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Abstract 
 
 
 In modern organic semiconductor devices, the performance of the device is 

limited by non-idealities which are not characterized by traditional models of transport. 

A physical model that includes several transport mechanisms suited to organic devices 

is proposed in this thesis. These physical mechanisms are charge injection (thermionic 

and tunnelling), charge creation at metal-organic interface (electrochemically), and 

charge transport through the organic layer (charge drift and space charge effects). 

Organic diodes and organic thin film transistors have been studied using the 

proposed model to obtain a better understanding of the physical and electrochemical 

phenomena that determine their performance characteristics. The dependence of the 

current with the applied voltage and temperature through these organic semiconductor 

devices, have been carefully reviewed and comparisons between predictions from the 

proposed models and experiments studied. These comparisons validate the models by 

showing the good agreement between experimental data with model calculations for 

both organic semiconductor diodes and thin-film transistors. 
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Chapter 1: 
Introduction and Background 
 
 
1.1 Introduction 
  

The objective of this thesis is to contribute to the theoretical modelling of the 

injection and transport processes in organic and polymeric thin-film transistors 

(hereafter, we use organic to mean both organic and polymeric). Organic thin-film 

transistor (OTFTs) refers to field-effect transistors which use molecular semiconductors 

based on carbon chains. The technology of OTFTs have advantages over crystalline, 

polycrystalline and amorphous silicon processes. Important advantages of OTFTs are 

the low-cost processing and the possible use in flexible substrates. These advantages 

make OTFTs attractive to applications like electronic tags or drivers in active matrix 

displays [1.1], [1.2], [1.3]. Because of its advantages and possibilities for applications, 

OTFTs are being actively researched and developed by both researchers and in 

companies for commercial applications. 

A main disadvantage is the low carrier mobility found in organic materials. A lot 

of effort has been directed to increase the mobilities in OTFTs [1.3]. However, the 

performance of these devices still suffers from other limitations that have limited their 

commercial applications. Some of these problems in OTFTs are the presence of non-

ohmic contacts, the non-repeatability of the parameters, the non-stationary effects or the 

dependence of the mobility on the organic film thickness [1.4], and [1.5]. 
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As a response to the cited problems, this thesis is devoted to address the contact 

effects in OTFTs as well as to bring the theory of charge transport closer to the 

experiments. Considering that the same principles for the contact effects in organic 

diodes are valid for OTFTs [], organic diodes are studied in a first step. Then, we focus 

on the study of contact effects in OTFTs. 

In this introductory chapter, we summarize the steps that have been followed in 

this study of organic diodes and OTFTs, pointing out some of the key references used. 

The structure of the thesis is detailed in Section 1.2. We also introduce the basis of the 

conduction in organic semiconductors in Section 1.3 with the objective of making an 

easy reading for those who are not familiar with the field of organic electronics. 

1.2 Thesis Structure 
As mentioned above, the objective of this thesis is to address the contact effects 

in OTFTs. Previous experience in contacts of inorganic devices [1.7], [1.8], [1.9] 

supports our study in organic devices. This work is also supported by previous works 

concerning organic electronics. In particular, electrical characteristics in different 

OTFTs were analyzed [1.10], [1.11], and well-known theories of charge transport 

[1.12], [1.13] and contact effects in OTFTs [1.14], [1.15] are discussed in this work. 

The nucleus of this thesis is a model that combines different physical and 

chemical mechanisms that take place in organic diodes and at the contacts of OTFTs. 

This model has been proposed after a careful review of the results reported in the 

literature. The results of this thesis have been shared to the scientific community in 

published papers [1.16], [1.17] and oral presentations [1.18], [1.19], [1.20], [1.21], 

[1.22], in order to provide a feedback to device designers and technologists. 

This work is divided in three main chapters plus introducing and concluding 

chapters. In the second chapter, a unified model for charge injection and transport in 
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rganic diodes is presented. Although contact effects in OTFTs are our major objective, 

an initial study of the processes in monolayer diodes is very valuable, especially 

because the same phenomena are present in both types of devices [1.6]. At the same 

time, we can avoid extra problems like the extraction of contact effects in OTFTs [1.4]. 

Subsequently, results from the study of diodes are applied to OTFTs in chapters 3 and 4. 

In the second chapter, a special interest is placed on charge injection from the 

contacts. Existing models, such as thermionic emission and tunnel injection, are 

combined with effects associated with oxidation/reduction reactions at the electrodes. 

Charges are formed at the electrodes by oxidation or reduction in a process governed by 

the Nernst equation, and these charges modulate the injection barrier. A current-voltage 

relationship for organic or polymeric diodes that incorporates these injection 

phenomena, as well as the charge transport by the drift mechanism is presented and 

discussed. The voltage ranges in which these effects are dominant are estimated. As a 

result of the first part of this work, current-voltage and current-temperature relations are 

obtained and they are used to explain published experimental data in diodes. 

In the third chapter of this work, the study in diodes is applied to the contacts of 

OTFTs. In OTFTs, the flow of charge is limited not only by drift in the organic film, but 

also by the effects of the contacts formed between the organic layer and source/drain 

electrodes. A compact model, partly based on the work in diodes, is proposed to study 

the electrical characteristics of the contacts in OTFTs. The model reproduces and 

explains several features that have been reported for current-voltage curves, ID−VC, at 

the contacts of OTFTs. As a separate section in the third chapter, we highlight the 

difficulties of extracting ID−VC curves [1.3], [1.4], [1.5] in OTFTs. We review the 

assumptions of a widely used extraction technique based on measuring transistors of 

different channel lengths [1.5]. We also propose a method for the extraction of ID−VC 
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curves and mobilities when a set of transistors with different channel lengths is not 

available. 

In the fourth chapter of the thesis, a physical model is proposed and compared to the 

compact model proposed in chapter 3. The physical model is accompanied with a 

procedure to evaluate the charge density in the low conductivity region located between 

the metal and the accumulated intrinsic channel of OTFTs. This procedure is based on 

the results obtained in the previous two chapters. A key issue, such as the dependence of 

the current flowing across the contacts with the voltage and the temperature, is treated 

in transistors with different metal-organic barriers. The interpretation of current-voltage 

and current-temperature curves at the contacts of organic transistors lies at the heart of 

the work developed in this thesis: the interrelation of different physical phenomena (the 

injection of carriers through the barrier at the metal-organic interface, the modulation of 

that barrier by reduction-oxidation reactions and the drift of charge in the bulk of the 

contact). 

The fifth chapter ends this work with the final conclusions and recommendations for 

future work. 

1.3 Organic Materials. 
 

Solid-state physics can be divided according to three different classes of 

molecules, conductors, insulators and semiconductors. Insulators have a large band gap 

(or forbidden energy gap) that prevents electrons from the occupied valence band 

transferring to the outer conduction band, which is unoccupied. 

The semiconductors refer to the II-VI, III-V and IV-groups in the periodic 

system. These materials possess a smaller energy gap, making them more conductive. 

Carbon (C) belongs to the group IV class of semiconductor materials; however it has 
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traditionally behaved as an insulator. In spite of this natural behavior of carbon, 

conduction was discovered in carbon materials, polyacetylene particularly [1.23], in 

1977. In addition to this discovery, the group of Tang and Van Slyke at Eastman-Kodak 

presented luminescence from an organic material in 1987 [1.24]. 

These dates can be considered as the dawn of a new era in the semiconductor 

technology, the era of the organic devices. An overview of the basic principles of 

conduction in organic semiconductors is done in next subsections: the structure of the 

organic molecules, the structure of an organic solid, and finally a hopping model for the 

transfer of charge between molecules are reviewed. 

1.3.1 Structure of the Molecules. 

In organic molecules, the electrons are distributed in orbitals around the core of 

the carbon atoms according to their electron probability functions. The outermost 

electron orbitals of different atoms interact and link these atoms, forming molecules that 

strive for the lowest energy as possible. A bond to another atom contributes to a lower 

energy of the system and the maximal amount of bonds to adjacent atoms is therefore 

desired. An organic semiconductor molecule contains a backbone of carbon atoms, (Fig. 

1.1c), and a certain number of functional groups that are attached to it. The backbone of 

the organic materials is made up of strongly localised bonds between the carbon atoms, 

its conductivity is enabled through the bonds between the orbitals that are orthogonal to 

the backbone (p-orbitals). Therefore, two different kinds of bonds can be considered. 

When the orbitals for the electrons overlap in a formation of a symmetrical 

rotational orbital around its bond axis, a σ- bond could be considered (Fig. 1.1a). An 

overlap with the absence of rotational symmetry could be considered as a π- bond, (Fig. 

1.1a). The bonds are formed through the overlap of the electron orbitals where a large 
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overlap is a strong bonding, which also is the case for σ- bonds. Also, note that π- bonds 

are a requirement for double bond between two atoms. 

The overlap between the adjacent electron orbitals is increased with the presence 

of π-bonds. This contributes to an overlap between orbitals in the whole or the main part 

of the molecule; the orbitals are considered delocalised. The delocalisation of the π-

bonds along the boundary of the molecule results in a very stable state and enables the 

mobility of charges through the molecule, (Figs. 1.1c-1.1d). The electrons can move 

within the molecule via π-electron cloud where they do not belong to a single bond or 

atom, but rather a group. 

To end this subsection, we would like to introduce two different classes of 

materials, organic and polymeric semiconductors, which are fabricated by different 

processes, although they show very similar electrical characteristics. The difference 

between these two types is in the conjugation length, which is defined as the length 
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Figure 1.1. (a) Different kinds of bond attending to the rotational symmetry. (b) Formation of a π-
bond from the overlapping of two p-orbitals between two carbon atoms. (c) Formation of six 
delocalized π-bonds in the molecule of the benzene. (d) Electron cloud in the molecule anthracene. 
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where the electrons are free to move within the structure. Polymeric semiconductors are 

formed by a long repeating chain of similar smaller molecules, called monomers, and so 

they tend to have long conjugation length, while organic, or small molecules, have a 

shorter one. The most commonly used material with the most explored properties 

among the small molecules is hydroxyquinoline aluminium (Alq3). A frequently used 

conjugated polymer is the poly paraphenylene vinylene (PPV). 

1.3.2 Electronic Structure of Organic Solids. 
   

In spite of the good conduction within the molecule, due to the formation of a π-

electron cloud, the organic semiconductors are formed by a system of molecules and the 

macroscopic conduction depends not only on the motion of charge within the molecule 

but also on the transfer of charge between molecules. In this subsection, we review the 

distribution of electrons in an organic solid formed by many molecules. 

In organic solids, the molecules are held together by weak physical bonding, 

(Van der Waals forces), resulting in an arragement of molecules where each molecule 

has full shells and stable electronic configuration. In this case, the electrons are 

distributed around the core of the molecules they belong to. The transfer of charges 

between molecules is not as easy as in a covalent crystal where the electrons are not 

localized around the nucleus, but are in certain directions forming the bonds. This 

difference between the molecular crystal in organic semiconductors and the covalent 

crystal in inorganic semiconductors is represented in Fig. 1.2. The energetic diagram of 

organic crystals is described below. 

The electronic structure of a polyatomic molecule is shown in Fig. 1.3a The 

effective potential well of an electron is formed by the atomic nuclei and other 

electrons. The wells of the nuclei are merged in the upper part to form a broad well. 
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Deep atomic orbitals are still localized in the atomic potential well (core levels), but the 

upper atomic orbitals interact to form delocalized molecular orbitals. 

When molecules come together to form an organic solid, the electronic structure 

becomes like in Fig. 1.3b. Since the molecules interact only by weak van der Waals 

forces, the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) are usually localized in each molecule. Thus, the electronic 

structure of an organic solid largely preserves that of a molecule, and the validity of the 

band theory is open to debate [1.25]. A better approach for the conduction in organic 

semiconductors is the charge transport via hopping over the barriers between molecules 

[1.12]. This will be briefly reviewed in the next subsection. 
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Figure 1.2. (a) In molecular crystals, the electrons are distributed around the core of the molecules 
they belong to. The charges find a barrier which prevents the transferring between molecules. (b) The 
electrons are distributed along the crystal forming bonds. The band transport is valid and any extra 
electron would be free to move through to this lattice. 
 

a) b)a) b)  
Figure 1.3. Electronic structure represented with potential wells (a) Polyatomic molecule (b) Organic 
solid. 
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1.3.3 Conduction in Organic Semiconductors 
 
  

An important conclusion from the previous subsection is that the transport 

through organic materials is limited by the transfer of charges between the molecules. 

An energy barrier is present between the molecules (Fig. 1.3b), and the closer the 

molecules, the better the conduction. The mobility is therefore a result of significant 

orbital overlap among the molecules, and the larger the overlap, the larger the mobility 

of the material [1.26], [1.27], [1.28]. 

As mentioned in the previous subsection, it is generally agreed that charge 

transport in organic semiconductors occurs via hopping of self-trapped polarons. 

Evidence for hopping transport mostly relies on the fact that the field-effect mobility of 

organic semiconductors is thermally activated [1.15], [1.27]. By comparison, the carrier 

mobility of highly pure organic single crystals, obtained by time of flight 

measurements, is temperature dependent, suggesting band-type transport. However, the 

corresponding mean free path remains lower than the lattice parameters and therefore 

contradicts such a transport process [1.25]. 

The picture given above for the conduction in organic semiconductors is a first-

order approximation. Contact effects, charge build up, non-repeatability of the 

parameters and non-stationarity, are second-order effects to take into account when 

modelling the conduction of organic semiconductors [1.4]. The hopping transport, 

briefly mentioned above, can be combined with other approaches to explain 

experimental data [1.29], as it is done in the present thesis. 
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Chapter 2: 
Injection and Transport of Charge in Organic 

Diodes 
 
 

2.1 Introduction 

The importance of studying the charge injection and transport in organic diodes and 

transistors has recently been critically reviewed in [2.1]. Studies by different authors 

[2.2], [2.3], in diodes with similar contact materials, as for example the contact between 

indium-tin-oxide (ITO) and poly(2-methoxy,5-(2’-ethyl-hexoxy)-1,4-phenylene-

vinylene) MEH-PPV, have shown both ohmic and non-ohmic behavior. Also, 

anomalous values of the potential barrier are observed due to interface properties which 

make non-ohmic contacts behave as ohmic ones [2.4].  

The space-charge limited conduction (SCLC) [2.5] and the well-known injection 

models such as thermionic emission and Fowler-Nordheim tunneling, have described 

experimental current-voltage (I-V) measurements in metal-organic-metal devices quite 

accurately in certain voltage ranges where these phenomena are dominant. The 

inclusion of a temperature and electric field-dependent mobility in the Mott-Gurney’s 

law has been used to explain experimental results [2.6] and to determine material 

characteristic parameters in the Gaussian disorder model [2.7]. The Mott-Gurney’s 

current-voltage relation, 2VI ∝ , often appears in experimental data [2.8], and [2.9]. For 

example, Mott-Gurney’s law was used in [2.9] to explain the experimental current 

density-voltage (j vs. V) measurements for a 3,4,9,10-perylenetetracarboxylic 

dianhydride (PTCDA) organic layer sandwiched between two metal electrodes. 
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However, this quadratic trend ( 2j V∝ ) is only valid for a certain current range. Outside 

this interval, different j−V relations appear and other models must be used. 

In reference [2.3], the measured electrical data for single carrier hole-only diodes 

based on MEH-PPV (poly(2-methoxy,5-(2’-ethyl-hexoxy)-1,4-phenylene-vinylene)) 

exhibited a weak temperature-dependent current with this organic material. This 

behavior could not be explained by the thermionic emission model, and instead, a 

tunneling model was proposed. However, the tunneling injection does not support a 

variation with temperature and an expression that fits and predicts experimental j−T 

curves is not available. 

Reduction/oxidation (REDOX) reactions are also incorporated in the transport 

mechanism [2.9], [2.10], [2.11], and a theoretical and quantitative redox-reaction model 

has been proposed [2.11]. This model is based on the fact that the charges on cations 

and anions that are transported along the device are formed at the interfaces by redox 

reactions.  

The mechanisms cited above have one common feature: an external bias voltage is 

needed to support the physical and chemical processes in the organic diodes. However, 

a compact model that combines these physical aspects with the redox reaction, and 

provides an explanation of the j-V curves in the whole range of voltage biasing, is 

lacking. The objective of this work is to propose such a model. 

This chapter is organized as follows. In section 2.2, we propose a model that 

combines all the key phenomena that occur inside organic diodes: phenomena such as 

carrier injection, ion formation and charge transport. A voltage expression depending on 

the current density j is deduced for each phenomenon and a method to obtain the global 

j−V and j−T curves is proposed and explained. A temperature-dependent mobility is also 

incorporated in the proposed model. Then, an equivalent circuit (see Fig. 2.1) of the 
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model is proposed. In Section 2.3, the behavior and predictions of the proposed model 

are presented and discussed. Different cases are studied, depending on whether the 

contacts are ohmic or rectifying. Then, a comparison of the results of our model to 

published experimental data is presented and discussed. The importance of considering 

all the mechanisms that take place during the charge transport in the organic material 

(redox reactions, tunneling and thermionic emission effects), and the key features of 

each one of these mechanisms, are highlighted in the interpretation of the experimental 

data. 
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Figure 2.1. (a) Schematic diagram of an organic device. (1) Electrons from the organic layer pass the barrier 
at the anode interface; (2) this barrier is reduced by the formation of charges at the interface; (3) transfer of 
electrons between neutral molecules and oxidized ions takes place, resulting in a positive charge swept by 
the electric field towards the cathode. (b) Equivalent circuit of the organic diode. For a given current, the 
voltage components across the organic diode are (1) the contact voltage, (2) the potential needed to sustain a 
redox reaction, and (3) the voltage required for the transport of charge. 
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2.2 Mechanisms that Govern the Injection and 

Transport of Charge.  

Our proposed model is based on a generic metal/organic/metal structure which is 

shown in Fig. 2.1a. The current-voltage characteristics can be understood by assuming 

that the following three phenomena take place within the organic material. 

(1)  Charge carriers must pass the barrier at the contacts. 

(2)  Ions are created at the electrodes by a redox reaction in the organic material. 

These ions form charged dipoles which modulate the injection barrier. 

(3)  Transport is then supported by the drift of the injected charges.  

Thus, to maintain a current density j, the applied voltage, Va, is shared by voltages 

required for ion formation, Vredox, for charge transport, Vtransport, and for carrier injection 

through a barrier, Vcontact. The relationship between the applied voltage Va and the 

current density through the structure is described by the equivalent circuit of Fig. 2.1b, 

in which 

)()()( jVjVjVV contacttransportredoxa ++= . (2.1)

In a typical 2-terminal organic device, the organic material is placed between a 

metallic anode and a metallic cathode, and a voltage Va is applied as shown in Fig. 2.1a. 

The device length, L, is the distance from the anode to the cathode and is defined along 

the x-axis. For simplicity, only the displacement of positive charge is considered. 

The energy diagrams of the constituents of a generic metal/organic/metal structure 

with different metals at the anode and cathode are shown in Fig. 2.2a where they are 

represented prior to contact and under the assumption of common vacuum level at each 

material surface [2.12]. The energy diagram of the structure in equilibrium after contact 
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is depicted in Fig. 2.2b. A barrier is seen from the metals towards the organic material. 

The height of the barrier (φM) is the difference between the metal Fermi level and the 

organic material’s highest occupied molecular orbital (HOMO) level [2.13], [2.14], 

[2.15]. 

A tail distribution of negatively charged electrons from the metal [2.12], [2.16], 

[2.17], may fill the lowest unoccupied molecular orbital (LUMO) and higher organic 

levels, bending the energy levels at the organic-metal interface. The variables VbMi(0) 

(i=1,2) measure this bending at the metal-organic interface. The central regions of the 

organic layer, which are far from the interfaces, do not feel the influence of the metal 

and the volume of the organic material can be assumed neutral. The Fermi level or 

average electronic energy and the HOMO level are closer to each other in the volume 

than at the organic/metal interface. 

In equilibrium, the sum of all these potential barriers ϕMi and VbMi(0), (i=1,2) 

throughout the device must be zero, that is 

[ ] [ ] 0)0()0( 2211 =−−− bMMbMM VV ϕϕ . (2.2)

If an external voltage (Va) is applied to the device (Fig. 2.2c), then a positive current 

from the anode to the cathode flows through the device. In this configuration, the 

contact between the anode and the organic material is reverse biased (rectifying contact) 

and the contact between the organic material and the cathode is forward biased (ohmic 

contact).  

The current through the left contact is limited by the thermionic saturation 

current value, unless the applied voltage is high enough for tunneling injection to take 

place. No limit of the current is imposed on the right contact. With these assumptions, 

the predicted behavior of the device depends exclusively on the nature of the rectifying 

contact. 
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Having an external voltage, Va, applied to the device, the HOMO and LUMO levels 

are modified (Fig. 2.2c). In addition, the barrier at the injecting contact changes due to 

the effect of the Nernst potential, Vredox, that is necessary to create the charges at the 

organic-metal interface [2.12], [2.13]. This effect of barrier reduction by the creation of 

charges at the interfaces may be similar to that reported in the literature, where polar 
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Figure 2.2. Schematic energy diagrams of a metal/organic/metal structure formed by two metals with 
different work functions. Gold−3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)−titanium is 
used in this figure. The Fermi level, EF, the vacuum level, VL, the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) are depicted. (a) Electronic structure of 
the three materials. (b) Energy diagram of the structure in equilibrium. A barrier, φM, which is the 
difference between the metal Fermi level and the organic HOMO, prevents carriers from crossing to the 
organic layer. (c) Under the application of an external voltage, Va, the energy levels of LUMO and 
HOMO are modified, as well as the barrier of the injecting contact due to the effect of charges at the 
interface. Vredox is the voltage needed to create the charges at the organic-metal interface. Vtransport is the 
voltage for charge carrier transport, and the difference [ϕM1,2−VbM1,2(Va )] is the voltage drop at the 
contacts. 
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molecules are used to tune the work function of metals, thus making carrier injection 

from the electrodes into the organic material more favorable [2.2], [2.4]. 

Considering all the voltage drops in Fig. 2.2c, the applied voltage, Va, given in (2.1) 

can be written as  

[ ] [ ])()( 2211 abMMredoxtransportabMMa VVVVVVV −−++−= ϕϕ , (2.3)

where [ϕMi−VbMi(Va)], (i=1,2) is the voltage drop at the contact i for an applied voltage, 

Va. The potential bending variables VbMi(Va) (i=1,2) have positive values when the 

HOMO level at the metal-organic interface is lower than that in the bulk of the organic 

material. In Fig. 2.2c, VbM1(Va)<0 and VbM2(Va)>0. 

Three cases can be studied depending on the height of the barrier ϕMi (i=1,2):  

1) no injection, and thus no current,  

2) thermionic emission through a barrier modulated by the voltage Vredox, and  

3) tunnel injection through a barrier modulated by the voltage Vredox.  

In the following subsections, the terms of equation (2.3) are calculated for these three 

cases. 

2.2.1 - Redox and Charge Transport Equations  

The voltage required for the redox process, Vredox, is calculated by using the Nernst 

equation, which is physically justified by means of the lattice-gas model [2.18], and 

whose value is given by: 

( ) ln
o

redox t
m

pV V T
ρ

= Φ +  (2.4)

where po is the value of the ion density at the interface between the organic material and 

the metal, Φ is a constant which depends on the material involved in a given redox 
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reaction, ρm is the molecular density of the organic material, and )(TVt ≡
kT
e

 is the 

thermal voltage, where T is the absolute temperature, k is the Boltzmann’s constant and 

e is the magnitude of the electron charge. 

Organic materials do not possess intrinsic charges because their HOMO-LUMO 

gap values are significantly larger than the thermal energy. The charges that have been 

created at the surface of the electrode move through the organic material due to the 

electric field and the charge transport is space-charge limited. Only the free charge with 

density pf contributes to a drift current density j, given by  

Epej fμ= , (2.5)

where μ is the carrier mobility in the organic material and E is the electric field. If 

trapping mechanisms are considered inside the organic material, then the free charge 

density, pf, will be related to the total charge density, p, by pf=θp, where θ is the ratio of 

free to total charge density. 

The electric field, according to Poisson´s equation, is 

θε
fpe

dx
dE

= , (2.6)

where ε is the permittivity of the material. 

Substituting (2.5) in (2.6), we get an expression for the current density j 

dx
dEEj εμθ= , (2.7)

which can be integrated from the organic material layer close to the anode (x = 0+) to a 

given point x inside the material, resulting in 

xjExE
εμθ
2)0()( 22 += . (2.8)
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By assuming that the electric field is zero at the anode (E(0) = 0), then we can 

integrate (2.8) to obtain the transport voltage. The resulting relation is the well known 

Mott-Gurney’s [2.5] or Child-Langmuir’s law: 

2

3

9
8

transportV
j

L
εμθ= . (2.9)

The electric field according to the Mott-Gurney’s law is: 

2
1

2)( ⎥
⎦

⎤
⎢
⎣

⎡
= xjxE

εθμ
, (2.10)

and the distribution of the free charge density, pf, comes from the drift equation (2.5) 

and the electric field given in (2.10), so 

2
1

22
)( ⎥

⎦

⎤
⎢
⎣

⎡
=

xe
jxp f μ
εθ . (2.11)

This expression results in an infinite free charge density at the metal-organic 

interface. However, organic materials have a much lower carrier concentration than that 

of common semiconductor materials, making the assumption E(0) = 0 open to debate 

[2.11]. We have to note that this boundary still lies in the organic material and not in the 

metal.  

In our model, we propose that the field at the boundary can be expressed in terms of 

a finite charge density p(x = 0) and the value of this charge density equals the value of 

the ion density, po, given in the redox reaction (2.4): p(x = 0) ≡ po. 

Equation (2.5) gives the electric field at the anode in terms of the current at steady-

state:  

ope
jE

μθ
=+ )0( . (2.12)
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Substituting (2.12) in (2.8) gives 

( ) [ ]
2
1

2
1

22
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+= xxjx

pe
jjxE co εμθθμ
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εμθ
, (2.13)

where we have defined a characteristic length, xc, over which the charge density 

decreases to 1/ 2  of its initial value [2.11], given by 

22 )(2
),( o

o
c pe

jpjx
θμ

εθ
= . (2.14)

Integrating (2.13), we obtain the transport voltage, Vtransport, required to move the 

charge across the organic material: 

[ ] [ ] ⎥
⎦

⎤
⎢
⎣

⎡
−+

⎭
⎬
⎫

⎩
⎨
⎧

=Δ≡ 2
3

2
32

1

),(),(2
3
2 o

c
o

ctransport pjxLpjxjVV
εμθ

. (2.15)

The model is also valid for cases in which the mobility is not constant. In these cases, a 

thermally-activated mobility behavior observed in [2.6], [2.19], [2.20] can be introduced 

in the previous expressions. The mobility for those cases is given by 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
−=

TkB
o expμμ , (2.16)

where μo is the mobility prefactor and Δ is the activation energy. 

Once the expressions for Vredox and Vtransport in (2.1) are obtained by (2.4) and (2.15) 

respectively, our next step is to discuss the expression that is needed to calculate the 

voltage, Vcontact, required for the carrier injection through the contact barrier. With this 

aim and for a straightforward reading, the well-known expressions for tunneling and 

thermionic injection phenomena will be briefly described in the next subsections. 
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2.2.2 - Injection Models 

In general, injection through a barrier is the combination of both thermionic and 

tunneling phenomena. In the case of low electric fields, tunneling injection is negligible 

and thermionic emission dominates. The thermionic emission theory assumes that 

carriers, with energy larger than the top of the barrier, will cross the barrier when they 

move towards the barrier. The actual shape of the barrier is hereby ignored. At a given 

temperature, T, the thermionic emission current density for a barrier height, φM, and 

applied voltage, Va, can be expressed as 

)1)(()1(2* t

a

t

a

t

M
nV
V

os
nV
V

V eTjeeTAj
−−

−

−≡−=
ϕ

, (2.17) 

where 
* 2

*
3

4 em kA
h

π
= is the Richardson´s constant, m* is the effective mass of the 

carriers, h is Planck’s constant and n is the diode´s ideality factor. The sign of j in (2.17) 

is defined positive from the anode to the organic layer (Fig. 2.1a), and Va is the applied 

voltage between the anode and cathode. 

In the case of high barriers, thermionic emission is negligible and tunneling is 

the main injection mechanism. High electric fields are needed to get measurable values 

of the current density. For a barrier height, φM, and an applied electric field E, the 

Fowler-Nordheim tunneling injection current density j [2.21] is: 

2 expj E
E
κ⎛ ⎞∝ −⎜ ⎟

⎝ ⎠
, (2.18)

where κ is a parameter that depends on the barrier shape. Assuming that the electric 

field is constant along the polymer, then the shape of the barrier can be considered to be 

triangular, and κ [2.21] is: 
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qh
m M

3
28 2

3
*ϕπκ = . (2.19)

2.2.3 - Transport Equations in Organic Diodes - Thermionic  
Emission 

 

In this subsection, the equations for the redox, transport and thermionic 

mechanisms are combined. Also, the method to build the current-voltage curves for 

different contact barrier heights is described. 

Assuming a structure like that represented in Fig. 2.2c with Va >0, carriers at the 

injecting contact find a barrier, φM2. Typical values of the difference between the metal 

work function and organic HOMO produce a large barrier height, φM, (see Tables 2.1 

and 2.2). This barrier prevented the flow of charge through the contact and only a 

saturation current density would appear. However, many experiments show the usual 

j−V curve of a forward biased diode [2.2], [2.4], [2.8], [2.9], [2.10], [2.14]. A barrier 

reduction is a plausible way to interpret experimental data. In fact, polar molecules are 

intentionally introduced near the interfaces to alter the work function of metals [2]. 

After a careful study of these results, we propose the barrier reduction by the creation of 

charges near the interfaces by the redox reaction.  

The injecting contact barrier is reduced from its initial value φM to (φM−Vredox) and 

the modified injected current density is 

)1(2* t

a

t

redoxM

nV
V

V
V

eeTAj
−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−

−=
ϕ

, (2.20)

where Va is given in equation (2.1).  
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Table 2.1. Energy levels of the organic semiconductors referred to in this chapter. 

Organic or polymer 

film 
HOMO (eV) LUMO (eV) 

HOMO-LUMO gap 

(eV) 
Reference, Year 

PTCDA 6.3−6.8 4.1−4.6 2.1 
[2.4], 1996 

[2.13], 2000 

MEH-PPV 4.9−5.6 2.8−3.8 − 

[2.2], 2005 

[2.3], 1994 

[2.25], 2005 

PPV 5 2.5 − [2.14], 2005 

PEDOT 5.02 3.42 1.6  [2.14], 2005 

Alq3 5.6−5.8 2.5−3.2 2.9 
[2.26], 1998 

[2.27], 2006 

TPD 5.1−5.44 1.8−2.1 3.4 [2.26], 1998 

alfa-NPD 5.4 2.3 3.1 [2.13], 2000 

pentacene 4.8−5.0 2.5 − [2.28], 2007 

NPB 5.2 2.1 3.1 [2.29], 1999 

 
Assuming that the main contributions to band bending lie in the terms Vredox, and 

Vtransport, we can consider that 

[ ] [ ] [ ] [ ] 0)0()0()()( 22112211 =−−−≈−−− bMMbMMabMMabMM VVVVVV ϕϕϕϕ , (2.21)

which together with (2.3) results in 

)()( jVjVV transportredoxa +≈ . (2.22)

Thus, the applied voltage, Va, required to maintain a current density, j, is shared by 

charge formation at the metal−organic interface, Vredox, and in SCLC transport, Vtransport. 

Therefore, (2.20) can be rewritten as  
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and the saturation current jos(T), becomes modulated by the redox potential. 

For a given current density j, (2.23) provides a relation between the redox voltage 

and the transport voltage j=f(Vredox, Vtransport). Combining (2.14) and (2.15), a relation 

between Vtransport, the current density j and the total ion density po, created by the redox 

reaction at the interface is obtained, 
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From (2.4), we obtain po as a function of Vredox. Including this relation in (2.24), we 

get 
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Equation (2.25) gives us an extra relation between Vredox and Vtransport, which 

together with (2.23), allow us to calculate the current density as a function of the 

applied voltage. This method also provides a way to determine the distribution of 

charge density along the organic layer. According to the Poisson equation, the charge 

density is proportional to the derivative of the electric field. When we differentiate the 

electric field obtained in our model (2.13), we obtain the distribution of the charge 

density along the organic layer: 
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Table 2.2. Electrode work functions of the metals and metal/(Self assembled monolayer) referred to in 

this chapter. 

Electrode Work function (eV) Reference, Year 

Indium 4.12 [2.4], 1996 

Tin 4.42 [2.4], 1996 

Titanium 4.33 [2.4], 1996 

Aluminum 4.25−4.33 [2.4], 1996 

Silver 4.26−4.74 
[2.2], 2005 

[2.4], 1996 

Ag_HSC2H4C6F17 5.5 [2.2], 2005 

Gold 4.9−5.47 
[2.2], 2005 

[2.4], 1996 

Calcium 2.9 [2.3], 1994 

Indium tin oxide 4.3−4.7 
[2.3], 1994 

[2.25], 2005 

Magnesium 3.7 [2.13], 2000 

 
In order to obtain a j-T curve for an applied voltage Va, a numerical procedure is 

followed. The current density jc for a given temperature Tc is obtained from the set of 

equations (2.22), (2.23), (2.14), (2.15), and (2.16). At given voltage across the diode Va, 

(2.22), (2.23) and (2.25) provide relations between Vredox, Vtransport and jc. The 

temperature dependence is included in (2.25) via the mobility from (2.16). A numerical 
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procedure was used to obtain the desired voltage Va across the diode by changing the 

current density jc at given temperature Tc. 

2.2.4 - Transport Equations in Organic Diodes - Tunneling 

Injection 

Another case of interest is a material in which the barrier reduction by redox 

reactions is not enough to obtain a non-zero current by thermionic injection. In this 

case, injection is only plausible at high electric fields by the tunneling effect.  

The assumptions that the contributions to band bending lie in the terms Vredox, and 

Vtransport that were made in subsection 2.2.3 to get j−V curves need to be modified 

accordingly. The main differences from the previous case are: 

1. The anode barrier is much higher than the effect of barrier reduction by creation 

of charge. Thus, the following simplification can be used 

22 MredoxM V ϕϕ ≈− ; (2.27)

2. The voltage drop at the anode is much higher than the drop at the cathode, that is  

[ ]22 bMM V−ϕ >>[ ]11 bMM V−ϕ . (2.28)

Under these assumptions, (2.3) reduces to: 

[ ] 222 )( ctransportMabMtransporta VVVVVV +≡−+≈ ϕ , (2.29)

where the voltage drop at the charge injecting contact is denoted by Vc2. 

In order to find a relation between the current density and the applied voltage Va, 

we examine (2.18). Next, we should establish a relation between the electric field E and 

the applied voltage Va. The most common assumption is a constant electric field 
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throughout the whole organic material. Assuming only a region of constant high electric 

field means that either tunnel or SCLC transport is dominant. Experimental data in 

metal-organic-metal structures can be reproduced with existing tunnel expressions [2.3]. 

However, considering tunneling as the only mechanism that is present in the organic 

material may not be a valid approximation, unless this material has a high conductivity. 

Our model considers that the sample of length L, is divided into two parts. The first part 

is one of length xt<L, where tunneling takes place and the electric field is assumed 

constant with a value: 

t

c

x
VE 2−=  (2.30)

and the potential varies linearly as x
x

VxV
t

c2)( = . The second region of length L−xt is 

dominated by the SCLC model [2.5]. The transport term is determined by integration of 

the electric field in this region and Vtransport is given by: 
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For low current densities and high charge density, po, (2.14) gives a low value for 

the characteristic length, xc, and Vtransport can be approximated as:  

2
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3)(2
3
2

⎭
⎬
⎫

⎩
⎨
⎧ −

≈
εμθ

t
transport

xLjV . (2.32)

The substitution of (2.30) into (2.18) gives us the anode voltage drop, Vc2 for a 

given current density j; equation (2.32) allows us to calculate the transport voltage, 

Vtransport; finally a point (j, Va) is obtained using (2.29). Repeating this procedure for 

different current densities, we obtain the current-voltage curve.  
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As in the previous subsection, our model is sensitive to temperature variations. A 

thermally activated mobility can incorporate such a dependence. Tunnel injection by 

itself does not support temperature variations (see (2.18)). However, non-negligible 

variations of the current with the temperature have been observed in experimental 

measurements taken in samples that are supposed to undergo tunnel injection [2.3]. In 

order to interpret such experiments, we also propose a method to obtain a j-T curve at an 

applied voltage Va. 

Given a temperature T, we choose a current density value j and then calculate its 

associated applied voltage Va as described below. For the current density j, the contact 

voltage drop, Vc2, is calculated by using the Fowler-Nordheim (2.18) together with the 

parameter xt from (2.30). The transport voltage (Vtransport) is obtained by using (2.29): 

Vtransport≈ Va− Vc2. Equation (2.32) together with the thermally activated mobility, (2.16), 

confirms the temperature T associated with the current density j. Repeating this 

procedure for several values of current densities, we obtain the desired j-T curve. 

2.2.5 - Organic Diode Equivalent Circuit 

The relationship between the applied voltage, Va, and the current density, j, is 

described by the equivalent circuit of Fig. 2.1b. However, two cases have been 

distinguished above depending on the value of the barrier height which defines the turn-

on voltage of the device. When barrier height reduction by redox reactions makes 

thermionic injection favorable, the applied voltage depends on transport requirements 

and charge formation. In this case, the model of Fig. 2.1b is reduced to the model 

presented in Fig. 2.3a. The turn-on voltage is of the order of a few volts. 

If the turn-on voltage is greater than a few volts, then the barrier reduction due to 

charge formation can be neglected and the applied voltage depends on the voltage 

across the contact, Vcontact, and on the transport requirements, Vtransport. For this case, the 
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simplified model is presented in Fig. 2.3b. 

Our model allows for the incorporation of other phenomena such as leakage current 

effects. It has been reported that organic films interact with ambient atmosphere [2.1], 

even hydrophobic pentacene can absorb water or oxygen molecules from the air [2.22]. 

This interaction results in an off-current increase which may not be negligible. A current 

source can be added in parallel to the other elements, Fig. 2.3c, to model this effect 
+ - + -

Va

V (j)contact V (j)transport

j(b)

+ - + -

Va

V (j)redox V (j)transport

j(a)

+ - + - + -

Va

V (j)contact V (j)redox V (j)transport

j(c)

jp  
Figure 2.3. (a) Equivalent circuit for organic diodes with turn-on voltage of few volts. The applied 
voltage is employed in transport requirements and charge creation at the anode-organic interface. (b) 
Equivalent circuit for organic diodes with high turn-on voltage (around ten volts). The applied voltage 
is employed in transport requirements and the voltage needed to surpass the barrier. (c) Complete 
equivalent circuit of an organic diode including leakage currents, jp. 
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2.3 Voltage and Temperature Dependence of the 

Current 

In this section, typical j-V and j-T curves for the cases presented in the previous 

section are discussed. In these curves, the importance of the mechanisms detailed in this 

chapter (redox potential, space charge transport model, thermionic emission and 

tunneling through a barrier) is shown. The limits in which any mechanism is dominant 

over the rest are studied. The different j−V and j−T behaviors predicted by our model 

explain experimental data from the literature. In this study, we use characteristic values 

of materials taken from literature. The values for the energy levels of the organic 

semiconductors and the electrode work functions are summarized in Tables 2.1 and 2.2. 

The value of the relative permittivity for organic materials is considered to be around 3, 

(ε~3), as reported in [2.1], [2.9], [2.15]. Finally, the values for the mobility in organic 

materials are taken in the interval [10-6, 5×10-4] cm2V−1s−1, [2.1]. 

2.3.1 - Thermionic Emission Case 

2.3.1.1 j-V Curves 

In this case, the redox voltage modulates the injection barrier as was described in 

Section 2.2.3. In order to get a positive current density through the barrier, values of the 

redox voltage lower than the value of the material’s natural barrier are needed. The 

redox voltage is close to zero for low current densities and increases in value for higher 

currents, but this voltage is always within a narrow range of values.  

This is shown in Fig. 2.4 where the redox potential, Vredox, (dotted line) is 

represented for current densities within the interval [10−7, 100] A⋅cm-2 for a silver/N,N'-

diphenyl-N,N'-bis(3-methylphenyl)-[1,1'-biphenyl]-4,4'-diamine/Aluminum, 

Ag/TPD/Al organic diode. 
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The transport voltage, Vtransport, (dashed line) and the sum of both contributions, 

Vredox+Vtransport, (solid line) are also depicted in Fig. 2.4. The horizontal solid line 

represents the value of the saturation current, jos. Our model allows currents greater than 

this value as jos is modulated by the redox potential (see (2.23)). 
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Figure 2.4. Current density as a function of the applied voltage, Va for a Ag/TPD/Al organic diode 
(solid line); calculated current density as a function of the redox potential (dotted line); calculated 
current density as a function of the transport voltage (dashed line). Current densities are in the range 
10−7 to 100 A⋅cm-2. The sample parameters are: L=150nm, ε=3.0, ρm=2×1021cm-3, μ=5×10−4cm2V-1s-1, 
φM = 0.65eV, Φ=0.36V. The horizontal solid line represents the value of the saturation current density. 
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In Fig. 2.5, a comparison between a j-V curve calculated by our model (solid line) 

and the j−V curve obtained by using the Mott-Gurney’s relation (equation (2.9)-dashed 

line) is presented. The difference between the curves is negligible at both high and low 

currents, however, it is non-negligible at values of the current density close to the 

thermionic saturation current (horizontal solid line in Fig. 2.5), where our model 

predicts lower current density values. The explanation of the good agreement at low and 

high regimes is given below. 

For low current densities, both transport, Vtransport, and redox, Vredox, voltages are 

expected to be small. Under this assumption, (2.20) can be approximated as: 
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Figure 2.5. Calculated current density, j, as a function of the applied voltage for an ITO/4,4-bis-1-
naphtyl-N-phenylaminobiphenyl (NPB)/Al organic diode. Comparison between our results (solid line) 
and the Mott-Gurney’s law (Eq. (9)) (dashed line). The sample length is 150nm and the material 
parameters are: ε=3.5, ρm=2×1021cm-3, Φ=0.35V, μ=10−4 cm2 V-1s-1, φM=0.5eV. Both models match at 
high and low currents, however, at current densities close to the thermionic saturation current 
(horizontal solid line) a difference appears. 
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We further assume that the transport term is negligible in comparison to the redox 

term (as justified above). Then  

t

redoxV

V
VeTAj t

Mϕ
−

≈ 2* . (2.34)

Including this approximation in (2.4), the characteristic length, xc, given by (2.14), 

tends to zero as current density j decreases. This means that for low current densities, 

the transport term calculated by our model (2.15) tends to the Mott-Gurney’s law [2.5] 

given by (2.9). 

For high current densities and applied voltages, equation (2.20) can be 

approximated as 

t

redoxM
V
V

eTAj
−

−

≈
ϕ

2* . (2.35)

Including this approximation in (2.4), the characteristic length xc (2.14) tends to 

zero as the current density j increases. As in the previous case, our transport term (2.15) 

converges to the Mott-Gurney’s law (2.9). 

In spite of this agreement at low and high voltages, our model has the following 

important advantages:  

1. It takes into account characteristic parameters of the contact between the metal 

and the organic material (such as the barrier height). 

2. It allows the evaluation of the charge density at the anode/organic interface. 

3. The lower slope shown in Fig. 2.5 at intermediate currents allows a better 

interpretation of experimental data, as will be shown below.  
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A comparison between the experimental data reported in [2.23], the Mott-Gurney’s 

prediction (dashed line) from (2.9) and our results (solid line) from (2.15) is depicted in 

Fig. 2.6a. A good agreement is shown between our results and the experimental data for 

Ag/aluminum tris(8-hydroxyquinoline) (Alq3)/Ag and gold/4,4-bis-1-naphtyl-N-

phenylaminobiphenyl(NPB)/gold organic diodes. 

The two sets of curves in Fig. 2.6a correspond to two different states for the 

metal/organic/metal structures studied in [2.23]. For a given voltage, two different 

values of the current are possible, depending on the state of the traps in the device. 

When the traps are filled (off state), the system is blocked and the current density, joff 

state, is lower than the current density, jon state, when the traps are empty (on state). This 

phenomenon can be used to design memory devices.  

To calculate the ratio of trapped charge, first, we calculate the curve which 

corresponds to the on-state by considering that all the created charge is free (that is, the 

parameter θ defined in Section 2.2, equals 1). Second, the ratio of free to total charge 

density is calculated by the fitting of the off-state experimental data, resulting in a value 

of θ=0.02. Only 2 percent of the created charge is mobile in the off state, values in the 

same range and even lower have been reported [2.24]. 

The inset of Fig. 2.6a) compares our model prediction for the on state and Mott-

Gurney’s law to experimental data in a linear scale. To obtain a good agreement with 

the experimental data, our model considers a finite charge density at the interface in the 

range [4.3×10-4, 5.6×10-4] C⋅cm-3 for current densities within the interval [10−7, 100] 

Acm-2. The large difference between the experimental data and the Mott-Gurney’s law 

is because the finite charge density at the interface is neglected in Mott-Gurney’s law, 

by assuming zero electric field at the anode contact. Our model considers the barrier at 

the metal anode contact while the barrier height is zero in Mott-Gurney’s law. 
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2.3.1.2 j-T Curves 

As explained above, at low current densities, the global response of the device is 

limited by redox reactions (dotted line in Fig. 2.4). In this regime, the j−V response 

follows the thermionic emission expression (2.23) and current is expected to be strongly 

dependent on temperature. We can see this in Fig. 2.7, where current-voltage curves 

(Fig. 2.7a) and current-temperature curves (Fig. 2.7b and 2.7c) are represented for a 

Ti/PTCDA/Au organic diode. Fig. 2.7b depicts the calculated curve for the low 

injection regime, showing a strong temperature dependence. Within the high current 
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Figure 2.6. (a) Comparison of our experimental results (solid line) and experimental data measured in 
[2.23] (symbols) for gold/NPB/gold organic diode. The results predicted by the Mott-Gurney’s law 
are represented in dashed line. The two sets of curves depicted in the figure represent two different 
states (on and off states, top and bottom curves, respectively), that are governed by trapped charge 
inside the organic film. The sample parameters are: L=150nm, ε=3.5, ρm=2×1021cm-3, μ=10−4cm2V-1s-

1, φM = 0.4eV, Φ=0.35V. The trapping parameter for the off-state is θ=0.02, and θ=1.0 for the on-state. 
Inset: Comparison of our results, experimental data and Mott-Gurney’s law in a linear scale, showing 
that our model explains the trend in the experimental data better. (b) Overlapping of our model and 
Mott-Gurney’s law at high and low currents. The overlap at high currents is in a range, which is not 
accessible by experiments. 
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density regime, the j−V curve is determined by the transport term (dashed line in Fig. 

2.4) and the thermal behavior is related to a temperature dependent mobility. Fig. 2.7c 

shows a weaker temperature dependence in this regime. 

2.3.2 - Tunneling Injection Case 

2.3.2.1 j-V Curves 

The second case that we analyze is a rectifying contact with a high barrier φM. In 

this case, the thermionic injection current is negligible, the main injection mechanism is 

tunneling and the equivalent circuit is shown in Fig. 2.3b. A high applied electric field, 

E, is needed for measurable current densities. The electric field at the contact, E, is 

given by (2.30) and is high for large contact voltage drops, Vc2, and small tunneling 

distances, xt.  

The j−V curves predicted by our model are shown in Fig. 2.8. The parameters used 
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Figure 2.7. Calculated current density curves for a Ti/PTCDA/Au organic diode, (a) as a function of 
the applied voltage, Va; and as a function of temperature for two applied voltages: (b) Va = 0.03V, and 
(c) Va = 3V. The current is strongly temperature dependent when Va = 0.03V and the device response 
is controlled by thermionic emission. The current is less sensitive to temperature variations between 
260K and 340K when Va = 3V and the device response is controlled by transport requirements. The 
parameters of the sample used in these calculations are: L=150nm, ε=3.0, ρm=2×1021cm−3, mobility 
prefactor μo=16.8 cm2V-1s-1, mobility activation energy Δ=0.3 eV (at room temperature the mobility is 
10−4cm2V-1s-1 according to (16)), a barrier height φM= 0.7eV, and a redox potential Φ=0.35V. 
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in this calculation are used later to explain experimental data and so the explanation of 

the values is given there. The solid line represents the global j−V curve, the transport 

component is represented by a dotted line and the tunnel component is depicted by a 

dashed line. Here, we can see that the limiting factor in the current through the device is 

tunnel injection. For example at a given current density of j=10−3 A⋅cm-2, around ten 

volts is needed for tunnel injection, while a much smaller voltage, less than one volt, is 

required for charge transport through the organic material. 

According to our model, the global j−V response is determined by choosing a value 

of the current density j, then the voltage terms appearing in the model are calculated, 

and finally the total voltage is the sum of the voltage terms.  

The tunnel injection component is clearly dominant in Fig. 2.8. However, the 
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Figure 2.8. Representation of the current density, j, as a function of the applied voltage Va and its 
components, tunneling (Vcontact) and transport (Vtransport). The sample parameters are: L=120nm, ε=3.0, 

mρ =2×1021 cm-3, μ=4.0×10−6 cm2 V-1s-1, φM =0.63eV and the electric field is: E=Vcontact/(L/3.5). 
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transport term introduces a more physical explanation of experimental j−V curves. This 

fact can be seen in experimental measurement taken in [2.3]. There [2.3], the 

characteristics of single carrier hole-only diodes using MEH-PPV were studied, and 

measured j−V and j−T curves for the same device were presented. 

Fig. 2.9 shows the comparison of a j−V experimental curve for a ITO/MEH-

PPV/Au device (symbols) [2.3] with our numerical results (solid line). For a low barrier 

height, the current density due to thermionic emission is high according to (2.17) [2.9]. 

The maximum current that would support the thermionic emission model in this 

operation mode is the thermionic saturation current (horizontal line in Fig. 2.9). Its 

value is below the experimental data for a contact barrier of 0.63eV and would be 

higher than the experimental data for a lower contact barrier height. A barrier height of 

0.63eV for the contact between ITO and MEH-PPV is a value within the range 

measured for these materials (see Tables 2.1 and 2.2). 
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Figure 2.9. Comparison of the calculated current density as a function of the applied voltage (solid 
line) with experimental data taken from [2.3] (symbols) for a sample with the following parameters: 
L=120nm, ε = 3.0, ρm=2×1021cm-3, μ=4×10−6cm2V-1s-1, φM = 0.63eV, and a uniform electric field 
E=Vcontact/(L/3.5). The horizontal solid line represents the calculated thermionic saturation current for a 
barrier height of value φM = 0.63eV. Lower height barriers would produce a non negligible value for 
the thermionic saturation current. 
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The experimental j−V curve could also be reproduced by the tunnel injection model 

alone [2.3]. However, reproducing these experimental data by the tunnel injection 

model alone means that the thermionic emission is negligible. Moreover, neglecting the 

transport term means that xt (see (2.30)) occupies the whole organic film (xt =L). The 

electric field necessary to support a current j is then lower and the barrier height should 

decrease accordingly. However, this decrease would have some problems as thermionic 

emission might take place, which contradicts the assumption of a negligible thermionic 

current. Our model solves this problem by the division of the sample in two regions, one 

for the charge transport and the other for the tunneling injection (see Section 2.2.4). For 

a barrier height of 0.63eV, a tunneling distance xt=L/3.5 results in the electric field 

which explains the experimental data.  

2.3.2.2 Temperature Dependence 

Another important observation from Fig. 2.8 is that the transport term, although 

smaller than the contact voltage, defines the slope of the j−V curve, in particular at high 

currents. This contribution is of special interest, since it allows the incorporation of a 

temperature-dependent term in the current density. 

For low current densities, the applied voltage lies almost completely in the voltage 

that carriers need to surpass the contact barrier: the j−V response follows the Fowler-

Nordheim expression, and the current is expected to be independent of temperature. 

To show these differences at low and high injection regimes, we have calculated a 

j−V curve (Fig. 2.10a) for an ITO/MEH-PPV/Au organic diode sample. At two different 

values of the applied voltage, Va=24V (high current regime) and Va=9V (low current 

regime), the dependence of the current density with temperature is represented in Fig. 

2.10b and Fig. 2.10c, respectively. A very weak dependence on temperature is obtained 

for Va=9V, but a larger dependence is obtained at 24V, confirming our predictions. 
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The behavior at low currents can be seen in experimental measurements for 

ITO/MEH-PPV/Au diodes [2.3]. A comparison between these experimental data 

(crosses) and our results (solid line) is presented in Fig. 2.11. The current density is 

depicted at a fixed applied voltage (Va=17 V) as function of the temperature. We 

observe clearly a weak temperature dependence of the j-T characteristics.  
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Figure 2.11. Comparison of the calculated current density as a function of the temperature (solid line) 
with experimental data measured in [3] (crosses) for an ITO/MEH-PPV/Au organic diode. The value 
of the applied voltage (Va = 17V) is close to the tunneling onset, that correspond to a weak 
temperature dependence (see Figure 2.10). The sample parameters are: L=120nm, Area = 0.35cm2, ε = 
3.0, ρm =2×1021cm-3, μo=9.1×10−6cm2V-1s-1, Δ=0.025eV, a barrier height φM = 0.63eV, and a uniform 
electric field E=Vcontact/(L/3.5). 
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Figure 2.10. Current density curves for an ITO/MEH-PPV/Au organic diode, (a) as a function of the 
applied voltage, Va; and as a function of the temperature for two applied voltages: (b) Va = 24V, and 
(c) Va = 9V. The current is strongly temperature dependent when Va = 24V and the device response is 
controlled by transport requirements. The current is less sensitive to temperature variations between 
260K and 340K when Va = 9V and the device response is controlled by tunnel injection. The 
parameters of the sample used in these calculations are: L=120nm, ε=3.0, ρm=2×1021cm-3, mobility 
prefactor μo=91 cm2V-1s-1, mobility activation energy Δ=0.44 eV, a barrier height φM = 0.63eV, and a 
uniform electric field E=Vcontact/(L/3.5). 
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This is due to the fact that the experimental data are taken in a low current regime, 

at which the device behavior is limited by tunneling instead of by SCLC transport, as 

discussed above. 

Measurements in the high current range where the transport requirements control 

the slope of the j-V curve can be seen in [2.7] for ITO/ poly(p-phenylene vynilene) 

(PPV)/ Gold structures. A comparison of our numerical results (solid line) to the 

experimental data from [2.7] (symbols) is shown in Fig. 2.12. Again, a good agreement 

can be seen in this figure. In this case, a large dependence on temperature is observed, 

which is justified by a strong temperature-dependent mobility in the form of (2.16), with 

parameters μo=1.46 cm2V-1s-1, Δ=0.366 eV. 
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Figure 2.12. Comparison of the calculated current density as a function of the temperature (solid line) 
with experimental data measured in [2.7] (crosses), for an ITO/PPV/Au organic diode. The value of 
the applied voltage (Va = 5V) is within the transport limited regime of the device. A strong 
temperature dependence due to a temperature activated mobility is observed as predicted in Figure 
2.10. The sample parameters are: L=275nm, ε=3.0, ρm=2×1021cm-3, mobility prefactor μo=1.46 
cm2V−1s−1, mobility activation energy Δ=0.366 eV, and a barrier height φM = 0.3eV. 
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2.4 Conclusions 

We have developed a model for the charge transport in organic diodes, which 

includes charge injection, creation of a charge layer at the injecting electrode, 

and transport in the organic layer governed by charge drift. We have highlighted 

the importance of considering all the mechanisms that can take place in the 

transport of charge in organic diodes. In particular, we consider the combination 

of redox reactions with classical charge injection models such as thermionic 

emission and tunneling, and space-charge limited conduction in organic diodes.  

We have proposed a method for the calculation of current-voltage (j-V) and 

current-temperature (j-T) curves. Two important cases have been derived from our 

model: a low voltage regime, in which the thermionic injection is dominant, and a high 

voltage regime, in which the tunnel injection is dominant. The combination of physical 

and chemical mechanisms in our model allows for the interpretation of a wide range of 

experimental data, and the model reproduces experimental data reported in publications 

from several research groups, including certain measurements that cannot be explained 

by taking into account only one phenomenon. An additional advantage of our model is 

the prediction of temperature dependent currents in the tunnel injection regime. 
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Chapter 3: 
Injection and Transport of Charge Through the 
Contacts of Organic Transistors. 
 
 

3.1 Introduction 
 

Organic thin film transistors, OTFTs, have attracted considerable attention from 

many researchers during the last decade. A major application for these transistors is in 

low-end, high-volume microelectronics such as identification tags where mechanical 

flexibility and low-cost are necessary. These devices are also suitable for large-area 

flexible applications [3.1] and present low-cost, low temperature processing such as 

dipping or spin-coating technologies [3.2]. OTFTs are being considered for the drive 

electronics in liquid crystal display [3.3] and organic light-emitting diodes, and might 

also be applied to smart cards, gas sensors and other fields.  

A key element in OTFTs research has been the organic semiconductor material 

itself. However, when Bürgi et al. [3.4] mapped the lateral potential distribution in the 

channels of OTFTs, they found that a substantial part of the externally applied 

drain−source voltage, VDS, drops across the contact between the organic material and 

metal electrodes for source and drain, in particular between the source and the organic 

material. Thus, in addition to the limited drift in the organic film, there is one more limit 

for the charge flow in OTFTs owing to contact effects. 

As a conclusion of potentiometry experiments, several authors [3.5], [3.6], [3.7] 

consider that the current finds two different resistive regions in the path from the source 
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to the drain, causing consequently a voltage drop at the contacts and a voltage drop 

along the intrinsic channel. The “parasitic” voltage drop at the contacts leads to a 

lowering of the effective bias voltage applied to the intrinsic drain-source channel of the 

transistor, and consequently, reduces the values for current and mobility [3.8], [3.9]. 

The relative importance of contact resistance increases with increasing charge carrier 

mobility in the organic layer or decreasing the channel length, L (L<1μm) [3.7], [3.8], 

[3.10]. The contact resistance may, therefore, become comparable to or even greater 

than the channel resistance in short channel devices or in devices with high mobility 

organic materials in the channel. Thus, it is very important to consider the contact 

effects when extracting the parameters of the transistors (i. e. mobility and threshold 

voltage) from the output characteristics of the device [3.6], [3.8]. 

Finding a model for OTFTs is not an easy task. The contact effects and other 

limiting mechanisms for the charge transport cannot be explained by the silicon 

metal−oxide−semiconductor field−effect transistor (MOSFET) model [3.8]. 

Uncommon output characteristics are associated with gate-voltage dependent contact 

resistances and mobilities [3.4], [3.5], [3.7], [3.11], [3.12], or with the topology of the 

transistor. Several studies [3.4], [3.8], [3.13] have shown that OTFTs with bottom 

contact (BC) design demonstrate inferior performance, compared to those with the top 

contact (TC) design. As a consequence of the problems cited above, the contact effects 

should be characterized. 

As a consequence of all problems cited above, models are required to interpret the 

dependence of drain current on contact voltage [3.5]. Models devoted to reproducing 

current-voltage curves at the contacts of OTFTs show some controversies, mainly 

because two theories compete with each other: space-charge limited conduction (SCLC) 

or injection-limited conduction. Researchers who favor one theory neglect the other by 
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demonstrating problems to reproduce certain dependences of the current with the 

applied voltage, the temperature, dimensions of the device or different kinds of contacts. 

The limitations of the reported approaches have their origin in the fact that they focus 

only on a particular phenomenon and therefore explain only certain ID−VC dependences. 

To address these limitations and provide a consistent description of the phenomena 

present in the contacts of OTFTs, we apply the model for diodes in the previous chapter 

to the contact effects in OTFTs. As described in chapter 2, the voltage drop at the 

contact, VC, is the superposition of different components. Each component is related to a 

different mechanism in the contact: injection, redox reactions at the interface and drift in 

the adjacent organic material. 

This chapter is organized as follows: In section 3.2, we review different models, 

found in the literature, which report on the contact effects in OTFTs. The strengths and 

weaknesses of each model are discussed. In this section, we adapt the model presented 

in the previous chapter to the contacts of OTFTs. In section 3.3, we focus on the 

characterization techniques related to the proposed model, by reviewing and discussing 

the different characterization approaches. We also propose a method for extracting 

contact effects when a set of transistors with different channel lengths is not available. 

The characterization techniques allows for extracting the parameters of the transistor 

and the contact voltage drop from the output characteristics. Finally, a validation of our 

model by the characterization of several OTFTs is presented in section 3.4. 

3.2 Modelling of the Contact Effects 
 
The objective, when modeling the contacts of OTFTs, is the reproduction of the ID−VC 

curves and their dependences on bias voltages, temperature and material parameters 

[3.4], [3.14], [3.15], [3.16], [3.17]. The two main theories used for the explanation of 

contact effects in OTFTs are the injection-limited conduction and space-charge limited 
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conduction (SCLC) theories. A review of models based on these theories is presented 

below. 

3.2.1 Injection Limited Conduction 
 
Baldo and Forrest [3.18] studied the transport of charge in a variable thickness layer of 

tris(8-hydroxyquinoline) aluminum (Alq3) sandwiched between two metal electrodes. 

In order to explain their experimental curves, they proposed that the transport is 

injection-limited and that the injection is limited by charge hopping where interfacial 

dipoles play a crucial role because they may alter the effective injection barrier. They 

eliminated other models, as explained below. At a constant electric field, the bulk-

limited models predict a dependence of current density, J, on the thickness of the 

organic layer, d, according to )1(/1 ≥∝ xdJ x . This dependence was not observed in 

[3.18], and therefore they eliminated the bulk-limited model. Another reason for ruling 

out bulk-limited models is that they do not predict the different characteristics for 

different cathodes that were observed in [3.18]. Baldo and Forrest [3.18] also eliminated 

injection models that depend only on the energy barrier at the interface because the 

cathode dependence of current-voltage characteristics at low temperatures is 

substantially reduced. They proposed that the injection is limited by charge hopping 

where interfacial dipoles play a crucial role as they may alter the effective injection 

barrier. However, they left an open question on the origin of the interfacial dipoles that 

lead to a lowering of the interface energy barrier. 

Another proposal of injection limited model is in [3.16], [3.19]. The model in 

[3.16], [3.19] is based on thermionic emission with diffusion-limited injection currents, 

and it was used in [3.10] to interpret contact resistances in bottom contact 

poly(3−hexylthiophene) (P3HT) OTFTs with Au as source and drain contact material. 

This model was dismissed in [3.20] because it could not reproduce the dependence with 
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the temperature for OTFTs having high injection barriers between the organic layer and 

source/drain electrodes, such as the contacts in OTFTs formed between Cr or Cu with 

P3HT [3.20]. In order to reproduce the dependence with the temperature for OTFTs 

with high injection barriers, a more sophisticated model of hopping injection into a 

disordered density of localized states was used later [3.20]. 

3.2.2 Space Charge Limited Conduction 
 
In TFTs with relatively small contact effects, the contact resistance is found to be 

dominated by the mobility of the polymer [3.4]. This suggests that bulk drift dominates 

in the contact. On the other hand, small contact effects produce a voltage drop in the 

contact that depends almost linearly on the current flowing through the contact, i.e. 

nonlinear effects in the output characteristics of the transistor are nearly negligible (Fig. 

2 in [3.20]). This means that bulk drift models like the classical Mott−Gurney law 

[3.21], [3.22], where the dependence of the current density with the applied voltage is 

non-linear, could not reproduce experimental characteristics of the contacts of OTFTs 

[3.7], [3.20]. 

3.2.3 Compact Model for Contacts in OTFTs 
 
None of the aforementioned models can individually explain certain experimental data. 

The linearity of the current-voltage curves at the contacts, ID−VC, in [3.7], [3.20] can be 

explained neither by the drift model in [3.21], [3.22] nor by the injection-limited models 

[3.16], [3.18], [3.19]. The drift and the injection-limited models have been used for 

contacts with nonlinear responses, but not for devices showing linear ID−VC curves. If 

the contact region thickness increases over 100nm, transport must eventually become 

bulk limited [3.18] and the injection models have to be combined with drift models. 

Consequently, some combination of the models should be studied. In addition, it is also 



Chapter 3     Injection and transport of charge through the contacts of organic transistors 

 55

necessary to understand the chemistry at the metal/organic interface and the physical 

origins of the interface dipoles that lead to a lowering of the interface energy barrier 

[3.18]. 

So, we find as appropriate, a compact model for contacts in OTFTs which takes into 

account the different phenomena reported in the contacts of OTFTs. 

A unified model was developed in the previous chapter, and published in [3.23], to 

explain the transport in organic diodes. Considering that the same principles for the 

contact effects in organic diodes are valid for other organic devices [3.5], this model is 

now applied to the depleted region located between the source and the accumulation 

layer in the organic material of OTFTs. This region includes the source contact and a 

low conductivity region [3.24] close to it (Fig. 3.1).  
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Figure 3.1. Separation of the channel of a bottom contact organic transistor in two regions: the 
contact region [0, xC] modeled by a voltage drop VC and the intrinsic channel [xC, L]. 
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There is not only electrical evidence of the depleted region (as was demonstrated by 

Bürgi by means of scanning probe potentiometry [3.4]) but also structural evidence of 

this region as was found in [3.25]. They have detected a transition region from a large 

grain pentacene, in the bulk of the channel of Au-pentacene OTFTs, to a 

microcrystalline form at the interface between the metal electrode and the organic film. 

The voltage drop at the drain contact is much less important than the voltage drop at 

source, as supported by scanning probe potentiometry [3.4] and will therefore be 

ignored. 

Our compact model assumes that same phenomena detailed in previous chapter for 

diodes, take place in charge transport through the depleted region of the OTFT:  

• Charge carriers pass a potential barrier at the contacts.  

• Ions are created at the electrodes by redox reactions in the organic material. These 

ions form charged dipoles which modulate the injection barrier. 

• Drift of charge carriers in the bulk of the contact region. 

Thus, to maintain a current ID, the contact voltage, VC, is shared by voltages required 

for carrier injection through the barrier, Vinjection, for ion formation (redox reactions), 

Vred, and for charge drift, Vdrift. The relationship between the contact voltage VC and the 

current through the structure is described by the equation: 

   ).()()( DdriftDredDinjectionC IVIVIVV ++=    (3.1) 

Expressions for the different components in (3.1) were already presented in the previous 

chapter. However, the variables are defined here according to the structure and 

geometrical dimensions of an OTFT (Fig. 3.1). We review the calculations of the 

compact model adapted to this new situation in equations (3.2), (3.3), and (3.4) below. 

The voltage for the ion formation Vred, according to Nernst equation [3.23] is: 

 ),/ln()( mdptred TVV ρρ+Φ=   (3.2) 
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where ρdp is the value of the ion density forming the dipoles at the interface between the 

metal and the organic material, Φ is a constant which depends on the materials involved 

in a given redox reaction, ρm is the molecular density of the organic material, and 

Vt(T)≡kT/e is the thermal voltage, where T is the absolute temperature, k=1.38×10−23J/K 

is Boltzmann’s constant, and e=1.6×10−19C is the magnitude of the electron charge. 

The voltage required for the transport across the contact region is calculated assuming 

that the charge transport is due to the drift of positive charges in a space-charge region 

with charge density at the interface p(x=0)=p(0) (we focus on p-type OTFTs). In the 

previous chapter, it was developed the calculation of the voltage drop associated with 

the charge drift imposing a finite value for the charge density at the interface. The I-V 

relation is (2.15): 
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where J=ID/S is the current density, S is the cross section of the metal/organic contact, 

S=to×W, to is the thickness of the organic layer and W the channel width of the OTFT, xc 

is the contact length equal to the length of the depleted region as shown in Fig. 3.1, ε is 

the permittivity of the organic material, μ is the mobility of the carriers, the parameter xp 

is a characteristic length (from contact interface toward organic film), in which the 

charge density p(0) at the metal/organic interface decays to p(0)/ 2 . In a first-order of 

approximation, p(0)≡ρdp, where ρdp is the ion density in (3.2) for the barrier reduction, 

Vred. 

Equation (3.3) allows for the incorporation of a variety of mobility models for the 

charge carriers, e. g. a variable range hopping (VRH) model [3.15] or band-transport 

model [3.26]. 
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The voltage required for the injection, Vinjection, could be evaluated using the injection 

models [3.16], [3.18], [3.19], [3.23], [3.27] discussed in section 3.2.1. In general, charge 

injection through metal−organic junction can be due to thermionic emission and 

tunneling [3.23]. However, in OTFTs, the electric field at the contact is not very high. 

Therefore, we consider a thermionic-emission-like expression where the barrier height, 

ϕM, is modulated by a term associated to redox reactions, Vred: 
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where A*= 120Acm-2K-2 is the Richardson´s constant, ϕM is the height of the barrier 

between the source metal and the organic layer, IS is the saturation current and η is 

ideality factor of the junction. As mentioned in the previous chapter, the barrier height, 

ϕM, is calculated as the difference between the metal work function and the organic 

material´s highest occupied molecular orbital (HOMO) [3.1], [3.6], [3.17], [3.28]. Vred is 

the barrier reduction owing to dipoles at the interface between the source contact and 

the metal [3.18]. The barrier reduction is accounted by Vred. Larger Vred increases the 

saturation current IS by exp(Vredox /Vt(T)), see again (3.4). 

3.3 Characterization Techniques 
 

An important problem in OTFTs research is the separation of contact effects from 

the characteristics of the intrinsic transistor. The separation is not a trivial task because 

the contacts effects interfere with other dependences in OTFTs [3.8]. For example, the 

mobility and the threshold voltage extracted by commonly used techniques based on the 

MOSFET model are influenced by the contacts [3.24] and, as a result, the OTFT data 

needs further processing. In this section, we discuss approaches to extract the current 
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versus voltage curve at the contact, ID−VC, the threshold voltage, VT, and the charge 

carrier mobility, μ. 

It was considered [3.5], [3.13], [3.29] that the mobility and/or contact resistance 

are gate-voltage dependent. However, different parameters are attributed to be 

dependent on the gate voltage as discussed below. 

For Au-sexithiophene OTFTs, a method assuming a constant contact resistance 

and a gate voltage-dependent mobility was developed to extract the mobility from the 

transfer characteristics and to estimate values for the threshold voltage and contact 

resistance [3.29], [3.30]. 

For Au-pentacene OTFTs, a model with a gate voltage-dependent mobility and 

highly nonlinear drain and source contact resistances was proposed to simulate the 

transport characteristics [3.13]. 

On the other hand, in OTFTs based on polyfluorene F8T2, which makes a non-

ohmic contact with Au, the mobility has been assumed constant and the nonlinear 

current-voltage relation at the source has been considered dependent on the gate voltage 

[3.5]. The contact resistance was extracted from the output characteristics of transistors 

with different channel lengths, and the contact current was found to be exponentially 

related to the contact voltage. It is also shown in [3.6] that the method can be used to 

simultaneously extract the mobility and the ID−VC curve. We will show shortly that an 

alternative method to extract the ID−VC curves and mobility can be used when a set of 

devices with different channel lengths is not available. 

Overall, the procedures for extraction of contact characteristics can be grouped in 

two approaches: by variation of channel length or by variation of gate bias voltage. 

These are now described. 
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3.3.1 Set of Transistors with Different Channel Lengths 
 

This procedure is based on assumption that the channel of an OTFT, such as the 

p-channel bottom-contact configuration depicted in Fig. 3.1, can be split into two 

regions: a contact region and an intrinsic TFT region. With this assumption, the total 

source-drain voltage VDS is therefore split into a channel component VDS’ and a voltage 

dropped at the contacts VC. It is supported by scanning probe potentiometry [3.4], that 

VC is mainly dropped at the source contact. By using the gradual-channel approximation 

and after integration of the potential along the channel, the current of OTFTs is obtained 

as [3.5], [3.6], [3.24] 

 ( ) ( )( ) ( ){ },2// 22
CDSCDSTGScoxD VVVVVVxLWCI −−−−−= μ   (3.5) 

where Cox is the gate capacitance per unit area, and the mobility might be unknown, but 

is constant at a given gate voltage. 

When identically processed transistors with different channel lengths (but the 

same channel width) are available, the ID−VDS curves are measured at a given gate-

source voltage VGS for each transistor. The corresponding ID−VC is calculated from Eq. 

(3.5) for all the different transistors. Assuming that the contact and channel transport are 

identical in different transistors (independent of L), the correct value of μ would make 

all the different ID−VC curves to overlap when the different samples have the same 

width. 

This technique has been used for different length OTFTs based on several 

organic materials [3.6], [3.12], [3.24], [3.30] in BC configuration. It has been shown 

that both the mobility and the contact resistance are gate voltage dependent [3.6], [3.12], 

[3.24]. This characterization technique, however, has two limitations [3.7]. One is that a 

series of devices with different channel lengths, but otherwise identical, has to be 

available. Another is the channel transport properties in different devices might not be 
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exactly the same. In such cases, we propose to use the alternative characterization 

technique with variable gate biasing, given below. 

3.3.2 Set of Characteristics of a Single Transistor Biased at 
Different Gate Voltages  
 

In the case when transistors with different channel lengths are not available or 

the transport depends on L, we propose a method based on the output characteristics at 

different bias conditions. The details of the procedure to extract the ID−VC curves and 

the mobility are the following. 

First, initial estimates for the threshold voltage and the mobility are made by 

means of the MOSFET model [3.7], [3.24] by fitting a transfer characteristic in 

saturation regime. The initial estimates are the so-called apparent threshold voltage, VAT, 

and apparent mobility, μA [3.7], [3.24]. 

Second, it is observed that the contact effects only slightly increase the threshold 

voltage of the OTFT [3.5], therefore, VT≈VAT, and the initial value for the threshold 

voltage is assumed also as a final value. 

Third, the mobility and the voltage drop at the contact are extracted from the 

output characteristics, by iterative procedure using eq. (3.5). The procedure accounts for 

the following facts: (i) both the mobility and the contact voltage are gate voltage 

dependent, and (ii) the apparent mobility, μA, is lower than the mobility, μ, in intrinsic 

OTFT because μA includes contact effects. 

To set up the iterative use of eq. (3.5), we also define a parameter 

α≡VC/VDS=[RC/(Rch+RC)], which accounts for the ratio between the contact resistance 

and the channel resistance [3.24]. 
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The iterative procedure is performed by using the output characteristic at given 

gate voltage, and then repeated for all gate voltages. The procedure is illustrated in Fig. 

3.2 and begins with the initial values mentioned above, α0=0, and μ0=μAT. A new value 

μ1 for mobility is obtained by fitting (3.5) to the experimental output characteristics in 

the linear regime (varying the value for mobility), as shown in Fig. 3.2a. Next, a new 

value α1 is obtained by fitting (3.5) to the experimental output characteristics in the 

saturation regime (using μ1 and varying α), as shown in Fig. 3.2b. Then, the above two 

fitting procedures are repeated alternatively, obtaining the values μi and αi after each 

loop of number (i) of the iteration. The results from fitting (3.5) in linear and saturation 
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Figure 3.2. Iterative procedure to fit output characteristics in an OTFT (symbols) with (5) (solid lines). For 
clarity, only a sample curve measured at a given VGS is shown. For other values of VGS > VT the graphs are 
similar. (a) First step of the iteration, reproduction of experimental data in the linear region. Calculation with 
α0=0 and μ1 in (5) (b) Second step of the iteration, reproduction of experimental data in the saturation region. 
Calculation with α1 and μ1 in (5). (c)(d) Calculation of the second iteration as described in (a)(b) with the 
values of this iteration: α2 and μ2. 
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regimes in the second loop (i=2) are shown in Fig. 3.2c and Fig. 3.2d respectively. The 

above two fitting procedures are repeated until a good agreement with experimental data 

in linear and linear-saturation transition regions, is reached.  

The convergence of the method has been proven good. For example, see again 

Fig. 3.2d. After the second iteration, the model characteristic is almost identical with the 

measured. Also, as another criterion, it is illustrated later in section 3.4.2 that the above 

procedure obtains values for mobility that increase with the gate voltage and values for 

contact resistance that decrease with the gate voltage, as repeatedly observed in 

experiments, e.g. in [3.24]. 

3.4 Validation of the Model by Characterization of 

Devices 

In this section, we demonstrate that the model presented in this chapter interprets 

consistently ID−VC curves of different OTFTs with output characteristics impacted by 

contact effects. The examples include both characterization methods, set of transistors 

with different channel lengths at constant gate voltage and set of characteristics of a 

single transistor biased at different gate voltages. 

We chose experimental data for OTFTs with bottom contact (BC) configuration, 

because they are easier to fabricate [3.13], [3.25]. Also, BC OTFTs are more susceptible 

to contact effects than the top contact (TC) configuration owing to area of the contact 

[3.5]. 

Since our model uses several material parameters, the electrode work function 

and the energy levels of the organic semiconductors are collected from the literature 

[3.20], [3.23], [3.28], [3.31] and are summarized in Tables 3.1 and 3.2. We consider that 

the relative permittivity for organic materials is around 3 (εr≈3) as reported for many 
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materials in [3.23], [3.29], the molecular density is ρm=2×1021 cm−3 as reported in 

[3.23], and the contact length xc is around ≈100nm as deduced by non-contact scanning-

probe techniques [3.4]. The mobility in the organic materials is extracted by the 

characterization techniques detailed in section 3.3, and by also using geometrical 

dimensions reported along with the experimental data in the literature. 

 

 

Table 3.1. Electrode work function of the metals referred to in this chapter. 

Electrode Work function (eV) Reference 

Gold (Au) 4.9−5.47 [3.23] 

Chromium (Cr) 4.5−4.8 [3.31] 

Table 3.2. Properties of the organic semiconductors referred to in this chapter. 

Metal−Organic interface 

Organic 

film 

HOMO 

(eV) 

Reference, 

Year Interface 
Barrier height 

(eV) 

Nernst 

potential 

F8T2 5.5 [3.28], 2004 Au/Cr−F8T2 0.68 Φ=0.22 V 

Pentacene 4.8−5.0 [3.23], 2005 Au−Pentacene 0.1 Φ=0.39 V 

P3HT, 

P3HDT 
≈5.2 [3.20], 2005 Au−P3HDT <0.4 Φ=0.30 V 
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3.4.1 Validation by the Method Using Set of Transistors with 
Different Channel Lengths 
 

The extraction method is detailed in section 3.3.1. It is applied to output 

characteristics reported in Fig. 5a in [3.7] for BC pentacene OTFTs with Au contacts, 

channel width W=270 μm and channel lengths L=2, 10, and 20 μm. The extracted 

ID−VC curves are shown in Fig. 3.3a with symbols. For a mobility μ=0.8cm2V-1s-1, the 

ID−VC curves converge in a straight line reproduced by the compact model. The 

calculations of the compact model are detailed below. 

The barrier height in these OTFTs is low, ϕM =0.1eV, and the experimental 

currents are quite below the saturated current, ID
exp<< IS=A*T2S⋅exp(−ϕM/kT) which 

results in small injection and redox voltages. The dominant phenomenon in this contact 

is therefore drift, and the voltage drop at the contact, VC in (3.1), is: VC≈Vdrift. As a 

result of these particular conditions, the electrical characteristics of these contacts are 

represented by linear ID−Vdrift curves, which can be deduced from (3.3), as explained 

below. 

If the characteristic length xp is a few times larger than the contact length xc, we 

can expand in a Taylor series, ( )[ ]{ } ...,2311 212323 +=−+ pcpcp xxxxx which reduces (3.3) 

to Ohm´s law 

. )0(  
c

drift
D x

V
pSeI μ≈  (3.6) 

According to our model, the charge density at the interface, p(0), equals to the value of 

the ion density, ρdp, and the prediction is calculated with (3.2) to (3.6). After the 

calculation, Vred~2mV is verified to be much smaller than Vdrift >100mV. 

In the comparison above, we have studied an ohmic contact in OTFTs and we have 

demonstrated a reproduction of these contacts with the compact model. Next, we will 
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study non-ohmic contacts in OTFTs, particularly the contacts effects between 

chromium/gold electrodes and F8T2 with data from [3.5]. 

The ID−VC curves are extracted from the output characteristics given in Fig. 2 of [3.5] 

for transistors with different channel lengths. For a mobility μ=6×10−3cm2V-1s-1, the 

ID−VC curves converge, as shown in Fig. 3.3b with symbols. The compact model 

prediction (solid line) together with the injection component (dotted line) and the drift 

component (dashed line) are also depicted in Fig. 3.3b 

A nonlinear response of the contact can be observed. In [3.5], they have 

neglected the drift of the charge in the contact and proposed a diode-type relation as 

sufficient to reproduce the experimental measurements. As a result, they have obtained 

an unusually high value of the ideality factor, η=20. The compact model can describe 

non-ohmic contacts by using the terms related to charge drift and injection processes, 

0 10 200

10

20

L=2μm
L=10μm
L=20μm
Compact Model

I D
(μ

A
)

Voltage drop in contact, VC (V)

(a)

0 2 40

1

2

Voltage drop in contact, VC (V)

(b)

I D
(μ

A
)

Compact Model 

Injection
Drift

L=5μm
L=20μm
L=50μm

0 10 200

10

20

L=2μm
L=10μm
L=20μm
Compact Model

I D
(μ

A
)

Voltage drop in contact, VC (V)

(a)

0 2 40

1

2

Voltage drop in contact, VC (V)

(b)

I D
(μ

A
)

Compact Model 

Injection
Drift

L=5μm
L=20μm
L=50μm

0 2 40

1

2

Voltage drop in contact, VC (V)

(b)

I D
(μ

A
)

Compact Model 

Injection
Drift

L=5μm
L=20μm
L=50μm
Compact Model 

Injection
Drift

L=5μm
L=20μm
L=50μm

 
Figure 3.3. ID−VC curves extracted with equation (3.5) and output characteristics, as described in 
section 3.3.1. (a) Experimental ID−VC curves from Au−pentacene OTFTs data in [3.7] (symbols). The 
different channel lengths are L=2, 10 and 20 μm, W=270 μm, xC=100nm, μ=0.8cm2V-1s-1, the SiO2 
gate insulator thickness is 333nm, and VGT=VGS−VT=20V. The barrier height between gold and 
pentacene is very low, making Vredox≈0 and Vinjection≈0. The compact model prediction (solid line) from 
(3.1) is approximated by the drift term, (3.6), and reproduces well the experimental data. The 
thickness of the organic layer is tO=50nm and the Nernst potential is Φ=0,39V. (b) Experimental 
ID−VC curves from Au/Cr−F8T2 OTFTs data in [3.5] (symbols), the different channel lengths are L=5, 
20 and 50 μm, W=1000 μm, xC=100nm, μ=0.006cm2V-1s-1, the SiO2 gate insulator thickness is 200nm 
and VGT=VGS−VT=15V. The drift term (dashed line) is calculated from (3.7) to obtain a parallel 
displacement with the experimental data, the comparison between (3.7) and the general drift term in 
(3.3) suggests that the redox voltage is small. The injection term (dotted line) is then calculated from 
(3.4) and the compact model prediction (solid line) is the addition of the three terms. The barrier 
height is ϕM=0.68eV, the thickness of the metal electrodes is tO=100nm and the Nernst potential is 
Φ=0.22V. 
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(3.3) and (3.4), with a lower value of the ideality factor. A non-linear relation between 

the current and voltage in the drift term occurs when the characteristic length xp is much 

smaller than the contact length xc, and (3.3) reduces to Mott−Gurney law [3.21], [3.22] 

( )
.

)(
8
9

3

2

c

drift
D x

V
SI εμ≈  (3.7) 

Vdrift from (3.7) is shown by dashed line in Fig. 3.3b, illustrating a parallel displacement 

(along the x-axis) with the experimental data (symbols) for the set of three 

chromium/gold−F8T2 OTFTs [3.5]. This parallel displacement suggests that the drift 

term calculated from (3.7) is appropriate for this set of data. 

The fact that the drift term is characterized with (3.7), implies a short 

characteristic length xp which is obtained when p(0) is large or the redox voltages are 

small, according to (3.2) and (3.3). The redox term is therefore small in these 

chromium/gold−F8T2 OTFTs, Vredox≈0. The small contribution of the redox reactions 

in these contacts make the injection and the drift the main contribution to the voltage 

drop in the contact, VC≈Vinjection+Vdrift according to (3.1). A similar parallel 

displacement, between a space-charge-limited current and experimental currents, can be 

seen in Fig. 3.1 of [3.19]. For that case, the authors also proposed the injection as a 

displacement between experimental data and the space charge limited conduction. 

3.4.2 Validation by the Method Using a Set of Characteristics of 
a Single Transistor Biased at Different Gate Voltages 
 

Here, we are applying the procedure from Section 3.3.2 to extract the mobility 

and the contact voltage drop from the output characteristics of a single transistor at 

different gate voltages. We consider the output characteristics measured in 

poly(3−hexadecylthiophene) (P3HDT) transistors [3.24] (symbols in Fig. 3.4). 
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When the initial values for apparent mobility μA=5.5×10−5 cm2/Vs, α=0 and 

threshold voltage VAT=−4.4 V, are used in the MOSFET model, a reasonable fitting can 

be obtained in the saturation region, as shown by solid lines in Fig. 3.4. However, the 

disagreement between this simplified model and the experimental curves in the linear 

regime is clear, when neglecting the effect of contacts. 

Taking the above initial values for μA and VAT, the iterative procedure defined in 

Section 3.3.2 is applied to determine the contact effects from the output curves of this 

OTFT. After the iteration procedure, the values of the intrinsic mobility, μ, and the 

contact voltage drop, VC are obtained. Substituting μ and VC in (3.5), a very good fit at 

each gate voltage is obtained, as depicted in Fig. 3.5a, in both saturation and linear 

regimes.  
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Figure 3.4. (a) Output characteristics of an Au-P3HDT bottom contact transistor [3.24] at VGS=−8V, 
−10V, −12V, −14V, −16V, and −18V from the bottom to the top. Symbols represent experimental 
data. Lines represent the fitting with the simple MOSFET model without contact effects 
(μA=5.5×10−5cm2/Vs, VAT=−4.4 V). As shown, the model deviates from the experimental data. The 
details for the samples are: thermally grown SiO2 (≈200nm), channel width W=1.5 cm (multi-finger 
configuration), and channel length L=10 μm. The polymer film is 7nm thick and it was deposited by 
spin-coating. (b) Transfer characteristics at VDS =−20V, used for an initial estimation of the mobility 
and the threshold voltage before iterations (the symbols represent experimental data and the line is the 
fitting with the simple MOSFET model).  
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The values for α=VC/VDS=[RC/(Rch+RC)] and μ are given in Fig. 3.5b and 5c, 

respectively. Note that the mobility increases with the gate voltage as reported in the 

literature for different OTFTs [3.11], [3.15]. The parameter α, that accounts for the ratio 

between the contact resistance and the channel resistance α=[RC/(Rch+RC)], shows that 

the contact resistance decreases with the gate bias voltage. A decrease of the contact 

resistance, by charging the traps in the depleted region and increasing the concentration 

of free carriers, have been reported in the literature, by means of increasing the gate 

voltage [3.4] or by photogeneration [3.24], [3.32]. The decrease of the contact resistance 

is explained by the increase in the induced charge carriers throughout the depleted 

region of the contact. The depleted region of the contact is rich in defects and they cause 

the injected charge to get trapped, limiting the current flowing through the device. Thus, 

the greater the level of trapped charge by increasing the gate voltage or by illumination, 
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Figure 3.5. (a) Experimental ID−VDS curves from Figure 3.4 (symbols) and calculations of the ID−VDS 
curves (solid lines) taking into account the contact effects. The calculations are according to (3.5) with 
parameter α=VC/VDS=[RC/(Rch+ RC)] in Fig. 3.5b and mobility in Fig. 3.5c as function of VG. 
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the easier for the injected charge to travel across the depleted region without being 

trapped. 

Using the values of α and μ given in Fig. 3.5b and 3.5c, the contact ID−VC  

characteristics of the Au−P3HDT OTFT are finally calculated. These ID−VC curves are 

shown in Fig. 3.6 with symbols and reveal that the contact in Au-P3HDT OTFTs is 

ohmic. The prediction of the Unified Model is shown with solid lines in Fig. 3.6, it is 

calculated with (3.6) and reproduces the experimental data in the linear regime.  

An ohmic contact is expected owing to the small barrier height eVM 2.0<ϕ  

between the gold electrodes and the P3HDT film. For this small barrier height, the 

contact voltage is mainly a result of the drift of charge, by the reasons discussed in the 

first part of the previous subsection, 3.4.1. The redox and the injection terms are small 

compared to the drift term. That is why the prediction of the Unified Model, calculated 

from eq. (3.6), reproduces the experimental data. 

0.1 1
0.001

0.01

0.1

Contact voltage drop, VC (V)

C
ur

re
nt

 th
ro

ug
h 

th
e 

co
nt

ac
t, 

I D
(μ

A
)

0.1 1
0.001

0.01

0.1

Contact voltage drop, VC (V)

C
ur

re
nt

 th
ro

ug
h 

th
e 

co
nt

ac
t, 

I D
(μ

A
)

 
 

Figure 3.6. Contact ID−VC characteristics of Au−P3HDT OTFT from [3.24]. Symbols are extracted 

values from the output characteristics at different gate voltages after using the iteration method. Lines are 

calculated with the ohmic prediction of the compact model, equation (3.6). From bottom to top, 

VGS=−8V, −10V, −12V, −14V, −16V, −18V and (Vredox−Φ)=−0.316V, −0.303V, −0.295V, −0.289V, 

−0.285V, −0.282V. See figs 3.4 and 3.5 for fabrication and electrical parameters. Gray symbols illustrate 

saturation regime of operation of TFT, in which the condition for use of (3.5) are violated. 
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3.4.3 Limits of Validity 
The divergence between the experimental ID−VC curves and the prediction of the 

compact model near the saturation region points out the voltage range where our 

procedure is valid. This disagreement is due to the operation of the transistor in the 

saturation regime, where the conditions for the approximation VC=αVDS used in the 

extraction procedure are violated. It can be see from (3.5) that the extraction of ID−VC 

curves is valid in the linear regime. The reason is that the gradual channel 

approximation is used in order to relate the drain current to the terminal voltages (ID= 

ID(VGS, VDS)). Once this relation is defined, the contact effects are separated from the 

characteristics of the intrinsic transistor, VDS= VC +V’DS.  

This procedure, used in the linear regime, would still be valid in subthreshold or 

saturation regimes if proper expressions for the ID=ID(VGS, VDS) curve are employed. In 

any of these three regimes, our model might be applied in order to reproduce the 

extracted ID−VC curves. No limits are imposed on our model outside the linear regime 

as the mobility and the charge density are the only variables in our model. Moreover, 

the mobility is not limited to a given voltage range because our model allows for the 

incorporation of different mobility models.   

3.5 Conclusions 
 

A compact model for the injection, interface dipoles and transport of charge 

through contacts in organic transistors has been presented. The combination of different 

physical phenomena in the model allows for the interpretation of a wide range of 

experimental data. Our model explains linear and non-linear current-voltage curves at 

the contacts of organic transistors extracted by different characterization methods.  
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The ability of this compact model to fit various data for nonlinear contacts can 

help to obtain deeper insights for the details and physical origin of the charge injection 

in organic devices, simultaneously providing a link to compact modeling. 
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Chapter 4: 
Evaluation of the Charge Density in the Contact 
Region of Organic Transistors 
 
 

4.1 Introduction 
 

The present quality level of Organic Thin Film Transistors (OTFTs) [4.1], [4.2] 

together with refined production techniques like inkjet printing [4.2], have made OTFTs 

suitable for commercialization. However, it was highlighted in the previous chapter that 

contact effects limit the performance of state-of-the-art transistors. Also, much attention 

has been paid by numerous researchers to study the mechanisms that control the 

injection and transport of charge in the contacts of OTFTs [4.3], [4.4], [4.5], [4.6], [4.7], 

[4.8]. A clear vision of the distribution of electrical magnitudes along the contacts can 

help to determine device parameters like threshold voltage [4.9], mobility [4.10], or 

density of states and traps [4.4]. This information to device designers and technologists 

will provide the required feedback to improve the device´s performance. A physical 

model is presented, along with a method to evaluate the density of charge in the contact 

regions of organic transistors. The evaluation of charge is based on the comparison of 

experimental current-voltage (I-V) and current-temperature (I-T) curves with the results 

of the physical model that links all the different phenomena present in the contacts of 

OTFTs. The distribution of charge is calculated in different kinds of contacts in OTFTs: 

contacts that show ohmic and non-ohmic I-V responses. In many cases, these different 

behaviors are treated with different models, such as space-charge-limited transport or 

injection-limited current models. In our case, we highlight the importance of using a 

physical model that combines all the phenomena. The physical model used in this 
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chapter, allows for the interpretation of a wide range of experimental data, including 

measurements where a single model fails. 

This chapter is organized as follows: In section 4.2, we detail the procedure to 

evaluate the charge density. This procedure is then applied to experimental data taken in 

transistors with non-ohmic contacts (section 4.3), and in transistors with ohmic contacts 

(section 4.4). Finally, we present the conclusions of this chapter. 

 

4.2 Procedure to Determine the Charge Density in 
OTFTs. 
 

In the previous chapter, we mentioned different methods to determine contact effects 

in OTFTs, such as the analysis of drain current versus drain voltage curves measured at 

a constant gate voltage [4.3], or by means of scanning probe potentiometry [4.11], 

[4.12]. In any case, the voltage drop between source and drain, VDS, is shared by a 

voltage drop in the conducting or intrinsic channel, V’DS, and a voltage drop, VC, near 

the contact region of length xc (see Fig. 3.1). Two resistivity regions are then present 

along the channel, with two different distributions of charge: the accumulated layer (or 

intrinsic region) and the contact (or depleted region). Both of them have their own 

distribution of charge depending on the drain current, ID, gate voltage, VG, and the 

temperature. 

The density of charge in the accumulated channel, ρchannel, can be estimated as the 

density of charge per surface unit, σ, divided by the conduction layer thickness, tcharge, 

where σ is given by the field-effect transistor (FET) model [4.13], σ=COX(VGS-VT)/e, 

COX is the capacitance of the insulator per unit surface area, VGS is the gate-to-source 

voltage, VT is the threshold voltage, and e=1.6×10−19C is the magnitude of the electron 

charge. We also assume that the conduction layer thickness, tcharge, equals the organic 
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layer thickness, to, as reported in [4.4], [4.14]. In addition to the results observed, the 

conduction layer thickness, tcharge, must be comparable to the organic layer thickness, to, 

because otherwise the charge density, ρchannel=σ/tcharge would produce values close to the 

molecular density. 

The charge density at the contact regions of OTFTs is determined by the comparison 

of experimental ID-VC curves at the contact with calculated ones. The experimental ID-

VC curves are extracted from ID-VDS curves of the transistors by means of the techniques 

detailed in the previous chapter and proposed in [4.5], [4.7], [4.8]. The calculated ID-VC 

curves are based on the physical approach detailed below. 

The model used in this chapter gives a more physical approach than the compact 

model of previous chapter, however, both models consider that the voltage VC is shared 

by the voltages associated to the main mechanisms found in a metal-organic contact. 

The difference between both models is found in the particular I-V relationship for each 

of the following mechanism: carrier injection through the barrier, Vinjection; barrier 

lowering associated to image charges [4.12], [4.15] or dipole charge layers at the 

interface [4.16], Vred; and charge drift in the bulk of the contact region, Vdrift: 

).()()( DdriftDredDinjectionC IVIVIVV ++=  (4.1) 

In the compact model proposed in the previous chapter, the link between these three 

components is the current ID flowing through the different parts of the structure. The 

term associated to the barrier lowering is neglected, and the injection term is calculated 

with an empirical thermionic-emission-like expression which is independent of the drift 

term. 

On the other hand, the physical approach of this chapter evaluates the three terms of 

(4.1) and they are linked not only by the current ID, but also by means of the charge 

density. 
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Expressions for these effects were already presented in previous chapters. However, 

here, we briefly recall the relations between the three components in (4.1) with the drain 

current and charge density in this chapter in (4.3) to (4.6). This review is developed 

with the aim of a straightforward reading and to explain the steps of the physical 

approach. This study introduces two kinds of contacts in OTFT, ohmic and non-ohmic. 

These expressions relate the voltage associated to each physical phenomenon present in 

the contacts of OTFTs, with the charge density in the different regions of the contacts. 

Basically, two regions are defined in the contact that give information of the charge 

density: the metal-organic interface that defines a boundary condition for the charge 

density, and the bulk (or depleted region) close to it, where the charge is distributed 

according to drift mechanisms (see again Fig. 3.1). 

As mentioned in previous chapters and as reported in the literature [4.5], [4.15], the 

carriers to be injected from a metal electrode to an organic layer must overcome a 

barrier which height, ϕM, can be estimated as the difference between the metal work 

function and the Highest Occupied Molecular Orbital (HOMO) of the organic layer. 

Typical metal/organic contacts employed in organic transistors produce a large barrier 

height, see Tables 3.1 and 3.2. This barrier prevents the flow of charge from metal to the 

organic material and only a saturation current appears,  

,2*
,

kT
satD

M

SeTAI
ϕ−

=        (4.2),  

where A*= 120Acm-2K-2 is the Richardson´s constant, S is the cross-section of the 

metal/organic contact, T is the absolute temperature, and k=1.38×10−23J/K is Boltzmann 

constant. The cross-section of the metal/organic contact, S, is calculated as S=to×W, 

where to is the thickness of the organic layer and W is the channel width of the OTFT. 



Chapter 4     Evaluation of the charge density in the contact region of organic transistors 

 80

Many experiments show ID-VC curves above this saturation limit. A reduced barrier, 

(ϕM-Vred), is a plausible way to interpret experimental data. For a given current ID above 

this limit in (4.2), a barrier lowering, Vred can be proposed according to: 

,ln)()(
2* ⎟⎟

⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
= −

kT

D
tDred M

SeTA

ITVIV ϕ    (4.3) 

where Vt(T)≡kT/e is the thermal voltage. 

This expression (4.3) shows that the higher the measured current, ID, the larger the 

lowering of the barrier, Vred. As explained in previous chapters, the barrier reduction can 

be justified by the creation of ions near the interfaces by redox reactions. The effect of 

these ions is the same as the polar molecules which are intentionally introduced to alter 

the work function of metals [4.16]. The ions formed due to oxidation─reduction 

processes have a density ρdp which can be related to the barrier lowering, Vred, according 

to Nernst equation [4.17]: 

 ,)(TV
Vred

mdp
te

Φ−

= ρρ   (4.4) 

where ρm is the molecular density of the organic material and Φ depends on the 

materials involved. The link between the interface effects and the drift mechanism in the 

bulk of the contact is precisely this charge. In a first-order of approximation, the density 

of free charge carriers at the interface, p(0), is identified to ρdp (p(0)= ρdp). 

The third term in (4.1) is the voltage required for the transport across the contact 

region. It is calculated assuming that the charge transport is due to the drift of positive 

charges (we focus on p-type OTFTs) in a space-charge region. It is shown in the section 

3.2.3 that the voltage drop associated with the charge drift depends on the boundary 

condition of the charge density at the interface: 
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where the charge is distributed according to 
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where J=ID/S is the current density, xc is the contact length, ε is the permittivity of the 

organic material, μ is the mobility of the carriers, and the characteristic length xp defines 

a point from the contact interface towards the organic film, at which the charge density 

p(xc) decays to p(0)/ 2 . 

At first sight, (4.5) provides a non-linear I-Vdrift relation. However, linear ID-VC 

curves can also be interpreted with this formula. As mentioned in chapter 3,  linear and 

non-linear ID-VC curves, are particular cases of the (4.5) for limit cases of the 

characteristic length xp. 

a) If xp is much smaller than the contact length xc, then (4.5) is reduced to the 

classical Mott-Gurney law: 

( )
.

)(
8
9

3

2

c

drift
D x

V
SI εμ≈                                                                          (4.7) 

b) If the characteristic length xp is a few times larger than the contact length xc, 

then we can expand in Taylor series, ( )[ ]{ } ...,2311 212323 +=−+ pcpcp xxxxx which reduces 

(4.5) to Ohm´s law: 

. )0(  
c

drift
D x

V
pSeI μ≈                                                                      (4.8) 

These asymptotic trends are related to the characteristic length, xp, which is directly 

related to the ratio between the current density, J, and the concentration of carriers at the 

interface, p(0), (see (4.5)). In Fig. 4.1, we present a study of the transition of these two 
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regions for a typical transistor with the following parameters: μ=0.12cm2V-1s-1, W=270 

μm, to=20nm, xc=100nm, and ε=3.5εo. Fig. 4.1 represents the drain current as a function 

of the drift voltage according to (4.5) with p(0)=1016cm-3. This value is chosen to be 

consistent with that later in the results section, although any other value could be valid 

for this theoretical study. In this case, the characteristic length xp depends only on the 

current I. For high currents, xp is also high and the relation I-Vdrift is linear. For low 

currents, xp is low and the relation I-Vdrift is quadratic. The transition point comes when 

(4.7) equals (4.8), and it is given in (4.9) for a general case: 

.)0(
9
8 22

ε
μ c

D
xpSeI =                                                                              (4.9) 

Assuming an experimental value for the drain current, ID, (4.3) to (4.6) provide the 

relation between the different terms in (4.1) and the distribution of charge density in the 

organic material. The calculations of this charge density in different kinds of contacts, is 

done in the following sections. 

The study is made for transistors with the following organic materials: poly(3-

hexylthiophene) P3HT or polyfluorene F8T2. Gold and chromium are employed as 
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Figure 4.1. Representation of the drift voltage according to (4.5) for currents varying from 0,01μA to 3μA. 
The parameters of the transistor are: W=270 μm, polymer film to=20nm,  xC=100nm, μ=0.12cm2V-1s-1 and 
p(0)=1016cm-3. a) log-log scale b) linear scale. 
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source/drain electrodes with the objective of analyzing different barrier heights. The 

relative permittivity for these organic materials, εr≈3.5, molecular density, ρm=2×1021 

cm−3, electrode work function and the HOMO were given in the previous chapter. The 

contact length xc is below 100nm as, deduced by noncontact scanning-probe techniques 

[4.11], [4.12]. Experimental data used in this study are taken from the literature and, 

with them, other parameters such as the geometrical dimensions and the mobility in the 

organic materials. 

4.3 Application to Non-Ohmic Contacts. 

4.3.1 Extraction of Charge Density from I-V Curves. 
 

Non-ohmic contacts have been detected in Cr/P3HT/Cr OTFTs [4.18]. A non-linear 

ID-VC response of the contact can be extracted, as detailed in previous chapter, from the 

output characteristics of OTFTs. This procedure is applied here for experimental data 

taken in Cr/P3HT/Cr OTFTs [4.18]. This is seen in Fig. 4.2a, where the output 

characteristic at a gate voltage VG = ─30 V (symbols), its decomposition in the ID-VC 

curve (dashed line) and the ID-V’DS curve at the intrinsic channel (solid line) are 

represented. 

In Fig. 4.2b, the extracted ID-VC curve (crosses) is represented with the results 

predicted by the physical model (solid line). The three components of the model (Vred, 

circles; Vdrift, squares; Vinjection, dashed line) are also shown. For a given pair of 

experimental data (ID, VC), the voltages Vred, Vdrift, and Vinjection are calculated from (4.3), 

(4.4), (4.5) and (4.1). 

The injection voltage is clearly the dominant term; the barrier lowering 

contributes slightly to the total voltage; and the drift component is also small. The 

injection barrier in the Cr/P3HT contact is φM = 0.5eV. The saturation current, 
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calculated with (4.2) for this barrier, is IDsat=1nA. That means that a barrier lowering, 

Vred, is needed to allow higher drain currents.  

The calculated values for Vred are in the range 0.01 to 0.13 V, reducing the 

natural barrier to a lower value that enhances the current through the contact: (φM -Vred) 

is in the range [0.49-0.37] eV and ID in the range [1nA-160nA]. 

The ID-VC curve shows a quadratic trend which might suggest that we use the 

Mott-Gurney model. However, a reproduction of the experimental data with Mott-

Gurney law alone, would imply the use of an unrealistic contact width xc=400nm, in 

comparison with values reported in the literature (xc<100 nm) [4.11], [4.12]. It is 

important to highlight that the value of the contact width used in our calculation is in 

agreement with scanning probe potentiometry results [4.3], [4.12] (xc=100 nm). 
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Figure 4.2. (a) Symbols: Transport characteristics of Cr/P3HT/Cr OTFT at 300 K and gate voltage 
VG=–30V from [4.18]. L=25μm, W=200μm, SiO2 thickness 200nm. Organic layer properties: 
μ=0.13cm2V-1s-1 and thickness to=20nm. Solid line: Voltage drop along the channel (ID-V’DS). Dashed 
line: Voltage drop in the contact (ID-VC) (b) Reproduction of the ID-VC curve, symbols, with the 
calculations of the physical model, solid line. The three components of the model (Vred, circles; Vdrift, 
squares; Vinjection, dashed line) are also shown. The contact width is xc=100nm, the barrier at the contact 
between the source and the P3HT is φM = 0.5eV and the Cr-P3HT Nernst potential is Φ=0.3V. Inset: 
Spatial distribution of charge carrier density from source to drain for two different values of the current.  
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Simultaneously to the determination of the three components of the contact 

voltage, the distribution of charge can be calculated for any pair of values of (ID, VC). 

The distribution of charge, for two values of the current, is represented in the inset of 

Fig. 4.2b. As a reference, the density of charge in the accumulated channel of these 

transistors is ρchannel ≈1018cm-3 according to MOSFET model [4.13]. The value of the 

charge density in the depleted region is two orders of magnitude lower than that in the 

channel. The charge increases towards the interface with the electrode, where it is 

required to reduce the barrier at the interface. The overall charge in the contact also 

increases with the current, while the charge in the intrinsic channel is kept fixed at a 

constant VG. 

The idea of separating the contact voltage into three components was proposed 

in the previous chapter and published in [4.7]. However, the expressions proposed for 

these three components in the present chapter have a more physical meaning. In fact, the 

determination of the charge density in the contact region requires a relation between this 

charge and the physical mechanisms that occur in the contact region. A comparison 

between the former compact approach and the one presented in this chapter is seen in 

Fig. 4.3. 

Figure 4.3 shows with crosses, a non-linear ID-VC curve extracted for the 

contacts of Au/Cr-F8T2 OTFTs [4.19]. There are different ways to interpret this non-

linear response: A) A thermionic-emission-like expression [4.19], 

ID=IDsat(exp(VC/ηVt(T))-1), with high values of the ideality factor η. B) The compact 

model proposed in previous chapter, which results from the combination of a drift term 

given by the Mott-Gurney law (ID=ID(Vdrift), (3.7)) plus a term associated to the injection 

through the contacts. This last term can again be described by a simple approach of a 

thermionic-emission-like expression ID=IDsat(exp(Vinjection/ηVt(T))-1). In this case, a 
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lower value for η is necessary in order to reproduce the experimental data, due to the 

effect of the drift term. This value points out that a more physical approach is closer. 

And C) the present physical approach that considers a finite value of the charge density 

at the metal-organic interface, the barrier lowering associated with that charge, and the 

general expression of the drift term (4.5). The results of approaches B) and C) are 

compared in Fig. 4.3. The compact and physical approaches (solid and dotted lines, 

respectively) reproduce the experimental data (crosses). The injection components in 

both models (closed squares and solid line next to them) are equivalent; and the drift 

term in both models is coincident (dashed line). 
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Figure 4.3. Experimental ID−VC curves from Au/Cr−F8T2 OTFTs data in [4.19] (crosses), the device 
parameters are L=5 μm, W=1000 μm, μ=0.006cm2V-1s-1, the SiO2 gate insulator thickness is 200nm, the 
metal electrodes are tO=100nm thick and VGT=VGS−VT=15V. The barrier height is ϕM=0.68eV, and the 
Nernst potential is Φ=0.4V. The drift term (dashed line) is calculated from (4.7) and a contact width 
xC=100nm. The injection term according to the compact model (dotted line) is calculated with a 
thermionic-emission-like expression [4.19] and the injection according to the physical approach 
(squares) is calculated with (4.3), (4.4), (4.5) and (4.1). The ID−VC curves calculated with the compact 
model in [4.19] (dotted line), with the physical approach presented in this chapter (solid line) and the 
experiments (crosses) can be seen on the right of the figure, the compact model fails to reproduce the 
experiments and the physical model succeeds. 
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4.3.2 Study with the Temperature. 
 

With the aim of further testing the value of the physical approach presented in 

this chapter, a study with the temperature is done in this subsection, together with a 

comparison with other models. Experimental ID-VC curves measured at different 

temperatures in Cr/P3HT/Cr OTFTs [4.18] are represented with symbols in Fig. 4.4a, 

together with the calculations of our physical approach (solid lines), providing a good 

agreement. The three components of our model are also represented at these different 

temperatures (Figs. 4.4a, 4.4b, and 4.4c). Similar dependences with temperature to that 

of the experimental data are seen in the drift and injection components (Figs. 4.4b, and 

4.4c respectively).  

The relatively weak temperature dependence of the experimental ID-VC curves is 

similar to the temperature dependence of the mobility, reported together with the 

experiments [4.18]. In order to achieve a good agreement between the experimental data 
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Figure 4.4. Comparison of our calculations at four given temperatures with experimental ID-VC curves 
in Cr/P3HT/Cr OTFT (symbols) [4.18]. (a) Physical approaches (solid lines) along with the voltage 
associated to the barrier lowering (dashed lines). (b) Voltage associated to the drift (solid lines). (c) 
Voltage associated to the injection (dotted lines). The parameters used in the physical approach are 
VG=–30V, L=25μm, W=200μm, and SiO2 thickness 200nm. Organic layer properties: ε=3.5, 
ρm=2×1021cm-3, and thickness ts=20nm. The contact width is xc=100nm, the barrier at the contact 
between the source and the P3HT is φM = 0.5eV, the Cr-P3HT Nernst potential is Φ=0.32V and μ 
from [4.18], μ=4×10-3, 24×10-3, 56×10-3, 120×10-3 cm2V-1s-1 for T=160, 210, 250 and 290K (from 
bottom to top). 
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and our results, this temperature-dependent mobility is introduced in our model. This 

dependence with temperature cannot be explained by injection limited models like 

thermionic emission [4.18] alone. Only transport models that include a temperature-

dependent mobility, plus a temperature-dependent injection, can explain these 

experiments. 

A comparison of our model with other models described in the literature is 

shown in Fig. 4.5. Experimental ID−T curves extracted from Fig. 4.4a are used as a 

reference in this comparison. They correspond to the contact voltages, VC=0.6 V and 

VC=2.8 V. The experimental ID−T curves at both voltages are represented with symbols 

in Figs. 5a and 5b respectively. 

An injection limited model based on hopping [4.20] succeeds in reproducing the 

experiments at low contact voltages, but it fails to explain the experiments at high 

contact voltages (see dashed lines in Fig. 4.5a and Fig. 4.5b respectively). The Mott-

Gurney law alone, including with the values for the carrier mobility reported in [4.18], 

cannot fit the experiments at either low, or at high contact voltages. The results of this 

model are represented with dotted lines in Fig. 4.5b for two different values of the 

contact length, xc.  
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Figure 4.5. (a) Symbols: ID-T-1 curve from Figure 4a at a contact voltage VC=0.6V. Solid line: 
prediction of the Unified model. Dashed line: Arkhipov prediction taken from [4.18]. (b) Symbols: ID-
T-1 curve from Figure 4a at a contact voltage VC=2.8V. Solid line: prediction of the Unified model. 
Dashed line: Arkhipov prediction taken from [4.18]. Dotted line: Mott-Gurney prediction for a contact 
width xc=400nm, bottom, and xc=100nm, top. 
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A calculation using a contact length xc =400nm is close to the experimental data. 

However, a contact width above 100 nm is not realistic, as mentioned earlier [4.12]. The 

Mott-Gurney law evaluated for a contact length xc=100nm is also shown in Fig. 4.5b. 

However, it disagrees with the experimental data, showing that the drift mechanism is 

not the only one responsible for the contact effects. Only the combination of different 

physical mechanisms proposed in our approach succeeds in reproducing the 

experimental data with a realistic value for xc. 

4.4 Application to Ohmic Contacts 
 

4.4.1 Extraction of Charge Density from I-V Curves 
 

The second case to study is an OTFT where the injection barrier between the 

source contact and the polymer is small. A representative sample of ohmic ID-VC 

responses can be seen in Au/P3HT/Au OTFTs [4.5]. Experimental data taken on these 

transistors [4.5] are analyzed in this section. 

Experimental ID-VC curves, at four given gate voltages in Au/P3HT/Au OTFTs 

[4.5], are represented with symbols in Fig. 4.6a along with the calculations of our 

physical approach, solid lines. The calculations of the physical model are done as 

described below. 

The injection barrier in the Au/P3HT contact is ϕM=0.28eV as reported in the 

previous chapter (see tables 3.1 and 3.2) and the saturation current for this barrier, 

IDsat=3μA, is above the experimental data. This means that the voltages associated to the 

barrier lowering and injection are small compared to the drift voltage. In this case, the 

experimental contact voltage drop VC can be approximated by the drift voltage, VC ≈ 

Vdrift (see (4.1)). 
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Contact widths, xc, in ohmic contacts are expected to be smaller than the values 

reported for non-ohmic: xc(ohmic) < xc(non ohmic)≤100nm. Small values of the contact width 

xc result in linear ID−VC curves (4.8). Equating the experimental data with (4.8), the 

distribution of the free charge carriers’ density can be obtained for each gate voltage. 

Proceeding in this way with experimental data in Fig. 4.6, the distribution of the 

free charge carriers density is obtained at four different gate voltages (Fig. 4.6b), and 

increases with gate voltage. The explanation is based on the fact that the charge in the 

organic layer can be considered free only when it requires a small activation energy to 

jump to neighbouring sites [4.1], [4.12], [4.21]. When a high gate voltage is applied, 

charges are attracted to the insulator and they start to fill the traps present in the organic 

layer, allowing any additional charges to occupy states of high energies which can be 

considered as free charges. The density of the charge at the interface, p(0), is within the 
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Figure 4.6. a) Symbols: experimental Ic-Vc curves in Au/P3HT/Au OTFT from [4.5] at four gate voltages 
and T=250K. Solid line: Unified Model prediction with following parameters: L=10μm, W=200μm, SiO2 
thickness: 200nm. Organic layer thickness to=30nm, contact width xc=50nm and mobilities reported in 
[4.5]. b) Density of charge along the device from source to drain at the gate voltages in (a). The barrier 
between Gold and P3HT is φM = 0.28eV. 
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interval [1015, 1016] cm-3 and results in large values of the decay distance xp. This 

provides a more uniform distribution of charge than in the case of non-ohmic contacts. 

The region of low concentration of charge density near the interface is in clear 

agreement with potentiometry experiments that show a large voltage drop just in this 

region. The ID−VC curves represented in Fig. 4.6a were taken from [4.5] and we can 

calculate which portion of the drain-source voltage drops in the contact by using (3.5). 

For the case studied in Fig. 4.6, a 50% of the drain-source voltage drops at the contact. 

The main feature of contact effects in Au/P3HT samples is the linearity of the 

ID−VC response. Classical drift models like Mott-Gurney law produces nonlinear ID−VC 

curves because they assume that the density of charge at the interface, p(0), is infinite, 

see deduction of (4.7) again. Thus, we highlight the importance of a method to evaluate 

the finite density of charge at the contacts. The determination of the charge density in 

the contact region of an organic transistor is a step forward towards the determination of 

charge density in other organic devices, such as organic light-emitting diodes where this 

evaluation is crucial in order to estimate the recombination rates in the diode. 

4.4.2 Study with the Temperature. 
 

In order to gain information about the physical effects that occur inside the 

depleted region near the contact, a study of the evolution of the charge density with 

temperature is described below. 

Temperature dependent ID-VC curves in ohmic contacts can be seen in 

Au/P3HT/Au OTFTs [4.6]. The ID-VC curves measured at three different temperatures 

[4.6], are represented with symbols in Fig. 4.7a, together with our calculations as solid 

lines. 

The density of charge at the interface can be obtained by equating the 

experimental contact resistance RC =VC/ID, with the slope of (4.8). The mobilities 
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reported with the experimental data are used in this calculation. The distribution of 

charge along the contact is represented at three different temperatures in Fig. 4.7b, Fig. 

4.7c, and Fig. 4.7d, for two values of the drain current, ID=0.25μA, and ID=0.016μA. 

Similar results are obtained for others currents. An increment of the charge density with 

the temperature is seen. This means that the free charge density at the contacts increases 

not only with gate voltage, as seen in previous section, but also with temperature. As 

explained earlier, the charge in organic materials is considered free when able to hop to 

neighboring sites, and this hopping process is expected to become easier when the 

temperature is increased because the charges will have a higher thermal energy. 

This increase of charges with temperature shows a parallel behavior to that 

predicted by other authors on how the charge density in the bulk of the organic film 

evolves with the temperature [4.3], [4.21]. The decay of the charge density with the 

distance also varies with the temperature. As mentioned above, the density of charge 

carriers decays as the square root of the distance according to (4.6). At low 

temperatures, the density of charge is low enough to make the characteristic distance xp 
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Figure 4.7. (a) Symbols: experimental ID-VC curves in Au/P3HT/Au OTFT from the experimental contact 
resistances reported in [4.6] at three different temperatures and a gate voltage VG=–60V. Solid lines: Unified 
Model prediction with parameters in Fig. 4.6 and μ from [4.6], μ=4×10-3, 24×10-3, 120×10-3 cm2V-1s-1 for 
T=160, 210 and 250K. (b), (c), and (d) Spatial distribution of the charge carrier density for three different 
temperatures: (b) T=250K, (c) T=210K, and (d) T=160K. 
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much higher than the length of the contact region, resulting in a slowly varying density 

of carriers, as seen in Fig. 4.7d. 

4.5 Conclusions 
 

In this chapter, a physical model that allows for the determination of the charge 

density at the contacts of OTFTs has been presented. This model can also interpret 

current−voltage and current-temperature measurements at the contacts of OTFTs. Two 

kinds of contact have been studied: ones introducing non-linear effects in the output 

characteristics of the transistor and others modeled by a single resistance in series with 

the channel resistance of the transistor. The interpretation of experimental data in both 

types of contacts is based, first, on the different energy barrier height of both contacts, 

and second, on the different distribution of charge density in a low conductivity region 

close to the contact region. The procedure to determine the distribution of charge 

density lies on the best fitting of experimental data with the results of our physical 

model. The calculated charge density at the contacts increases with gate voltage and 

temperature, similar to reports by other authors, proving the value of the physical 

approach presented in this chapter. The dimensions of the depletion layer near the 

contacts used in our model are also in agreement with experimental data. 
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5.1 Conclusions 

This thesis presents a physical model that includes several transport mechanisms 

observed in organic devices. These mechanisms are charge injection (thermionic and 

FN), charge creation at metal-organic interface, and charge transport through the 

organic layer (charge drift and space charge effects). Although these mechanisms have 

been studied before, the inclusion of all of them into a single combined model is new. 

The combination of physical and chemical mechanisms in our model allows for the 

interpretation of a wide range of experimental data. The model reproduces experimental 

data reported in publications from several research groups, including certain 

measurements that cannot be explained by taking into account only one phenomenon. 

The first contribution of this research begins with the theoretical basis of the 

model, leading to the expressions in the model used to fit the experimental data from 

previous publications on organic diodes. Key objectives of the proposed equations is the 

calculation of current-density-voltage (j-V) and current-density -temperature (j-T) 

curves. Two important cases have been derived from our model: a low voltage regime, 
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in which the thermionic injection is dominant, and a high voltage regime, in which the 

tunnel injection is dominant.  

The second contribution concerns a compact model for the charge injection to 

contacts in OTFTs, which is shown to be very accurate when compared to experimental 

data. This contribution is very important because charge injection through contacts is 

often neglected in OTFT models, despite its major impact on the electrical 

characteristics of OTFTs. A methodology to extract the contact effects using transistors 

of different channel lengths is presented. Furthermore, in the case when transistors with 

different channel lengths are not available or the transport depends on the channel 

length, a new method to extract current voltage curves at the contacts from output 

characteristics was proposed and verified. This method also allows us to extract the 

mobility in OTFTs that is impacted by the contact effects. The compact model explains 

both linear and non-linear current-voltage curves at the contacts of OTFTs. The fitting 

of various data for nonlinear contacts can help us obtain deeper insights into the details 

and physical origin of the charge injection in organic devices, simultaneously providing 

a link to compact modeling.  

The third contribution was on modifying the compact model into a more 

physical one that allows for the determination of the charge density at the contacts of 

OTFTs. Using this physical model, we have studied the voltage and temperature 

dependence of the current flowing through these contacts. The study covered two kinds 

of contact: ones introducing non-linear effects in the output characteristics of the 

transistor and others modeled by a single resistance in series with the channel resistance 

of the transistor. The interpretation of experimental data in both types of contacts is 

based, first, on the different energy barrier height of both contacts, and second, on the 

distribution of charge density in a low conductivity region close to the contact region. A 
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method to determine the distribution of charge density at the contacts is proposed. That 

charge density controls the relation between the different mechanisms that take place 

near the contacts: thermionic injection across a barrier, and bulk transport in the low 

conductivity region. It is shown that the contact resistance decreases with the gate bias 

voltage and temperature, the explanation is found in the fact that the filling of the traps 

in the defect rich region of the contact allows the increase of free carriers and reduces 

the contact resistance. 

Taken together, these three contributions represent a significant advance in state-

of-the-art physical modelling of organic semiconductor devices– from charge creation, 

to charge injection and finally charge transport in both diodes and thin-film transistors. 

An important advantage of the proposed models is that they can be incorporated into 

simulation programs used to design integrated circuits. In this way, the application of 

organic semiconductor devices may become feasible in transitioning from research labs 

into commercial products.  

5.2 Future Work 
The following suggestions for future work, as a continuation and extension of the 

research described in this thesis is now proposed. 

5.2.1 Charge Trapping Effects 
It is known that charge trapping (or charge localization) takes a prominent place in 

amorphous and especially in organic devices, as compared to crystalline semiconductor 

devices. The effects of charge trapping on the performance of organic devices are 

several fold. Some of these effects are bias-dependent mobility, threshold shift, 

hysteresis in electrical and optical characteristics, frequency-time dependences in 

capacitance-voltage characteristics, gradual-to rapid-degradation of performance 

parameters impacted by the environmental conditions. Therefore, it would be useful to 
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investigate these charge trapping effects, which are also known as charge buildup in 

organic devices.  

As a start, published experimental results plus the many phenomenological results in the 

literature can be used to develop a semi-empirical model for their interpretation. 

Further, building on published previous experimental results where power-law and 

stretched-exponential dependences describe the effects related to charge trapping, it will 

be useful to solve the problem of providing a good physical understanding for the origin 

of many details in charge-related trapping in organic structures. The solution can 

initially use an extensive analysis of the trends in existing experimental data in order to 

find trends relations that will be then converted in models that are both physically 

plausible and suitable for compact modeling.  

Next, the important issues of lifetime and reliability of organic materials and structures 

that are critical for niche applications such as solar cells or flexible components for 

disposable electronics should be investigated. Immediate pursuit of this research will be 

both important and timely because charge trapping effects are to a large extent 

overlooked by most researchers, since they are classified as unwanted phenomena, 

whereas these effects would limit the potential advantages of organic devices. 

5.2.2 Radiation Effects 
Another recommendation for future research is to measure and explain the effect of 

radiation, for example, Gamma-rays and ion beams on the current-voltage and 

capacitance-voltage characteristics of organic components, and to determine whether 

radiation is less damaging than to inorganic devices. To the best of our knowledge, such 

experiments have not been performed before. It is known that radiation by x-rays, 

Gamma-rays or ion beams can cause irreversible effects that result in permanent 

changes in the characteristics of inorganic devices. In metal-oxide-semiconductor field-
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effect transistors (MOSFETs), ionization radiation produces electron-hole pairs. In n-

type transistors, electrons reach the silicon-silicon dioxide interface. A fraction of these 

electrons are trapped in the oxide and can last for a long time. This can result in a failure 

in which there is a shift from an enhancement mode (normally off) to a depletion mode 

(normally on). The device will be turned on rather than turned off at zero gate voltage. 

The effects of radiation on organic transistors and diodes may be different from these 

effects because the conductivity mechanism is different. Probably, electron-hole pairs 

cannot be produced. Thus, radiation experiments are certainly worthwhile. They can 

reveal what damage can be done by radiation. The radiation damage will also provide 

information about charge creation (e.g. excitons) and the conducting mechanism. There 

is also the chance that very little damage can be done. This would make 

organic/polymeric devices very useful in applications in which radiation is present. 

Such innovative research into the investigation of organic/polymeric devices will reveal 

new insights and show their differences from the properties of inorganic devices. The 

current-voltage and capacitance-voltage relations of the radiated devices will be 

measured. The results can be compared with data taken before radiation and data for 

inorganic devices. The conclusions will provide the models of radiation damage will be 

developed. 

5.2.3 Solar Cells 
Solar cells based on organic materials have attracted both academic and 

industrial interest because of advantages associated to these materials like flexibility, 

low fabrication costs, weight and low working voltages. The major advantage of 

organic solar cells is the low cost fabrication which can help to increase the 

commercialization of photovoltaic devices. To the date, silicon solar cells occupy the 

main part of the market in photovoltaic devices, but different materials and types of cell 
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are being investigated to address problems like the high costs and low efficiencies 

related with the silicon. While reported efficiencies in organic materials are close to 

fulfilling the requirements for commercial applications, device lifetimes are 

unsatisfactory. Therefore, the stability is one of the main issues on which efforts should 

be focused. The main source of degradation is the photo-oxidation of the organic solid, 

leading to loss in conjugation and irreversible deterioration of the light-absorbing and/or 

charge-transporting properties. Therefore, it would be useful to investigate materials and 

fabrication processes which lead to inexpensive and photoelectrically stable solar cells.  

As a start, organic solar cells should be characterized and modeled to get deeper 

insights of the degradation phenomena and which parts of the devices are easier to 

suffer such processes. The model to develop, should give the distribution of charge and 

electric field along the solar cell as well as generation rates and the relationship between 

light flow and induced current. Then, it will be useful to provide a good physical 

understanding in solar cells with stable fullerenes as solar energy absorbing materials. 
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