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Abstract
In spite of a remarkable improvement in the performance of organic electronic devices, there is still a lack of rigorous theoretical understanding on
the device operation. This thesis is dedicated to establishing practical models of organic electronic devices with a full physical basis. A physically-based
compact model of a circuit element is a mathematical equation that enables
an accurate, simple and rigorous description of the device operation. In
this context, distinctive features of charge carrier injection and transport
in organic semiconductors are incorporated in the models that improve the
accuracy without compromising the mathematical simplicity. The concomitant eﬀect on the current-voltage characteristics of prototypical organic diodes and transistors are studied. Parameter extraction methods consistent to
the models are presented which enable unambiguous determination of device
parameters used to predict device operation and evaluate device performance
and properties of organic thin-films and interfaces. The approaches encompass analytical development of physical equations, two-dimensional numerical simulation based on finite-element method and experimental validation.
The original and fully analytical compact models and parameter extraction
methods provide fundamental understanding on how energetic disorder in an
organic semiconductor thin-film, described by the Gaussian density of states,
aﬀects the observable current-voltage characteristics of the devices.
Keywords : Organic electronics, device physics, analytical modeling, diodes,
field-eﬀect transistors, Gaussian density-of-states

Résumé
En dépit d’une amélioration remarquable de la performance des composants
électroniques organiques, il y a encore un manque de compréhension théorique rigoureuse sur le fonctionnement du composant. Cette thèse est consacrée à la création de modèles pratiques pour composants électroniques organiques à base physique complète. Un modèle compact à base physique d’un
élément de circuit est une équation mathématique qui permet une dèscription
précise, simple et rigoreuse du fonctionnement du dispositif. Dans ce contexte, les caractéristiques distinctives de l’injection et du transport des porteurs de charge dans les semi-conducteurs organiques sont incorporées dans
les modèles qui améliorent la précision sans compromettre la simplicité mathématique. L’eﬀet concomitant sur les caractéristiques courant-tension des diodes et des transistors organiques prototypiques sont étudiés. Les méthodes
d’extraction des paramètres cohérents aux modèles sont présentées qui permettent la détermination univoque des paramètres du composant utilisés
pour prévoir le fonctionnement du composant et évaluer la performance du
composant et les propriétés des couches minces et interfaces organiques. Les
approches englobent le dévelopement analytique des équations physiques, la
simulation numérique à deux dimensions basé sur la méthode des éléments
finis et la validation expérimentale. Les modèles compacts originaux et entièrement analytiques et des méthodes d’extraction de paramètres fournissent
une compréhension fondamentale sur la façon dont le désordre énergétique
dans une couche mince de semi-conducteur organique, décrit par la densité
d’états Gaussienne, aﬀecte les caractéristiques courant-tension observables
des composants.
Mots-clés : Électronique organique, physique des composants électroniques,
modélisation analytique, diodes, transistors à eﬀet de champ, densité d’états
Gaussienne
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Chapter 1
Introduction
1.1

Organic electronics

Organic electronics, which is also called plastic electronics or polymer electronics,
is a branch of electronics making use of electrically conducting and semiconducting polymers and small molecules [1]. The term ‘organic’ is given because the
polymers and small molecules mostly consist of carbon atoms with some extent of
hydrogen, oxygen, nitrogen, sulfur, phosphor or heavy metal atoms incorporated
to endow functionalised characteristics to polymers and molecules. This is the
most significant diﬀerence compare to conventional electronics, in which inorganic
semiconductors, such as silicon (Si), gallium arsenide (GaAs), etc. are used. In
1862, H. Letheby obtained a weakly conducting polymer though anodic oxidation
of aniline in sulfuric acid, which was thought to be polyaniline [2]. After the report
in 1977 [3], which stated that polyacetylene can be oxidized with halogens to produce materials with a wide range of conductivity from an insulator to a conductor,
research on conducting polymers gained much more attention. On the other hand,
researchers discovered conducting organic molecules in the 1950s. For example, a
semiconducting charge-transfer complex, perylene-iodine which is a kind of salts
consists of polycyclic aromatic molecules and halogens, with high conductivity of
0.12 S/cm was reported in 1954 [4]. These demonstrate that electrical current can
pass through organic polymers and molecules.
Since the discovery of conducting and semiconducting properties, organic semiconductors have been used actively in various electronic and optoelectronic devices.
First, organic polymers and molecules were adopted in solar cells, and the earlier
and recent progress in organic solar cells (OSCs) are well summarized in the articles [5–7], which have been made since the first observation of photoconductivity
in organic semiconductors reported in 1950s [8,9]. Second, there have been a large
1
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number of reports demonstrating the use of organic materials for organic lightemitting diodes (OLEDs) since the pioneering work by C. W. Tang [7]. Third,
polythiophene which is a class of organic conjugated polymers discovered in the
late 1970s was successfully introduced in organic field-eﬀect transistors (OFETs)
by Koezuka and coworkers in 1986 [10, 11].
One of the most distinctive features of organic materials is given by their molecular nature. In contrast to inorganic crystals that consist of atoms held in place
by covalent bonds, organic solids are formed by molecules or polymers bound by
van der Waals force. Thanks to this weak van der Waals force [1], organic solids
possess mechanical flexibility (Young’s modulus lower than a few tens of GPa)
and solids can be assembled more easily. The latter means that organic layer can
be formed from solution containing an organic semiconductor and proper solvent
(called organic ink) or evaporated at a moderate temperature (below a few hundreds of C). In particular, printed organic electronics, which combines organic ink
and conventional ink jet printing technique, holds a clear advantage of being able
to control the deposition of functional layers only at desired points on the substrate and to reduce of material waste and process time compared to conventional
shadow masking and lithographic patterning techniques [12, 13]. On this account,
the subsequent progress has been made towards realization of ‘large-area’, ‘flexible’
and ‘low-cost’ electronic systems.
We have seen impressive progress in organic electronics over recent years.
Amongst them, OLEDs are remarkable for diverse products already available or in
the prototype phase. OLED’s display application showed particularly significant
success. Owing to their inherently wider color gamut, moving-picture response,
and low power-consumption, OLEDs are replacing conventional liquid-crystal displays (LCDs) not only in mobile devices but also in consumer electronic devices.
Figure 1-1(a)-(b) shows a curved OLED display mounted on a commercial mobile
phone produced by Samsung Electronics (2015) [14] and a television produced by
LG electronics (2016) [15]. Another key application of OLEDs in the future might
be solid-state lighting by white (or coloured) OLEDs with a particular articulation
on the uniform light emission from a large surface area [16–18]. OPVs for generating electrical power from sunlight are a particularly important application due to
increasing demand for environmentally benign energy production. Infinitypv [19]
has demonstrated various types of printed OPV modules with excellent flexibility,
scalability (1 ⇠ 4 W/m) and light weight (220 ⇠ 450 g/m2 ) Figure 1-1(c). Or-

ganic diodes and OFETs can be used for various circuit applications. PolyIC [20]
demonstrated a polymer based RFID tag Figure 1-1(d). OFETs are adopted in
2
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Figure 1-1: State-of-of-the-art organic electronic devices, systems, and circuits: a
curved OLED display employed in (a) a mobile phone and (b) a television, (c)
a flexible and thin OPV module scalable by cutting with a pair of scissors, (d)
polymer-based RFID tag, and (e) a flexible and lightweight OFET display driving
circuit.
active-matrix pixel drivers in LCDs or OLEDs, and OFET-based display backplanes are under consistent development [21, 22]. Plastic Logic’s ultra-flexible
paper-like display in Figure 1-1(e) has developed a backplane circuitry composed
of OFET arrays [23]. OFET-based large-area sensors for optical and mechanical
read-out are also significant for advanced applications such as conformable image
scanners, electronic skins [24–27].
Today, organic electronics is still actively evolving. Researchers have overcome
many critical challenges encountered at its infancy, such as performance and stability issues. However, the industrial acceptance seems not prompt probably due
to pre-existing or other emerging technologies, especially where the unique advantages of organic semiconductors are diluted (i.e. market takeover). More recently,
the concepts of creating new-market or targeting niche-market are also emphasized, and novel applications are continuously being envisaged. Encouraged by
multidisciplinary character of organic electronics, physicists, chemists and engineers are exploring a wide range of new materials and device functionalities, which
led to the conceptualisation of various new of organic devices. Amongst them,
biomedical application is regarded as one of the most attractive orientations that
organic electronics community can proceed toward [28, 29]. A variety of initiative
works on chemical and biological sensors are being reported [30]. We anticipate a
3
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further advancement that will promote organic electronics to a more competitive
position, where attractive features of organic semiconducting materials will be in
full bloom.

1.2

Motivation

The foremost motivation of this thesis is the lack of mature theoretical understanding on organic semiconductors and devices. Because it provides a reliable,
comprehensive, and well-documented knowledge base, conventional microelectronics still represents the main source for modelling, interpreting, and conceiving
organic electronic devices. However, a considerable amount of theoretical and experimental eﬀort has been carried out during the recent decades to develop more
adequate models to account for the specificities of organic semiconductors. In
pursuit of physical modelling, the material aspect has been the principal concern,
such as the eﬀect of aforementioned molecular nature of organic solids on the electronic structure, and concomitant charge carrier transport and injection processes.
Unique features of these processes in organic disordered semiconductors (ODSs) are
being continuously discovered by physical modelling (such as ab-initio approach
based on Monte-Carlo simulation method or a direct numerical solution of physical
equations) of a simple organic semiconductor medium and/or metal/organic semiconductor junction. For example, the concept of describing the density-of-states
as a random distribution of localised states was introduced [31]. In addition, the
dependence of mobility, a transport parameter, on surrounding conditions such as
lattice temperature, charge carrier concentration and electric field has been highlighted [32, 33]. Nonetheless, these recent findings have not been fully addressed
to the device-level physical modelling mainly due to its mathematical complexity and two- or three-dimensional structures of actual devices. As a consequence,
correlation between the result of physical device modelling and the experimental
data is still lacking. The former is indeed highly recommended in that it enables
validation or refinement (that may need) of the model, facilitates interpretation
or even predictions of experimental results, and provides feedback for an improved
device design and fabrication process control.
The second motivation is to develop a physically-based compact model that
is suﬃciently simple for it to be adopted in circuit simulators and suﬃciently
accurate for the result of modelling to be useful for circuit designers [34]. During
past decades, there has been a growing interests in integrating organic electronic
devices (i.e. single diodes or transistors) into a circuit or system (single diodes or
4

1.3. THESIS OVERVIEW
transistors. display driving circuit, PV modules, RFID system and matrix-based
sensors). In this context, the necessity of a physically-based compact model is
getting more recognised. In circuit simulators such as SPICE (Simulation Program
with Integrated Circuit Emphasis) [35], device characteristics are represented by
an equation (or a set of equations). In this case, directly adopting the genuine
physical modelling that often requires iterative numerical calculation might not be
a suitable choice. Therefore,it is necessary to examine and employ an analytical or
empirical approach, such as through physical approximations or parametrisations,
in order to achieve the required level of simplicity of the compact model for a
device. A related work for optimising the trade-oﬀ between the simplicity and
physical rigorousness is also required. In summary, a reliable compact model will
serve as an intermediary between the device-level and the circuit level modelling
practices.

1.3

Thesis overview

This thesis is titled ‘physically-based compact modelling of organic electronics
devices’. Mathematical device modelling is developing a numerical or analytical
model that describes the behaviour of the electrical devices. As the title implies,
our principal goal is to develop specific models for organic devices that possess
both physical basis and practical applicability. These two aspects are in line with
the two major motivations described above. In this context, we paid a balanced
eﬀort in reviewing a wide range of charge carrier transport and injection physics as
well as theoretical and experimental methods (Chapter 2 and 3), and adopting
them into the compact models of typical devices (Chapter 4 and 5). Here, a
short description of each chapter is given for overview.
Chapter 1 Introduction outlines a field of organic electronics, explains the
motivations for the thesis and related aim and scope of the thesis.
Chapter 2 Fundamentals provides short summaries on the most basic physical backgrounds required for understanding organic semiconductors and electronic
devices. The origin of the semiconducting properties in organic materials is explained briefly. Square-root, exponential and Gaussian DOS models are presented
for describing how energy states are distributed in organic solids with diﬀerent
degrees of crystallinity. Related charge carrier transport physics are delineated,
defining a clear boundary of its pertinence. The eﬀect of disorder on charge carrier
injection at metal/organic semiconductor interface is demonstrated.
Chapter 3 Methods explains a variety of experimental and theoretical meth5
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ods used for the analysing and modelling organic electronics devices. A basic information on impedance spectroscopy, analytical modelling, numerical modelling,
and experimental validation is given, focusing on the complementary functions
between each methods. Special considerations for practice are presented which
has been key factors for obtaining a reliable result.
Chapter 4 Organic diodes is the first chapter devoted to the scientific results. Organic rectifying diodes are studied by means of theoretical and experimental techniques. The concept of full-depletion in unintentionally-doped organic
semiconductors is presented, and its limit in relation to the charge injection is described. The theoretical development for the electrostatic distribution and currentvoltage characteristics are elaborated in the weak and strong injection conditions.
Chapter 5 Organic field-eﬀect transistors (OFET) is the second chapter
devoted to the scientific results. OFETs having staggered geometry are investigated. Numerical modelling results are presented for understanding the current
path in the transistor, identifying the origin of the contact voltage drop and powerlaw gate voltage dependence of contact resistivity. A modified equivalent circuit
based on current crowding model is presented that leads to power-law mobiltiy.
Theoretical and experimental evidences are provided to support the existent of
power-law dependent mobility and contact resistance in the OFETs with Gaussian DOS and hopping transport. Such phenomena is newly introduced into the
drain current model and related parameter extraction method, maintaining the
physically-based compact modelling philosophy.
Chapter 6 Conclusion and perspectives summarise major results found
and analysed in the thesis with concluding remarks. Limitations of the presented
work and suggestions for the further investigation is also specified.
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Chapter 2
Fundamentals
In this chapter, fundamental physics of organic semiconductors and charge transport and injection processes is summarized. We focused on emphasizing distinct
features of organic materials and devices, providing concise comparison with the
inorganic counterparts. For basic knowledge on solid-state physics and semiconductor device physics, we recommend referring to typical textbooks [36–38]. First,
we discuss the semiconducting property and electronic structure of organic materials. Then, the charge carrier transport is elaborated illuminating how different density of states (DOS) models and/or transport mechanisms of organic
materials could explain experimentally observed mobility behaviours. Finally, energetic alignment and formation of the carrier injection barrier upon forming a
metal/organic semiconductor junction is described.

2.1
2.1.1

Organic semiconductor
⇡-conjugated molecules and polymers

Organic semiconductors are a class of organic compounds that possesses a semiconducting property, i.e. organic small molecules or polymers, made up by carbon
and hydrogen atoms and at times heteroatoms such nitrogen, sulfur and oxygen.
Carbon is a group four element in the periodic table with four valence electrons accommodated individually in 2s, 2px , 2py and 2pz atomic orbitals. A special
property of carbon is the ability to hybridise its atomic orbitals upon bonding with
other atoms. Three diﬀerent ways are possible according to the number of directional p atomic orbitals engaged in the hybridisations: sp1 , sp2 and sp3 , which leads
to a wide variety of bonding configurations [1]. In particular, sp2 -hybridisations
are interesting where the sp2 -orbitals form a triangle within a plane and the pz 7
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Figure 2-1: (a) Hybridised atomic orbitals and chemical bonding in an ethylene
C2 H2 molecule. (b) Energy diagram of the carbon-carbon bonding with the sp2
hybridisation.
orbitals are in the plane perpendicular to it. The simplest example of this kind
is ethylene C2 H2 Figure 2-1(a). When two carbon atoms with sp2 -hybridisations
approach, a large orbital overlap of two sp2 -orbitals forms a strong -bond. The
energy diﬀerence between the occupied binding orbitals ( +) and the unoccupied
anti-binding orbitals ( -) is quite large and well beyond the visible spectral range.
Correspondingly, longer chains of bound carbon atoms would have a large gap
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), leading to insulating properties Figure 2-1(b).
On the other hand, in the sp2 -hybridisations, two pz -orbitals form additionally
⇡-bonds. These bonds have much smaller energetic diﬀerence between the HOMO
and LUMO, leading to strong absorption in or near the visible spectral range and
to semiconducting properties. Therefore, in principal, organic compounds that
have frontier orbitals (HOMO and LUMO) formed by ⇡-bonded electrons are considered as semiconductors.
This argument pertains in larger molecules. Figure 2-2 illustrates the orbital
8
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Figure 2-2: (a) Hybridised atomic orbitals of benzene (C6 H6 ) molecule. (b) Chemical structure and energy diagram of benzene.

Figure 2-3: (a) Chemical structure and (b) energy diagram of poly-para-phenylenevinylene (PPV).

9
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picture of benzene (C6 H6 ). Because there exist 3 pairs of pz -orbitals to form ⇡bonds compared to 6 pairs of sp2 -orbitals in the ring, it was represented by an
alternating single and double bonds in the conventional chemical structure. However, all the six electrons coming from the six carbon pz orbitals are so weakly
bound to the neighbouring atoms that they are in eﬀect delocalised through the
whole cyclic chain of the molecule, giving rise to geometrical symmetry. Another important aspect demonstrated by the benzene molecule is the split of the
binding and anti-binding orbitals into close but diﬀerent energy levels shown in
Figure 2-1(b). This is analogous to the formation of energy bands of inorganic
semiconductors when the number of atoms increases to make a crystal network.
Thus, it can be said that the HOMO and LUMO ‘levels’ widen into the HOMO
and LUMO ‘bands’, which are often interchangeably used with the valence band
and the conduction band, respectively. The gap between occupied and empty
states in these ⇡-systems becomes smaller with increasing delocalisation, leading
to absorption and fluorescence in the visible. Also, thanks to higher molar mass,
these substances can be prepared as solid.
If a long chain of carbon atoms is formed, the ⇡-bonds become delocalised along
the chain and form a one-dimensional electronic system. This type of chemical
system where the ⇡-electrons are delocalised through alternating single and double
bonds is often called a ⇡-conjugated system. Figure 2.3 shows an example of the
⇡-conjugated polymer, poly-para-phenylene-vinylene (PPV). In general, as the
conjugation length increases, the bandwidth increases and the band-gap decreases
as a result of the splitting of the frontier molecular orbitals. Polymer organic
semiconductors are usually deposited in wet processes, like spin-coating or printing.

2.1.2

Material classification

Organic semiconductors are most frequently categorized as small molecules or polymers based on the size and molecular weight. In contrast to a defined chemical
structure of an organic small molecule an organic polymer has dispersion in size
and molecular weights according to the number of repeating units. Despite the
diﬀerences in the size-originating properties, they share a common feature of alternating single and double bond, ⇡-conjugations, for a semiconducting property.
The second criteria for classifying organic semiconductor is solubility which
determines the type or easiness of deposition process. Although polymers has been
regarded as a soluble material and preferably used for solution process [39,40], the
solubility of small molecules has been improved by strategic synthesis including the
attachment of substitution groups that enhance solubility [41, 42]. Now, selective
10
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solubility to a specific solvent, namely orthogonality, is regarded as a key factor
for achieving successive deposition of organic layer on top of pre-existing organic
layers without damaging the latter [43, 44].
The third criteria is the conduction type of the organic semiconductor either
p-type (hole-transporting) or n-type (electron-transporting). This should not be
confused with the same denomination used for inorganic semiconductors. Since
inorganic semiconductors are generally used in a doped form, the appellation of por n-type is based on the type of doping impurities: p-type inorganic semiconductors are doped by acceptor impurities, and n-type by donors. In contrast, organic
semiconductors are used mostly without intentional doping. In eﬀect, it is not
the type of dopant but the type of ‘injected’ charge that determines the type of
conduction in organic semiconductor. This was evidenced in OFETs by the minimum diﬀerence between the electron aﬃnity of organic semiconductor and work
function of source and drain contact metal to achieve n-type conduction [45].
Since the first discovery of p-type organic semiconductor, the vast majority
of demonstration have been concerned with is p-type organic semiconductor and
devices. The n-type OFETs are especially useful for organic complementary circuits (OCCs). Indeed, compared to the unipolar circuits based only on p-type
OFETs, the use of both n- and p-type OFETs enables larger noise margin and
lower power consumption [46, 47]. At its infancy, n-type organic semiconductors, such as lutetium diphthalocyanine [48], C60 [49, 50] or those bearing electron
withdrawing groups such as cyanide [51] or imide [52, 53], suﬀered from highly
sensitive to ambient air, humidity and light. Over the past two decades, developing a n-type organic semiconductor with good stability and electron-transporting
behaviour has been one of the first priorities for the improvement of the material
property [54–59]. Among them, the perylene and naphthalene carboxydiimide derivatives are two famous families of n-type organic semiconductors [60–64]. Also,
electron-transporting triphenodioxazine (TPDO) derivatives, which can be produced at the industrial scale, have gain significant attention [65, 66].

2.1.3

Organic solids

At variance with inorganic semiconductors, where covalent bonds between atoms
are the only contribution to the formation of macroscopic crystal of solid, organic
molecules are bounded by weak van der Waals force [1], which means that semiconducting properties at the macroscopic level is possible only if the inter-molecular
interaction is significant for the ⇡-conjugated electrons can be delocalised and
moved from one molecule to another. This brings both unique opportunities and
11
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ultimate limitations to device applications.
The process temperature of an electronic device can be significantly lowered
through simple evaporation or printing techniques. Even, deposition of functional
organic materials on a plastic or rubber-like substrate for flexible and even stretchable electronics [67–70]. On the other hand, due to the weak electronic coupling
between molecules, there is a significant limitation to the charge-carrier transport,
as discussed in more detail in Section 2.3.
For illustrative purposes, organic semiconductors exist in form of molecular crystals, polycrystals or amorphous thin films with diﬀerent long-range of
disorder. Organic single crystals can be obtained either from small-molecules
through physical vapour transport method under controlled pressure and temperature gradient [71–73] or through solution growth [74] as a free-standing single
crystal piece or as a thin-film deposited and fixed on a substrate. Organic polycrystals and amorphous can be obtained vacuum evaporation or solution-based
techniques mostly as a thin-film [75]. This implies that inter-molecular interaction
of organic solid and concomitant physical processes varies significantly according
to the macroscopic morphology of the solid.
Considering that a majority of organic electronic devices is composed of organic solids, despite existence of a single molecule or polymer-based electronic
devices [76–78], understanding the eﬀect of macroscopic morphology on various
semiconductor properties (structure-property relationship) constitutes the core of
organic semiconductor material and device physics.

2.2

Density-of-states models

In order to understand charge carrier transport and injection in organic solids,
we need to elaborate on the electronic structure of organic solids. The densityof-states (DOS) model describes the shape and characteristics of the electronic
structure. We will present representative DOS models for diﬀerent degree of solid
phases: square-root extended band with and without localised exponential trapstates (namely, square-root and exponential DOS models) and Gaussian DOS
model, respectively for crystalline, polycrystalline and amorphous phases (Figure 2-4). We note that the first two models were conceived from inorganic crystals
and polycrystals and have been frequently adopted for organic semiconductors,
which would be legitimate for highly crystalline organic solids. At present, there is
increasing consensus on Gaussian DOS as a more pertinent description for energy
structure of organic disordered semiconductors (ODS). This section is dedicated
12
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Figure 2-4: Density of states (DOS) models: square-root, exponential and Gaussian.
to illustrate the fundamental diﬀerences between each model and underlying assumptions of each model, reserving a more conclusive remark for Section 2.3.

2.2.1

Square-root density-of-states

A complete description on energy bands in solids is found in several text books
[36, 37]. Here, we will limit our scope to the energy band of the representative
inorganic semiconductor, single crystal silicon (c-Si).
Free-electrons in a Fermi gas of 3-D system results in density of states following
parabolic shape. For electrons and holes
p
E EC ,
p
DV (E) / EV E,
DC (E) /

(2.1)
(2.2)

where EC and EV are the conduction band and valence band edges, respectively.
The ‘sharp edge’ signifies that the DOS does strictly fall to zero at E = EC and
E = EV and takes zero value in the energy gap (EV < E < EC ).
Then, the charge carrier concentration is determined by integrating the product
of the DOS function and the Fermi-Dirac distribution function for electrons fF
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D (E, EF )] dE,
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where EF is the Fermi energy, k Boltzmann constant and T the temperature. Although the integration does not lead to an analytical result in the general case, the
following very simple approximate solution emerges at low charge carrier density,
when the Fermi level is suﬃciently far from the band edges:
n = NC exp
p = NV exp

✓

✓

EC

EF
kT

EF

EV
kT

◆
◆

,

(2.5)

,

(2.6)

where NC and NV are the eﬀective density of states at conduction and valence
band edge, respectively. For silicon at room temperature, NC = 2.9 ⇥ 1019 cm

3

and NV = 1.04 ⇥ 1019 cm 3 . Under such circumstances, the semiconductor is said
to be in the non-degenerate regime.

Ultraviolet photo-emission spectroscopy (UPS) and inverse photo-emission spectroscopy (IPES) are the methods of choice to determine the energy structure of
semiconductors. Inspired by the first work on the external photoelectric eﬀect of
metals by Einstein [79] and the same of semiconductors by Condon et al. [80],
Apker et al. not only determined the position of the valence band edge but also
demonstrated that the density-of-states in the valence band can be experimentally
deduced from the energy of photoelectrons [81]. These initial works on photoelectrons support the band theory for crystalline semiconductors providing a link
between the existence of the band edge with the sharp cut-oﬀ of stopping potential
from photo-emission measurement.

2.2.2

Exponential density-of-states

Disorder in amorphous silicon gives rise to the localisation of the states. Anderson
described in [82] that when disorder is introduced in a regular crystal structure
extended states gradually change to localised states. The lack of long-range order
results in the loss of sharp band edges so that the density of states shows a tail of
localised states extending into the energy gap [83, 84]. The degree of localisation
can be quantified by comparing the amount of disorder to the width of the energy
14
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band.
In silicon, the conduction and valence bands have a width around 5 eV, so
the degree of disorder in amorphous silicon is weak [85]. As a consequence, there
still exist extended states; as shown in Figure 2-4, localised states appear as band
tails inside the energy gap. These tails are usually described as an exponential
density of states referring to the energy of photoelectrons from amorphous silicon
proposed by Peterson et al. [86]. It is experimentally determined from the onset of
the UPS or IPES signals and considered to indicate the same position as the band
edge of the same semiconductor in its crystalline phase [87, 88]. Mathematically,
thus, the total DOS is represented as the sum of band and exponential tail DOSs,
D(E) = DC (E) + DTC (E) + DV (E) + DTV (E), with
✓
◆
NTC
E EC
DTC (E) =
exp
kTCC
kTCC
✓
◆
NTV
EV E
exp
DTV (E) =
kTCV
kTCV

E < EC ,

(2.7)

EV < E,

(2.8)

where TCC and TCV are characteristic decay temperature describing the distribution of trap states, NTC and NTV are conduction and valence band edge intercept
densities.

2.2.3

Gaussian density-of-states

The foremost diﬀerence between typical inorganic and organic semiconductors is
the binding energy between the elemental constituent of the solid: weak van der
Waals interaction in organic solids versus strong covalent binding in silicon. As a
direct consequence, the width of the valence (HOMO) and conduction (LUMO)
bands is two orders of magnitude lower in organic semiconductors typically of order
0.1 eV [89]. This is about one order of magnitude larger than the corresponding
transfer integrals [89], meaning that all the states are now localised with the localization centres being molecules or molecular subunits, called herein sites [89–92].
Because the site energies, which are to a great extent determined by electronic
polarization, are mainly controlled by disorder, the density of states in organic
disordered semiconductors (ODS) (i.e. non-crystalline that is most of them to
the exception of single crystals) can now be safely approximated to a Gaussian
distribution function. For simplicity, we will develop equations only for holes in

15

CHAPTER 2. FUNDAMENTALS
the HOMO. The Gaussian DOS of the HOMO is written as
(
)
N0
(E HOMOmax )2
g(E) = p
exp
,
2 2
2⇡
where

(2.9)

is the width of the distribution, N0 is the total density-of-states per unit

volume and HOMOmax is the energy level in the HOMO at which the DOS is the
greatest. In general, we take the density of molecule for N0 [93].
The hole concentration is estimated in a similar manner to (2.4):
p=

Z

1

g(E)fF

(2.10)

D (E, EF )dE.

1

Under Boltzmann’s approximation, the hole concentration has analytical form:
pndeg = N0 exp



1
kB T

⇢
EF

✓

2

HOMOmax +

2kB T

◆

.

(2.11)

At this point, it is worth pointing out a specificity of the Gaussian DOS, first
analysed in details by Tessler and Roichman [94]. A remarkable outcome of this
investigation was that the Gaussian DOS only leads to the simple non-degenerate
equations (2.11) at very low charge carrier density, when the Fermi level is far
from the maximum of the DOS. For higher concentrations, as those seen in the
accumulation layer of field-eﬀect transistors or in doped organic semiconductors,
the dependence of p with EF is no longer analytical; this is more pronounced
as the width of the Gaussian distribution is large. Nonetheless, approximation
of the Fermi-Dirac distribution function to a Heaviside step function, for holes
fH (E, EF ) = 1 for E < EF and 0 for EF < E, we have a semi-analytical expression:
pdeg


N0
EF
=
erfc
2

HOMOmax
p
,
2

(2.12)

where erfc(x) is the complementary error function.
Recently, Paasch [95] established semi-analytical approximations for the charge
carrier concentration dependent to the Fermi level by merging (2.11) and (2.12)
with transition functions H(ˆ ) and K(ˆ ) given by
p

2
H(ˆ ) =
efrc
ˆ
(

K(ˆ ) = 2 1

1



✓

ˆ2
2

◆

exp
,
r

H(ˆ ) 2
1
exp ˆ (1
ˆ
⇡
2
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(2.13)
H(ˆ )2 )

)

,

(2.14)
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where erfc 1 (x) is an inverse complementary function and ˆ = /kT is the reduced
dimensionless width of Gaussian DOS. We have, for holes,

pPaasch

8
 ✓
◆
ˆ2
>
>
>
N0 exp
EF r
>
>
2
>
>
>
>
> 1 + exp [ K(ˆ )(EF r ˆ 2 )]
>
<
✓ 2◆
=
N0
ˆ
>
exp
>
>
2
2
>
>
>

>
>
>
N0
EF r
>
>
: erfc p H(ˆ )
2
2ˆ

EF r > ˆ 2

(2.15)

EF r = ˆ 2

(2.16)

EF r < ˆ 2

(2.17)

where EF r is the reduced dimensionless Fermi level and width of Gaussian DOS
defined by EF r = (EF

2.3

HOMOmax )/kT .

Charge carrier transport

Charge carrier transport is a movement of charge carrier in space with electric
potential gradient. Distinctive characteristics of charge carrier transport in organic solids are closely related with their electronic structure. Thus, it requires a
unique model that could take into account the molecular nature of organic solids.
Moreover, a real challenge exists in understanding and developing charge carrier
transport models covering a large number of material classes that have diﬀerent energetic configurations related to the molecular structure itself and also the
process-dependent film microstructure.
The temperature dependence of mobility has been regarded as indicative for
the DOS model as well as the transport model. Figure 2-5 shows a simplified
categorization of the observed temperature dependence of mobility according to
the density of state and charge transport model as well as organic solid phase. A
detailed description will be given in the following.

2.3.1

Band transport model

The band conduction of delocalised electrons is described by Drude’s free electron
model [36,96]. The model describes the drift of charge carriers placed in an applied
electric field as a repeated process of acceleration and collision with the lattice
through which they lose completely their energy. This process results in an average
drift velocity proportional to the electric field strength, from which the constant
17
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Figure 2-5: Categorisation of the density of state and charge transport models
based on the experimental observations on temperature dependent mobility. Correlation between models and organic solid phases is shown.
of proportionality is defined as mobility µ by
µ=

F
q⌧
q m
=
=
vth
m
mvth

(2.18)

Here, q is the elementary charge, m is the eﬀective mass, ⌧ is the mean time
between lattice collisions,

m

the mean free path, and vth the thermal velocity.

As illustrated in Figure 2-6(a), band transport is not thermally activated because
increasing temperature reduces
µ/T

n

m

and µ. This behaviour is usually modelled by

with n > 0 [36], where T is the absolute temperature.

However, for most organic semiconductors, band transport is unlikely because
18
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Figure 2-6: Illustration of the transport mechanisms in solids with applied electric
field. (a) Band-like conduction; electrons are scattered by lattice vibration so that
the mobility decreases with increasing temperature. (b) Hopping between localised
states; lattice vibration can give electrons chance to overcome the potential barriers
(thermally-activated transport
general parameters put into 2.18 give µ of the order 100 cm2 V 1 s

1

or higher [36].

In other words, the primary assumption of Drude’s model fails for organics because
µ < 1 cm2 V 1 s

1

corresponds to a value

m

smaller than the lattice spacing (in-

termolecular distance). Therefore, we consider that genuine band transport is not
relevant to organic semiconductors, and it might be restricted to highly-pure and
defect-free single crystals at extremely low-temperature [73, 97, 98]. As temperature increases, intra- and intermolecular vibrations destroy the coherence between
adjacent sites, which makes a charge carrier scattered with a mean free path that
approaches the distance between adjacent sites. As a result, band transport is no
longer possible and a charge moves through a diﬀerent transport mechanism, i.e.
thermally assisted hopping to be discussed.
It is for this reason that occasional experimental observation of a negative
temperature coeﬃcient (dµ/dT < 0) in low-mobility organic crystals is generally
described by the band-‘like’ transport. The exact origin of this mechanism has not
been fully understood yet [99–102].
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2.3.2

Polaronic transport model

When the charge localization eﬀect is pronounced, the transport is described by
the hopping between localised states. In this case, because the lattice vibration
helps localised charges to escape the potential well, transport is assisted by thermal
energy (dµ/dT > 0) as shown in Figure 2-6. In general, two origins of localisation
are considered; polarization and disorder.
Electronic polarization indicates local deformation of the charge density due
to the additional charge staying at this location [75]. This leads to an immediate
relaxation of that particular state by the induced potential. As a consequence,
the further motion of the staying charge is hindered, thus called the self-trapping
eﬀect. Once this charge moves to another molecule (or a segment of molecule),
this eﬀect takes place again. Therefore, this type of charge transport is visualised
by a collective movement of a charge and its accompanying polarization (of the
opposite sign) which are called a ‘polaron’.
Polaronic transport is a distinctive feature of all organic semiconductors. Because of small transport bandwidth, residence time becomes longer than polarization time. Also, because of small dielectric constant of organic materials, the
localizing potential gets intensified.

2.3.3

Multiple-trapping and release (MTR) model

The second mechanism of localisation is induced by energetic and geometrical disorder. We will first discuss the case when the degree of disorder is not significant
(compared to the transport bandwidth), namely ‘weak localisation’. In this case,
the energy structure is best represented by the DOS model of the extended band
with localised exponential trap states (2.8). This picture is widely-used in conventional model for amorphous silicon (a-Si) [103, 104]. For organic semiconductors,
organic solids with poly-crystalline phase can be generally well described by this
model. They can form relatively well-ordered small domains with diﬀerent orientation between domains. The main origin of localised tail states in a-Si are
dangling bonds, and that in polycrystalline organic semiconductors can generally
be attributed to the grain boundaries [105].
In this energetic situation, the charge-transport is based on the multiple trapping and release (MTR) process illustrated in Figure 2-7. In this model, it is
assumed that most of the charge carriers are trapped in localized states, and the
charge carrier transport is manifested only by the temporarily released charge carriers to an extended-state transport level (above the valence band edge for classical
20
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p-type semiconductors, i.e. mobility edge), the amount of which depends on the
electronic structure of the localized states, temperature and injection. Therefore,
the MTR model adopts the DOS model of the extended band with localised exponential trap states in (2.8).
A detailed analytical formulation for obtaining trapped and free charge carrier
density will be given in [105]. Here, for discussion purpose, we simply present
the expression of the eﬀective mobility µMTR determined by the trapped-to-total
carrier density,
µMTR

pf
NC
= µ0
' µ0
exp
pf + pt
NT

✓

EF

EV
kT

◆

(2.19)

where µ0 is the band mobility, pf the free hole density, pt the trapped electron
density, NC the eﬀective DOS at the conduction band edge, EF the Fermi level,
and k the Boltzmann constant. We assume EC

kT and pt

pf for (2.19). The

key feature of (2.19) is Arrhenius temperature dependence for thermally activated
charge transport:
0

µ(T ) ' µ exp

2.3.4



kT

(2.20)

,

Variable-range hopping model

Now, we will discuss the case when the degree of disorder is significant. The basic
ideas of variable-range hopping can be briefly formulated as follows: charge transport in organic disordered semiconductors is manifested by incoherent hopping of
charge carriers in randomly distributed localised states i.e. the Gaussian DOS.
The hopping rate (or the jump rate) is a key element of this model. It considers
the high localization of charge carriers in disordered organic materials (sites) and
its eﬀect on charge transport. The jump rate of a carrier between two localised
sites i and j is assumed to be of the Miller-Abraham type [31,89], [90–92,106,107],
i.e., it is the product of a prefactor ⌫0 , a carrier wave-function overlap factor, and
a Boltzmann factor for jumps upward in energy.
✓
8
< ⌫ exp
2↵rij
0
⌫ij =
:
⌫0 exp ( 2↵rij )

Ej

Ei
kT

◆

E j > Ei ,

(2.21)

Ej  Ei ,

(2.22)

Here ⌫ij is the rate for the hop between an occupied site, i, and an empty site, j,
separated by distance rij ; ↵ is the inverse decay length of the carrier wave function
in the localised states; ⌫0 is the attempt-to-escape frequency (also, the maximum
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Figure 2-7: Schematic diagrams for the density-of-states and hole transport mechanism based on the (a) multiple trapping-and-releasing model and (b) Gaussian
t
disorder model. The symbol Ebp
denotes the transport based definition of the IB.
hopping rate); k is the Boltzmann constant.
In essence, describing the distributions of sites in space ri and energy Ei is a
central quest for the description of charge transport under the hopping model. If
spatial positions and energies of localised states can be considered independent
from each other, this model is traditionally called the Gaussian Disorder Model
(GDM) [31]. Until recently, the eﬀect of the distribution of sites in energy has been
actively investigated, upon assuming the uniform distribution of sites in space,
rij ⇡ r. In particular, the structure of the DOS in ODSs is probably the most
controversial issue in research on these materials. The discussion is mostly focused

on whether the DOS is Gaussian as described by 2.8or exponential in the form given
by 2.9 [33]. In order to evaluate the pertinence of each DOS model, the mobility
(an observable parameter) is determined from the hopping rate, and its dependence
on environmental factors, such as the temperature T , charge carrier concentration
p and electric field F , are compared to the experimental observations.
The first merit of adopting the Gaussian DOS delineated in previous reviews
[31, 33] is based on the temperature dependence of the carrier zero-field mobility
µ(T ), measured in time-of-flight experiments at low carrier concentrations. Experi22
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mental data for carrier mobility in ODSs at low carrier concentrations demonstrate
a strong temperature dependence in the form [33, 92, 108–110]
µ(T ) ' µ0 exp

" ✓

T0
T

◆2 #

,

(2.23)

with properly adjusted parameters T0 and µ0 . At high carrier concentrations,
particularly in OFETs, the dependence µT often has the Arrhenius form with a
weaker temperature dependence [111] well known also for inorganic disordered
semiconductors, such as chalcogenide glasses and amorphous silicon. While the
hopping transport in a Gaussian DOS exhibits both non-Arrhenius and Arrhenius
temperature dependence of mobility (depending on the charge carrier concentration [112, 113]), the hopping process in an exponential DOS reproduces only the
Arrhenius temperature dependence [33].
Second, the asymptote behaviour of mobility with the decrease of charge carrier
concentration can be explained uniquely by Gaussian DOS [33]. This provides
a fundamental insight on two contrasting observations: a strong charge carrier
concentration dependence of the field-eﬀect mobility extracted from FETs and
independence of the mobility from determined from diodes [114].
Here, we illustrate an empirical equation for the hopping mobility in a Gaussian
DOS that reproduces the exact ab-initio simulation based on Monte-Carlo method
[32]. In the ab-initio approach, the numerical solution of the master equation for
P
hopping transport, ji [⌫ij pi (1 pj ) ⌫ji pj (1 pi )] = 0 with pi and 1 pi being

the probability of occupancy and vacancy of the site i by a charge, leads to an
exact description for hopping mobility:
µ=

X

⌫i,j pi (1

pj )rijx /pF V,

(2.24)

i,j

where p = hpi i/a3 and V is the system volume. The empirical equation established
by following parametrisation scheme provides a good fit to numerical data over a

wide range of T , p and F . For a hole mobility in a Gaussian DOS with its width
,
µ(T, p, F ) = µ0 (T ) ⇥ g1 (p, T ) ⇥ g2 (F, T )

(2.25)

with purely temperature dependent mobility at zero charge carrier concentration
and electric field
µ0 (T ) = µ(0)c1 exp( c2 ˆ 2 )
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and mobility enhancement factor by charge carrier concentration
8
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and mobility enhancement factor by electric field
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2
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qa

where c1 = 1.8 ⇥ 109 and c2 = 0.42 are parametrization constants, ˆ =

(2.29)

/kT ,

c = p/a , a is the lattice constant a = N = 10/↵, and g1 and g2 are the drift
3

enhancement factor (i.e. mobility enhancement) by the hole concentration and
the electric field,

is a constant related with the degree of disorder
=2

2.4

ln(ˆ 2

ˆ ) ln(ln4)
.
ˆ2

(2.31)

Charge carrier injection

Evidence for a Gaussian density of state comes from the dominant charge transport
mechanism in organic semiconductors. As luminously pointed out by Baranovskii
[33], only a Gaussian DOS, through the Gaussian disorder model (GDM) [31],
is able to account for the main features of charge carrier transport in organic
semiconductors; these include, in particular, the diﬀerent regimes occurring at low
and high charge carrier densities, and the non-dispersive regime observed at very
low charge carrier density.
However, the work by Bassler, Baranovskii, and many others focuses on the
problem of charge transport. Under this aspect, the most pertinent energy level is
the so-called transport energy [33] located close to the maximum of the Gaussian
DOS, and which can be viewed as an equivalent of the mobility edge in amorphous
silicon, in that sense that charge carrier transport mainly occurs at energies close
to the transport level.
Now, we are more interested in defining the energy levels involved in charge
24
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Figure 2-8: (a) Energy diagram for an ideal metal/semiconductor junction, where
Ebn and Ebp denotes the injection barrier (IB) for electrons and holes, respectively.
(b) The same for a realistic metal/semiconductor junction with the vacuum level
mismatch VL and energetic disorder. Here, Ebo is determined in reference to the
onsets of the UPS or IPES signals, which are not specific to the density-of-states
model.
injection from electrodes into the organic semiconductor, which also intervene when
establishing the energy diagram of organic electronic devices.

2.4.1

Ideal metal/semiconductor junction

As shown in Figure 2-8(a), the Schottky-Mott rule defines the IB for an ideal
metal/in-organic semiconductor junction [115, 116] as the diﬀerence between the
metal work function and the semiconductor electron aﬃnity for electrons or the
semiconductor ionization energy for holes:
Ebn = Wm

EA,

(2.32)

Ebp = IE

Wm .

(2.33)

This assumes that there are no gap states in semiconductor’s forbidden gap and
that the conduction and valence band edges are sharp. In addition, the concept
of IB in the Schottky-Mott rule premises immediate band transport of charge
carriers. The latter makes possible a transport-based definition of the IB, which is
t
alternatively written as Ebp
= EF

t
EV (Ebn
= EC
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to inject holes (electrons) from the electrode into the semiconductor at the valence
(conduction) band edge.
On the other hand, the IB can also be understood in reference to the charge carrier concentration at the junction. We recall the hole concentration in crystalline
semiconductor under Boltzmann approximation from (2.6):
p = NV exp

✓

EF EV
kB T

◆

(2.34)

,

Since, in equilibrium, the Fermi level of the metal and semiconductor aligns at the
metal/semiconductor interface, EF can be used interchangeably to indicate the
c
Fermi level of the metal and semiconductor. Now, Ebp
= EF

EV represents a

charge carrier based definition of the IB. Note that both approaches result in the
same and consistent quantity in the case of ideal metal/semiconductor junction:
t
c
Ebp
= Ebp
= Ebp . This can be readily extended for electrons.

Upon the same assumptions, the ideal M/O junctions have been frequently
described by the Schottky-Mott rule. In this case, the IB for holes is defined
by replacing the valence band edge with the highest-occupied molecular orbitals
(HOMO) as Ebp = EF

HOMO. Similarly, for the IB for electrons, Ebn =

LUMO

EF , where LUMO stands for the lowest-unoccupied molecular orbitals.

2.4.2

Non-ideal factors

Although the intuitive picture by Schottky and Mott successfully describes an ideal
junction, for a realistic junction, it was observed that the Schottky-Mott rule is
not always valid [117]. The primary non-ideal factor is the existence of the vacuum
level mismatch

VL ,

which can significantly modify the IB [118, 119]. Figure 2-

8(b) shows the formation of the vacuum level mismatch. The positive (negative)
dipole moment vector µD created by the interface dipole shifts the vacuum level
upward (downward), and consequently increases (decreases) the IB for electrons
and decreases (increases) the IB for holes by the amount

VL .

The interface

dipole is often found to be zero either by deliberate passivation with inert buﬀer
layers [120] or by contamination through exposure to atmosphere and/or solvent.
However, in general, microscopic charge carrier rearrangements manifested by a
variety of chemical and physical process can lead to a non-negligible interface
dipole [119, 121, 122].
Nevertheless, it is possible to extend the Schottky-Mott rule to a system with
a vacuum level mismatch by defining the eﬀective metal work function as the sum
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of the metal work function and vacuum level mismatch Wme↵ = Wm +
o
Ebn
= Wm +
o
Ebp
= IE

VL

(Wm +

VL :

EA,

(2.35)

VL ).

(2.36)

Here, the superscript in Ebo denotes the onset of the ultraviolet photo-emission
spectroscopy (UPS) and inverse photo-emission spectroscopy (IPES) signals by
which the EA and IE are usually determined for both ideal and realistic junctions
without specificity to the materials.
The second non-ideal factor is the energetic disorder that are present in solid
phase semiconductors to some extent except for a perfect crystal. The energetic
disorder illustrated in Figure 2-8(b) originates from the absence of long-range order
in the position and direction to a various degree, which requires specific models for
the description of the electronic structures discussed in more detail in section 2.4.3.
The presence of the energetic disorder makes diﬃcult a unique determination of
the EA and IE, which results in the divergent definition of the EA and IE, and
hence the IBs. In case of organic semiconductors, the EA and IE are determined
most frequently referring either to the onset [120,123] or the maximum [124] of the
HOMO and LUMO. The eﬀect of ambiguity becomes more significant as the metal
Fermi level is approaching the indistinct edge and arrives at the fundamental limit
called the Fermi level pinning, where the IB does not follows the change in the
metal work function. Although often attributed to surface states [125] and metalinduced interface gap states [126, 127], it has been shown that the Fermi level
pinning in the organic semiconductor energy gap mainly occurs from electrostatics
[123, 128]. Thus, recalling the considerable eﬀect of the electronic structure on
the charge carrier concentration at the junction, a complete understanding of the
eﬀect of the energetic disorder on the injection barrier is gaining in importance. In
the following, we will discuss in detail on the second non-ideal factor. While doing
so, we will neglect the existence of the vacuum level mismatch for an exclusive
analysis of the eﬀect of energetic disorder.

2.4.3

Disordered metal/organic semiconductor junction

For exponential DOS under MTR model
The UPS and IPES had been actively utilised for organic semiconductors as well
[129], recently paying special attention to their vulnerability to high energy photons
and electrons [130]. Surprisingly, in spite of the importance of the parameter,
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very little is found in the literature regarding the experimental estimation of the
injection barrier in view of hopping transport model in Gaussian DOS. Instead,
most of reports are based on MTR model. We have seen that the transport of
charge carriers takes place around the ME. This means, more precisely, the band
edge in the Schottky-Mott model for an ideal junction is replaced with the ME to
define the injection barrier.
When the MTR model is applied to disordered organic semiconductors as shown
t
in Figure 2-7(a), the transport based definition of the IB becomes Ebp
= EF

ME,

t
o
which is close to the IB determined from the onset of the UPS Ebp
⇡ Ebp
. The

role of disorder has note been of interest, since under MTR model, charge carriers
in the exponential trap states are considered immobile.
However, the presence of extended states is unlikely in disordered organic

semiconductors. In addition, non-Arrhenius temperature-dependency of mobility
is considered as evidence for a Gaussian rather than an exponential density-ofstates [33, 113]. In this respect, currently, there is an increasing consensus on
interpreting the UPS or IPES signals with a Gaussian function based on an alternative theoretical framework.
For Gaussian DOS under GDM model
In order to describe the characteristic transport of charge carriers in disordered
organic semiconductors, the Gaussian Disorder Model (GDM) was proposed, which
establishes that all states are randomly distributed and localised where thermallyassisted tunnelling and trapping occurs simultaneously (see figure 2-7(b)). The
energy structure of organic disordered semiconductor is represented by a Gaussian
DOS g(E).
In GDM, the hopping transport takes place at a particular energy level called
the transport energy (TE), which is indicated in figure 2-7(b). The essence is
that the TE in the GDM is in full analogy with the ME in the MTR model so
that the TE can replace the ME [131]. This gives theoretical basis in defining the
IB as the energetic diﬀerence between the metal Fermi level EF and the TE of
t
semiconductor, Ebp
= EF

TE. Numerical analyses predict the position of the

TE to be closer to HOMOmax than to the onset of the HOMO [132]. Thus, the
t
transport based IB can be roughly written as Ebp
⇡ EF

HOMOmax . Such a

definition was used earlier without clear explanation [124]. Note, however, that
unlike in the MTR model the onset does not coincide with the TE considering a
t
o
GDOS so that Ebp
is diﬀerent from Ebp
.
t
This transport based definition of the IB as Ebp
= EF

28

TE can provide a way

2.4. CHARGE CARRIER INJECTION

Figure 2-9: Schematic diagram of the linear extrapolation method used to determine the onset of the highest-occupied molecular orbitals. The linear extrapolation
line is drawn at the inflection point at E = from the HOMOmax . Then, the
extrapolation line crosses the base line exactly at E = 2 from the HOMOmax
which is denoted as the HOMOonset .
of evaluating the injection property. However, it significantly underestimates the
eﬀect of gap states in facilitating charge carrier injection. Thus, for a practical
reason, the onset of the HOMO (HOMOonest ) is often used in determining the
IB in disordered metal/organic semiconductor junction. Figure 2-9 illustrates the
linear extrapolation method (LEM) used to determine HOMOonset from the UPS
(or IPES) signal assuming a GODS with a width

[133]. In this method, the

linear extrapolation line is drawn at the inflection point of which the energetic
distance from HOMOmax is . Then, the extrapolation line crosses the base line
exactly at 2 from HOMOmax which is denoted as the HOMOonset . However, it has
been little examined whether the onset can substitute the band edge of an ideal
semiconductor (see section 2.4.1).
From now on, as in section 2.4.1, we discuss on the charge carrier based IB and
the correct determination of HOMOedge which is equivalent to the band edge of an
ideal semiconductor. We recall the analytical expression for the hole concentration
in non-degenerate organic disordered semiconductor from (2.11):
p = N0 exp



1
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In equilibrium, the Fermi level aligns at metal/organic semiconductor junction.
Thus, EF indicates the Fermi level of both metal and semiconductor. Then, if the
numerator on the exponent is considered as the eﬀective charge carrier based IB
e↵
Ebp

= EF

✓

2

HOMOmax +

2kB T

◆

,

(2.38)

it is possible to define the edge of the HOMO from the second and third terms of
equation (5.19) to HOMOedge = HOMOmax +

2

/2kB T , keeping the Schottky-Mott

rule consistent for disordered metal/organic semiconductor. This demonstrates
that the HOMOonset obtained by the LEM can not be used to define a charge
carrier based IB. Instead, the HOMOedge must be used. In addition, it is now
recommended to provide a full set of parameters, the HOMOmax and the width of a
GDOS , from the UPS (or IPES) signal for the analysis of injection characteristics.
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Chapter 3
Methods
In order to ensure consistency, we have employed multiple theoretical and experimental approaches for modelling and analysing various organic electronic devices.
The purpose of this Chapter is to elaborate on the major techniques or methods
used in this thesis; impedance spectroscopy, analytical modelling, numerical modelling, and experimental validation. Background and purpose of each method as
well as special considerations for practice are presented to help in understanding
the results in Chapter 4 and 5.

3.1

Impedance spectroscopy

3.1.1

Basic information

Electrical impedance or impedance Z is the complex ratio of the phasor voltage to
the phasor current of an alternating current (AC) circuit element or circuit, which
is written as:
Z = |Z|exp (j✓) = Re(Z) + jIm(Z),

(3.1)

where the first equality is in the polar form and the second is in the Cartesian

Figure 3-1: A graphical representation of the complex impedance plane.
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Figure 3-2: Electrical impedance of basic passive circuit elements.
form (see Figure 3-1 for a graphical representation). Here, the argument ✓ indicates
the relative phase of the ac current Iac in reference to that of the ac voltage Vac
applied across the system. And the impedance modulus |Z| is the ratio of the
voltage amplitude to the current amplitude. Re(Z) and Im(Z) denotes real and
imaginary part of Z.
Impedance spectroscopy is a technique to measure the impedance modulus |Z|

and argument (a.k.a. phase angle) ✓ of an electrical or electrochemical system upon
sweeping the ac small-signal frequency (! = 2⇡f ) at fixed dc voltage (Vdc ) [134].
Figure 3-2 summarizes the impedance of three basic passive circuit elements, a
resistor, a capacitor and an inductor, denoted by ZR , ZC and ZL in terms of its
resistance R, capacitance C and inductance L and the angular ac frequency !.
The impedance of each element has a distinct ac frequency dependence. Being a
pure real value, ZR is invariant with !, whereas ZC and ZL are pure imaginary
values with an increasing and decreasing modulus with !.
The equivalent impedance (also called total impedance or terminal impedance)
of many simple networks of elements can be calculated by using the rules for combining impedances in series and parallel illustrated in Figure 3-3. In this case, the
equivalent impedance would exhibit a more complex frequency dependence compared to a single element. When the circuit diagram is given, the prediction of the
equivalent impedance and its frequency dependence is straightforward requiring
complex algebra. However, a reverse process, which is usually the case in practice,
would not be a simple task and requires a knowledge-based try-and-error.

3.1.2

Equivalent circuit modelling

Equivalent circuit modelling is an act of representing an electrical or electrochemical system by a combination of basic circuit elements. Its practical use is found
upon analysing an impedance spectrum of a system where only the equivalent
impedance and its frequency dependence are given. Because each circuit element
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Figure 3-3: Equivalent impedance of a series connection and parallel combination
of impedance elements.
responds diﬀerently to the frequency (Figrue 3-2), it is possible to identify what
elements are present and how they are combined from a full impedance spectrum.
For example, impedance spectroscopy and equivalent circuit modelling are used
for an organic rectifying diode in this thesis (Chapter 4). In the literature, a number of reports have shown practical applications of impedance spectroscopy for
the analysis of organic devices [135–139]. Nonetheless, the determination of the
equivalent circuit is based on a knowledge-based guess and subsequent verification
by comparing the modelled impedance spectrum to the measured one. Therefore,
despite of a long list of equivalent circuits and their impedance spectra available
in several impedance spectroscopy software, reviewing typical impedance spectra
and understanding the eﬀect of basic circuit elements will significantly reduce the
eﬀort and enable a quick guess.

3.1.3

Representative impedance spectra

One of the simplest circuits is a RC circuit constructed by a parallel combination
of a resistor and a capacitor. The equivalent impedance of an RC circuit ZRC is
obtained by the combination rule presented in Figrue 3-3
ZRC =

1
R
=
.
1
1
1 + j!RC
+
ZR Z C
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Figure 3-4: The simulated impedance spectra of RC circuits with a fixed capacitance and diﬀerent resistance values plotted on the complex plane. The frequency
is from 1 Hz to 10 MHz with the increment of 20 points per decade.
which can be expressed into the Cartesian coordinates:
Re(ZRC ) =
Im(ZRC ) =

R
,
1 + ! 2 R2 C 2
!R2 C
.
1 + ! 2 R2 C 2

(3.3)
(3.4)

In general, as shown by (3.3) and (3.4), the Cartesian coordinates of Zeq are
parametric equations of ! with constants R, C and/or L. Therefore, drawing
the trajectory of Zeq on the complex plane is always possible with an ordinary
data analysis and graphing software once the coordinates are determined. An
impedance spectroscopy software provides more adapted functionalities, such as
reproducing the impedance spectrum of a user defined circuit and data fitting.
Figure 3-4 shows the impedance spectra of the RC circuits simulated by ECLab software [140]. The semi-circular trajectory of ZRC is perfectly predictable,
because merging the parametric equations (3.3) and (3.4) leads to the following
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equation:
Im(ZRC ) =

s✓ ◆
2
R
2



Re(ZRC )

R
2

2

(3.5)

,

which states that the semicircle is centred at (R/2, 0) and has radius of R/2. We
note that ZRC ! R when f ! 0. This is because, when f ! 0, ZC ! 1 and
the capacitor can be considered as an open circuit (a disconnection). reducing the

RC circuit into a single resistor. On the other hand, when f ! 1, ZC ! 0 and
the capacitor becomes a short circuit. Therefore, the RC circuit also becomes a

short circuit resulting in ZRC ! 0. In this case, the RC circuit becomes more like

a pure capacitor upon approaching the limit, which is evidenced by the trajectory
of ZRC approaching the

Im(Z)-axis (✓ ⇠

90 ).

We will emphasize two practical issues to be considered regarding the measurement limits in terms of frequency and impedance. First, the required frequency
range to obtain the entire semicircle and its centre frequency have an analytical
form. To begin with, the lowest point of the semicircle points the logarithmic
centre of the frequency range. It corresponds to the point Re(ZRC ) = R/2, and
from (3.3), we can show that this condition holds at the frequency of
!RC = 2⇡fRC =

1
,
RC

(3.6)

which also indicates the time constant of the RC circuit. Next, it helps estimating
the measurement frequency range to obtain a full impedance spectrum. When we
define the full frequency range from and to the frequency which Im(ZRC ) take P -%
of

R
2

denoted by ! + and ! , equating (3.4) to
Im(ZRC )

!=! ±

which have roots
±

! =

100
±
P

·

P
100

leads to:

R P
·
,
2 100

=

s✓

R
2

100
P

RC

◆2

(3.7)

1
(3.8)

.

Taking log on both sides, we have

log !

±

= log

8
< 100
: P

±

s✓

100
P

◆2

1

9
=
;

+ log

✓

1
RC

◆

,

(3.9)

which leads to the logarithmic distance to the upper-limit and lower-limit in ref-
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Figure 3-5: The simulated impedance spectra of the inset circuit with a fixed
capacitance and parallel resistance with two diﬀerent resistance values of series
resistance plotted on the complex plane. The frequency is from 1 Hz to 10 MHz
with the increment of 20 points per decade.
erence to !RC :
r± (P ) ⌘ log ! ±

log(!RC ) = log

8
< 100
: P

±

s✓

100
P

◆2

1

9
=
;

.

(3.10)

When we look for P = 1, the above turns to r± (1) = ±2.3. In short, we need

a frequency range of around 105 rad/s centred at !RC . It can be inferred that
electrical noise can be more likely to be an issue for an equivalent circuit with
a large impedance, because the center shifts to a lower frequency when RC gets
larger.
Second, the impedance upper limit of the impedance spectrometer must be
larger than the diameter of the semicircle: R < Zupper.limit . Before an actual
ac measurement, we can estimate whether the impedance upper limit can be a
problem or not. Recalling that f = 0 is a DC bias condition, the resistance
calculated by from the static current-voltage measurement of the RC circuit (R =
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V /I) gives a perfect guideline.
The next circuit to be considered is the Rs + RC circuit. This illustrate the
eﬀect of series resistance Rs on the impedance spectrum. Although it is possible to
derive the Cartesian coordinates for the Rs + RC in a similar manner by applying
the combination rule, here, we briefly present the result of plotting on the complex
plane. It is shown the addition of Rs results in the shift of the impedance spectrum
without changing the initial semicircle form of the RC circuit. This is attributed
to the fact that a resistor in series combination only adds the constant modulus
Rs invariant with frequency. We have ZRs +RC ! Rs + R when f ! 0, whereas

ZRs +RC ! Rs when f ! 1. In an actual two terminal device, the observation of
a series resistance generally accounts for the existence of a contact resistance that
originates from the charge-injection problem at the metal/semiconductor interface
[141, 142]. Compared to the RC circuit, the same frequency limit applies, and the
resistance measured in static mode should be smaller than the impedance upper
limit Rs + R < Zupper.limit .

3.2
3.2.1

Analytical modelling
Definition: general and broader definition

In general, analytical modelling is development of fundamental equations used to
describe changes in a system to find a closed form solution. In this thesis, the
fundamental equations are in the form of diﬀerential equation such as Poisson’s
equation, drift-diﬀusion equation, and continuity equations the solution of which
requires proper definition of boundary conditions. Common boundary conditions
in semiconductor and device physics are the potential boundary condition defined
by the reference and applied voltages and the charge carrier concentration boundary condition defined by electro-statistics.
In a broader sense, analytical modelling comprises formulation of an analytical equation that reproduces the change in a physical parameters. The analytical
(or semi-analytical) equation proposed by Paasch [95] describing the hole concentration as a function of the Fermi level in the disordered semiconductor having
Gaussian DOS is a good example. Parametrisation of the charge carrier mobility
for the hopping transport [32] from the Monte Carlo simulation-based physical
modelling on is another example.
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3.2.2

Applications, limitations and overcoming methods

Applications
In our study, this approach will be exemplified by developing the current-voltage
equation of organic rectifying diodes in Chapter 4 and by defining general conductivity in the transition zone of a staggered OFETs comprising the the eﬀect of
diﬀusion in Chapter 5.
Limitations
An apparent limitation exists in that analytical modelling rarely leads to a ‘fully’
analytical equation. As described earlier, a ‘fully’ analytical equation is that in
a closed form equation so that a straight forward calculation is possible without
unsimplified integrals, diﬀerentiations and/or iterative calculation processes. Upon
solving fundamental equations, often we encounter a situation where no further
mathematical development is possible. In the final equation is named a ‘semianalytical’ equation in the sense that it results from an analytical modelling but
requires a numerical calculation for determining the final value.
The values and solutions of semi-analytical equations can be obtained by numerical calculator such as Mathcad [143] and Matlab [144]. Numerical calculation
with a such program can be facilitated by following techniques. First, dimensionless reduced parameters are often required to stay within the maximum and
minimum values perceivable by the numerical calculator. Second, approximation
could be desirable of the final equations expressed with special functions such as
Airy functions Ai(x) and Bi(x) and their first derivatives and error function erfc(x),
etc. This will be addressed in Chapter 4 for the calculation of the charge carrier
concentration and potential profiles under the full-MIM model.
This approach has a great potential for modelling one-dimensional system but
becomes diﬃcult to be adopted when a multi-dimensional device is concerned. Its
application to a quasi-1-D organic diode will be presented in Chapter 4. On the
other hand, we will opt for another method for 2-D OFETs.
Overcoming methods
The aforementioned limit could be overcome by discrete solution for specific operation ranges with a more drastic and adaptive approximations and mathematical
simplifications and subsequent merge of solution for each regimes. This requires a
rigorous analysis on the robustness of the additional transition function for combin-
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ing discrete regimes of operation into a single analytical equation. Cross-checking
with numerical modelling results is also mandatory.
In addition, empirical modelling and/or equivalent circuit modelling can be
employed to complement the analytical modelling. Our approach to model the gate
voltage dependent contact resistance illustrates a successful adoption of empirical
modelling and equivalent circuit modelling in the formation of a final analytical
expression delineated in Chapter 5. The numerical modelling results are analysed
and the empirical power-law dependence of contact resistivity on the gate voltage
is observed and modelled. This is, then, adopted in the equivalent circuit of the
current crowding model to yield a final analytical model for power-law dependent
contact resistance.

3.3
3.3.1

Numerical modelling
Numerical device simulator

A commercially available device simulator Atlas from Silvaco, Inc. [145] has been
used for numerical simulation of organic devices. In particular, Atlas is a physicallybased 2-D and 3-D device simulator widely adopted for technology computer-aided
design (TCAD) in semiconductor industry. The multi-dimensional simulation capability is achieved by the finite-element method (FEM).
The merits of physically-based simulation are its capabilities to predict device
behaviour, provide insight and conveniently captures and visualize theoretical
knowledge. On the other hand, the drawbacks of physically-based simulation
must not be neglected in that all the relevant physics must be incorporated into
a simulator. In addition, numerical procedures must be implemented to solve the
associated equations. The user’s manual provides a list of physics available in
Atlas as well as detailed explanations for each model. Also, numerical calculation
procedures are taken care of for Atlas users by Silvaco and briefly presented in the
user’s manual.
When a new physics is added to the simulator, a continuous eﬀort for a series
of updates would be necessary. Aiming at public interests, we would like to articulate that both maintenance activities by developers and feedbacks from users
are critical elements for a successful installation of a new physics. In this context,
we note that there has been an intimate exchange with Silvaco Europe Ltd in
the United Kingdom through a research visit under the umbrella of Horizon 2020
Marie Sklodowska-Curie Fellowship for Research and Innovation Staﬀ Exchange
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Figure 3-6: Device simulation process and tasks at each step for 2-D physicallybase finite-element simulator.
(RISE) Programme entitled Design Oriented ModellINg for flexible electrOnics
(DOMINO) (2015-2019) 645760 [146]. During the research visit, the convergence
problem was fixed, which occurred when the Gaussian disorder is higher than 0.20
eV.

3.3.2

General simulation process

The simulation process consists of input definition, device simulation, and output
analysis as shown in Figure 3-6. The device simulator, Atlas, lies at the center of
numerical simulation process. The Deckbuild and Tonyplot are softwares in charge
of input definition and output analysis.
At the input definition step, three tasks are executed in a script editor called
Deckbuild. First, the user defines the physical structure to be simulated. In this
step, geometrical dimension as well as a mesh or grid that covers the physical simulation domain. Also, material informationis clarified for each sub-domains in the
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device such as types (metal, insulator or semiconductor), energy structure (band
gap, DOS, etc.), transport parameters (mobility, etc.) and etc. Thus, it is at this
element where Gaussian DOS and Pasveer mobility are described. Second, the user
invokes the physical models to be used. In this study, Poisson’s equation, carrier
continuity equation, drift-diﬀusion equation, and Fermi-Dirac statistics are used.
Third, the user declares the bias conditions for which electrical characteristics are
to be simulated. The bias condition should be defined either as a fixed value or as
a sweeping range and an increment at each electrode. Aforementioned elements
are written with specific syntaxes perceived by Atlas.
At the device simulation step, numerical calculations are executed by Atlas.
This means that all the related physical equations are solved in a self-consistent
manner at each node of a mesh. The success of the device simulation could be assessed directly from the convergence of solution. If the solution does not converge,
one should return to the input definition step and carefully review each elements.
At the output analysis step, the results of device simulation are visualised and
analysed with Tonyplot, a data analysis and graphing software. The simulation
results under a fixed bias condition (including thermal equilibrium condition) are
2-D contour plots containing information on electrostatic distribution (charge, potential and electric field) and current distribution. The simulation results under
a sweeping bias condition are the current-voltage characteristics are computed
without a dimensional information.

3.3.3

Practical tips

Defining a mesh
The mesh is defined by a series of horizontal and vertical lines and the spacing
between them. The crossing points are called nodes where physical equations are
actually solved. In the other regions, the value of physical quantities is calculated
by interpolation. Figure 3-7 shows an illustration of how mesh or grid covers the
2-D physical simulation domain in this case of equal-sized mesh.
When a denser mesh is defined, results are more reliable because the nodes
become a better approximation to the real continuous medium. However, the computation time and the size of the final 2-D contour data increase with the number
of nodes. Therefore, a functionality to vary the size of the mesh is provided for an
eﬃcient numerical simulation without compromising the accuracy. For example,
we could increase the density of the mesh in the region where parameters are expected to vary significantly. In the region where parameters do not change abruptly,
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Figure 3-7: Illustration of the mesh (grid), nodes and interpolation lines in finiteelement method.
approximate values calculated by interpolation could be suﬃciently reasonable.
Numerical precision
The convergence and accuracy of a device simulation requires the numerical resolution of the quantities (n

p) and (n + p). The first appears in the charge carrier

density, which is used in Poisson’s equation to calculate the electrostatic potential,
while the second is used implicitly in the calculation of current conservation. In
order to resolve these terms, the calculations must maintain the significant bits of
arithmetic precision P at least
P ⇠

|ln(n) ln(p)|
.
ln(2)

(3.11)

When Gaussian DOS is assumed and Boltzmann statistics holds, the right hand
side of the equation can be expressed in terms of the band gap Eg and temperature
T:

1
P ⇠
ln(2)

✓

Eg
kB T

◆

.

(3.12)

Therefore, the higher precision P is required for high-bandgap materials, and
at low temperatures. Considering the badgap of organic semiconductor (typically
2.5⇠4 eV) and inorganic semiconductor (1⇠2 eV), it can be inferred that precision
is more likely to be an issue in organic semiconductor materials. In practice, Eg
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is often set as an arbitrary large value in order to consider single carrier type (ntype or p-type), which could gives rise to a convergence issue. In addition, as will
be discussed in Chapter 4.1, we found that similar issue appears when injection
becomes stronger due to an increased disorder (described by a larger width of
Gaussian DOS, ), and hence the quantity (n

p) becomes large.

By default, Atlas uses a nominal arithmetic precision of 64 bits (i.e., double
precision). In order to support the simulation of high-bandgap materials in particular, Atlas can now run at several levels of extended precision as well. The level
of precision is selected by means of a command-line flag upto 256 bits. Note that
the precision directly aﬀects the size of the floating point numbers (that appears
during the calculation and in the ouput file), an optimal precision should be used
for a time-eﬃcient calculation and data treatment.

3.4

Experimental validation

Ultimately, the validity of the model must be confirmed by experiments, as Feynman remarked on how we would look for a new law, "...Then we compute the
consequences of the guess to see what would be implied if this law that we guessed
is right. Then we compare the result of the computation to nature, with experiment or experience, compare it directly with observation, to see if it works. If
it disagrees with experiment it is wrong. ..." [147]. In the comparison to experimental observations is a possibility to correct the model, an inspiration for further
extension of the model and a practicability as the model’s reason for being.
Therefore, along with our eﬀorts to ensure physical basis in the model, we
made a consistent eﬀort to provide a comparative study between the model and
experimental data throughout the thesis. While doing so, we paid a particular
attention to conduct a careful interpretation of the experimental observations. It is
by this philosophy that we were able to identify the loss of a capacitive behaviour of
a rectifying organic diode in the forward bias regime and correlate it with a strong
charge carrier injection at the anode and a subsequent bending of potential profile
(Section 4.1). This formed a profound basis to consider organic semiconductor as
a degenerate semiconductor which gives birth to mobility enhancement by charge
carrier concentration, electric field and temperature and diﬀusion enhancement
considered in the rest of modelling processes.
In addition, we have chosen an organic rectifying diode and a staggered organic
field-eﬀect transistor for experimental as well as theoretical study. A detailed motivation for choice is presented in the beginning of a relevant chapter. All experi43
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mental conditions and methods for the device fabrication and characterisation are
given in Appendix D.
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Chapter 4
Organic diodes
In electronics, a diode is often defined as a two terminal electronic component that
conducts current in one direction (asymmetric conductance or rectification). On
the other hand, in this thesis, we employ the term ‘diode’ in an inclusive sense to
refer a two terminal electronic component that exhibits a non-linear current-voltage
characteristics. This definition does not exclude a diode that conducts current in
both direction (symmetrical or non-rectifying diode), but it distinguishes a diode
from other famous examples of two terminal electronic components, i.e. a resistor
or a capacitor (which may be confusing when a diode is defined solely as a twoterminal electronic component).
Today, a semiconductor diode is the most common type of diode that flows current between two electrodes through a semiconductor. An organic diode is a class
of semiconductor diodes that makes use of an organic semiconductor as a conducting medium. In principle, the choice of a metal and a semiconductor determines
how the device operates. The major factors are the magnitude and diﬀerence
of the injection barrier, the energy that a charge should overcome to be injected
into transport orbitals of a given organic semiconductor, at each metal/organic
semiconductor interfaces. The interface with a small injection barrier is called

Figure 4-1: Schematic diagram of vertical (a) rectifying diode (asymmetrical) and
(b) non-rectifying diode (symmetrical).
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an ‘injecting’ contact. In contrast, the interface with a large injection barrier is
called a ‘blocking’ contact that can only extract injected charges from the injecting
contact. At least one of two electrodes must be injecting in order to achieve a substantial current flow. The conduction in a diode becomes more symmetrical when
injection barrier at two electrodes decides gets more similar. According to the
aforementioned classification, we illustrate two diode structures used in this thesis
in Figure 4-1. The diodes have vertical configuration which reflects the direction
of current in reference to the substrate.
In this chapter, we will elaborate on various theoretical and experimental methods to analyse or model the behaviours of organic diodes. We made a special
eﬀort to fully incorporate the distinctive charge injection and transport processes
(presented in Chapter 2) into the model and to validate the model taking advantages of a simple structure of a diode.

4.1
4.1.1

Vertical rectifying diode
Depletion of entire organic semiconductor layer

An organic rectifying diode is not only a key and the most demanding element
for a circuit application such as a radio frequency-identification (RF-ID) tag, etc
but also the most convenient platform to study organic semiconductor and device
physics. In the RF-ID application, the device is used to supply quasi-d.c. power
to the logic circuit of the tag, in which high frequency operation enables to charge
a storage capacitor in a time frame that is only a small fraction of the base-carrier
period. In the literatures, the operation frequency of 50 MHz was demonstrated
by Steudel et al. based on a Au/pentacene/Al vertical structure [148]. Recently,
Kang et al. achieved 1-GHz-speed operation frequency by treating Au anode with
a self-assembled monolayer [149]. The work by Haldi and co-workers [150] examined the feasibility of other organic semiconductors as a rectifying diodes in
ITO/organic/Al structure. They used C60, pentacene, 4,4’-bis[N-(1-naphthyl)N-phenyl-amino]biphenyl (↵-NPD), and a N,N’-bis(m-tolyl)-N,N’-diphenyl-1,1’biphenyl-4,4’-diamine (TPD) based polymer as an organic semiconductor. However, a full understanding on the device operation is still lacking.
Because of its similar rectifying behaviour, single-layer organic organic diodes
have been generally described as conventional Schottky diodes [151, 152]. A characterizing feature of a Schottky diode is the existence of a partial depletion region
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near the blocking contact at thermal equilibrium, the modulation of which by
external bias governs the diode current [36]. In particular, the depletion region
widened when the reverse bias is applied to the diode, which concomitantly decreases the measured depletion capacitance (Cd ). This constitutes a foundation
of so-called Mott-Schottky analysis that enables the extraction of the doping concentration and the built-in potential from the 1/Cd 2 -versus-V plot [153, 154].
In contrast, a constant reverse bias capacitance has been observed in rubrene
organic diodes [155]. This implies that the doping concentration is so low that
the entire organic layer gets depleted readily at thermal equilibrium. A similar
behaviour was recently observed from the pentacene organic diode [156]. When
assuming uniformly doped semiconductor layer and full depletion approximation1 ,
the depletion width (Wd ) is inversely proportional to the square root of the doping
concentration (NA )
Wd =

s

2✏s (Vd V )
qNA

(4.1)

where ✏s is the permittivity of the semiconductor, Vd the diﬀusion potential, V
the applied anode voltage, and q the elementary charge [36]. Vd is also called the
built-in potential, which is the diﬀerence in the work function of the metal and
the semiconductor.
Figure 4-2(a) shows the ‘conventional’ energy diagram of a metal/semiconductor
junction at thermal equilibrium (V = 0 V), in which Wd is assumed to be smaller than the semiconductor thickness. The approximate depletion width could be
estimated by (5.45). The dependence of the depletion width on the doping concentration is plotted in Figure 4-2(b) for three values of diﬀusion potential Vd =
0.3, 0.5, and 0.7 V with fixed ✏s = 3.6 ⇥✏0 and V = 0 V (corresponding to the
equilibrium condition).

We note that, Wd becomes larger than 100 nm when NA is lower than ⇠
16

10

cm 3 . When Wd is greater than the semiconductor thickness, the depletion

region reaches the opposite injecting contact, and the entire semiconductor layer
is depleted. In this case, a reverse bias can no longer widen the depletion region,
which results in a constant depletion capacitance.
In order to support this concept of the ’entire’ depletion of organic semiconductor layer, we experimentally studied a prototypical organic rectifying diode
with thick pentacene semiconductor layer. Figure 4-3 shows the measured current
1

The ‘full depletion approximation’ assumes that all donor (or acceptor) dopants in the depletion region are ionized and that there is no free charge carrier. It enables analytical resolution
of the Poisson’s equation.
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Figure 4-2: (a) Energy band diagram of a Schottky junction at thermal equilibrium: EC conduction band edge, EV valence band edge, and EF Fermi level.
(b) Calculated depletion width as a function of doping concentration at various
diﬀusion potential.
density-voltage (J

V ) characteristics of a vertical rectifying Au/pentacene/Al

diode with 500-nm-thick pentacene film. The active area of the diode is 4.3⇥10

4

cm 2 , which is defined by the overlapping area of the Au bottom and the Al top
electrodes. We note that the pentacene layer is patterned by shadow mask to
achieve a minimal parasitic eﬀect. In the given structure, the Au electrode is an
injecting contact, and the Al is a blocking contact. The LUMO level of pentacene
is situated suﬃciently remote from the Fermi levels of both Au and Al. Therefore,
the diode functions as a unipolar hole-only device. As shown in Figure 4-3(b), the
diode manifested a significantly high rectification ratio.
The electrical impedance of the diode were measured at various ac voltage Vac
conditions, where dc bias Vdc is swept from - 10 to 10 V at a fixed ac bias vac =
100 mV: Vac = Vdc + vac . The measured impedance modulus Zm and phase angle
are shown in Figure 4-4, where a clear contrast between reverse and forward
bias regime is observed. First, we observe that the impedance in the reverse
bias regime exhibits the phase angle of -90 and a constant impedance modulus.
This implies that the diode shows a purely capacitive behaviour and that the
capacitance does not depend on the applied reverse bias. Therefore, the metalinsulator-metal (MIM) model can explain the diode behaviour. Second, as the
diode is being positively biased (in forward bias regime), Zm decreases and
departs from -90 approaching zero. This means that the diode deviates from
a pure capacitor, and that the resistive element of the total impedance becomes
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Figure 4-3: (a) Current density-voltage characteristics of a rectifying pentacene
diode in a linear scale (inset: device structure). The applied voltage is define
as the voltage applied to the Au bottom electrode (anode) in reference to the
grounded Al top electrode (cathode). The same results in (b) a semi-logarithmic
and (c) double-logarithmic scale.
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Figure 4-4: Impedance-versus-voltage characteristics of an organic rectifying diode
with 500-nm-thick pentacene and Au injecting and Al blocking contacts.
dominant gradually with the increase of Vdc . Then, this evolution of the impedance
bring information about the range of voltage, in which the MIM-model is valid.
Indeed, the depletion of entire 500-nm-thick organic semiconductor layer originates from that fact the doping concentration in pentacene is extremely low.
Based on (5.45), we can estimate the doping concentration NA in pentacene. Taking Vd = 0.6 V and ✏s = 3.6 ✏0 , the depletion width Wd that extends over 500
nm would be achievable when the doping concentration is lower than 1015 cm 3 .
Except for the cases where deliberate doping is desirable [157, 158], organic semiconductors are mostly used without deliberate doping. In this condition, ambient
oxygen could serve as a molecular dopant in p-type molecular film [159]. Because
the value is negligibly small compared to the molecular density of pentacene ⇠
3⇥1021 cm

3

[93], it can be inferred that unintentional doping agent only lightly

doped pentacene films.
We note that the ‘entire’ depletion of organic semiconductor layer has a direct
impact on the description of the diode current-voltage characteristics. More precisely, it requires modifications of the fundamental assumptions made during the
development of the coupled Poisson’s and drift-diﬀusion equation into the Schottky diode equation. In contrast to the ‘conventional’ energy band diagram (see
Figure 4-2(a)), there is no band bending due to the static charge from ionized
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Figure 4-5: Energy diagram of an organic rectifying diode depending on the
strength of injecting contact. The HOMO and LUMO levels are drawn with
a solid line for a weaker injecting contact (corresponding to the MIM-model or
non-degenerate), and with dotted line for a stronger injecting contact (degenerate). (a) Reverse bias regime, (b) thermal equilibrium, (c) flat-band condition,
(d) bulk-limited regime. The lower side arrows indicate the dominant conduction
mechanisms under each regime.
dopants in an organic diode. Instead, fully-depleted organic semiconductor layer
has straight band profiles at thermal equilibrium reminding of an insulator layer.
Therefore, we need a new description for the energy diagram aptly-named as the
metal-insulator-metal model (see Figure 4-5).
Under the MIM model, the electrical conduction in an organic diode is manifested entirely by the ‘injected’ charge carriers, and the organic layer is merely
regarded as a transporting medium for injection carriers. At thermal equilibrium
(Figure 4-5(b)), the net current is null due to the balance between the diﬀusion
current and the drift current. In the reverse bias regime (Figure 4-5(a)), a strong
electric field in the diode (i.e. the reverse bias is enforced by the diﬀusion potential) prevents any transport of holes from the injecting contact to the cathode.
The magnitude of the reverse current is extremely low, because the cathode cannot
inject enough charge carriers. In the forward bias regime, the diﬀusion potential
opposes the applied forward bias which cancels out at V = Vd (Figure 4-5(c)).
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When a small forward bias is applied (0 < V < Vd ), though significantly reduced
in magnitude, the internal electric field still hinders the drift of injected charge carriers towards the cathode. Therefore, the conduction in this regime is due mainly
to the dominant diﬀusion of injected carriers from the anode towards the cathode,
which is limited by the amount of injected charges, thus called ‘injection-limited’
regime. Finally, when V exceeds Vd , the internal electric field is reversed, and the
current due to the drift of the anode-injected holes aligns in the same direction
with the diﬀusion current. This regime is, thus, limited by the bulk conductivity of
the organic semiconductor rather than injection-limited. In this regime, it appears
the space-charge-limited current (SCLC).
Nevertheless, band bending may occur due uniquely to the regional ‘accumulation’ of the injected charges the degree of which would be determined by the bias
condition and the strength of the injecting contact. A detailed and quantitative description will be given in Section 4.2 with the numerical simulation results. Here,
we note qualitatively that, in the case of weaker injecting contact, the straight
band profiles could extend into forward bias regime (injection-limited regime or
even early bulk-limited regime V & Vd ) until injected charges accumulate enough
to create the upward curvature of electrical potential. On the contrary, in the
case of stronger injecting contact, a certain bending that exists already at thermal
equilibrium could present in all regimes, which becomes more pronounced as the
increase of the forward bias. For both injecting contacts, no additional bending
could occur in the reverse bias regime simply because the cathode cannot inject
charges. The regional ‘accumulation’ leads the semiconductor function as a degenerate semiconductor. Together with the non-existence of the partial depletion
layer, degenerate or non-degenerate behaviour should be taken into account for
establishing a current-voltage model with a greater robustness and a wider voltage
range of applicability.

4.1.2

Schottky diode model

We start by revisiting the Schottky diode model, which is an analytical form of
the drift-diﬀusion equation coupled with Poisson’s equation. The principle is that
following Poisson’s and drift-diﬀusion equations (5.46)-(5.47) are solved sequentially:

d2 V
=
dx2

dF
=
dx

j = qpµF
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qD

qp(x)
,
✏s

(4.2)

dp
,
dx

(4.3)
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where x is the position on one-dimensional coordinate, V the electrical potential,
F the electric field, q elemental charge, p(x) hole concentration, ✏s semiconductor
dielectric constant, j current density, µ mobility and D diﬀusion constant.
In the first step, (5.46) is used to determine the shape of the potential in the
diode. The result is expressed through the variation of the valence band edge EV
as a function of the distance x from the metal- semiconductor junction:
q 2 NA
EV = EV (0) +
✏s

✓

Wd x

x2
2

◆

(4.4)

,

where Wd is the depletion width (5.45).
The current is now established by rewriting (5.47) as:
j = µkT

✓

p dEV
kT dx

dp
dx

◆

(4.5)

under Einstein relation D = µkT /q that holds for non-degenerate semiconductor.
Next, using exp( EV /kT ) as an integrating factor:
j

Z

Wd

exp
0

✓

EV
kT

◆

dx =



µkT pexp

✓

EV
kT

◆

(4.6)

Taking the Fermi level of the metal (blocking electrode) as the reference energy,
the boundary conditions are given by:
EV (0) =

(4.7)

Ebp ,

EV (Wd ) =

Ep + q(Vd V ),
✓
◆
Ebp
p(0) = NV exp
,
kT
✓
◆
Ep
p(Wd ) = NV exp
,
kT

(4.8)
(4.9)
(4.10)

where Ebp is the hole injection barrier at the metal-semiconductor interface, and
Ep the energy diﬀerence between the valence band edge and the Fermi level in the
bulk of the semiconductor. NV is the eﬀective density of state at valence band
edge. An energy diagram of the junction and the relevant parameters are shown
in Figure 4-2.
Combining all the above equations leads to:
j = jd

✓

qV
exp
kT
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Figure 4-6: Device structure and energy diagram of an organic rectifying diode.
Due to the energetic disorder described by the width of the Gaussian DOS ( ),
injection barrier Ebp is lowered by 2 /2kB T leading to the eﬀective injection barrier
e↵
Ebp
. The HOMOedge which is 2 /2kB T above the HOMOmax is analogous to the
valence band edge EV for crystalline semiconductor. The reference points for the
position, potential and energy is indicated.
jd = qµNV F (0)exp

✓

Ebp
kT

◆

,

(4.12)

where F (0) is the electric field at the metal-semiconductor interface (x = 0). The
Schottky diode predicts an exponential increase of diode current with applied
anode voltage.

4.1.3

Metal-Insulator-Metal (MIM) model

Attempts to adapt the Schottky model to the diode with entirely depleted organic semiconductor layer have been recently made [160, 161]. More recently, we
presented how distinctive electronic structure of organic semiconductor could be
incorporated with the MIM model [162]. In essence, the Gaussian density-of-states
(DOS) is adopted to describe random distribution of fully localised states instead
p
of the square root function of the energy ⇠ EV E which is more suitable for
describing free electrons in the delocalised energy band of crystalline semicon-

ductors. Thus, we primarily use the terms HOMO (or LUMO) in the following
derivation. As shown in Figure 4-6 When Gaussian DOS is invoked, the HOMO is
54

4.1. VERTICAL RECTIFYING DIODE
represented by the maximum of the HOMO (HOMOmax ) at which the states are
the most populated.
Under the MIM model, the variation of HOMOmax is given by:
x
Vd ) ,
d

HOMO(x) = HOMOmax (0) + q (V

(4.13)

where HOMOmax (0) is the HOMO level at the anode, d is the thickness of the
organic semiconductor, Vd is the diﬀusion potential, that is, the energy diﬀerence
between the work function of both electrodes. Then, (5.50) must now be integrated
over the whole thickness of the semiconductor, thus leading to:
j = qµp0

Vd

exp qV
kT

V

d
exp qV
kT

d

1
exp qV
kT

,

(4.14)

with following boundary conditions:
HOMOmax (0) =

q(V

Vd )

HOMOmax (d) = 0
p(0) = N0 exp

e↵
Ebp.an
kT

!

p(d) = N0 exp

e↵
Ebp.ca
kT

!

(4.15)
(4.16)
(4.17)
(4.18)

where HOMOmax (d) is the reference HOMO level, p(0) and p(d) are the hole concentrations at the anode (x = 0) and cathode (x = d) derived under Boltzmann
e↵
e↵
approximation. Here, N0 is the total DOS, Ebp.an
and Ebp.ca
are the eﬀective

injection barrier at the anode and cathode, which is the defined by the energy difference between the Fermi level and the edge of the HOMO (HOMOedge ) as shown
in Figure 4-6. Then, following holds
p(0) = p(d)exp
e↵
e↵
which comes from Ebp.an
= Ebp.ca

✓

qVd
kBT

◆

,

(4.19)

qVd .

In spite of the fundamental diﬀerences in physics, the MIM and the Schottky
model have some similarities. When V < 0 (i.e. reverse bias regime), we have
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exp(qV /kT ) ⌧ 1 ⌧ exp(qVd /kT ), and (4.14) is written
j=

qµp(d)

Vd

V
d

(4.20)

,

which resembles the reverse bias current of the Schottky diode. Here, p(d) is the
hole concentration at the cathode and the term

V )/d corresponds to the

(Vd

electric field at the cathode. Thus, in both model, the reverse bias current is
basically dictated by the hole concentration and the electric field at the blocking
contact. In addition, when 0 < V < Vd , we have exp(qV /kT ) ⌧ exp(qVd /kT ).
Then, (4.14) can be simplifies into
j = qµp0

Vd

V
d

✓

qV
exp
kT

◆

1 .

(4.21)

This means that the MIM model predicts the exponential current-voltage relation
in the injection-limited conduction regime similar to the Schottky diode despite
the consideration for the Gaussian DOS and the depletion of entire semiconductor
layer.
One of the main assumptions that leads to (4.11) and (4.14) is that the ‘shape’
of the potential profile (quadratic for a Schottky diode, linear for a MIM diode)
remains unchanged when a voltage is applied. This is basically true in a Schottky
diode, as shown in (5.48). However, as will be shown in the following, this assumption only verified in a MIM when the injection barrier is high, which strongly
restricts the applicability of the model. Therefore, further investigation is needed
with a model that encompasses the case where charge injection is significant either
due to a stronger injecting contact or a greater applied bias.

4.1.4

Full MIM model

We now solve the equations the with the same assumptions as the MIM model
except the perfectly linear band profile, namely the ‘full MIM model’2 . We start
from a combination of 5.46, 5.47 and Einstein relation:
✓

dF
j = ✏µ F
dx
2

kT d2 F
q dx2

◆

(4.22)

The distinguishing characteristics such as low doping concentration and depletion of entire
organic semiconductor layer pertain.
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Then, we define the dimensionless reduced variables following Bonham and Jarvis
[163]:
xr =

x
V
d
qd2
d3
, Vr =
, Fr =
F, pr =
p, jr =
j,
d
VT
VT
✏VT
✏µVT 2

(4.23)

whereVT = kT /q. (4.22) now writes:
d2 Fr
dxr 2

Fr

dFr
+ jr = 0.
dxr

(4.24)

Note that, in the following development, potential at the anode V (0) is set as a
reference potential for the sake of mathematical simplicity, and then plotted in the
same reference with the MIM model.
The diode without current
Integrating (4.24) with jr = 0 leads to:
dFr
dxr

Fr
+ 2g 2 = 0,
2

(4.25)

where g is an integration constant. The solution of this equation for the electrical
potential is given by:
✓

◆
r
pr0
Vr = 2ln coshgxr + 1 + 2 sinhgxr
2g
where xr0 =

(4.26)

p
2/pr0 , pr0 being the reduced density of holes at the anode. The

integration constant g can be calculated by writing the value of the reduced potential at the cathode (x = d or xr = 1). This replaces the perfectly straight potential
profile of the MIM model at equilibrium given in (4.13).
Solution of the equation with current
Equation (4.24) has the following analytical solution:
0

Fr (xr ) =
where ↵ =

0

c2 Ai (c1 + ↵xr ) + Bi (c1 + ↵xr )
2↵
,
c2 Ai (c1 + ↵xr ) + Bi (c1 + ↵xr )

(4.27)

p
3
jr /2. A and B are the Airy functions, and A and B their first

derivative; c1 and c2 are integration constants. Although (4.27) looks analytical,

it does not allow a direct computation of the current-voltage curve of the diode,
because the integration constants c1 and c2 must be estimated for each value of
the reduced current jr .
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The following relationship between Airy’s functions
00

(4.28)

00

(4.29)

Ai (z) = zAi (z),
Bi (z) = zBi (z),
can be used to write the reduced hole density pr = dFr /dxr as:
Fr 2
2

pr =

(4.30)

2↵2 c1 .

jr x r

Equation (4.30) can now be used to estimate the integration constants. In
a first step, we write the values of the reduced hole density at the anode and
cathode. Assuming a quasi-equilibrium, we postulate that these values are those at
thermodynamic equilibrium (no overall current). This leads at the anode (xr = 0):
pr0 = 2↵2
or:

(

0

0

c2 Ai (c1 ) + Bi (c1 )
c2 Ai (c1 ) + Bi (c1 )
0

2

c1

)

,

0

Bi (c1 ) P0 Bi (c1 )
c2 =
Ai (c1 ) P0 Ai (c1 )
r
pr0
P0 = ± c 1 + 2 .
2↵

(4.31)

(4.32)
(4.33)

A similar equation is obtained at the cathode (xr = 1):
0

Bi (c1 + ↵)
Ai (c1 + ↵)

c2 =

P1 = ±

r

0

P1 Bi (c1 + ↵)
P1 Ai (c1 + ↵)

jr + pr1
c1 +
=±
2↵2

r
pr1
c1 + ↵ + 2 .
2↵

(4.34)

(4.35)

The sign in front of the square root in (4.33) and (4.35) depends on the orientation of the electric field at x = 0 and x = d. The constant c1 is now obtained by
eliminating c2 between (4.32) and (4.34):
h

0

Bi (c1 )

ih
i
0
P0 Bi (c1 ) Ai (c1 + ↵) P1 Ai (c1 + ↵)
h 0
ih 0
i
0
Ai (c1 ) P0 Ai (c1 ) Bi (c1 + ↵) P1 Bi (c1 + ↵) = 0.
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The electrical potential is obtained by integrating (4.27) between 0 and xr :
0

0

c2 Ai (c1 + ↵xr ) + Bi (c1 + ↵xr )
2ln
,
c2 Ai (c1 ) + Bi (c1 )

Vr =

(4.37)

Replacing c2 by its value in (4.34) leads to:
Vr =

h 0
2ln⇡ Bi (c1 )

i
P0 Bi (c1 ) Ai (c1 + ↵xr )
0

h

0

Ai (c1 )

i
P0 Ai (c1 ) Bi (c1 + ↵xr ),

(4.38)

0

where we used: Ai (z)Bi (z)

Ai (z)Bi = 1/⇡. The applied voltage V is connected

to the reduced potential through Vd = VT Vr (d) = V

Vd .

Approximate solution: Asymptotic form of Airy function
The use of the exact equations to calculate the electrical potential and integration
constant becomes problematic at low applied voltages because the value of the
constant c1 becomes positive and large, so the second Airy function Bi and its
first derivative diverge. To work around this issue, we develop in this appendix an
analytical approximation of the equations at low current.
First, let us recall the asymptotic form of the Airy functions:
Ai (z) ⇠

2 3/2
exp
z
p 3p
,
4
2 ⇡ z

(4.39)
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4
z
2 3/2
Ai (z) ⇠ p exp
z
,
3
2 ⇡
0

exp 23 z 3/2
p p
,
⇡4z
✓
◆
p
4
z
2 3/2
0
Bi (z) ⇠ p exp
z
.
3
⇡
Bi (z) ⇠

0

(4.40)
(4.41)
(4.42)

0

The asymptotic form of the ratios Ai (z)/Ai (z) and Bi (z)/Bi (z) write:
0

Ai (z)
⇠
Ai (z)

p

z,

0

Bi (z) p
⇠ z,
Bi (z)

(4.43)

(4.44)

We can also write the asymptotic forms of the products of Airy functions as:
Ai (z)Bi (z) ⇠
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1
,
2⇡
1
0
Ai (z)Bi (z) ⇠
,
2⇡
p
z
0
0
Ai (z)Bi (z) ⇠
,
2⇡
0

(4.46)

Ai (z)Bi (z) ⇠

(4.47)
(4.48)

Finally, developing in first of order in ↵/c1 leads to:
3/2

(c1 + ↵xr )3/2 ' c1 +

3p
c1 ↵xr ,
2

(4.49)

so we can write the asymptotic form of Airy function at c1 + ↵ as:
Ai (c1 + ↵) ⇠ Ai (c1 )exp (
0

0

Ai (c1 + ↵) ⇠ Ai (c1 )exp (

p

(4.50)

c1 ↵xr ) ,

p

(4.51)

c1 ↵xr ) ,

p
Bi (c1 + ↵) ⇠ Bi (c1 )exp ( c1 ↵xr ) ,
p
0
0
Bi (c1 + ↵) ⇠ Bi (c1 )exp ( c1 ↵xr ) ,

(4.52)
(4.53)

Approximate solution: Electrical potential
Using the asymptotic forms of Airy’s functions, (4.38) writes:
Vr (xr ) = 2ln⇡

nh 0
Bi (c1 )

i
P0 Bi (c1 ) Ai (c1 + ↵xr )
h 0
Ai (c1 )

i

o

P0 Ai (c1 ) Bi (c1 + ↵xr ) ,
p
p
= 2ln⇡ [( c1 P0 )Bi (c1 )Ai (c1 + ↵xr ) (
c1 P0 )Ai (c1 )Bi (c1 + ↵xr )] ,
✓
◆
✓
◆
p
p
1
P0
P0
= 2ln⇡
1 exp (
c1 ↵xr ) ,
p + 1 exp ( c1 ↵xr )
p
2⇡
c1
c1

r
p
p
pr0
= 2ln cosh c1 ↵xr + 1 +
sinh c1 ↵xr .
(4.54)
2
2c1 ↵
Note that (4.54) is similar to the potential at zero current (4.28) where the integration constant g is replaced by c1 ↵. Hence we deduce that as the current tends
to zero, c1 ↵2 ! g 2 .
Approximate solution: Integration constant c1
At low current, the value of c1 becomes large and that of the current reduces; we
can therefore neglect ↵ and rewrite Equation (4.36) as follows:
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0

Bi (c1 )
Bi (c1 )

P0



0

Ai (c1 )
0
0
P0 Bi (c1 )Ai (c1 + ↵)
Ai (c1 )
 0
 0
Ai (c1 )
Bi (c1 )
0
0
=
P0
P0 Ai (c1 )Bi (c1 + ↵).
Ai (c1 )
Bi (c1 )

(4.55)

Next, we approximate (4.35) as:
P1 '

p

c1

r

✓
◆
p
pr1
pr1
c1 + 1 ' c1 1 + 2
.
2↵2
4↵ c1

(4.56)
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At this stage, we also need a further development of the asymptotic form of Bi /Bi .
A useful form was recently derived Kearney and Martin [164]:
0

Bi (z) p
⇠ z
Bi (z)
which lead us to the final result:
p
c1 ↵)
p exp(
(P0
c1 )
= (P0
⇡

4.1.5

p

1
,
4z

c1 )
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2
↵
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p
exp( c1 ↵)
8⇡c1

(4.58)

Space-charge limited current

A useful approximation of the drift-diﬀusion model was first introduced by Mott
[165], which consists of neglecting the diﬀusion component of the current. The
SCLC regime becomes valid at high applied voltage, and also requires strong charge
carrier injection at the anode.
Neglecting the diﬀusion term leads to the following equation:
j = ✏µF
which can be integrated to:
F2 =

dF
,
dx

(4.59)

2j
x + C.
✏µ

(4.60)

The integration constant C can be determined by establishing the hole conp
centration at the anode to p(0) = p0 = N0 /2 · erfc(Ebp / 2 ) under degenerate
condition:

✏ dF
j
p(x) =
=
q dx
qµ
p(0) =

✓

2j
x+C
✏µ

j
p ,
qµ C
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C=

✓

j
qµp0

◆2

(4.63)

.

The potential a point at a distance x of the anode is obtained by integrating
the electric field from the anode to this point:
V (x) =

Z

x
0

✏µ
F (t)dt =
3j

"✓

2j
x+C
✏µ

◆3/2

#

C 3/2 .

(4.64)

In the Mott and Gurney model, there is no limitation to injection, so C ! 0

(p0 ! 1). Writing (4.64) at x = d leads to the well-known equation:
9 (V Vd )2
j = ✏µ
.
8
d3

(4.65)

The SCLC model describes the current as quadratic function of applied voltage.
In the opposite case, when the hole concentration at the anode becomes low,
one can develop the first term in the bracket to the first power of x:
✏µ
V (x) = C 3/2
3j

✓

3 2jx
2 ✏

◆

V

Vd

=

p

Cx,

(4.66)

and the current now writes:
j=

qµp0

d

,

(4.67)

which indicates the linear relationship between the current density and the applied
voltage J ⇠ V . Note that both (4.65) and (4.67) are valid only when V > Vd .

4.1.6

Validity of the MIM model

Potential profile
The first step consisted of calculating the electric field profile F (x) for given values
of the current, from which the potential and charge carrier density profiles were obtained through numerical integration and derivation, respectively. The parameters
used for the calculations are gathered in Table 4.1.
The calculated potential profiles of the MIM diode for various values of the
applied voltage are shown in Figure 4-7. It appears clearly is that the MIM approximation, that is, a linear variation of the potential with distance, is only valid
e↵
in the case of a high injection barrier (Ebp.an
= 0.46 eV). When the injection bare↵
rier is lower (Ebp.an
= 0.26 eV), a slight curvature appears at the anode (x = 0)

due to the accumulation of holes at this electrode. Also, the upward curvature of
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Table 4.1: Parameters used for the calculation of the voltage profile and the current
density-voltage characteristics of a MIM diode. ✏0 is the vacuum permittivity.
Parameters
Temperature, T
Permittivity, ✏
Mobility, µ
Total density-of-states (DOS), N0
Width of a Gaussian DOS,
Hole injection barrier, Ebp
e↵
Eﬀective hole injection barrier, Ebp
Diﬀusion potential, Vd
Semiconductor thickness d,

Values
300
3.9⇥✏0
8.5⇥10 7
3⇥1021
0.15
0.7 or 0.9
0.26 or 0.46
0.6
500

Units
K
F·cm 1
cm2 V 1 s
cm 3
eV
eV
eV
V
nm

1

Figure 4-7: Calculated potential profile of a MIM diode with the parameters listed
in Table 4.1 at various applied voltages and for an injection barrier at the anode
of (a) 0.46 and (b) 0.26 eV. The applied voltage is varied from 0, 0.3, 0.6 and 1 V.
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the potential profile gets more pronounced as the applied voltage increases in the
forward bias regime (V > 0).
Current density-voltage characteristics
Calculated current-voltage curves of MIM diodes with an eﬀective injection barrier at the anode of 0.46 and 0.26 eV are drawn in Figure 4-8 and Figure 4-9,
respectively. The exact MIM model is in good agreement with the MIM model
(Schottky’s theory) for a hole injection barrier of 0.46 eV, that is, when injection
eﬃciency is poor. In this case, the quadratic dependence of the current density
with voltage predicted by (4.65) does not appear at high applied voltage evidenced
by the slope of the double-logarithmic plot inferior to 2. On the other hand, a
linear relationship J ⇠ V in (4.67) is observed between the current density and
applied voltage.

When improving charge carrier injection by lowering the injection barrier to
0.26 eV, the agreement remains good in the early injection regime (V ⌧Vd . How-

ever, the discrepancy becomes non negligible and the curve deviates from exponential function as V approaches Vd . The discrepancy becomes nearly two order of
magnitude in strong injection, when the applied voltage is in excess of the diﬀusion
potential. A double logarithmic scale plot of the strong injection regime is shown
in Figure 4-9(b). Interestingly, the exact MIM curve merge with the SCLC current at high voltages, at variance with the diode having weaker injecting contact.
Therefore, it can be inferred that the MIM model overestimates the diode current
when injection is eﬃcient.
It is worth mentioning that the rectification ratio decreases by ⇠ 10 as the

injection at the anode is improved. This is because, when the diﬀusion potential
is kept constant, the injection barrier at the cathode is lowered simultaneously by
lowering that at anode, and that the increase in the reverse bias current by ⇠ 103

is greater than the increase in the forward bias current by ⇠ 102 reducing the
rectification ratio by ⇠ 10.

Strong and weak injecting contacts
As illustrated by Figure 4-9, two distinct cases can be separated, depending on
the injection barrier height: weak injection (high barrier) and strong injection
(low barrier). In the former case, the organic semiconductor behaves as a perfect
insulator; the voltage profile remains perfectly linear, including in the forward
bias regime, when current is flowing through the diode. In this particular case,
64

4.1. VERTICAL RECTIFYING DIODE

Figure 4-8: J V curve for a MIM diodes with the parameters in Table 4.1 and
a eﬀective hole injection barrier of 0.46 eV. The solid line correspond to the MIM
model, filled circles to the data numerically calculated from the full MIM model,
and the dashed lines to the space-charge limited current (SCLC) model (in black)
and the linear model J ⇠ V (in red).

Figure 4-9: J V curve for a MIM diodes with the parameters in Table 4.1 and
a eﬀective hole injection barrier of 0.26 eV. The solid line correspond to the MIM
model, filled circles to the data numerically calculated from the full MIM model,
and the dashed line to the space-charge limited current (SCLC) model.
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Schottky’s theory leads to a current that is in perfect agreement with the full MIM
calculation in all regimes. It is worth pointing out that, in agreement with our
calculation, poor injection also prevents SCLC to occur at high applied voltages.
Accordingly, the current at high voltage is proportional to the voltage rather than
the voltage to the square.
For a diode with good hole injection, the agreement of Schottky’s theory with
the full MIM model restricts to weak injection, when the applied voltage is lower
than the diﬀusion potential. At higher voltages, the current predicted by Schottky’s theory in overestimated by nearly a factor of 100. This discrepancy is accompanied by two important points. First, apart from a slight curvature near the
anode due to hole accumulation, the voltage profile only remains linear in the weak
injection regime (V < Vd ). In the strong inversion regime, the profile presents an
upward curvature. This observation can be associated with the fact that under
strong injection, the MIM current merges with the SCLC regime, with a current
that is now proportional to the voltage to the square.
We remind an important message from Figure 4-6 which showed that the eﬀective injection barrier reduces not only when the Fermi level approach the HOMOmax
but also when disorder becomes larger. In other words, injection at the contact can
be facilitated by the localised states that extend into the band gap. This is an exemplary illustration on the critical role of disorder on charge injection. The result
provides a strong necessity to study the eﬀect of disorder on charge transport.

4.2

Full MIM model with enhanced drift-diﬀusion

In the previous section, the mobility and diﬀusion coeﬃceint were assumed constant. On the other hand, it is shown that disorder contributes to the enhancement of drift and diﬀusion current [32,166,167]. First, Tessler and co-workers [166]
showed that disorder can give rise to an enhancement of the diﬀusion coeﬃcient
above the value expected from the classical Einstein relation D/µ = kB T /q, and
provided an implicit relation between the diﬀusion coeﬃcient and the mobility,
namely the generalized Einstein relation, for the case of a Gaussian DOS. Second,
the charge carrier concentration dependence of mobility were experimentally observed from both organic transistors and diodes. Vinssenberg and Matters [168]
correlated the gate voltage dependence of the field-eﬀect mobility with the gate
voltage induced charge concentration, and formulated a relationship between the
charge concentration on the mobility assuming an exponential DOS. Blom and
co-workers explained the enhanced space-charge limited current of organic light66
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emitting diodes (with the slope of the double logarithmic plot larger by the charge
carrier concentration dependence of mobility [114, 169].
Roichman et al. were the first to incorporate both eﬀects of disorder on the
mobility and the diﬀusion coeﬃcient in modelling of single-carrier sandwich-type
devices [170]. However, the model used in [170] for quantifying the carrier density
dependence of the mobility did not consider the percolative nature of the hopping
transport that results in the strong temperature dependence of the mobility [171].
Recently, Pasveer et al. developed a model that correctly includes the eﬀects of
percolation on the mobility, and demonstrated that in the ‘drift-dominated’ highvoltage regime the temperature dependence of the current density in PPV-based
hole-only devices can be described well assuming Gaussian disorder [32]. However, in their device model, the ‘diﬀusion’ contribution to the current density was
neglected. More recently, the theoretical method to incorporate the contribution
of the diﬀusion current in a sandwich-type device was presented by Mensfoort
and Coehoorn [167]. Nonetheless, experimental validation of the model still rests
on high voltage [172], and especially the comparison between the model and the
experimental data in low applied voltage regime is still lacking.
The discussion in the rest of this chapter for extending the work of Mensfoort
and Coehoorn is focused on provision of the experimental evidence for two eﬀects
of disorder on the enhancement of the diﬀusion coeﬃcient and the carrier concentration and field dependence of the mobility in organic rectifying diodes. The
experimental and modelled J

V characteristics are compared for the reverse bias

regime as well as the low voltage forward bias regime where the diﬀusion current
is not negligible.

4.2.1

Enhancement of mobility and diﬀusion coeﬃcient

The enhancement of drift in a disordered system is described by the variable mobility. In essence, the variable mobility model in (4.68) by Pasveer is an analytical
equation that reproduces the temperature, charge carrier concentration and electric field dependence of mobility theoretically given by the solution of the hopping
P
transport equation based on Monte Carlo simulation: ji [⌫ij pi (1 pj ) ⌫ji pj (1
pi )] = 0, pi and 1

pi being the probability of occupancy and vacancy of the site

i by a charge and ⌫ij being the transition rate for hopping from site i to j [106]:
µ(T, p, F ) = µ0 (T ) ⇥ g1 (p, T ) ⇥ g2 (F, T ).

(4.68)

Here, µ0 (T ) describes the pure temperature dependence of mobility which is
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Figure 4-10: Enhancement factors for a Gaussian DOS with dimensionless widths
ˆ = B T = 2, 4, 6, 8 and 10: mobility enhancement by (a) the charge carrier
concentration and (b) by the electric field, and (c) diﬀusion enhancement by the
charge carrier concentration. The filled circles in (a) and (c) indicate the concentration where the mobility and diﬀusion coeﬃcient are enhanced by a factor
of 2. The open circles in (c) represents values calculated by a robust semianalytical expression in (4.77)-(4.79). Compared to the direct numerical calculation
(solid lines) by (4.75)-(4.76), the calculation error is reduced over a wider range of
disorder and charge concentration.
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given by µ0 (T ) = µ(0)c1 exp( c2 ˆ 2 ) with parametrization constants c1 = 1.8 ⇥
109 and c2 = 0.42. g1 and g2 are the drift enhancement factor (i.e. mobility
enhancement) by the hole concentration and the electric field:
8
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is a constant related with the degree of disorder
=2

ln(ˆ 2

ˆ ) ln(ln4)
ˆ2

(4.73)

with ˆ = /kT , c = p/a3 , a is the lattice constant and EF is the Fermi energy.
In the limit of vanishing hole concentration and electric field, we recover the µ /
exp( cˆ
↵2 ) temperature dependence by Bassler et al.

As shown in Figure 4-10(a) and (b), the enhancement by charge concentration
and electric field is more pronounced when disorder (represented by ) is larger,
resulting in the diﬀerence of enhancement factor (hence mobility) by several orders
of magnitude. For a fixed disorder, the mobility enhancement factors monotonously increase with charge concentration and electric field. We note that both
enhancement factors converge to unity at low charge concentration and electric
field (when c ! 0 and F ! 0). Therefore, mobility enhancement is negligible

when disorder is small, and drift-diﬀusion current reduces to the Full MIM model
(in section 4.1.4.).
The generalized Einstein relation derived from the drift-diﬀusion equation quantitatively describes the diﬀusion enhancement:
D(p, F, T ) =

kB T
µ(p, F, T ) ⇥ g3 (p, T )
q
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with a diﬀusion enhancement factor g3 which writes
g3 (c, T ) =
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dEr

where Er is the dimensionless reduced energy Er = E/(kB T ), EF r is the dimensionless reduced Fermi energy EF r = EF /(kB T ).
As shown in Figure 4-10(c), the diﬀusion enhancement factor increases with the
charge carrier concentration, and shows asymptotic behaviour at low charge carrier
concentration. In addition, similar to the mobility enhancement, the diﬀusion
enhancement gets more pronounced when the semiconductor is more disordered.
Note, on the other hand, that the diﬀusion enhancement factor g3 is less significant
than mobility enhancement factor by charge carrier concentration g1 referring to
the filled circles in Figure 4-10(a) and (c) that indicate the carrier concentrations
c at which the mobility and diﬀusion coeﬃcient are enhanced by a factor of 2.
Moreover, the mobility enhancement shows a more drastic increase (by several
orders) than the diﬀusion enhancement.
Lastly, we would like to comment on the precision of numerical calculation for
diﬀusion enhancement factor g3 . In (4.75), the integral with infinite upper and
lower limits appears on both sides of a fraction. As shown by the solid lines in
Figure 4-10(c), the error for this type of numerical calculation is not robust for a
wide range of disorder. In particular, the error becomes severe when disorder gets
higher. We propose a robust alternative expression for the diﬀusion enhancement
factor adopting the semi-analytical expression for the charge carrier concentration
by Paasch [95]:
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(4.79)

c > 0.5,

where erfc(x) is a complementary error function and H(ˆ ) and K(ˆ ) are the transition function between degenerate and non-degenerate regime given in (2.13) and
(2.14). As shown in Figure 4-10(c), the above analytical expression (open circles)
enable a more precise calculation of diﬀusion enhancement factor for a wider range
of disorder and charge carrier concentration than the direct resolution (solid lines)
by (4.75)-(4.76).

4.2.2

Calculation method

We solve the drift-diﬀusion equation (5.47) considering the enhancement of drift
and diﬀusion:
j = qµ(x)p(x)F (x)

qD(x)

dp(x)
dx

(4.80)

Now, mobility µ and diﬀusion coeﬃcient D is regarded as a function of position x.
Then, using the same dimensionless parameters in (4.23) and two additional
1/3

scaled dimensionless field and concentration parameters f = Fr /jr

and y = pr /jr ,

the coupled Poisson’s and drift-diﬀusion equation (4.24) becomes
dy
f
=
df
g3 [n(y)]

1
.
g1 [n(y)] ⇥ g2 [F (f )] ⇥ g3 [n(y)] ⇥ y

(4.81)

The above equation is solved by numerical calculation to find f (y), from which
the current density, potential and carrier concentration across the device can be
obtained analytically from following equations:
jr =
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where Vd.r is the dimensionless diﬀusion potential given by Vd.r = Vd /VT .
In order to achieve a fast convergence during the numerical calculation of (4.81),
we used the iterative solution method by Mensfoort and Coehoorn [167]. Such
method has been recently integrated in Atlas Silvaco, a numerical simulator based
on the finite-element method. We improved the robustness of the convergence in
Atlas at higher disorder

upto 0.30 eV.

The full MIM model with enhanced drift-diﬀusion indeed requires a numerical
calculation at some point. Nonetheless, the model fully captures the physical
phenomena occurring in the disordered organic device with a significantly reduced
computational power. For an example, compared to the hours of computation
time to reproduce the hopping transport by the Monte Carlo simulation, the model
can be executed within a few minutes by an ordinary desktop computer. In the
following, we will elaborate how accurate this model is and what could be learn
from this semi-analytical model in pursuit of a fully analytical model.

4.2.3

Comparison to the experimental diode current

As shown in Figure 4-11, we obtained an excellent agreement between the experimental and modelled current density-voltage characteristics in both semi-logarithmic and double-logarithmic plot. Table 4.2 summarizes the parameters which gave
the best fit to the experimental current voltage characteristics. The parameters
used for modelling is either measured or taken from the literature values. Amongst
them, following parameters were adjusted µ0 (300) that indicates mobility at 300 K
with zero charge carrier concentration and zero field,
DOS, injection barrier at the anode

an
Ebp

the width of the Gaussian

and diﬀusion voltage Vd . The permittivity

✏ is measured by impedance spectroscopy. The total DOS N0 is taken from the
molecular density of pentacene [93].
In order to find the modelling parameters with a good fit, we considered the operation mechanism of the rectifying diode illustrated in Figure 4-5. First, µ0 (300)
increases the magnitude of the diode current in all regime. Second,
72
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Figure 4-11: Comparison of the current density-voltage characteristics. The symbols represent experimental measurement of the Au/pentacene/Al vertical rectifying diode. The solid line represents the simulation result by the full MIM model
with enhanced drift-diﬀusion. The dashed lines represent the analytical model
for reverse bias current with non-degenerate and degenerate approximation and
without approximation.

Figure 4-12: Evolution of current density-voltage characteristics upon varying the
width of Gaussian DOS. The same parameters in Table 4.2 are used except the
width of the Gaussian DOS varied from 0.16, 0.18, 0.20, 0.22 and 0.26 eV.
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Table 4.2: Parameters used for modelling which gave the best fit to the experimental current density-voltage characteristics.
Parameters
Temperature, T
Permittivity, ✏
Mobility, µ300
Total density-of-states (DOS), N0
Width of a Gaussian DOS,
Hole injection barrier, Ebp.an
e↵
Eﬀective hole injection barrier, Ebp.an
Diﬀusion potential, Vd
Semiconductor thickness, d
Device surface area, S

Values
300
3.9⇥✏0
1.27⇥10 7
3⇥1021
0.2
0.7
0.26
0.6
500
4.3⇥10 4

Units
K
F·cm 1
cm2 V 1 s
cm 3
eV
eV
eV
V
nm
cm2

1

eﬀect since the injection is facilitated by an increased disorder. In particular,
increases the forward bias regime current in a greater degree than the reverse bias
regime current. It is because charge carriers are injected by forward bias, and the
enhancement of mobility and diﬀusion coeﬃcient by disorder is more significant
when the greater number of charge carriers are present. Figure 4-12 illustrates
both eﬀect of varying the width of the Gaussian DOS on the current-voltage characteristics. Third, Ebp.an aﬀects the magnitude of forward bias current but does not
change the reverse bias current. More importantly, it determines the shape of the
forward bias current. As discussed in Figure 4-8 and 4-9, a stronger injecting anode results in the loss of exponential current density-voltage characteristics. Based
on the definition of eﬀective injection barrier, increasing disorder leads to lowering
of injection barrier. Figure 4-12 clearly illustrates ‘vanishing’ the unity ideality
factor. We would like to articulate that what we mean by ‘vanishing’ is that there
is always a part of current-voltage curve that follows exponential function with
the slope of q/kT (i.e. n = 1) although the range is narrowed down to the very
proximity of zero applied voltage, and, in fact, the ideality factor is not ‘deviating’
from the unity. Thus, what we observe as a non-unity ideality factor is merely due
to wrong choice of voltage range for the exponential regression. Lastly, Vd determines the rectification ratio and related with the voltage at which the slope of the
double-logarithmic plot decreases (i.e. transition from injection limited regime to
bulk-limited regime).
We note that the most critical parameter is the width of the Gaussian DOS. The
optimized value was

= 0.2 eV, which is similar to but slightly smaller than the

values measured by the ultra-violet photo-emission spectroscopy which range from
= 0.25 ⇠ 0.30 eV [129, 173–177]. The small diﬀerence could result from limited
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Figure 4-13: The hole concentration and potential profile (upper panels) and the current density and its drift and diﬀusion components
(lower panels) in the device calculated with parameters in 4.2 that gives the best fit to the experimental diode current. Each panel
in a row represents diﬀerent applied voltage: V = -1, 0, 0.3, 0.6 and 1V.
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resolution of the measurement technique (broadening of UPS signal by few kB T )
or from diﬀerent degree of disorder of pentacene thin-film in the literature. On the
other hand, we note that the value is larger than

= 0.14 eV from NRS-PPV and

OC1 C10 -PPV based polymer diodes [32], and to the values used for Monte Carlo
simulation

⇠ 0.10 eV [31].

Expectedly, the anode is a strong injecting contact with the hole injection bare↵
rier Ebp.an = 0.7 eV that corresponds to the eﬀective injection barrier Ebp.an
= 0.26

eV taking into account the facilitated injection due to disorder. The injection at
the anode is strong enough so that the straight band profile of the MIM model
is not valid and that bending of voltage profile must be considered as shown in
Figure 4-13. In addition, the strong injection makes the semiconductor behave as
a degenerate semiconductor. In order to bring more evidence to this argument,
we compared the calculated hole concentration at the anode by numerical calculation with Fermi-Dirac distribution function (solid line, pF

D)

models under Boltzmann (non-degenerate, filled circles, pnon

and by analytical

deg )

and Heaviside

(degenerate, open circles, pdeg ) approximations in Figure 4-13(b)). At the anode,
we clearly see that pdeg ⇡ pF

D

⌧ pnon

deg

that support this argument.

Interestingly, despite its role as a blocking contact, the cathode has the injec-

e↵
tion barrier Ebp.an = 1.3 eV (corresponding to Ebp.an
= 0.86 eV) enough for the

Boltzman statistics to fails. At the cathode, we observe pdeg ⇠ pF

D

⌧ pnon

deg .

Thus, it can be inferred that the Au/pentacene/Al diode operates practically in a
degenerate (or quasi-degenerate) regime. In the meantime, we can observe again
that the Paasch’s model for charge carrier concentration (filled squares, pPaasch )
works well over the entire range of carrier concentration: pPaasch ⇡ pF

D.

We draw attention to the value of the intrinsic mobility µ300 = 1.27 ⇥10

cm2 V 1 s

1

7

which could be seem too low. However, it is the zero concentration.

And this is diﬀerent to the values extracted by the field eﬀect measurement or
by the Mott-Gurney equation regime in the range of 10

3

⇠ 1 cm2 V 1 s 1 , which

contains a strong enhancement by the charge carrier concentration and/or the
electric field. Considering the enhancement by charge carrier concentration and
electric field, mobility gets µ = 8.5 ⇥ 10 7 cm2 V 1 s
4.5 ⇥ 10 3 cm2 V 1 s

1

1

at the cathode and µ =

at the anode when V = 1 V.

Finally, we were able to construct an analytical model for the reverse bias

regime. Figure 4-13(f)-(j) show the contribution of the drift and diﬀusion current
to the total diode current at each point in the device for each bias regime. In
the reverse bias regime shown (Figure 4-13(f)), the drift current at the cathode
successfully represents the total diode current similar to the case of the MIM
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model. In fact, when reverse bias is applied the injected holes from anode at
thermal equilibrium, which gave rise to the bending, is collected back through the
anode. This results in the reduction of bending, and the potential profile could
be regarded as a straight line (Figure 4-13(a)). Therefore, following analytical
equation is a good model for the reverse bias current jrev :
jrev =

qµrev pcat

V

Vd
d

(4.85)

where µrev ⇡ µ0 (300) ⇥ g1 (pcat , T300 ) is a constant value consisting only of mobility
enhancement by charge carrier concentration, and pcat is the cathode hole concentration calculated with the analytical equation by Paasch. Figure 4-11 shows the
quality of a fit to this model. The increasing discrepancy as V ! 0 V is due to
the growing contribution of diﬀusion current that cancels the drift current.
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Chapter 5
Organic field-eﬀect transistors
(OFET)
A transistor is a three terminal semiconductor device used to amplify or switch
electronic signals and electrical power. The field-eﬀect transistor (FET) is a type
of transistors, in which the electrical conductivity of a channel is modulated by
an electric field. The concept of field-eﬀect transistors (FETs) was proposed by
Lilienfeld in 1930 [178]. After the description on field eﬀect in organic semiconductors in 1970 [179–181], polythiophene, a class of organic conjugated polymers
discovered in the late 1970s, was successfully introduced in OFETs by Koezuka
and coworkers in 1986 [10, 11]. The applicability of organic small molecules in
FETs was shown more recently although the semiconducting properties had been
perceived long before [182, 183].
In principal, the gate electrode is isolated from the semiconductor layer by a
gate insulator. The applied voltage at the gate accumulates or repels one type of
charge carriers in semiconductor layer, creating a conducting channel. The charge
carriers are provided from the source electrode and extracted through the drain
electrode. The potential diﬀerence between source and drain electrodes contributes

Figure 5-1: Four typical OFET structures characterized by relative positions of
the gate electrode (G) and the source (S) and drain (D) electrodes.
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to the current along the channel. An OFETs could possess diverse structures
according to the sequence of fabrication of its components as shown in Figrue 5-1.
In general, a variety of OFET structures can be classified into two main categories
according to the position of the source and drain contact relative to the conducting
channel [184–186]. An OFET is called coplanar when the channel is in the same
plane with the contacts [187,188]. An OFET is called staggered when the channel
and the contacts are separated by an organic semiconductor layer. The position
of the gate electrode in reference to the semiconductor layer gives two possible
variations for each structure.
Amongst many characteristics that OFETs are required to possess for a practical circuit application, a minimum contact resistance, a low-voltage operation
and an n-type conduction (electron-transporting) are considered crucial due to
their direct influence on high frequency operation, low power consumption, and
organic complementary circuit [189]. A significant progress has been made in
terms of synthesizing a new organic semiconductor with improved electron/hole
transport and injection properties as well as ambient stability [59].A reliable gate
dielectric with higher dielectric constant and/or thinner thickness, the easy processing of which is still actively investigated, constitutes a key element for achieving
low-voltage operation of the n-type OFETs. The operating voltage is concerned
with the thickness di and relative permittivity (dielectric constant) ✏r of the gate
dielectric because the drain current is proportional to gate dielectric capacitance
density Ci = ✏r ✏0 /di [190]. The state-of-the-art technologies on the gate dielectrics
at process temperature below 150 C comprise the use of high permittivity metal
oxides [191], nanometer-thick SAMs (2⇠3 nm when used alone [192] or around
6 nm with AlOx [63, 193]), organic-inorganic hybrid multilayer in few nanometer
thickness [194] and thin cross-linked polymers [195–198]. However, a full theoretical understanding is still lacking.
In this chapter, we will focus on elucidating the geometrical impact on the drain
current and the contact resistance and on providing a compact model suitable for
low voltage circuit simulations in consistent with the physical ground emphasized
in Chapter 4.

5.1

A staggered OFET

In many experimental studies on comparative analysis of the TC versus BC OFETs
[187, 199–201], it has been generally observed that TC OFETs show superior electrical performance compared to the BC OFETs under the same fabrication condi80
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tion, particularly in terms of the field-eﬀect mobility µ and the contact resistance
Rc .
Several factors have been presented as a plausible explanation for this tendency.
First, the semiconductor morphology is presented as a crucial factor especially for
OFETs based on molecular semiconductors such as pentacene. In BC geometry,
the molecules evaporated on a highly reactive metal surface are lying flat or are
randomly oriented, whereas they form well-ordered region on an inert surface of
gate dielectric layer, between source/drain contact [199, 202]. This leads to poor
electrical transport property at the source/channel interface. On the other hand,
there is no such morphological discontinuity in TC OFETs [201]. Another commonly accepted advantage of TC OFETs is related to the metal penetration into
the fragile organic film. The metal cluster deposited on top of an organic layer
can form a more continuous interface, which could facilitate the charge-carrier injection, in contrast to the BC OFETs where this interface characteristics should
be abrupt [185, 203].
Second, a recent theoretical study suggests that there is a purely geometrical
benefit of the TC OFETs compared to the BC OFETs [204]. In the study, Kim et
al. ruled out any process-related or morphological eﬀects on the device properties
in their device modelling based on the two-dimensional finite element method
by considering the organic semiconductor layer as a continuous medium and all
metal/organic interfaces are sharply defined in 2-D models. The presence of a
highly resistive transition zone1 between the channel and the coplanar source/drain
contacts was recognized as the origin of the significant contact voltage drop, where
the charge carrier concentration at the contact side is limited electro-statistically
by the injection barrier between the semiconductor and the metal contact.
In fact, a similar transition zone must exist in TC OFETs. Although, as pointed
out by Kim et al., the charge carrier concentration profile remains high along the
channel in TC OFETs, the gradient of the profile appears perpendicular to the
channel axis in the semiconductor layer under the contacts. This perpendicular
transition zone in TC OFETs is indeed analogous to the horizontal transition zone
in BC OFETs, in the sense that charge carriers should transport through this low
carrier concentration zone in order to be injected into the channel or extracted
from the channel, bringing about a similar contact potential drop. Therefore, it
is not merely the existence of this transition zone that demerits the BC OFETs
over TC OFETs. A deeper understanding on this transition zone is necessary for
1

Transition in terms of charge carrier concentration from the contact (low) to the channel
(high).
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further optimization of contact resistance in TC OFETs, especially in regards to
the charge injection and transport in the zone.

5.1.1

Current path in a staggered OFET

In OFETs, organic semiconductor is mostly used without intentional doping. Therefore, charge carriers should be injected from the source contact to create a conducting channel. The drain current in OFETs is, then, mediated by the drift and
diﬀusion of charge carriers. which writes for holes:
j = jdrift + jdi↵ = qµpF

qDrp.

(5.1)

Here, for a staggered OFET, the drain current must be considered as a vector
due to its two-dimensional(2-D) nature of the device structure. The gradient of
potential F =

rV and charge carrier concentration rp determines the direction

and the magnitude of each element of the current. At given F and rp, the
magnitude is proportional to the mobility µ, the hole concentration p and the
diﬀusion coeﬃcient D.
The exact source-to-drain current path as well as the contribution of the drift
and diﬀusion current can be visualized when the hole and potential distribution
in an organic semiconductor layer, p(x, y) and V (x, y), are determined. For doing
so, the coupled drift-diﬀusion (5.1) and Poisson’s equation should be solved in
two-dimensional domain by extending the solution method presented in Chapter
4:
rF =

qp
,
✏

(5.2)

where ✏ is the permittivity of the semiconductor.
Before exact solution, we can predict the 2-D current path in the staggered
OFET as shown in Figure 5-2(a). We note that this primitive illustration is established on the fact that the injected charge carriers are locally accumulated near
the semiconductor/insulator interface. If the conductivity (and the charge carrier
concentration) of the semiconductor layer were uniform, the current path would
be quasi 1-D favouring the shortest path between the source and drain contacts.
In contrast, when vertical gradient of charge carrier concentration is present, the
detouring current path (2-D) could be favoured against the the shortest path due
to a lower resistivity near the semiconductor/insulator interface on condition that
the additional vertical current path does not cancel out the merit.
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Figure 5-2: (a) Drain current path (thick arrows) in a staggered organic field-eﬀect
transistor with bottom-gate top-contact (BGTC) configuration. Injected charge
carrier must traverse semiconductor layer (arrows in violet) to reach channel (arrow
in red). (b) Conventional equivalent circuit corresponding to the drain current
path. The access resistance Racc is assumed independent to the gate voltage.
(c) Magnified view of equivalent circuit for current crowding model near source
contact. Both the bulk rB and channel resistivity rch have gate voltage dependence.
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Conducting channel: drift current
In general, the exactly simulated hole and potential distribution supports a classical picture of the source-to-drain current path illustrated in Figure 5-2(a). Figure 5-3(a) and (b) shows the hole and potential distribution in the semiconductor
layer of an on-state TC OFET, VGS =

20 V and VDS =

2 V.

The horizontal current jx (y) is indeed flowing dominantly near the semiconductor/ insulator interface (y ⇡ 0, in the conducting channel). This accounts for
the fact that both diﬀusion and drift current that flow from source to drain (+x dir-

ection) are greater near y ⇡ 0. It is clearly shown that the hole concentration near
y ⇡ 0 is higher by factor of 1000 compared to y = ds ⇡ 60 nm (Figure 5-3(a)), and
hence the mobility enhancement, leading to jdrift.x (y = +0)

despite nearly invariant electric field Fx (y) (Figure 5-3(b)).
that rx p(+0)
2

ds

0).

rx p(ds

jdrift.x (y = ds

0)

We also observe

0), which supports jdi↵.x (y = +0)

jdi↵.x (y =

This confirms that the conducting channel is created near the semi-

conductor/semiconductor interface, and that the holes must be transported from
the contact to the channel and vice versa (namely, across the channel or along the
y-axis) to completes the current path. In addition, it enables the equivalent circuit
modelling in Figure 5-2(b).
An important message is that the total current that flows along the x-axis can
be fully represented by the drift current near semiconductor/insulator interface
jx (y) ⇡ jdrift.x (y) (see Figure 5-3(c)). Therefore, it is legitimate to describe the
channel as a conductor with variable conductance:
ch.x

=

jdrift.x
jx
= qµp ⇡
.
Fx
Fx

(5.3)

From contact to channel: drift-diﬀusion current
Now, we turn to the vertical transition zone that connects the conducting channel
with the contact. As described previously, the simulated hole distribution varies
significantly across the channel p(y) (see Figure 5-3(a)). Therefore, the hole diffusion current across the channel is not negligible, jdi↵.y (x) 6= 0, in contrast to
the current in the conducting channel (compare Figure 5-3(c) and (d)). More pre-

cisely, the total current jy (x) is dominated neither by drift nor diﬀusion, instead,
it originates from a small imbalance between the two. This diﬀerence must be
taken into account in describing and modelling how the charge transport in this
2

Be careful with the logarithmic scale.
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Figure 5-3: Simulated (a) hole concentration and (b) potential distribution in
organic semiconductor layer of a staggered OFET under on-state: VGS = -20 V
and VDS = -2 V. The channel length is 60 µm, the semiconductor thickness is 60
nm, and the contact length is 10 µm. Simulated drift-diﬀusion current (c) across
the channel at the source (x =-5 µm) and (d) along the channel (y = 0 nm). The
total current (solid line) is the sum of the drift (open circles) and diﬀusion (filled
circles) current. The drift current is dominant along the channel (x = 0 to 60 µm),
while both drift-diﬀusion current have comparable magnitude and opposite sign
across the channel.
vertical transition zone.
We keep the concept of modelling the current path as a resistive circuit element,
pursuing the formation of an equation defining the conductivity. In essence, we
are in how the current response to the electric field, where the current is the total
current with both drift and diﬀusion contributions. In this context, we propose a
physical quantity

drift.di↵

drift.di↵

= j/F ,


j
⌘
= qµp 1
F


D rp
·
= qµp 1
µ pF
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Figure 5-4: (a) Channel conductivity ch.x and (b) its average on x-axis h ch.x i
(at y = 2 nm), and (c) contact conductivity in the transition zone c.y and (d)
its average on y-axis h c.y i (at x =
5 µm) calculated at various gate voltage:
VGS = 0, 5, 10, 15 and 20 V. Note the power-law dependence of both channel
and contact conductivity with respect to the eﬀective gate voltage. In particular,
h c.y i contains an asymptotic element acc and a power-law dependent element B .
which has the same dimension as the conventional conductivity

in [S/cm] but

contains the eﬀect of diﬀusion. We note that

drift.di↵

or jdi↵ = 0. Thus, we retrieve

= qµp of (5.3) in the channel.

drift.di↵

=

ch.x

⇡

= qµp when jdi↵ ⌧ jdrift

Then, in the transition zone, we can define the contact conductivity given by
c.y

= jy /Fy ,
c.y


jy
⌘
= qµp 1
Fy


D ry p
·
= qµp 1
µ pFy

jdi↵.y
.
jdrift.y

(5.5)

In order to check the robustness of the definition, we calculated the channel
and contact conductivity at various gate voltages. As shown in Figure 5-4(a),
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we note that the channel conductivity stays almost constant along the channel
(x-coordinate) when the transistor is under on-state (high VGS ). The clear powerlaw dependence of the channel conductivity shown in Figure 5-4(b) an empirical
modelling:
h

ch.x i

=

VTe↵ |

ch0 |VGS

ch +1

(5.6)

,

where VTe↵ = VT + VDS /2 is the eﬀective threshold voltage. Here, the one (1) in the
exponent describes the capacitive modulation of channel charge carrier concentration by the gate voltage and

ch

describes the empirical power-law dependence of

mobility on the charge carrier concentration. The latter encompasses the enhancement of mobility by charge carrier concentration in the presence of semiconductor
disorder.
In the transition zone,

c.y (y)

decreases moving away from the contact interface

y ! 0. This is because the insulator/semiconductor interface blocks the charge

carriers and the horizontal motion of charge carriers becomes favoured and dominant. Interestingly, the contact conductivity shows a similar power-law dependence
on the gate voltage with an asymptote behaviour at low VGS Figure 5-4(d). This
lead to an empirical model for the contact conductivity
h
where

acc

c.y i

=

acc

+

B0 |VGS

is the access conductivity and

ductivity. Qualitatively speaking,

acc

B

=

VTe↵ |

B +1

B0 |VGS

(5.7)

,

VTe↵ |

B +1

is the bulk con-

represents the conductivity due to the in-

trinsic charge carriers present in the transition zone at thermal equilibrium, which
is linked to the injection barrier. And

B

describes the contribution of capacitively

induced charge carriers by the gate voltage in enhancing the conductivity.
The current path and two empirical models for channel and contact conductivity will be used as a foundation for a unique equivalent circuit modelling of an
OFET to be presented in the following which fully captures the eﬀect of disorder,
and concomitant enhancement of mobility and diﬀusion, on the drain current.

5.1.2

Equivalent circuit model

As briefly described in the beginning of the chapter, the necessity of minimizing the
source-and-drain resistance (namely, contact resistance) and evaluating it directly
is closely related with the quest for ever decreasing transistor dimensions where the
eﬀect of contact becomes more significant. Therefore, the relevant modelling has
progressed from the early days of MOS technologies. The most simple equivalent
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circuit for a transistor with contact resistance RC was proposed by Suciu and
Johnston [205]. In this equivalent model, the current path between the source
and the drain contact is described as a serial connection of a channel resistor and
two constant access resistances Racc at the source and the drain Figure 5-2(b). In
addition, the channel conductance modulation was solely described as the variation
of the capacitively induced channel charge carrier, i.e. con mobility is assumed
constant. Subsequent refinements of this primitive model upon adopting it for
OFETs are driven by discrepancy between these two assumptions and experimental
observations of gate voltage dependence of the mobility and the contact resistance.
The power-law dependence of mobility on gate voltage in amorphous-Silicon
(a-Si) and poly-silicon (p-Si) based FETs was observed by Shur [206]. Similar
dependence in OFETs was observed in [105, 168, 207]. A recent drain current
models for OFETs widely adopts the power-law µ and constant RC model [208].
On the other hand, no drain current model has suﬃciently incorporated the
gate voltage dependence of RC recognized in OFETs [209,210]. We note an initiative works by Chiang, in which gate bias dependence of RC in a staggered a-Si and
p-Si FET was observed and modelled by equivalent circuit approach Figure 5-2(c),
namely the current crowding model [211]. In the current crowding model, the contact resistivity is composed of a gate bias dependent and independent elements.
We have shown by means of 2-D numerical simulation that this description is
valid in OFETs with Gaussian disorder. We will proceed further how this contact
resistance model can be adopted for the drain current model for an OFET and
consistent parameters extraction method.

5.2

Analytical modelling

We will start by briefly reminding the drain current models in the literatures,
and propose an improved model which considers the gate voltage dependence of
both mobility and contact resistance. A concise derivation is provided in order
to emphasize some points that must not be neglected for achieving a good fit to
experimental data. The structure of the staggered OFET is provided in Figure 5-2.
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5.2.1

Drain current models in the literatures

Ideal drain current model
The drain current of an ideal p-channel OFET is given by [212]:
ID =

⇢
W
µCi (VGS
L

VT ) VDS

2
VDS
2

,

(5.8)

where W and L denotes the channel width and length, Ci the capacitance
density of the gate dielectric, VT the threshold voltage, and VGS and VDS the
gate-source and drain-source voltage. The ideal drain current model assumes that
RC is nil and µ is a constant independent of applied bias and position. This
enables analytical integration of the channel conductance in the channel [212].
Considering the non-negligible eﬀect of VDS on the threshold voltage [213], we
write (5.8) alternatively
ID =

W
µCi VGS
L

VTe↵ VDS ,

(5.9)

where the eﬀective threshold voltage is VTe↵ = VT + VDS /2. From the constant
mobility, it can be inferred that this model would be valid only for highly ordered
organic transistors where mobility enhancement is negligible.
Drain current model with constant RC and µ
The drain current equation in presence of a contact resistance can be found in
[205,214]. It assumes that the on-state resistance Ron , which represents the current
path from source to drain (see Figure 5-2(b)), consists of a channel resistance Rch
and two access resistances Racc at the source and drain:
Ron = 2Racc + Rch ,

(5.10a)

VDS = 2Vacc + Vch ,

(5.10b)

ID = Iacc = Ich .

(5.10c)

Here, Iacc and Ich denote the current at each resistor. In addition, 2Racc is described
as the contact resistance RC .
From (5.10c), ID can be determined when Ich is known. The physical meaning
of Ich is the drain current of an ideal transistor without contact resistance that
has imaginary source and drain S⇤ and D⇤ (see Figure 5-2). Thus, using (5.9) and
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(5.10b),

W
µCi VGS
L

Ich =

VTe↵ (VDS

2Vacc ) .

(5.11)

Note that, in the first parenthesis, the Vacc -term from the imaginary gate-source
voltage is exactly cancelled out by the same contained in the eﬀective threshold
voltage. It would, however, pertain when the drain current equation is written
by neglecting VDS 2 /2 in (5.8), which Souciou and Johnston [205] and Jain [214]
impetuously neglected upon the derivation of Rch and RC . Then, the channel
resistance Rch becomes
Rch =

VDS

2Vacc
Ich

L
W µCi |VGS

=

VTe↵ |

.

(5.12)

By substituting Vacc in (5.11) by Racc Iacc and using (5.10c) and (5.11), we get
the drain current model with constant RC and µ,
W
µCi |VGS VTe↵ |VDS
L
ID =
,
W
e↵
1 + RC µCi |VGS VT |
L

(5.13)

which returns to (5.9) when RC = 0. Then, we obtain the on-state resistance Ron
which is written as
Ron =

VDS
L
= RC +
ID
W µCi |VGS

VTe↵ |

.

(5.14)

or as the width-normalized resistance Ron W for a practical reason to compare
devices with diﬀerent W values
Ron W = RC W +

L
µCi |VGS

VTe↵ |

.

(5.15)

It is clearly shown by (5.15) that the on-state resistance Ron is a linear function
of the channel length L. This establishes the foundation for the transmission-line
method (TLM, a.k.a. transfer length method) used to extract RC and µ from a
set of transfer characteristics [210, 215, 216].
Drain current model with constant RC and power-law µ
As will be shown experimentally, it is now clearly established that µ in most
FETs is gate voltage dependent [207]. More precisely, µ increases with VGS at
low gate voltage. In this regime, the dependence of mobility on VGS is most often
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represented by empirical power-law which writes
(5.16)

VTe↵ | ,

µ = |VGS
leading (5.13) and (5.15) to

W
Ci |VGS VTe↵ | +1 VDS
L
ID =
.
W
e↵ +1
1 + RC Ci |VGS VT |
L
Ron W = RC W +

L
Ci |VGS

VTe↵ |

+1

(5.17)

(5.18)

,

It should be pointed out that the rise of µ with VGS is related with the increasing
charge carrier density in the channel. The power-law dependent µ on the charge
carrier density was formulated firstly based on the multiple trapping-and-releasing
(MTR) model [207] and variable range hopping (VRH) model [168] assuming exponential density-of-states (DOS). On both transport models, the exponent of
the power-law

is directly related with the trap characteristic temperature Tc by

1. More recently, the possibility of extending the power-law dependent

= Tc /T

mobility to Gaussian DOS was examined based on the VRH model. It was demonstrated that discrete approximations of Gaussian to exponential DOS is possible
for a practical operation range of VGS so that the power-law dependent µ would be
legitimately represented by a single

[217]. With a more comprehensive mobility

model, we have provided, in the previous section, a fundamental evidence that the
channel conductivity shows the power-law dependence.

5.2.2

Origin of power-law RC : current crowding

Now, we will elaborate how the power-law dependent conductivity (a microscopic
factor) aﬀects the contact resistance (a measurable quantity) based on the equivalent circuit of the current crowding model [211]. In summary, we propose an
analytical model for the gate voltage dependence of the contact resistance as a
power-law :
1
RC W = RC
W+
1
Here, RC ! RC
when |VGS

|VGS

A
VTe↵ |

+1

VTe↵ | ! 1. The term A/|VGS

G
the gateable element in the contact resistance RC
W.

(5.19)

.
VTe↵ |

+1

indicates

In the current crowding model, shown in Figure 5-2(c), the drain current path
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from the imaginary source S⇤ (or drain D⇤ ) to source S (or drain D) contact
is represented by the gateable channel rch (in ⌦/cm) and bulk resistivity rB (in
⌦·cm2 ) and non-gateable access resistivity racc (in ⌦·cm2 )3 . The rB corresponds to
the charge carrier transport in the bulk of semiconductor, whereas racc corresponds
to the voltage drop at the contact-semiconductor junction.
The charge carrier density is nearly constant along the channel (even under
the contact) in linear regime Figure 5-3(a). Thus, by using (5.12), the channel
resistivity rch in the region overlapped by the source and drain contact can also be
written as
rch =

Rch
1
=
L
W ch Ci |VGS

VTe↵ |

ch +1

(5.20)

.

Next, using the empirical power-law dependence of the contact resistivity observed in Figure 5-4(d), rB could be expressed as shows a similar power-law:
rB =

ds 2
B Ci |VGS

VTe↵ |

B +1

(5.21)

.

Here, ds is the thickness of organic semiconductor layer. B and

B

is the constant

of proportionality and exponent for the power-law µ in the bulk.
Now, we turn to the equivalent circuit presented in Figure 5-2(c). By the
Kirchoﬀ’s current law at the node x, we have
dIch (x)
= W JC (x),
dx

(5.22)

where JC (x) is the contact current density flowing through serially connected rB
and racc and Ich (x) is the channel current density flowing through rch at position
x. Between the node x and source contact, we get
JC (x) =

Vch (x)
,
rB + racc

(5.23)

where Vch (x) is the electrical potential at x. Similarly, between two nodes xi and
xi+1 , we have

dVch (x)
= Ich (x)rch .
dx

(5.24)

Then, from (5.22)-(5.24), we obtain a diﬀerential equation which relates Vch (x)
3

Note that Chiang used a modified the definition for the resistivity. The channel resistivity
rch denotes the channel resistance normalized only by the channel length, rch = Rch /L = ⇢ch /Sch
with ⇢ch being the conventional definition for the resistivity and Sch being the channel crosssection area. The bulk resistivity and access resistivity denotes contact resistance normalized
only by the contact cross-section area, rc = racc + rB = RC Sc = ⇢c L

92

5.2. ANALYTICAL MODELLING
with rch , rB and racc ,

d2 Vch (x)
W rch
=
Vch (x).
2
dx
rB + racc

(5.25)

The diﬀerential equation has two boundary conditions:
dVch (x)
= I0 rch ,
dx x=0
dVch (x)
= 0,
dx x= l

(5.26a)
(5.26b)

where I0 is the total drain-to-source current and l denotes the contact length.
Then, the analytical solution of (5.25) is
cosh [(x + l)/li ]
.
sinh [l/li ]

(5.27)

rB + racc
W rch

(5.28)

Vch (x) = I0 rch li
Here, the transfer length li is defined as
li =

r

over which most (i.e. 1/e) of the current transfers to (from) metal into (out of)
semiconductor.
Finally, since the potential diﬀerence between x = 0 and the source contact
is Vch (x = 0), the contact resistance RC is expressed upon assuming symmetric
access resistance Racc at the source and drain contacts as
RC = 2Racc

Vch (0)
=2
= 2rch li coth
I0

✓ ◆
l
.
li

(5.29)

As it is written, arranging (5.29) into the gateable and non-gateable elements
is not apparent. On the other hand, the separation of two elements is possible by
further mathematical approximations. If l/li
(5.28), (5.29) becomes,

1, coth(l/li ) ⇠ 1. Then, by using

r
rch
RC = 2 (racc + rB ) .
(5.30)
W
p
Then, by using Taylor series 1 + x ⇡ 1 + x/2 and substituting rch and rB by

(5.20) and (5.21), this is arranged into
racc
RC W =
ds

r

B
ch |VGS

1
VTe↵ |(

ch

B )/2

93

+p

2ds
ch B Ci |VGS

1
VTe↵ |(

ch + B +2)/2

.

(5.31)
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On the basis of hopping transport in the Gaussian DOS, mobility does not
decrease linearly but shows an asymptotic behaviour as the charge carrier concentration decreases [33]. Thus, when such dependence is described by power-law, the
exponent and the constant of proportionality for the power-law µ become smaller
as the charge carrier concentration decreases. Therefore, because of lower charge
carrier concentration in the bulk compared to the channel, we have
and ch

ch

B

>0

B > 0. This makes the second term in (5.31) decrease more rapidly

with the eﬀective gate voltage, which rationalizes the formulation in (5.19). The
extreme case, where

ch

=

B

=

RC W ⇡

5.2.3

and ch = B = , could be written as:
racc
2ds /Ci
+
ds
|VGS VTe↵ |

+1

.

(5.32)

Drain current model with power-law RC and µ

Now, we develop the drain current model with both power-law RC and µ. Substituting µ and RC in (5.13) by (5.16) and (5.19), we obtain the drain current
equation
ID =

1+

W
Ci |VGS VTe↵ | +1 VDS
L
.
1W
ACi /L + RC
Ci |VGS VTe↵ | +1
L

(5.33)

This leads to a generalized expression of on-state resistance Ron with complete
consideration for the power-law dependence of RC and µ. The width normalized
on-state resistance Ron W is written as
1
Ron W = RC
W+

A + L/Ci
.
|VGS VTe↵ | +1

(5.34)

Note that (5.34) reduces to (5.15) if there is no such dependence i.e. A = 0 and
= 0. In the following sections, we will present a consistent parameter extraction
method for OFETs with both power-law dependent µ and RC based on the drain
current model developed above.

5.2.4

Consistent parameter extraction method

The lack of a drain current model deteriorates the accuracy and physical consistency of a parameter extraction method established on the former. For example,
the H-function method extracts the threshold voltage VT and power-law exponent

neglecting the existence of RC [218], [208]. The H-function involves the

integration of ID with respect to VGS , which provides a high immunity to the experimental noise but would not lead to a simple mathematical expression when RC
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is considered. Recently, a hybrid of integration and derivative method succeeded
to incorporate the constant RC and the power-law dependent µ [219]. However,
to the best of our knowledge, no parameter extraction method fully considers
the gate voltage dependence of µ and RC while maintaining the high immunity
to noise [220]. In this respect, we will propose a parameter extraction method
consistent to the drain current model developed in the previous section.
The Ratio method
We start from (5.34) to obtain the first and second derivative of Ron with respect
to VGS , which are written as
@Ron
=
@VGS
and

( + 1)

(A + L/Ci )/W
|VGS VTe↵ | +2

(5.35)

@ 2 Ron
(A + L/Ci )/W
.
2 = ( + 1)( + 2)
|VGS VTe↵ | +3
@VGS

(5.36)

Then, we define the ratio ⌘ as the numerical ratio between the first and second
derivative of Ron with respect to VGS :
⌘=

@Ron /@VGS
VGS VTe↵
=
.
+2
@ 2 Ron /@VGS 2

(5.37)

This is a linear function of VGS along the range of gate voltage where µ and
RC depends on the power-law. Then, from the ⌘-versus-VGS plot, the threshold
voltage VT and exponent of the power-law dependence

can be estimated referring

respectively to the VGS -axis intercept and slope.
The ratio ⌘ method was originally developed for a model with power-law dependent µ and constant RC and tested for inorganic FETs [221]. Here, the feasibility of this method is extended for FETs with the power-law dependent µ and
RC . Since the power-law dependence of RC originates from that of µ, this demonstration improves physical completeness of the ratio ⌘ method.
Computation of the Ratio ⌘
A simple and compact computation of the ratio ⌘ is possible based on Taylor series
expansion of Ron limited to the second order of VGS . According to the expansion,
we have
Ronn±1 ' Ronn ±

@Ron
@VGS

VGS +
n
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2 @VGS 2

VGS 2 ,
n

(5.38)
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where Ronn represents a sequence of on-state resistance obtained discretely from
the sequence of drain current IDn corresponding to the sequence of gate voltage
VGSn that are equally spaced by

VGS = VGSn+1

VGSn = VGSn

VGSn 1 . Then,

the sequence of ratio ⌘n can be determined as
(Ronn 1 Ronn+1 ) VGS
@Ron /@VGS |n
=
.
2
2(Ronn+1 2Ronn + Ronn 1 )
@ 2 Ron /@VGS n

⌘n =

(5.39)

Similarly to conventional metal-insulator-semiconductor FETs, the sub-threshold
drain current Isub of OFETs is dominantly manifested by the diﬀusion of the charge
carriers. Thus, at variance with (5.8), Isub is written as
Isub = I0 exp



ln10
(VGS
S

VT ) ,

(5.40)

where I0 is the sub-threshold current at VT and S is the sub-threshold slope. Then,
Ron in sub-threshold regime becomes
Ron


VDS
ln10
VDS
=
=
exp
(VGS
Isub
I0
S

with its sequence



Ronn±1 = exp ±

VT )

ln10
VGS Ronn .
S

(5.41)

(5.42)

Substituting Ronn±1 in (5.39) by (5.42), we have an asymptotic limit of ⌘ below
the threshold voltage
⌘n =


VGS
ln10 VGS
coth
,
2
2S

(5.43)

VGS
.
2

(5.44)

which, as soon as | VGS | > |2S/ln10|, is simplified into
⌘n '

In summary, the ratio ⌘ follows a straight line along the range of VGS above
threshold voltage and shows asymptotic behaviour near and below threshold voltage.
Other transistor parameters
In order to model ID based on (5.33) from Section 5.2.3, other parameters must be
1
determined such as , RC
and A. First, one method of choice is the TLM which
1
enables a separated extraction of  by (5.16), RC
and A by (5.19) from the gate

voltage dependent mobility and contact resistance data obtained from multiple
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1
transistors. Second, we emphasize that RC
and the ensemble of A + L/Ci can

be extracted by (5.34) and used for the subsequent modelling and analysis. This
extraction method engages only one transistor. The detailed way of conduct of
two methods will be demonstrated in the following section.

5.3

Numerical modelling

The genuine features of the proposed drain current model are power-law dependence of mobility and contact resistance on gate voltage:
µ = |VGS
and
1
RC W = RC
W+

(5.45)

VTe↵ | ,

|VGS

A
VTe↵ |

1

,

where  is the constant of proportionality for the mobility,
exponent, and
channel width,

VTe↵
1
RC

(5.46)
is the power-law

= VT + VDS /2 is the eﬀective threshold-voltage, W is the the
is the non-gateable contact resistance and A is the constant of

proportionality for the contact resistance.
As described earlier, the physical origin was elaborated initially adopting the
multiple trapping-and-release model for the charge carrier transport in amorphous
silicon semiconductors [207]. However, a relevant study has not been suﬃciently
conducted for a more adequate theoretical description of charge carrier transport
in organic semiconductors established on thermally-assisted hopping transport in
Gaussian density-of-states (DOS), i.e. the Gaussian disorder model (GDM) [31].
Under the GDM, the mobility is unambiguously defined by
µ=

X

Wij pi (1

pj )Rijx /pF V

(5.47)

i,j

with the transition rate for hopping Wij from site i to j, probability of occupancy
pi of site i, distance between sites Rij , carrier concentration p = hpi i/a3 , electric

field F , and system volume V . In spite of its physical exactitude, this ab inito
method, requiring Monte Carlo simulation, seldom leads to a simple mathematical
equation feasible for device and circuit simulation.
Instead, a physical continuous equation was formulated by the product of the
temperature dependent intrinsic mobility µ0 (T ), temperature and carrier concentration dependent enhancement factor g1 (T, c), and temperature and electric field
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Table 5.1: List of Physical Parameters Used for ATLAS Simulation
Layer
Organic
semiconductor
Gate insulator
Source/drain
Gate

Parameter
Maximum of HOMO
Width of Gaussian DOS
Total DOS
Dielectric constant
Hole mobility
Dielectric constant
Work function
Work function

Value
5.6 ⇠ 5.9 eV
0.20 eV
3⇥1021 cm 3
4
3
3⇥10 cm2 /Vs
2.5
4.9 eV
4.3 eV

dependent enhancement factor g2 (T, F ) [32]:
µ(T, p, F ) = µ0 (T ) ⇥ g1 (p, T ) ⇥ g2 (F, T ) ,

(5.48)

which successfully reproduces the charge carrier mobility (5.47). The implementation of (5.48) in a technology computer-aided design (TCAD) software enables
a finite-element method (FEM) based 2-D device simulation with a full physical
rigorousness. We have presented, in chapter 4, a comparative study in a quasi 1-D
rectifying diode showing a good agreement of the mobility model with experimental
data.
In this section, we will present a systematic 2-D device simulation of OFETs
to delineate on the power-law dependence of the field-eﬀect mobility (5.45) and
contact resistance (5.46) on gate voltage and to examine their feasibility. For
the analysis of the numerical simulation data, a consistent parameter extraction
method is employed.

5.3.1

Injection barrier and contact resistance

We used ATLAS from SILVACO for a systematic numerical simulation of OFETs
having 2-D structure based on the FEM. The simulator solves coupled Poisson’s, continuity and drift-diﬀusion equations upon considering Gaussian densityof-states (DOS), Generalized Einstein relation and Pasveer mobility model [32,
145, 222].
Figure 5-5(a) shows the structure of simulated OFETs in a bottom-gate/topcontact configuration. The channel width is W = 1 µm, semiconductor layer
thickness ds = 60 nm, insulator layer thickness di = 600 nm and contact length
dl = 10 µm. The channel length is varied as L = 30, 40, 50, 60 and 80 µm to
extract field-eﬀect mobility using the transfer length method (TLM).
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Figure 5-5: (a) OFET device structure in bottom-gate/top-contact configuration.
(b) Electronic structures at the contact/organic semiconductor interface. EF denotes the Fermi level, HOMOmax the maximum of the HOMO, the half-width at
half-maximum of Gaussian DOS, and Eb the injection barrier varied as 0.7, 0.8,
0.9 and 1.0 eV.
Figure 5-5(b) shows the electronic structure at the interface between the contact
and organic semiconductor with a Gaussian DOS described by
N0
g(E) = p
exp
2⇡
where N0 denotes the total DOS,

"

(E

#
HOMOmax )2
,
2⇡ 2

(5.49)

the half-width at half-maximum (a.k.a. the

width of Gaussian DOS), HOMOmax the maximum of the highest-occupied molecular orbital (HOMO). Then, the injection barrier Eb is defined as the distance
between the HOMOmax and the Fermi level EF of the contact metal [162]. In order

99

CHAPTER 5. ORGANIC FIELD-EFFECT TRANSISTORS (OFET)
to analyse the eﬀect of the injection barrier on the contact resistance, Eb is varied
in from 0.7 to 1.0 eV by changing the position of HOMOmax while keeping the
position of EF constant (see Figure 5-5(b)). Note that the values of Eb correspond
to around 0.0 to 0.2 eV considering the eﬀect of disorder in lowering Eb [162].
Table 5.1 summarizes the physical parameters used for the simulation. The
parameters for organic semiconductor are chosen based on experimental measurements of pentacene thin-film:

= 0.20 eV from ultra-violet photoemission spec-

troscopy [129], N0 = 3⇥10

3

21

cm

from the density of molecules in thin-film [93],

the dielectric constant ✏s = 4 from impedance spectroscopy [156]. Hole mobility
is denoted by µ0 (T ) at 300 K. The dielectric constant of gate insulator, ✏i = 2.5,
corresponds to poly(methylmethacrylate) polymer gate dielectric material measured from impedance spectroscopy [223]. The work functions of contact and gate
electrodes are typical of gold and aluminium.

5.3.2

Robustness of the parameter extraction method

Figure 5-6(a) shows simulated transfer characteristics of OFETs (drain current ID
as a function of gate voltage VGS ) for several L and Eb , where ID decreases with
L and Eb . The supra-linear transfer characteristics is attributed to the variable
hole mobility in (5.48) as well as small contact resistance. For further analysis on
the gate voltage dependence of µ and RC , the Ron -versus-L plot was drawn upon
defining the on-state resistance Ron = VDS /ID . The linear increase of Ron with L
for all Eb observed in Figure 5-6(b) enables analysis by the TLM based on the
proposed contact resistance model:
1
Ron W = RC
W+

A + L/Ci
.
|VGS VTe↵ | +1

(5.50)

where Ci is the insulator capacitance per unit area. The field-eﬀect mobility and
contact resistance can be extracted from the slope and intercept of the Ron W versus-L plot when the threshold voltage VT is determined.
The ratio ⌘ method is a consistent parameter exraction method to extract VT
and

simultaneously from OFETs with power-law mobility and contact resistance,

where ⌘ is defined by the numerical ratio of the second to the first derivative of
Ron in the linear regime. The calculated ⌘ shows a discretizable linear dependence
to VGS above threshold voltage, which gives an evidence to the power-law mobility
(see Figure 5-6(c)). Referring to the analytical expression for ⌘ (inset equation in
Figure 5-6(c)), VTe↵ and

were estimated from the x-intercept and slope of the

⌘-versus-VGS plot. First, as shown in Figure 5-6(d), the extracted values of VTe↵
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Figure 5-6: (a) Simulated transfer characteristics of OFETs. (b) the Ron W -versusL plot. (c) The ratio ⌘-versus-VGS plot for parameter extraction (The inset is a
close-up view). In the panels (a-c), each symbol represents a diﬀerent channel
length L and each color represents a diﬀerent injection barrier Eb . (d) The dependence of the extracted eﬀective threshold voltage VTe↵ and power-law exponent
on Eb and L. Note that VTe↵ varies significantly with Eb , whereas does not.
and

do not show the dependence on L. We can infer that the channel length

of a transistor has no significant eﬀect on when the transistor turns on and how
mobility changes with gate voltage. Second, VTe↵ increases with Eb , i.e. VTe↵ = 0.25, -0.36, -0.47 and -0.58 V respectively for Eb = 0.7, 0.8, 0.9 and 1.0 eV, whereas
does not change significantly ( = 1.51 in average). The former originates from
the fact that a larger gate voltage is required to create a conducting channel when
the number of holes present in the semiconductor layer at thermal-equilibrium are
smaller as a result of a less favorable injection from contact due to a larger injection
barrier. The latter implies that how mobility increases with gate voltage is related
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Figure 5-7: Extracted (a) field-eﬀect mobility µ and (b) contact resistance RC
as a function of eﬀective gate voltage |VGS VTe↵ | based on the transfer length
method for several injection barriers. Good fits to power-law mobility and contact
resistance models are observed (the solid lines and inset equations).
less to the injection barrier but more to the width of Gaussian DOS. A wide range
of gate voltage for each discretizable linear dependence could also account for this
behavior.

5.3.3

Power-law dependent mobility and contact resistance

Finally, the field-eﬀect mobility and contact resistance were extracted from the
slope and intercept of the Ron W -versus-L plot by using (5.50). Note that, for
each electronic structure, diﬀerent value of VTe↵ should be used for the extraction
of µ. The principal feature of Figure 5-7 is a good fit of extracted µ and RC to
respective power-law model (inset equations) over a wide range of VGS with all
fitting parameters unambiguously extracted.
In depth, first, a perfect overlapping of the extracted field-eﬀect mobility from
OFETs with diﬀerent Eb proves the usefulness of  and

for the description of

charge carrier transport excluding the eﬀect of the contact resistance as well as the
robustness of the extraction method (Figure 5-7(a)). A correlation can be made
between the width of Gaussian DOS,

= 0.20 eV, and characteristic temperature,
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TC = 753 K, calculated from

= Tc /T

1 assuming the discrete approximation

of a Gaussian to exponential DOS [168].
Second, the significant modulation of RC by VGS can be modelled successfully
with a unique power-law exponent ( = 1.51) for all Eb despite the great diﬀerence
in the magnitude of RC . The eﬀect of Eb on RC is reflected in the non-gateable
contact resistance and constant of proportionality that decrease with Eb : A = 72,
24, 8 and 5 k⌦·cm·V

+1

1
and RC
= 95, 19, 10 and 7 ⌦·cm for Eb = 0.7, 0.8, 0.9

and 1.0 eV.
This result provides a physical ground to the adoption of the empirical powerlaw mobility and contact resistance in compact modelling of OFETs and parameters for a quantitative evaluation on the eﬀect of disorder in organic semiconductor
on charge carrier transport and injection in OFETs.

5.4
5.4.1

Experimental validation
Transfer and output characteristics

Figure 5-8 shows representative transfer and output characteristics of a pentacenebased p-type OFET with L = 60 µm and W = 1 mm. For the linear regime transfer
characteristics, the OFET is applied with VDS =

2 V. If the transfer character-

istics were interpreted using the ideal drain current model in Section 5.2.1, then
e↵
one would infer an eﬀective threshold voltage VT.LEM
= -24.2 V and field-eﬀect

mobility µLEM = 0.21 cm2 V 1 s

1

extracted by the linear extrapolation method

(LEM) taking Ci = 3.68 nF·cm 2 . However, there would be a problem for interpreting the large drain current value in the sub-threshold or around-threshold
region. Moreover, the straight line, which also represents the ideal drain current
model, shows a limited range of fit.
In fact, this seemingly linear transfer and output characteristics do not provide
a conclusive evidence to exclude the existence of gate voltage dependence of µ and
RC which are principal factors giving rise to a non-linearity in the transfer and
output characteristics. Therefore, an in-depth analysis is required to verify the
existence and gate voltage dependence of µ and RC .

5.4.2

Ratio ⌘ method

The ratio ⌘ method is a technique to extract VTe↵ and

that dictate the power-law

dependence of µ and RC to verify the power-law dependence of µ. Figure 5-9
shows ⌘ calculated by (5.39) as a function of VGS for diﬀerent gate voltage spacing
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Figure 5-8: Measured (a) transfer and (b) output electrical characteristics of a
p-type organic field-eﬀect transistor based on pentacene. The solid line represents
the parameter extraction by linear extrapolation method as well as the ideal drain
current model.

Figure 5-9: Ratio ⌘ as a function of VGS calculated for diﬀerent values of VGS
using (5.39) from the transfer characteristics of a pentacene-based OFET with
L = 60 µm (symbols). The solid line is a fit to (5.37) for the extraction of the
eﬀective threshold voltage VTe↵ and power-law exponent . Dotted lines are a guide
to the eye for the asymptotic behaviour calculated by (5.43).
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VGS =-1, -2 and -4 V. First, the curves show a linear dependence on VGS for large
enough VGS . Although we note a more pronounced noise for a smaller
extracted values of VTe↵ and

VGS , the

do not exhibit a significant dependence on

VGS .

This makes the ratio ⌘ method free of measurement noise problem unlike other
extraction methods that involve diﬀerentiation. Furthermore, parameters can be
precisely determined from only a few ID -versus-VGS measurement points spaced
apart by

VGS amounting to several volts. From the x-intercept and slope of the

straight lines, VTe↵ and

are estimated as -12.7 V and 1.24 by (5.37). We note that

e↵
VTe↵ extracted by the ratio ⌘ method is around 12 V below VT.LEM
. In addition, a

non-zero

and a good fit of ⌘ to (5.37) confirm the power-law dependence of µ on

the gate voltage.
Second, the curves show an asymptotic behaviour for VGS near and below VTe↵
with diﬀerent saturation values for each curves. These values match well with the
model of (5.43), ⌘ = -1.3 V ( VGS = -1 V), -1.5 V (-2 V) and -2.2 V (-4 V), where
the sub-threshold slope (S = 2.8 V/dec) extracted from Figure 5-13(a) is used. We
note that the ratio ⌘ exhibits a complete asymptotic behaviour at VTe↵ . Thus, we
can infer that VTe↵ indicates the gate voltage at which drain current is dominantly
manifested by the diﬀusion of charge carriers.

5.4.3

Transmission-line method

The TLM allows analysis of both RC and µ and their gate voltage dependence.
Firstly, we draw the Ron W -versus-L plot and extrapolate the linear regression line
to zero L. Then, RC W is directly read from the y-intercept of the linear regression,
while µ is estimated from the slope by excluding the contribution of Ci |VGS

VTe↵ |

by (5.15). At this point, we emphasize that the value of VTe↵ used to extract µ
must be obtained from a linear regime the transfer characteristics where (5.15) as
well as (5.13) were driven.
As shown in Figure 5-10, Ron W increases linearly with L, and the extrapolation
of Ron W to L = 0 indicates a non-zero value. This brings evidence for the existence
of RC , which makes the drain current models with RC more suitable than the ideal
model or a model that uniquely considers the gate voltage dependent mobility.
Moreover, in contrast to (5.15) established on the constant RC model (see Figure 52(b)), the gate voltage dependence of RC is apparent from the change of y-axis
intercept. Therefore, RC must be considered as a variable resistor modulated by
the gate voltage (inset of Figure 5-10).
In particular, the power-law dependence on the gate voltage is observed for
RC (see Figure 5-11(b)). This ensures the physical consistency of using the drain
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Figure 5-10: Ron W -versus-L plot for the TLM. The inset is the equivalent circuit
for the drain current path that consists of the channel and contact resistors (Rch
and RC ). Both resistors are depicted as a variable resistor, which emphasizes the
modulation of Rch and RC by VGS .
current model and on-state resistance equation that encompass the gate voltage
dependence of RC and µ by power-law for the subsequent quantitative analysis
and modelling of RC and µ, and for the extraction of parameters required for
the analysis. We note, in addition, that the transfer length li estimated from the
x-intercept of Figure 5-10 amounts approximately to 10 µm. Since the contact
length of the fabricated OFETs is l = 100 µm, l/li is indeed much greater than 1.

5.4.4

Power-law dependent RC and µ

Figure 5-11 shows a strong dependence of both µ and RC W on the eﬀective gate
voltage |VGS

VTe↵ |. In general, µ increases and RC decreases when |VGS

VTe↵ |

increases. The former can be properly described by the rise of the Fermi level
towards the transport energy in the Gaussian DOS under the hopping transport
model [33]. The latter originates from the increase of the mobility and hole concentration in the bulk when |VGS

VTe↵ | increases.

Notably, both µ and RC W exhibit the power-law dependence on the gate

voltage. The salient feature of (5.19) is the combination of non-gateable con106
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Figure 5-11: (a) Mobility and (b) contact resistance as a function of the eﬀective
gate voltage |VGS VTe↵ | extracted by the TLM. The solid lines are a fit to the
power-law mobility and contact resistance models (inset equations). Thanks to
pre-determined parameters by the ratio method (VTe↵ = 12.7 V and = 1.24),
1
all the rest (, A and RC
W ) can be determined by linear extrapolation. Dotted
and dash-dot lines correspond to the model of Richards and Meijer, which is a
specific case of the proposed model where = 0 or RC = 0.

Figure 5-12: Width-normalized on-state resistance extracted from a single OFET
1
(L = 60 µm) as a function of |VGS VTe↵ |
. The solid line is a fit to the model
1
with power-law RC and µ that leads to the non-gateable contact resistance RC
.
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Table 5.2: Comparison of the extracted parameters based on the transmission
length method (TLM) and the single transistor method from pentacene OFETs.
Parameters
Mobility proportionality constant,
1 1
 [cm2 V
s ]
Width-normalised contact resistance
proportionality constant,
A [M⌦·cm·V +1 ]
Width-normalised on-state resistance
proportionality constant,
A + L/(Ci ) [M⌦·cm·V +1 ]
Contact resistance asymptote,
1
RC
[M⌦]

TLM
2.8⇥10

Single transistor
-

3

142

-

732

726

0.023

0.027

tact resistance and gateable contact resistance following power-law the benefit of
which can be elaborated more eﬀectively in comparison to previous models (Figure 5-11(b)). First, the proposed model shows significantly improved fit compared
to the best least-square fit by the model of Richards [188] that corresponds to a
specific case of (5.19) when

= 0. This is accounted from the fact the model of

Richards considers only the modulation of the bulk carrier concentration by the
gate voltage in modelling the bulk resistivity whereas that of the bulk mobility is
not counted. Second, the inclusion of non-gateable contact resistance provides a
1
better result compared to the Meijer’s model [224] that corresponds to RC
= 0,

especially, in high gate voltage range |VGS

VTe↵ | > 15 V where the contribution

of injection at the contact becomes dominant over bulk transport.
Since we are able to extract both

and VTe↵ through the ratio ⌘ method, it is

1
possible to extract all other parameters (, A and RC
) by linear fitting with no

chance of ambiguity:  from the slope of the µ-versus-|VGS VTe↵ | plot by (5.16); A
1
and RC
W from the slope and y-intercept of the RC W -versus-|VGS

by (5.19). On the contrary, if
such as , A and

1

plot

were an unknown fitting parameter, a non-linear

numerical fitting would be required to extract
1
RC
,

VTe↵ |

together with other parameters

which involves cumbersome computational approach so that

estimated fitting parameters would suﬀer from a certain degree of ambiguity.
1
We note that RC
is significantly smaller than RC (i.e. the sum of non-gateable

and gateable contact resistance) even for a large VGS : 0.023 versus 0.2 M⌦·cm at
VGS = 32.7 V. This indicates that the access resistivity racc at the Au/pentacene interface is less responsible for the contact resistance. Instead, RC mostly originates
from the vertical current path across the bulk of pentacene layer within a practical
operation range of VGS , which is co-evidenced by the strong VGS modulation of RC
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(Section 5.2.2).

5.4.5

Extraction of RC1 from a single OFET

A single transistor can provide suﬃcient parameters to model ID and to analyse
the injection properties at the contact, although one must employ the TLM for a
complete analysis on the gate voltage dependence of RC and µ as Natali insisted
in [225]. As shown in Figure 5-12, the Ron W -versus-|VGS
an excellent linearity which is coherent to (5.34). Thus,

1
RC

VTe↵ |

1

plot shows

and A + L/Ci can

be extracted from the intercept and slope. The values determined from a single
transistor are remarkably close to the averaged values extracted from the TLM
(see Table 5.2). This confirms the robustness of the parameter extraction from a
1
single transistor. Using RC
and A + L/Ci , drain current can be fully calculated

by (5.33).
We emphasize that, based on the constant RC and power-law µ model (5.18),
the y-intercept is often mistakenly regarded as the contact resistance legitimate
for the entire gate voltage range despite of its several orders of magnitude smaller
value than that determined from the TLM [219]. Similarly,  would be overestimated from the slope by referring to (5.18) rather than (5.35). Distinguishing the
non-gateable and gateable contact resistance provides a clear physical meaning to
extracted parameters, which enables a rigorous assessment of the contact property
of OFETs.

5.4.6

Comparison of experimental data with models

Figure 5-13 compares the experimental data with the ideal (I), constant RC and
power-law µ (CR) and power-law RC and µ (PRM) drain current models in terms
of the transfer characteristics and relative diﬀerence defined as
IDexperiment IDmodel
=
⇥ 100.
IDexperiment

(5.51)

The PRM model exhibits an excellent match to the experimental data with a
wide range of fit. A more adapted fit ( < 5%) is obtained with the parameters
extracted from the single transistor (PRM2, see Figure 5-12 for the parameters)
than from the TLM (PRM1, see Figure 5-11), which is predictable since the latter
is averaged values. On the other hand, the ideal drain current model (5.9) (I, solid
e↵
line in black) has very limited range of fit (VGS < VT.LEM
= -23.2 V) not to mention

its lack of physical sense. Lastly, we observe that sweeping the value of constant
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Figure 5-13: Comparison between the experimental data with the ideal (I, solid
line in black), constant RC and power-law µ (CR, lines red) and power-law RC and
µ (PRM, lines in blue) drain current models in terms of (a) transfer characteristics
and (b) relative diﬀerence.
RC in (5.17) does not lead to a suﬃcient fit giving

⇠ 20%, RC W = 0.027 (CR1),

0.1 (CR2) or 1 M⌦·cm (CR3). In short, a wide range of excellent fit demonstrates
convincingly the advantage of considering the power-law dependence of RC and µ
for modelling OFETs.

5.5
5.5.1

Compact modelling
Low voltage n-type OFETs

Based on the proposed above threshold drain current model, we proceed in establishing a physically-based compact model applicable for a circuit simulation. In
particular, for its importance in organic complementary circuits, we will examine
the robustness of a compact model for modelling a flexible low voltage n-type
OFET with high stability under ambient conditions such as humidity, light and
oxygen.
Figure 5-14 shows the device structure and the chemical structure of electron transporting organic semiconductor and gate insulator.

We used TIPS-

tetracyanotriphenodi-oxazine (TIPS-TPDO-4CN) as an n-type semiconductor exhibiting an excellent stability in ambient condition [223, 226]. A reliable gate
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Figure 5-14: (a) Device structure of a low voltage flexible organic field-eﬀect
transistor and chemical structures of compounds used in the OFET: (b) TIPStetracyanotriphenodioxazine as an n-type semiconductor and (c) poly(methyl
methacrylate) and (d) 1,6-bis(trichlorosilyl)hexane which form a polymer gate
dielectric (e) polysilsesquioxane-PMMA composite. The crosslinking of C6 -Si results in polysilsesquioxane with a three-dimensional structure, which physically
confine PMMA reducing the thickness of polymeric gate and increasing the dielectric constant, and hence enabling the low-voltage operation.
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dielectric, the easy processing of which is still actively investigated, constitutes a
key element for achieving low-voltage operation of OFETs. The operating voltage
is concerned with the thickness di and relative permittivity (dielectric constant) ✏r
of the gate dielectric because the drain current is proportional to gate dielectric capacitance density Ci = ✏r ✏0 /di [190]. The state-of-the-art technologies on the gate
dielectrics at process temperature below 150 C comprise the use of high permittivity metal oxides [191], nanometer-thick SAMs (2⇠3 nm when used alone [192]
or around 6 nm with AlOx [63, 193]), organic-inorganic hybrid multilayer in few
nanometer thickness [194] and thin cross-linked polymers [195–198]. We adopted
cross-linked polymer composite as a gate insulator. The polysilsesquioxane-PMMA
composite (crosslinked-PMMA or c-PMMA) has a dielectric constant (relative permittivity) of 3.9 at 10 kHz measured by impedance spectroscopy and a thickness
of 110 nm, giving capacitance of a 31.4 nF/cm2 .

5.5.2

Improvements on the compact model

Above threshold regime
We express the above-threshold drain current Iabove as the product of the linear
regime channel conductance gch , eﬀective drain voltage VDSe , and improved saturation asymptotic term [1 + (|VDS |

↵S |VGS

VT |)] [227–229]. First, gch of a

n-type (electron-transporting) OFET is written as
gch =

1

KµFET (VGS VTe↵ )
RC KµFET (VGS VT e↵ )

(5.52)

considering, for the first time, the gate bias dependent contact resistance RC as
well as mobility µFET by power-law:
µFET = |VGS
1
RC = RC
+

(5.53)

VTe↵ |

A/W
|VGS VTe↵ |

+1

.

(5.54)

In (5.52), K = (W/L)Ci and VTe↵ = VT + VDSe /2 where W denotes the channel
width, L the channel length, Ci the insulator capacitance per unit area, and VTe↵
denotes the eﬀective threshold-voltage and VT the threshold voltage. In (5.53), 
and

are the constant of proportionality and exponent of the power-law mobility.

1
In (5.54), RC
is the non-gateable contact resistance and A is a parameter that

describes how contact resistance varies with gate bias related to the bulk mobility,
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insulator capacitance per unit area, and semiconductor thickness.
Second, the transition from linear-to-saturation regime accounts for the use of
VDSe in (5.52)-(5.54):


VDSe = VDS 1 +

✓

VDS
Vsat

◆m

1/m

(5.55)

,

which, as VDS increases, follows VDS when VDS ⌧ Vsat and saturates to Vsat when
VDS

Vsat . It is note worthy that VDSe ! 0 when VGS ! VT .

Finally, by incorporating a saturation modulation parameter Vsat = ↵S (VGS
VT ), we obtain a completely new above-threshold drain current equation Iabove
with power-law mobility and contact resistance:
Iabove = "

VDS [1 + (|VDS | ↵S |VGS VT |)]
#
A/W
+
1/(K)
VDS
1
RC
+
1+
+1
↵S (VGS VT )
VGS VTe↵

m 1/m

.

(5.56)

Here, we can separately evaluate the contribution of the contact property and the
1
bulk transport on contact resistance by referring to RC
and A and . In addition,

the degree disorder and its eﬀect on mobility enhancement can be quantified by
and . The former can be used to estimate the approximated width of the
Gaussian DOS T0 .
Sub-threshold regime
As previously shown by the asymptotic behaviour of the ratio ⌘ near and subthreshold voltage, the sub-threshold drain current in this regime could be modelled
as an exponential function of gate voltage:
Isub = I0 exp



ln10
|VGS
S

VT | .

(5.57)

Here, I0 is the current at VGS = VT , where, by definition, Isub must show an apparent exponential increase, and S is the sub-threshold swing. The equation expressed
with VT , which can be precisely estimated by the ratio method, enables to demonstrate the coherence and the validity of the extracted threshold voltage. Note that,
due to its diﬀusion mediated conduction mechanism, the drain current in this regime is independent to the drain voltage as long as VDS > kT /q [37]. This model
is, thus, applicable to most unintentionally doped molecular semiconductors that
are characterized by low thermal carrier density on the order of
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Nonetheless, we would like to emphasize that, in the framework of the Gaussian
disorder and diﬀusion enhancement by charge carrier concentration, any factors
that modify the charge carrier concentration at this around-thermal equilibrium
condition could contribute to the drain voltage dependence of the sub-threshold
current. In this case, we can extend the model by taking the values of ID at VT
for diﬀerent VDS and using them as a variable I0 .
Complete Model for All Regimes
Finally, a physically-based compact model for OFETs is proposed which encompasses all operation regimes. As depicted in Figure 5-15(a), models for each regime
have a distinctive range of validity. A conventional method used for silicon TFTs
is to take [(1/Iabove ) + (1/Isub )]

1

to combine the equations [104]. However, it is

found that this method is generally not applicable to OFETs, especially when the
below-to-above transition zone is spread over a wide voltage range (i.e. transfer
characteristics with a larger sub-threshold swing). Although an alternative approach introduced in [230] overcome this limitation by making use of a transition
function for eﬀective gate voltage, it is not compatible with our model with an
independently defined Isub and Iabove . Therefore, we propose a hyperbolic tangent transition function as the suitable method for OFETs with a tunability of
the position and the degree of transition. Another advantage is the mathematical
continuity at the transition point of both the hyperbolic tangent function and its
first derivative.
Itotal


1
= Iabove ⇥
1
2

tanh



VGS
VB

VB
VT


1
VGS
+ Isub ⇥
1 + tanh
2
VB

VB
VT

+ Io↵ (5.58)

with only one additional parameter, namely the transition voltage VB . In essence,
VB defines the center of the transition. Mathematically speaking, the above and
sub-threshold current contribute to the total current by the same factor (1/2) at
this voltage. Therefore, a practical choice of VB . is done by referring to the voltage
at which the vertical distance between Isub and Iabove is the minimum.
Importantly, in contrast to our initial attempt [229], where we used a purely
numerical fitting parameter B for the description of the degree of transition, we
were able to provide the physical meaning of B in a continuous eﬀort to minimize
the fitting parameter without a physical meaning or explanation. Inspired by its
mathematical role of describing the degree (or the range) of transition, we propose
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Figure 5-15: (a) A measured linear-regime transfer characteristics and the elements
of the drain current compact model: above-threshold current Iabove , sub-threshold
current Isub and oﬀ current Io↵ . VT is the threshold voltage. VB is the voltage
at which the diﬀerence between Isub and Iabove is the minimum. (b) The eﬀect
of the transition parameter B on the compact model. When VT and VB are a
precisely determined, the model has a large tolerance on B, and it can be defined
as B = (VB VT ) 1 .
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that the numerical fitting parameter can b replaced by the horizontal distance
between the transition and threshold voltage, B = (VB

VT ) 1 . It can be inferred,

by its definition, that B is dependent to the operation voltage. As shown in
Figure 5-15(b), a smooth fitting is achieved by this unambiguously definition of
transition parameter B.
We would like to emphasize that the large margin of B shown by the good
quality of fit for B > (VB

VT )

1

upto (but not limited to) 250 V

1

owes to the

precisely determined threshold voltage. A larger B means the transition occurs
along a narrower range of voltage, and, when the distant between the above and
sub-threshold current is large due to imprecisely estimated threshold voltage, B
would take in general a smaller value to ensure a smooth transition over a wider
range of voltage.

5.5.3

Final compact modelling result

Figure 5-16 shows the final comparison of the new compact model with the experimental data. The proposed model precisely reproduces measured current-voltage
characteristics over oﬀ, sub-threshold, linear, and saturation regimes with a single
set of the extracted parameters listed in Table 5.3.
Comparing the key extracted parameters from TIPS-TPDO-4CN OFETs with
pentacene OFETs from the previous section summarized in Table 5.4, we can gain
a fundamental insight on the material and device properties. The first diﬀerence
is the mobility. It can be inferred from the mobility proportionality constant that
TIPS-TPDO-4CN is a better charge carrier transporting material than pentacene
( = 2.6⇥10

2

versus 2.8⇥10

3

cm2 V

1

s 1 ). A plausible origin is higher or-

der in the TIPS-TPDO-4CN thin film evidence by a smaller power-law exponent
B
( = 0.47 versus 1.24). As a consequence, high gate voltage bulk resistance RC

is lower in the TIPS-TPDO-4CN transistor than the pentacene transistor. Interestingly, in contrast to the pentacene device, the injection at the contact gives
greater contribution to the the high gate voltage contact resistance than the bulk
1
transport in the transition zone (RC : RC
= 22:21 versus 2:0.3 in M⌦). Given the

good mobility and molecular order, a more adaptive tailoring of the semiconductor
energy structure would be a reasonable strategy for further improvement of the
material.
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Figure 5-16: Final comparison of the compact model with the measured (a) transfer characteristics and (b) output characteristics of a flexible low voltage n-type
OFET.
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Table 5.3: Extracted Parameters from the Modelled TIPS-TPDO-4CN OFETs
Parameters
Threshold voltage, VT
Power-law exponent,
1
Contact resistance asymptote, RC
Approximate width of DOS, Tc
Mobility proportionality constant, 
Contact resistance proportionality constant, A/W
On-state resistance proportionality constant,
A/W + 1/(K)
Saturation modulation parameter, ↵s
Linear-to-saturation transition parameter, m
Saturation coeﬃcient,
Subthreshold swing, S
Threshold current, I0
Oﬀ current, Io↵
Transition voltage, VB

Values
-1.6
0.47
21
439
2.6⇥10 2
8.1
44
1.1
19
0.017
0.36
68
3.7
-3.3

Units
[V]
[-]
[M⌦]
[K]
2
1 1
[cm V
s ]
+1
[M⌦·V ]
[M⌦·V

+1

]

[-]
[-]
[V 1 ]
[V/dec]
[pA]
[pA]
[V]

Table 5.4: Comparison between pentacene versus TIPS-TPDO-4CN transistors
by key parameters
Parameters
Power-law exponent,
[-]
Mobility proportionality constant,
1 1
 [cm2 V
s ]
High gate voltage† mobility,
µ [cm2 V 1 s 1 ]
High gate voltage† contact resistance,
RC [M⌦·V +1 ]
Contact resistance asymptote,
1
RC
[M⌦]
High gate voltage† bulk resistance,
B
RC
[M⌦]
†V

GS

TIPS-TPDO-4CN
OFETs

Pentacene
OFETs

0.47

1.24

2.6⇥10

2

2.8⇥10

3

4.9⇥10

2

1.1⇥10

2

22

2.0

21

0.3

1.0

1.7

= 2 V for TIPS-TPDO-4CN OFETs and VGS = -32.7 V for pentacene OFETs
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Chapter 6
Conclusion and perspectives
In this thesis, we presented a physically-based compact modelling of organic electronic devices. Two main electronic devices, a rectifying diode and a transistor,
were studied by multiple modelling methods as well as experimental validation.
This chapter summarizes the major results and provides perspectives for further
works.
A single layer organic rectifying diode in vertical stack of Au/pentacene/Al
was fabricated. By means of impedance spectroscopy and current-voltage measurement, we clarified that the capacitive behaviour [156] of the diode is restricted
in the reverse bias regime. When forward bias is applied, the capacitive behaviour
gets lost due to regional accumulation of charge carriers injected from the anode.
We found that the strength of the injecting contact dictated by the injection barrier
determines upto what voltage the capacitive behaviour pertains, and according to
this criteria two distinct cases were classified: strong injection and week injection.
A new definition of the eﬀective injection barrier Ebe↵ was presented to analytically
describes how Gaussian disorder (described by the width of DOS, ) contributes
in lowering injection barrier [162]. When Ebe↵ is lower than about 0.3 eV (for

=

0.15 eV, we showed that the diode readily abandon the capacitive behaviour at
thermal equilibrium. We showed that when injection and/or disorder becomes
dominant, key approximations of the MIM model, such as the straight potential
profiles and constant mobility and diﬀusion coeﬃcient, are no longer valid, and,
concomitantly, the exponential I

V characteristics disappears. Lastly, the mod-

elling results of the Au/pentacene/Al diode revealed that the width of Gaussian
DOS for pentacene thin-film is

= 0.20 eV, which is high enough so that for a

commonly used metal for injecting contact, such as Au, the semiconductor acts as
a degenerate semiconductor.
We have focused on a staggered OFET, which exhibits superior performance
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compared to a coplanar OFET. From 2-D numerical simulation, we identified that
the bulk transport in the transition zone (overlapping region of gate-source/drain
contact) and injection barrier at the contact give rise to the contact resistance, and
demonstrated that the power-law gate voltage dependence of both channel and contact conductivity originates from the charge carrier concentration (i.e. the gate
voltage) dependence of the mobility in disordered organic semiconductor transistors. In addition, we found that the contact conductivity consists of an asymptotic
access conductivity and a bulk conductivity with power-law gate voltage dependence. Then, by adopting the equivalent circuit of the current crowding model,
we proved that the power-law conductivity leads to the power-law contact resistance. Based on this result, we formulated the above-threshold drain current
model with power-law mobility and contact resistance, and proposed a consistent parameter extraction method. By using the model and extraction method,
we analysed quantitatively a p-type pentacene-based OFET and n-type TIPSTPDO-4CN-based OFET. It was shown that, comparing the mobility proportionality constant, TIPS-TPDO-4CN was a better charge carrier transporting material
than pentacene ( = 2.6⇥10

2

versus 2.8⇥10

3

cm2 V

1

s 1 ) thanks to higher

order in the TIPS-TPDO-4CN thin film evidence by a smaller power-law exponent ( = 0.47 versus 1.24.). In addition, two contrasting situations are observed,
where the contact resistance is dominated by the bulk resistance (transport in the
transition zone) in pentacene devices whereas it is contact resistance asymptote in
TIPS-TPDO-4CN devices.
For rectifying diodes, we anticipate establishing a fully analytic model for the
forward bias diode current for the case of strong injection (degenerate case) could
be achieved through an empirical approach. We have clearly demonstrated that
the forward bias diode current could be represented by the diﬀusion current at
the cathode. Thus, if we could find an approximate bend profile near the cathode
considering how initial band banding is modified due to additional injected charges
by applied voltage, we can, being able to convert it to the charge carrier concentration profile by Poisson’s equation, obtain the charge carrier concentration gradient
and hence diﬀusion current. (Note that an attempt to approximate the potential
profile to the straight line will fail since it will produce the zero charge carrier
concentration and the concentration profile cannot be determined.)
In the meantime, a comparative study would be desirable to check the robustness of the Gaussian disorder framework. More specifically, diﬀerent organic semiconductor materials or semiconductor process techniques could be envisaged such
as single crystal organic solids grown from solution or vacuum sublimation [231],
120

organic semiconductor thin-films by various printing and blading techniques [232]
etc., which will provide a wider experimental spectrum of energy structures and
degrees of disorder. The physical ground for this motivation highlighted by Baranovskii is the capability of the Gaussian disorder model for describing both Arrhenius and non-Arrhenius type temperature dependence of the charge carrier mobility [33].
For OFETs, we infer that an analytical correlation between the width of a
Gaussian DOS and power-law exponent
that

can be achieved. Note that we showed

is correlated to the slope of an approximated discrete exponential function

of a Gaussian DOS by

= Tc /T = 1. We note that the semi-logarithmic slope of

the Gaussian DOS is given by

E 2 /(2 2 ), and, equating this with the slope of the

approximated function given by 1/Tc , we have an analytical relationship between
p
and Tc , = kTc E, with an unknown variable E being the energy at which the
approximation is made. The physical meaning of E is the energy to which charge
carriers are filled and can be represented by the Fermi level EF . Thus, if we could
formulate an other equation relating the average charge carrier concentration in the
channel with the Fermi level of the semiconductor, p = f (EF , ), where p is will be
evidently related with

and can be estimated by dimensionally normalisation of

the capacitively induced charge Q = Ci |VGS
from .

VTe↵ |, we might be able to determine

In addition, a standardization eﬀort with the compact model council (CMC)
should be taken seriously. This will put the developed model onto the world stage
if it is adopted. For this, first, translation of the analytical model into Verilog A
formulation is required. Since the compact model was developed encompassing
all physical phenomena captured in the previous compact model, we anticipate a
higher change of success.
Lastly, theoretical analysis on the anisotropic charge carrier transport, which
has been observed experimentally in [233], should be conducted in a systematic
manner. The incorporation of anisotropic mobility has not been incorporated in
the numerical simulator of Silvaco. We note that the analytical model proposed in
(5.31) is suitable for adopting the anisotropy. In a staggered OFET, considering
only one of two orthogonal elements of mobility vector would be suﬃcient for
describing the charge carrier transport in the transition zone and the channel.
could be represented respectively by B -

B

and ch -

ch .

In doing so, preliminary

results on 2-D consideration of diﬀusion enhancement should be considered [234].
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Appendix A
Résumé Long en Français
En dépit d’une amélioration remarquable de la performance des composants électroniques organiques, il y a encore un manque de compréhension théorique rigoureux sur le fonctionnement du composant. Cette thèse est consacrée à la création
de modèles pratiques pour composants électroniques organiques à base physique
complète afin de rendre possible la prédiction et l’évaluation du fonctionnement
du composant.
Un modèle compact à base physique d’un élément de circuit est une équation mathématique qui permet une dèscription précise, rigoureuse et simple du
fonctionnement du dispositif et est généralement évalué selon ces trois critères.
Premièrement, il faut être précis afin que le résultat des simulateurs soit utile pour
les concepteurs de circuits. Deuxièmement, il faut être rigoureux pour capturer des
phénomènes physiques se produisant dans le composant. Troisièmement, il faut
être suﬃsamment simple pour être incorporé dans des simulateurs de circuits. Les
trois elements sont interdependants. Par exemple, un modèle simplifié à l’excès en
l’absence de physique rigoureuse cause la précision insuﬃsante ou les parametres
sans signification physique. En revanche, un modèle n’ayant aucune approximation ne possède pas toujours une forme simple malgré la précision suﬃsant et les
parametres avec signification physique provenant de la physique rigoureuse.
Dans ce contexte, les caractéristiques distinctives de l’injection et du transport des porteurs de charge dans les semi-conducteurs organiques sont incorporées
dans les modèles qui améliorent la précision sans compromettre la simplicité mathématique. En particulier, la densité d’états Gaussienne est considéré où tous les
états sont localisés et sa distribution suit la fonction Gaussienne. Il est pris en
compte que l’injection et le transport des porteurs de charge manifestent via le
sautillage (hopping en français) dans les états Gaussiens. La reduction de barrier
d’injection ainsi que la dépendance en temperature, concentration des porteurs de
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charge et le champ èlèctrique de la mobilité des porteurs de charge sont inclus dans
les modèles.
L’eﬀet concomitant sur les caractéristiques courant-tension des diodes et des
transistors organiques prototypiques sont étudiés. Par rapport au modèle d’une diode de rectification, le concept d’appauvrissement total dans les semi-conducteurs
organiques involontairement dopés est présenté et sa limite par rapport à l’injection
de charge est décrite. Le développement théorique pour la distribution de charge
et potentiel et les caractéristiques de courant-tension sont élaborés dans les conditions d’injection faible et forte.
Par rapport au modèle d’un transistor à l’eﬀet de champ, des preuves théoriques
et expérimentales sont fournies pour soutenir la déscription de la dépendance en
tension grille-source de la mobilité de l’eﬀet de champ et de la résistance de contact
par la loi de puissance. La dépendance en tension grille-source de la mobilité de
l’eﬀet de champ, qui résulte de la mobilité des porteurs de charge ayant la dépendance en concentration des porteurs de charge, est identifiè comme l’origine de celle
de la résistivité de contact en utilisant la conception de l’eﬀet de foule de courant (current crowding eﬀect en français). De tels phénomènes sont nouvellement
introduits dans le modèle de courant de drain.
En plus, les méthodes d’extraction des paramètres cohérents aux modèles sont
présentées qui permettent la détermination univoque des paramètres du composant
utilisés pour prévoir le fonctionnement du composant et évaluer la performance du
composant et les propriétés de couches minces et interfaces organiques.
Les approches englobent le dévelopement analytique des équations physiques,
la simulation numérique à deux dimensions basé sur la méthode des éléments finis
et la validation expérimentale.
Les modèles compacts originaux et entièrement analytiques et des méthodes
d’extraction de paramètres fournissent une compréhension fondamentale sur la
façon dont le désordre énergétique dans une couche mince de semi-conducteur
organique, décrit par la densité d’états Gaussienne, aﬀecte les caractéristiques
courant-tension observables des composants.
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Appendix D
Experimental Details
Organic rectifying diode
The glass or PET substrates were cleaned successively with acetone, isopropanol
and, finally, by a UV-ozone post-treatment. Au anode (30 nm) was thermally
evaporated through a specific shadow mask on Al (5 nm) adhesion layer. Pentacene (500 nm) was thermally evaporated through a specific shadow mask at 0.1
nm/sec. Finally, Al cathode (100 nm) was thermally evaporated through a specific
shadow mask. All evaporation processes were done under 1.9⇥10

7

mbar and fixed

substrate temperature of 25 C. Samples are taken out from evaporation chamber
installed in the nitrogen glove box for changing masks. From the beginning of the
fabrication process upto the end of electrical measurement, samples stayed in the
glove box being isolated from exposure to oxygen and humidity. Keithley 4200
and HP 4192A LF impedance analyzer installed in the glove box were used for dc
and ac electrical characterization.

OFETs: PMMA gate dielectric
The glass or PET substrates were cleaned successively with acetone, isopropanol
and, finally, by a UV-ozone post-treatment. Then, the PET substrate was attached on a supporting glass substrate. Subsequent fabrication processes and
characterizations of OFETs were carried out in a glove box under nitrogen atmosphere. The Al (gate electrode, 100 nm), pentacene or TIPS-TPDO-tetraCN
(organic semiconductor, 60 nm) and Au (contact electrodes, 30 nm) were thermally
evaporated through a specific shadow mask. All evaporation processes were done
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under 1.9 ⇥ 10

7

mbar and fixed substrate temperature of 25 C. The evaporation

rate of pentacene or TIPS-TPDO-tetraCN was maintained at 0.01 nm/sec in average. Between the evaporation processes of Al and organic semiconductor, the
polymer gate dielectrics were spin-coated.
For PMMA gate dielectric, the PMMA solution (200 mg of PMMA dissolved
in 3 ml of toluene for 24 hours) was spin-coated at 3000RPM/5s/60s (Rotation
Per Minutes/acceleration time to reach the target RPM/spin-coating time).

OFETs: cross-linked PMMA gate dielectric
All process is identical to OFETs with PMMA gate dielectric except for the spincoating process for the cross-linked PMMA gate dielectric. For cross-linked PMMA
gate dielectric (c-PMMA), 10 µl of C6 -Si was introduced to the PMMA solution (25
mg of PMMA dissolved for 40 min at 80 C in 1 ml of n-Butyl acetate and cooled
down to 50 C) 2 min before spin-coating at 5000RPM/5s/60s. After annealing at
100 C for 60 min, PMMA and c-PMMA gate dielectrics have thickness of 510±10
and 100±16 nm (measured using a Dektak 150 surface profiler, Veeco).
Note that, in the work of Noh et al. on a cross-linked PMMA [197], the solution
consisting of the base polymer and cross-linking agent was prepared under nitrogen
environment and then spin-coated and post-annealed in air for a spontaneous crosslinking due to ambient moisture. In this study, the whole spin-coating process was
conducted in a glove box, which is similar to the study of Yang et al. [235].
All transfer and output characteristics of the n-type OFETs were measured
with Keithley 4200 in the dark under nitrogen atmosphere directly after device
fabrication without exposure to air except for the air stability test. In particular, bending tests were performed with a custom-built apparatus which consists
of a hemicylindrical objects with diﬀerent radii. The transfer characteristics were
measured while the devices were being bent. For the air stability test, transistors
were stored and measured in the dark under ambient atmosphere without encapsulation. The results for bending and ambient stability can be found in [223].
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Titre : Modèllisation Compacte à Base Physique des Composants Électroniques Organiuqes
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Résumé : En dépit d'une amélioration remarquable de la performance des composants électroniques organiques, il y a encore un manque de
compréhension théorique rigoureuse sur le fonctionnement du composant. Cette thèse est consacrée à la création de modèles pratiques pour composants électroniques organiques à base physique
complète. Un modèle compact à base physique
d'un élément de circuit est une équation mathématique qui permet une déscription précise, simple et
rigoureuse du fonctionnement du dispositif. Dans
ce contexte, les caractéristiques distinctives de
l'injection et du transport des porteurs de charge
dans les semi-conducteurs organiques sont incorporées dans les modèles qui améliorent la précision sans compromettre la simplicité mathématique. L'effet concomitant sur les caractéristiques
courant-tension des diodes et des transistors organiques prototypiques sont étudiés. Les méthodes

d'extraction des paramètres cohérents aux modèles
sont présentées qui permettent la détermination
univoque des paramètres du composant utilisés
pour prévoir le fonctionnement du composant et
évaluer la performance du composant et les propriétés des couches minces et interfaces organiques. Les approches englobent le développement analytique des équations physiques, la simulation numérique à deux dimensions basée sur la
méthode des éléments finis et la validation expérimentale. Les modèles compacts originaux et
entièrement analytiques et des méthodes d'extraction de paramètres fournissent une compréhension
fondamentale sur la façon dont le désordre énergétique dans une couche mince de semiconducteur organique, décrit par la densité d'états
Gaussienne, affecte les caractéristiques couranttension observables des composants.

Title : Physically-Based Compact Modelling of Organic Electronic Devices
Keywords : Organic electronics, diodes, field-effect transistors, device physics, analytical modeling,
Gaussian density-of-states
Abstract : In spite of a remarkable improvement
in the performance of organic electronic devices,
there is still a lack of rigorous theoretical understanding on the device operation. This thesis is
dedicated to establishing practical models of organic electronic devices with a full physical basis.
A physically-based compact model of a circuit
element is a mathematical equation that enables
an accurate, simple and rigorous description of the
device operation. In this context, distinctive features of charge carrier injection and transport in
organic semiconductors are incorporated in the
models that improves the accuracy without compromising the mathematical simplicity. The concomitant effect on the current-voltage characteristics of prototypical organic diodes and transistors

are studied. Parameter extraction methods consistent to the models are presented which enable
unambiguous determination of device parameters
used to predict device operation and evaluate device performance and properties of organic thinfilms and interfaces. The approaches encompass
analytical development of physical equations,
two-dimensional numerical simulation based on
finite-volume method and experimental validation. The original and fully analytical compact
models and parameter extraction methods provide
fundamental understanding on how energetic disorder in an organic semiconductor thin-film, described by the Gaussian density of states, affects
the observable current-voltage characteristics of
the devices.
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