor interfaces is also essential and 

must be looked into.  

Furthermore, the use of chemical treatments on the organic semiconductor before the deposition 

of an ohmic contact in a bottom-gate MOS structure degrades the morphology of the organic 

layer. However, deposition of ohmic contact without carrying out these treatments leads to an 

energy barrier at the contact such that it cannot be considered ohmic. Therefore, chemical 

treatments that do not affect the semiconductor morphology need to be considered in the future. 

Another topic of interest is the dielectrics in MOS capacitors in either a top-gate or a bottom-gate 

approach. The use of organic dielectric layers and double dielectrics for the use in organic devices 

is of significant interest to produce high mobility low voltage organic devices. A number of 

complications are faced with the deposition of soluble organic semiconductor on a solution 

processes organic dielectric or vice versa. One example is a chance of intermixing of the solution 

processed organic dielectric and the organic semiconductor. This process affects the device 

morphology and provides lower mobilities than expected. There is a vital need for the separation 

of these steps without affecting the layers involved. 

Small signal analysis is performed using equivalent circuits to represent a MOS capacitor. This 

provides information about the conductance and the resistance of the device. In the model 

considered in Chapter 5, the resistance at both the semiconductor/ohmic and oxide/semiconductor 

contact are considered at the interface, respectively. However, a more accurate representation is to 

consider these individual interface effects as equivalent circuits consisting of both a resistor and a 

capacitor in parallel, at either end of the semiconductor. In addition, it is also of interest to 

consider the effects at the metal/oxide interface as an equivalent circuit. Future work on this 

includes considering these additional equivalent circuits for a more precise analysis of a MOS 

capacitor. 

The degradation of organic devices with time is of crucial concern especially in the use of 

commercial applications. This effect is owing to instabilities commonly observed in terms of 

hysteresis in the electrical characteristics. Degradation of organic materials is thought to be by the 

photo-oxidation of organic material upon exposure to air or light, drifting of mobile atoms or the 

absorption of ozone in the organic materials. These instabilities require the need to develop an 

effective method for encapsulation designed for the construction of more stable organic devices.  
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The use of Schottky theory in the reverse characteristics to obtain the dopant concentration for 

inorganic semiconductors has been used for the polycrystalline organic semiconductors in this 

thesis. The experimental plots show good fits to the ln JR against V
0.25

 plots. However, a major 

disadvantage of this method is the unaccountability of the conduction processes involved in 

reverse bias. The conduction in the disordered grain boundaries of a polycrystalline organic 

material is thought to be by charge hopping between exponentially varying localised states. 

Therefore, injection of charge carriers in the exponential distribution of states must be considered 

along with the Schottky theory in the reverse bias.  

The structure, morphology and charge mobility have already been investigated by a number of 

techniques. Techniques for morphology measurements are namely atomic force microscopy 

(AFM) for the surface of the sample, X-Ray diffraction or scattering. However, it is still difficult 

to link the structure with the mobility to comprehend the relation between the transport 

mechanism and structure. Consequently, a sensible way forward is the development of 

computational methods.  

The lateral fabrication of Schottky diodes is another topic for further inspection as it would be 

extremely beneficial in printed circuitry. Lateral Schottky diodes are akin to transistor based 

diodes that are appealing due to their ease of integration within a circuit, with the transistors, logic 

gates and other electrical components for the use of low cost printable circuits. However, the 

lateral diodes have significantly higher area consumption, a high load capacitance and a lower 

frequency than a vertical Schottky diode. A noticeable downside in lateral diodes that requires 

further research is the long channel length between the ohmic metal and the Schottky metal 

compared to the thin film organic semiconductor layers in vertical Schottky diodes. This is a 

major shortcoming in terms of the speed and hence the frequency of the device. The fabrication 

processes employed to produce lateral diodes in a laboratory based environment expect the 

channel lengths to reduce to around 1μm which is much better than what would be expected when 

these lateral diodes are produced by means of cheap printing techniques for mass production 

(>10μm) . Moreover, isolation of these lateral diodes is another topic of great interest. Moreover, 

there is a need for the development of a computational method to analyse the experimental results 

for transient analysis of both lateral and vertical Schottky diodes. 

The use of organics in applications such as radio frequency identification tags (RFIDs) is much 

anticipated. RFIDs are at present defined by silicon chips and can hold information that can be 
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communicated to a reader at a distance. Applications for RFIDs incorporate the automated toll 

booth systems, items at a supermarket and ID badges that can be converted to organic integrated 

circuits to advance the control and security and to lower the cost. This will introduce RFID 

applications such as stock tagging at stores instead of using barcodes. A range of applications 

where organic electronics can play an important role from reducing cost, improving flexibility and 

improving functionality is in the use of sensors, displays for handheld devices, gauges and other 

gadgets. Another area of relevance is photo-voltaics developed for organic electronics. The 

energy market is on a lookout for low cost solutions for energy generation, construction and other 

applications brought by the cheap development of organic solar cells.   

The concept of (down) scaling defined by Moore’s law, based on transistors made out of silicon, 

can be used to fit high number of components, improve yield and to create large area systems. 

This requires a reduction of area, channel length, dopant levels, gate dielectric thickness and cross 

over capacitance. The detailed understanding of modelling in organic electronics will open up 

considerable opportunities for the future of organics. Once scaling in organic electronic circuitry 

has been tackled, a road map can be produced to predict the speed at which the organic electronics 

market will grow, especially in places such as Europe, China and India. 

The potential for growth in organic electronics is immense and the learning curve is steep. The 

advancement of organics requires the collaboration of diverse groups such as the engineers, 

chemists, material scientists, manufacturing specialists, fabrication experts and other expertise. 

Ultimately, the aim is for organic electronics to complement the inorganic counterparts. The 

ability for organics to merge with inorganic electronics will lead to an improvement in areas 

either is deficient at. The possibilities for both the fields to work in parallel will unlock doors for 

research in the device structures, circuitry, commercial applications and much more. Combining 

forces will create research opportunities that are endless. 
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APPENDIX A: Carrier concentration in an n-type and a p-type 

semiconductor 

Carrier concentration in an n-type semiconductor  

Carriers lying below the Fermi level are considered as trapped where as carriers located at higher 

energies are thought to be free due to the much larger density of barely populated localized states. 

The likelihood of occupancy of the energy states are estimated by the Fermi Dirac equation given 

by 

      
 

      
    
  

 
 

when E-EF >>kT 

            
    
  

                        

                                                  

  A.1 

 

where E is the energy of localized states, EF is the Fermi Level, k is the Boltzmann constant and T 

is the absolute temperature. 

Rate of change of density of traps with energy is given by 

       
    

   
    

 

   
  

where 
   

 
 is the Meyer Neldel Energy. 

Electron Density in a disordered organic material is given by integrating Maxwell Boltzmann’s 

approximation above Fermi level (from E=EF to E=  ) and the exponential density of states as 

shown below. 

       
    

   
    

 

   
 

 

  

      
    
  

      

The lower limit for integration is not ideal and is the nearest available approximation. It is made 

valid because the carriers with the highest energies contribute most to the currents. This is 

because the traps through which the carriers hop are much closely spaced than at the higher 

energies. 
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where T0 is the characteristic temperature of a carrier distribution in a disordered material, TC is 

characteristic temperature of a trap distribution in a disordered material and T is the absolute 

temperature. 

      
    

   
     

  
  
 

 

  

     
 

   
    

     
      
  

    
  
  
       

  
   

   

The electron concentration for a disordered organic semiconductor is thus given by 

      
      
  

    
  
   

  

Also written as 

                 
  
   

  

where N’(0) is the rate of change of density of traps at E=0. 

Carrier concentration in a p-type semiconductor  

Following the same method as above, the rate of change of density of traps with energy can be 

written as 

       
    

   
     

 

   
  

The Fermi Dirac equation when      is given by 

          
    

  
  

And therefore, the total hole concentration below the Fermi level can be written as 
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APPENDIX B: Space charge limited currents (SCLC) in saturation in 

terms of universal mobility law (UML) 

The current density due to drift currents in a disordered organic semiconductor is given as 

          

The effective mobility is written as 

         
 
  

           

and refers to as the universal mobility law (UML) where    
  

 
    . 

In disordered materials, both the trapped and free carriers are expected to belong to the intrinsic 

DOS. In a simple model, the carriers below the Fermi level are regarded as trapped whereas the 

ones above the Fermi level are free due to a large number of density of states with a small 

population. The ratio of free carriers to the total number of injected carriers is given by the term   

   
  

     
 

where     is the free carrier concentration and    is the trapped carrier concentration. 

The free carriers causing the current transport above the Fermi level and change with the amount 

of carriers determines the field across the semiconductor. Poisson’s equation to understand the 

change in electric field with thickness of the active layer is given by 

  

  
  

 

     
   

  

  
  

 

     
 

 

   
 

 
   

  

Integrating the electric field with respect to the thickness of the active layer is given by 
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Integrating the applied voltage with respect to the thickness of the semiconductor can be written 

as 

   
  

  
 

 
  

  
    

   

   
 

 

     
 

   
   

 
 

  
 

 
   

 
   
     

   
 

    

    
   

   
 

 

     
 

   
   

 
 

  
 

 
   

  
   
   

 

 

    

        
   

   
 

 

     
 

   
   

 
 

  
 

 
    

    
   

 
    
   

 
  

The space charge limited current for a disordered organic semiconductor is then said to be  

  
 

  
  
          

   
 
   

 
    

   
 
       

   

     
 

where m>0 for any disordered material and K is a constant. For an insulator with no disorder, 

m=0 and Mott-Gurney Law is followed.  

  
  
 
   

   
  

      
 

On a double logarithmic scale, the current density continues to vary linearly with Vapp. 

    
 

  
  
         

   
 

   

 
    

   
 
    

     
     

   
 

The gradient in the saturation region determines if the currents dominant are either ohmic, if the 

slope is unity or space charge limited where the slope is   . 
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APPENDIX C: Current continuity equation 

The charge transport in a p-type semiconductor is assumed to occur due to drift and diffusion 

mechanisms. Drift occurs due to the influence of external field on the carrier motion and diffusion 

is caused due to concentration gradient. The current density considering these both mechanisms 

can then be written as 

         
  

  
  

where q is the electronic charge, D is the diffusion coefficient, 
  

  
 is the change in hole density 

with distance, p is the hole density and   and F are the hole mobility and applied field 

respectively. 

Both drift and diffusion components of the current at equilibrium are equivalent and written as 

       
  

  
 

Substituting     
  

  
 in the equation above gives 

     
  

  
    

  

  
  
  

  
  

Also, it is known that 

         
  

   
 

Substituting the derivative of this equation and placing it in the equilibrium equation yields 

    
  

   
 

Rearranging this equation gives  

  
    
 

  

This is known as the Einstein’s Relationship for organic semiconductors. The relationship is 

dependent on the characteristic temperature TC instead of absolute temperature, T, used for 

crystalline materials like silicon. The mobility term in the equation above is considered to be 

dependent on temperature. 

If    
   

  
 is the change in potential with distance associated with drift and    

   

  
 is the 

change in potential with distance associated with diffusion, the current density equation can then 

be written as  
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EC

EF(drift + diffusion)

Ei

x

 

(a) 

EC

EFdrift

EFdiffusion

Ei

x

 

(b) 

 

Figure C.1. Energy diagram for Fermi level gradient (a) in non equilibrium state. (b) 

Change in Fermi level gradients due to drift and diffusion separately.     is the 

potential energy at point a on the conduction band, EC in the x direction. The value of 

this energy varies with distance in the x direction. For an n type semiconductor,     

increases with increasing distance between the Fermi level and the conduction band 

EC. 

Substituting the derivative of           
  

   
  and placing it into the new current density 

equation gives 

      
   
  

     
  

   

   
  

 

        
   
  

  
   
  

   

Also written as 



Appendices       

 

  210                          S. Afzal  

        
  

  
  

where  
  

  
 is the gradient of the Fermi level. It can be seen from the equation above that the Fermi 

level will be flat in the absence of current flow. The new Fermi level is proportional to the current. 

Higher the electron concentration, the lower is the slope of the Fermi level. The quasi Fermi level 

can be assumed flat if the current entering the Semiconductor and all through the Semiconductor is 

constant.  
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APPENDIX D: First boundary condition  

According to Gauss’s Law applied in the grain boundary, 

   

   
  

  

    
 

where z is the thickness of the semiconductor film grain boundary and n is the total density at any 

point   in the depletion region. 

   

   
  

   
    

    
  

   
  

Integrating by a factor, 
  

  
 

  

  

   

   
  

   
    

    
  

   
 
  

  
 

      
   
    

      
  

   
     

where electric field, F, is zero in the neutral region and is defined as  

    
      
    

      
  

   
     

 
  

 

in the depletion region (z-direction). 

Since     
  

   
   , simplified F is  

    
      
    

  

 
  

    
  

    
  

  

  
    

      
    

  

 
  

    
  

    
  

Integrating between     at the Schottky contact, z=0 and      at a point z=z in the 

depletion region of the disordered grain boundary, 

      
  

    
 

  

  

       
      
    

  

 
   

 

   

 
    
 

      
   
    

        
   
    

     
      
    

  

 
  

      

      
   
    

        
   
    

     
    

        
  

 
  

  D.1 
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As the Debye length can be explained as 

      
         

    
 

 
  

 

   is the characteristic temperature of DOS,    is the density corresponding to the Fermi level,    

is the permittivity of free space and     is dielectric constant of the grain boundary. 

Therefore, Eq. (D.1) can be rewritten as  

     
   
    

        
   
    

    
 

   
 

giving    which is the first boundary condition at the edge of the grain. 
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APPENDIX E: Defining the curve in grains 

The variation of the LUMO level is determined by this dopant concentration shown by using 

Gauss’s law as before and assuming that the grain is fully depleted of carriers due to grain 

boundary 

  
  

  
  

   
    

  

  
 

Considering the boundary conditions              at     ,      at the edge of the grain 

and      at    ,      at any point   on the grain LUMO level.  

   

         

  

     
   
    

  

  

   

where the minimum grain condition is     at     ,       at the edge of the depletion 

region and in the neutral region w.r.t the Fermi level (    at F=0). 

         
     

   
    
    

         

           
      

    
 
 
  

 ,     
      

    
 
 
  

 and     
      

    
 
 
  

 

The potential at the point x with regards to the grain edge is then 

 
  

  
  

     

    
 

 
  

 

 
 

 
 
  

  

  

     
    
    

 

 
  

   
 

 

  

   
 
   
  

  
    

    
    

 

 
  

      

  
 
     

 
      

   
     

 

 
  

  

This gives the second boundary condition for any point x on the grain corresponding to the energy 

level q   on grain edge. 

       
 
    

   
     

 

 
  

  

 

 E.1 
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APPENDIX F: Second boundary condition in grain 

The minimum potential on the curve      at the centre of the grain can be explained using Eq. 

(E.1) 

      
 
    

   
     

 

 
  

  

 

    
 
    

   
     

 

 
  

      

 

 

         
   
     

 

 
  

   
 
     

   
     

      
   
     

     
   
     

    

Rewritten as  

         
 
     

 
                 

where    
   

     
 

 

  
   

 

  
       

 
     

 
                  

      
  

  
     

  

  
 

  

  
           

At the minimum of the curve 
  

  
   and therefore, 

  
 

 
  

Therefore, Eq. (G.1) can be rewritten as  

       
 
    

   
     

 

 
  

 
 

 
  

 

 
F.1 
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APPENDIX G: Total intrinsic concentration in a disordered material 

The total hole concentration can be found by integrating above and the Fermi level. Above the 

Fermi Level    and below,    

          

The tail of the Gaussian function, for any particular energy range, can be approximated to an 

exponential function 

  
      

  
   

    
     
   

  

where Ni is the number of states per unit volume at energy level Ei, the intrinsic level, k is the 

Boltzmann constant, and TC is the characteristic temperature. Fermi–Dirac statistics to Maxwell-

Boltzmann relationship can be approximated as Eq. (A.1). The hole concentrations above and 

below the Fermi level can be defined by integrating the product of the approximated exponential 

function and the Maxwell-Boltzmann approximation 

    
  
   

    
     
   

       
    
  

    
 

  

 

    
  
   

    
     
   

 
  

  

   

Therefore, 
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APPENDIX H: Relationship of capacitance and temperature in 

disordered grain boundaries 

Poisson equation for the change in electric field with distance is  

  

  
   

   

   
  

  

  
 
  

  
 

The electric field due to the accumulation of charge at the surface,   , can be written in terms of 

effective Debye length, LDe , 

   
   
    

    
   
    

   

where the effective Debye Length,       
       

    
 
 
  

 . Charge,   , is given in terms of the 

surface field 

            

    
       
    

    
   
    

  

Space charge capacitance at flat band,  , due to the accumulated charge layer is given by  

    
   
   

  
    
  

 
    

      
  

   
    

 
        
    

 

 
  
 

    
        
    

 

 
  

 

 
  

       
    

        
  

 
  

       
    

        
     

   
   

   

The total intrinsic hole concentration above and below the Fermi Level is given by     

          
  
  
     

      
   

  

where Ni is the number of states per unit volume at energy level Ei, the intrinsic level, and EF is 

the energy at Fermi level. The variation of Inverse Square of space charge capacitance against 

temperature can thus be defined as 



Appendices       

 

  217                          S. Afzal  

 
  

       
    

            
  
  
 
    

      
   

      
   
   

   

 
  

       
    

 

                
    

      
   

      
   
   

   

In terms of characteristic temperature of density of states, TC 

 
  

       
   

        
    

      
   

      
   
   

         

where TC is the x-intercept obtained.  
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APPENDIX I: 1/CS
2 variation with temperature in ordered grains 

Debye length for ordered material is defined as 

     
       
    

 

 
  

 

where Na is the acceptor ion concentration, T is the absolute temperature,    is the permittivity of 

free space and    is the dielectric constant. The dopant concentration is assumed to equivalent to 

the carrier concentration such that it varies exponentially. 

Above and below the Fermi level, the total carrier concentration is defined as 

          
     
  

  

The space charge capacitance can be defined as  

   
    

 
       
   

 

 
  
 

 
  

       
   

        
     

   
  

   

Substituting the total intrinsic concentration into the inverse square capacitance equation gives 

 
  

       
 

        
    

      
  

      
   
  

    

where Ni is the number of states per unit volume at energy level Ei, the intrinsic level, k is the 

Boltzmann constant, and T is the absolute temperature and    is the total barrier seen by the 

carrier. 
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