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Abstract

Despite impressive progresses in organic electronic devices, a full theo-
retical understanding of the device operation is still lacking. The thesis
is dedicated to establishing applicable theoretical descriptions of organic
electronic devices, and in particular physics-based compact models. Pro-
totypical organic diodes and transistors with various architectures are
investigated, with a consistent effort to view and present the effect of
charge carrier transport and injection on the observable device phenom-
ena. A particular effort is given to integrate these models in circuit sim-
ulators, thus connecting the device-level and system-level outlooks. The
approaches used comprise equivalent circuit modeling by impedance spec-
troscopy, analytical development of physics equations, numerical finite-
element-based 2-D simulations, and experimental validations. The results
provide significant understanding on the effect of traps and injection bar-
riers on the current-voltage characteristics. Original, fully analytical com-
pact models for rectification diodes and organic field-effect transistors are

proposed with reliable numerical and experimental proofs.

Keywords
Organic electronics, device physics, analytical modeling, diodes, field-

effect transistors
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Chapter 1

Introduction

1.1 Organic electronics

Organic electronics is a new technological field that makes use of the optoelectronic
properties of organic semiconductors. Organic materials are carbon-containing ma-
terials, often classified into small-molecules or polymers according to the size of the
basic chemical unit [1]. Such as a plastic drink bottle (a type of synthetic poly-
mer), most general organic materials are believed not to pass an electrical current
thorough them. However, the discovery of ‘conducting polymers’ in 1977 [2| de-
fined a new class of materials, which is now called ‘organic semiconductors’, drawing
significant attention of scientific communities to their properties and applications.
This pioneering research was on the observation of increased electrical conductivity
of halogen-doped polyacetylene, and for this work, Heeger, MacDiarmid, and Shi-
rakawa were awarded the 2000 Nobel Prize in Chemistry. Growing research efforts
led to the early demonstrations of application-oriented electronic devices using or-
ganic semiconductors. In 1986, Tang reported two-layer organic photovoltaic cells
(OPVs) using copper phthalocyanine (CuPc) and a perylene tetracarboxylic deriva-
tive as organic semiconductors [3]. In the same year, an organic field-effect transistor
(OFET) using polythiophene was first reported by Tsumura, Koezuka, and Ando [4].
In 1987, Tang and VanSlyke published on organic light-emitting diodes (OLEDs)
using Alqs/diamine junction [5]. These reports are considered as a milestone that
ignited excitement about the electronic application of organic semiconductors, which
lasts until present over two decades.

What makes organics so special is their molecular nature. At variance with in-
organic crystals in which all consisting atoms are strongly bound by covalent bonds,
organic molecules are ‘weakly’ linked to each other by van der Waals force [1]. It is

this weak intermolecular interaction that gives mechanical flexibility to organic films
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Figure 1.1: State of the art: (a) Bendable OLED mobile display, (b) ultra-flexible,
lightweight E-paper color display with an OFET backplane, (¢) OPV modules pro-
viding both power and natural cooling to a carport in Florida.

or crystals. Although a molecule itself consists of covalently (tightly) bound atoms,
weak molecule-molecule bonds can be easily broken or reformed. Thus, molecules can
be dispersed in solvents or evaporated at moderate temperature, allowing for various
new process concepts for organic semiconductors. The possibility of making organic
semiconducting inks enables deposition of functional layers only at desired positions
on the substrate by ink-jet printing, thus eventually minimizing fabrication cost of
large-area electronic circuits compared to the conventional vacuum-based deposition
and lithographical patternings. The ultimate goal of organic electronics is therefore
based on the fundamental properties of organic semiconductors. It is realization of
‘flexible’ and ‘low-cost’ electronic systems.

We have seen impressive progress in organic electronics over recent years. OLEDs
are standing at the leading position in the market with diverse products available.
OLED’s display application showed particularly significant success. Owing to their
inherently superior color expressiveness, moving-picture response, and low power-
consumption, OLEDs are replacing conventional liquid-crystal displays (LCDs) espe-
cially in mobile devices. Figure 1.1(a) shows a picture of a bended OLED display
mounted on the prototype mobile phone presented by Samsung Electronics at the

International Consumer Electronics Show (CES) 2013 [6]. Another key application
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of OLEDs in the future might be solid-state lighting by white OLEDs [7,8|. OFETs
can be used as active-matrix pixel drivers in LCDs or OLEDs and OFET-based dis-
play backplanes are under consistent development [9,10|. Plastic Logic’s ultra-flexible
paper-like display in Figure 1.1(b) has a backplane circuitry composed of OFET ar-
rays [11]. OFET-based large-area sensors for optical and mechanical read-out are
also significant for advanced applications such as conformable image scanners, elec-
tronic skins [12-15]. OPVs for solar-to-electrical energy conversion have particularly
important economic emphasis due to other competing technologies for alternative,
sustainable energy [16]. Konarka has demonstrated various architecture-integrated
OPVs by virtue of excellent flexibility and scalability of their plastic solar cell prod-
ucts |Figure 1.1(c)] [17].

In addition, novel applications are being suggested. Organic electronics’ multidis-
ciplinary character has continuously encouraged physicists, chemists, and engineers
to explore a wide variety of new materials and device functionalities, which led to
various new concepts of organic devices. Among others, biomedical application is re-
garded as one of the most attractive orientations that organic electronics community
can proceed toward [18,19]. Today, organic electronics is at a crossroad of develop-
ment. Researchers have overcome many serious challenges encountered at its infancy,
such as performance and stability issues. However, the industrial acceptance seems
still limited probably due to other emerging technologies or lack of killer application
that takes the unique advantages of organic semiconductors. We expect to see further
breakthroughs that will lead organic electronics to a more competitive position, which
will fully realize the ‘soft” potential that attractive organic semiconducting materials

bear.

1.2 Motivation

First motivation of the thesis is the lack of theoretical understanding on organic
semiconductors and devices. In spite of impressive progress in terms of device per-
formance and stability, current knowledge on many fundamental phenomena is still
incomplete. In a historical point of view, this problem might be due to the urgent
need to prove that organic devices can compete with existing Si-based technologies.
Tremendous research efforts have thus mainly been put into the experimental works,
which could finally meet such requirements. However, many theoretical questions
remain unsolved. To answer these questions, there has been a natural tendency to

adopt classical semiconductor and device models, which were originally developed for
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inorganic semiconductors. Because there is a fundamental difference in organics from
inorganics, this choice cannot always be justified. The difference here comprises both
the material aspect and the geometrical aspect (device architecture), many of which
will be detailed in this thesis. The virtually unlimited range of chemical structures
for organic semiconductors make establishing a universal model extremely difficult.
Nonetheless, specific device models that distinguish the organic from inorganic ones
are highly desirable because they will allow people to more deeply understand the
behavior of organic devices. This understanding in turn can provide the ability to
interpret the experimental results and even predict them based on proper physical
insights. Such process can form a positive feedback for experimental design and
fabrication.

Second motivation is the growing interest of the community in ‘device-to-system
integration’. Even though most academic groups still focus on the device level inves-
tigation (isolated diodes or transistors), recent reports on higher level systems such
as displays, PV modules, RFID systems and matrix-based sensors show great poten-
tial of organic electronics for industrial applications. In this context, device models
play a particularly important role. In circuit simulators such as SPICE, a device is
in fact represented by an equation (or a set of equations), which is often called a
compact model [20]. We can use a compact model to fit the measured current-voltage
characteristics and extract the relevant parameters. Then, we can build more com-
plex circuits in a simulator to see expected characteristics of those circuits before
fabricating a real one. In other words, a compact model provides a bridge between
the device-level and the circuit-level outlooks. Therefore, specific compact models
based on the unique features of organic materials and devices are essential for reliable

simulation of organic-based circuits and systems.

1.3 Thesis overview

This thesis is titled ‘physics-based compact modeling of organic electronics devices’.
Mathematical device modeling is developing a numerical or analytical model that
mimics essential electrical characteristics. As the title implies, our foremost aim
has been on development of specific models for organic devices that feature both
theoretical backgrounds and practical applicability. These two aspects are based on
the two major motivations described above. With this purpose, we have studied a
wide range of device geometries by multiple theoretical and experimental methods.

Here, a brief description of each chapter is given for overview.



1.3. THESIS OVERVIEW )

In Chapter 1 Introduction, a brief introduction to organic electronics was given
with the important motivations for the thesis and related aim and scope of the thesis.

Chapter 2 Fundamentals provides short summaries on the most basic phys-
ical backgrounds for understanding organic semiconductors and organic electronic
devices. The origin of the semiconducting properties in organic materials is briefly
described. Charge transport physics of organic semiconductors relies on the solid-
state crystallinity and corresponding energetic structure. Different transport mecha-
nisms are summarized for different classes of material. Charge carrier injection at a
metal /organic interface is a basic ingredient for understanding contact behaviors of
devices. Interface properties and barrier formation are described in this chapter.

We explain in Chapter 3 Methods main techniques or methods that have been
applied to model various devices. Four main methods used in the thesis are impedance
spectroscopy, analytical modeling, numerical simulation, and experimental investiga-
tion. As will be seen in the result chapters, all these methods have been complemen-
tarily used. An introduction and practical knowledge for each method is given here
to help understand the results obtained by using each method.

Chapter 4 Modeling organic diodes is the first main chapter dedicated to the
scientific results. Three different categories of organic diodes have been studied; verti-
cal rectifying diodes, vertical symmetrical diodes, and gap-type diodes. For rectifying
diodes, the concept of full depletion in unintentionally doped organic semiconductors,
and following analytical development of electrostatic distribution and current-voltage
characteristics are elaborated. Vertical symmetrical diodes are modeled by impedance
spectroscopy. The time-dependent evolution of the equivalent circuit shows persis-
tent photoexcitation effect on a polymeric film. For gap-type diodes, we revisited
the space-charge-limited conduction in a two-dimensional geometry and suggest a
compact model that links two different physical regimes by a single equation.

Chapter 5 Modeling organic transistors is the second chapter on the scien-
tific results. Organic metal-semiconductor field-effect transistors (OMESFETs) and
OFETs are analyzed. Experimental results on pentacene-based OMESFETs are pre-
sented with the simulation results for understanding their operation mechanism. For
OFETs, we deal with the physical difference of the contact geometries and present
an original model for the charge distribution and contact resistance in coplanar tran-
sistors. Finally, compact modeling approach for circuit simulation with improved
output asymptotic behaviors is proposed.

In Chapter 6 Conclusion and outlook, major results that are found and ana-

lyzed in the thesis are summarized with concluding remarks. Limitation encountered
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during the research and related suggestions for the future work will be also specified.



Chapter 2

Fundamentals

In this chapter, fundamental physics of organic semiconductors and charge transport
and injection phenomena is summarized. We mainly focus on addressing distinct
features of organic materials and devices compared to the inorganic counterparts.
On that account, basic knowledge on solid-state physics and semiconductor device
physics, which can be found in typical textbooks [21-23|, is not detailed here. We
first discuss the semiconducting properties of organic materials with generally ac-
cepted classification of the typical semiconductors. Then, the charge carrier trans-
port is elaborated with an emphasis of the characteristic density of states (DOS) of
organic materials and corresponding mobility behaviors. Finally, energetic alignment
and formation of the carrier injection barrier upon forming a metal/semiconductor

junction is described.

2.1 Organic semiconductors

2.1.1 m-conjugated molecules

Organic materials are characterized by various forms of hydrocarbon (C-H) units
within the chemical structure of molecules [1]. Organic semiconductors can be defined
as the organic materials that exhibit semiconducting properties, thus corresponding
to a subset of a vast variety of organic materials. Therefore, it is important to
understand in which condition an organic material can behave as a semiconductor.
Carbon is a group four material in the periodic table, so it contains four valence
electrons. A special property of carbon is the ability to hybridize its atomic orbitals
in a number of ways, which leads to a wide variety of bonding configurations [24].
More specifically, the four outermost atomic orbitals of a carbon atom are hybridized

differently depending on the number of atoms with which the valence electrons are
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Figure 2.1: (a) Orbital and chemical bonding in an ethylene (CyHy) molecule. (b)
Energy diagram of the carbon-carbon bonding by the sps hybridization.

shared. When the valence electrons are shared with four neighboring atoms, four sps
hybrid orbitals of equal energy are created by the superposition of one 2s and three
2p orbitals. On the contrary, with only three atoms for which a carbon atom makes
covalent bonds, three sp, hybrid orbitals are formed with one remaining p orbital.
The sps hybridization and the formation of carbon-carbon double bonds are ex-
emplified by ethylene (CyHy), the simplest alkene molecule. As illustrated in Figure
2.1(a), three electrons of a carbon atom in the spy orbitals form three o bonds with
two hydrogen and one carbon atoms. Due to the large overlap between the orbitals,
o bonds are strong and difficult to be broken (high binding energy). In addition, for
minimizing the repulsion force, three sp, orbitals are in a planar configuration, thus
defining the molecular plane with triangular position. The remaining p, orbitals point
perpendicularly to the sp, plane, and the carbon atoms share their fourth electron,
thus making a m bond. Even though a macroscopic representation of a ‘double’ bond
does not imply any difference in two, the m bond has significantly lower binding en-
ergy than the o bond because the distance between the two p. orbitals is considerable,
which means weak overlap or interaction between the orbitals. It is this weak 7 bond
that accounts for the possible semiconducting property of organic molecules. The
energy diagram in Figure 2.1(b) illustrates this aspect. Upon filling the molecular
orbitals from the bottom, the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) turn out to be the bonding 7 orbital
and the antibonding 7* orbital, respectively. Due to the weak 7 binding energy, the
HOMO-LUMO gap is relatively small. Therefore, in a global sense, organic materials
that have frontier orbitals (HOMO and LUMO) formed by m-bonded electrons are
considered as semiconductors due to the possibility of having a significant density of

thermally-generated and/or photo-generated charge carriers.
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Figure 2.2: (a) Orbitals of a benzene (CgHg) molecule. (b) Chemical structure and
energy diagram of benzene.

This foremost argument is extended to larger molecules. Figure 2.2(a) illustrates
the orbital picture of benzene (CgHg). Even though six carbon-carbon bonds are
usually drawn as alternating single and double bonds in the conventional chemical
structure, all the six bonds have the same length and are thus equivalent in geometrical
and energetic aspects. It is due to the fact that all the six electrons coming from the
six carbon p, orbitals are so weakly bound to the neighboring atoms that they are
virtually delocalized though the whole cyclic chain of the molecule. As the number of
p. orbitals giving rise to the m-7* molecular orbitals increases, the HOMO and LUMO
orbitals are split into the close but different energy levels shown in Figure 2.2(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.

Delocalization of the electrons in the p (or 7) orbitals implies the possibility of
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Figure 2.3: Chemical structure and energy diagram of poly-para-phenylene-vinylene
(PPV).

movement of charge carriers inside a molecule, whereas the electrons forming ¢ bonds
serve as a rigid frame that maintains the structure of the molecule. This type of chemi-
cal system where the 7-electrons are delocalized through alternating single and double
bonds is often called a m-conjugated system. Figure 2.3 shows a much larger exam-
ple, the m-conjugated polymer poly-para-phenylene-vinylene (PPV). In general, as
the conjugation length increases, the bandwidth increases and the bandgap decreases

as a result of the splitting of the frontier molecular orbitals.

2.1.2 Organic molecular solids

It is now clear that m-conjugated units in the molecular structure allow for semi-
conducting properties at molecular level. In inorganic semiconductors, the covalent
bonds between atoms are the only contribution to form a macroscopic crystal or
solid. However, organic molecules are not covalently bound to each other but they
only weakly interact via van der Waals force. Therefore, in organic solids, semicon-
ducting properties at macroscopic level is only expected when the inter-molecular

interaction is significant so that the m-conjugated electrons can have enough freedom
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to be delocalized and moved from one molecule to another.

As mentioned in Section 1.1, the weakness of the interaction between molecules
in solid state is the most distinctive feature of organic semiconductors, which brings
both new opportunities and ultimate limitations to device applications. Mechanical
softness and solution-process compatibility are the main advantages of weakly-bound
molecules. Through simple evaporation or printing techniques, the process tempera-
ture of an electronic device can be significantly lowered, which allows for deposition
of functional organic materials on a plastic or rubber-like substrate for flexible and
even stretchable electronics [25-28]. 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 2.2.

In general, organic solids can exist either as free-standing and manipulatable sin-
gle crystal pieces or as thin-films deposited and fixed on top of a substrate. Organic
single crystals can be obtained from small-molecules by different types of controlled
growth systems. Owing to the highest purity and molecular order, organic crystals
show superior electrical characteristics and also allow access to the intrinsic and fun-
damental understanding on charge transport physics [29,30]. On the other hand,
organic thin-films deposited by evaporation or solution-based techniques benefit from
better mechanical flexibility and processability, thus are more widely used for practi-

cal applications.

2.1.3 Material classification

Organic semiconductors are most often categorized as either small-molecules or poly-
mers according to the size and molecular weight. Polymers consist of repeating units
leading to generally very long chain structure, whereas small-molecules have a more
compact and readily definable chemical structure. Figure 2.4 shows a few examples
of organic semiconductors. It is seen that all of them contain various alternating
single-double bond configurations accounting for the semiconducting properties by
m-conjugation.

An additional way of classification is to consider the typical processability of a
specific material. We can distinguish soluble and insoluble organic semiconductors.
Semiconducting polymers have been preferably used for solution process such as spin
coating and ink-jet printing due to good solubility in typical organic solvents [31—
33]. On the other hand, it has been generally believed that vacuum-evaporation
is more suitable for small-molecules. However, this statement is no longer strictly

correct due to the recent development of high-performance soluble small-molecular
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Figure 2.4: Chemical structure of the typical class of m-conjugated organic semi-
conductors. Oligo-thiophenes: terthiophene (n=3), quarterthiophene (n=4), quin-
quethiophene (n=5), sexithiophene (n=6), octithiophene (n=8). Polyacenes: naph-
thalene (n=2), anthracene (n=3), tetracene (n=4), pentacene (n=>5).

semiconductors, realized by strategic synthesis of attaching substitution groups to
enhance solubility [34-36].

There is also a tendency to specify an organic semiconductor as either p-type or
n-type material, especially for transistor applications. We note that it may create con-
fusion with the same denomination used for inorganic semiconductors. As inorganic
semiconductors are generally used in a doped form, the appellation of p- or n-type is
based on the type of doping impurities. P-type inorganic semiconductor are doped
by acceptor impurities, and n-type by donors. However, organic semiconductors are
used without an intentional doping step in most cases. The specification of p- or
n-type is not determined by the type of dopant-induced charges, but rather by that
of the ‘injected’ charges that govern the device current. Ideally, an organic semicon-
ductor can be p-type when the contact electrode has a work function near its HOMO
level, and the same material can also be n-type if the electrode work function better
matches the LUMO level [37]. However, in reality, a given material tends to favor
either hole or electron conduction, which is the reason that people can usually define
a major carrier type for that material without consideration of the choice of electrode.
Historically, p-type behaviors have been predominantly observed in early reports on
OFETs. In 2005, Chua and co-workers revealed that the difficulty in observing n-

type conduction is often related to the electron traps due to hydroxyl groups on the
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Organic semiconductors
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Figure 2.5: Categorization of the charge transport mechanisms of organic semicon-
ductors according to the degree of disorder and the corresponding band structure.

insulator surface, and use of a hydroxyl-free dielectric can lead to general n-type ba-
haviors in many polymeric semiconductors [38]. At present, there is a vast interest
in the synthesis of new electron-transporting (or n-type) organic semiconductors and
realization of high performance n-type transistors for complementary metal-oxide-
semiconductor (CMOS) circuitry, where both p-type and n-type transistors have to
be integrated [37,39-41].

2.2 Charge-carrier transport

Complexity and inefficiency of charge transport in organic semiconductors stem from
weak inter-molecular interaction in solid-state. A direct impact of weak van der
Waals force is small orbital overlap between molecules and resulting narrow electronic
bands. Typical bandwidth of (crystalline) inorganic semiconductors reaches several
eV, whereas that of organic semiconductors is 0.1 to 0.5 eV. There are even cases where
the bandwidth falls smaller than the thermal energy, which makes questionable the
existence of bands extended through the entire solid. Moreover, a real challenge exists
in understanding and developing charge-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. Figure 2.5 shows
a simplified categorization of charge transport mechanisms according to the material

class and crystallinity, which will be supported by the following description.
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Figure 2.6: Illustration of the transport mechanisms in solids with applied electric
field. (a) Band-type conduction; electrons are scattered by lattice vibration so that
the mobility decreases with increasing temperature. (b) Hopping between localized
states; lattice vibration can give electrons chance to overcome the potential barriers
(thermally-activated transport).

2.2.1 Band transport

Drude’s free electron model describes band-type conduction of delocalized electrons
[21,42|. The model assumes drift of charge carriers upon an applied electric field by
repeated acceleration and collision with the lattice by which they totally lose their
energy. This process results in an average drift velocity proportional to the electric

field strength, from which the proportionality factor is defined as mobiltiy u by

_ 1T _ D (2.1)

m  muy,

Here, ¢ is the elementary charge, m the effective mass, 7 the mean time between lattice
collisions, A\, the mean free path, and vy, the thermal velocity. As illustrated in Figure
2.6(a), band transport is not thermally activated because increasing temperature
reduces A, and p. This behavior is usually modeled by p o< T~™ with n > 0 [21],
where T' is the absolute temperature.

However, for most organic semiconductors, band transport is unlikely because

general parameters put into Equation (2.1) give u of the order 100 cm?/V-s or higher
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[21]. In other words, the primary assumption of Drude’s model fails for organics
because p < 1 cm?/V-s corresponds to a value ), smaller than the lattice spacing
(intermolecular distance).

Therefore, we consider that real band transport is not relevant to organic semi-
condutors, and it might restrict to highly-pure defect-free single crystals at extremely
low-temperature [43|. It is the reason that occasional experimental observation of
a negative temperature coefficient (du/dT < 0) in low-mobility organic crystals is
generally described by the band-‘like’ transport, of which the mechanism is not fully
understood yet [44-47].

2.2.2 Electronic polarization

When the charge localization effect is pronounced, the transport is described by
the hopping between localized states. In this case, thermally activated transport
(dp/dT > 0) is expected because the lattice vibration helps localized charges to
overcome potential barriers |[Figure 2.6(b)|. Generally, we consider two origins of
localization; polarization and disorder.

Electronic polarization is a local deformation of the electron density due to the
additional charge staying at this location [48]. The consequence is an immediate
relaxation of that particular state by the induced potential that in turn localizes the
staying charge, which is sometimes called the self-trapping effect. Once this charge
moves to another molecule (or a segment of molecule), this effect takes place again.
Therefore, we can visualize this type of charge transport by the movement of charge
with its accompanying polarization, and these two are together called a ‘polaron’.
Polaronic transport is a distinctive character of all organic semiconductors. It is
again due to small transport bandwidth that results in residence time higher than
polarization time, and also due to small dielectric constant in organic materials that

intensifies the localizing potential.

2.2.3 Multiple trapping and release (MTR)

The second mechanism of localization is induced by energetic and geometrical dis-
order. When the degree of disorder is not significant (compared to the transport
bandwidth), we consider ‘weak localization’, and the energy diagram is represented
by extended states (band) plus a localized-state band tail that acts as charge trap-
ping sites. This picture is widely-used in conventional model for amorphous silicon

(a-Si) [49,50]. For organic semiconductors, vacuum-evaporated small-molecules can
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Figure 2.7: Illustration of the multiple trapping and release process. DOS consist of
extended states above mobility edge (ME) and trap states below ME.

be generally well described by this model. They can form relatively well-ordered small
domains with different orientation between domains, which can be regarded as poly-
crystalline phase. The main origin of localized tail states in a-Si are dangling bonds,
and that in polycrystalline organic semiconductors can generally be attributed to the
grain boundaries [51].

In this energetic situation, the charge-transport is based on the multiple trapping
and release (MTR) process illustrated in Figure 2.7. Here we only consider electron
transport at LUMO level. The mobility edge (ME) is defined as the energy above
which the states are delocalized, thus the mobility increases dramatically. Charge
carriers tend to be trapped into the localized states and be thermally released up
to the band states where an effective transport can take place. The expression for
mobility is dependent on the energetic distribution of the trap states.

Exponential density-of-states (DOS) N(F) for trap states are expressed by

N(E) = N exp (— B — E) : (2.2)

E, E,

where N, is the total trap states, E; the trap distribution energy, and E, the conduc-
tion band edge (equivalent to ME). A detailed analytical formulation for obtaining
trapped and free charge carrier density will be given in Section 4.1.5. Here, for
discussion purpose, we simply present the expression of the effective mobility pnrr

determined by the trapped-to-total carrier density,

ny N, E.— Ep
HUMTR = Mo s+ Mo N, €xp < kT > ) ( )
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Figure 2.8: Mlustration of the hopping transport through the localized states in the
Gaussian disorder model (GDM). Upward hopping due to the low DOS at tail states
is possible and the charge transport resembles the MTR process with the transport
energy (TE) analogous to the ME.

where i is the band mobility, n; the free electron density, n; the trapped electron
density, N, the effective DOS at the conduction band edge, Er the Fermi level, and
kp the Boltzmann constant. We assume Ey > kg1 and n; > ny for Equation (2.3).

Equation (2.3) shows Arrhenius temperature dependence for thermally activated
charge transport. The exponential dependence on E,. — Er manifests itself by typical
phenomenological observations, such as the super-quadratic current-voltage depen-
dence of the space-charge-limited current (Mark-Helfrich law) [52], and the power-law

dependence of the gate-voltage dependent mobility in OFETs [53].

2.2.4 Gaussian disorder model (GDM)

In a system where the degree of disorder is high, such as non-crystalline polymeric
films, ‘strong localization’ results in absence of extended band states. Therefore, all
electronic states have to be regarded as localized states, and their energetic distribu-

tion is described by Gaussian distribution g(FE),

oB) = e (~ ). (2.4)

o2no 202

where Ny is the total density of transport sites and o is the half-width of Gaussian
DOS.

In the Gaussian disorder model (GDM), the charge transport is based on the
thermally assisted tunneling events between localized states, which is generally called

hopping transport. There is no analytical solution for charge transport in the GDM.
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In 1993, Bélsser reported on a Monte Carlo simulation study for the charge transport
in the GDM [54], where hopping rate v is assumed to be Miller-Abraham type [55]:

E; — E;

V= vy exp _2Rij % exp (_—/{} T ) if Ej > El (25>
@ 1 7 if Ej < F;

where 1y is the attempt frequency, R;; the geometrical distance between sites, o the
localization length, £; the energy of the initial site, and £} the energy of the arrival
site. An illustration of the hopping charge transport related to Equation (2.5) is
shown in Figure 2.8. Electrons at high-energy states tend to make downward hops.
However, below a certain energy level, there is difficulty in finding any low-energy
site with small distance [2;;. At this moment, they can make an upward hop toward
a nearest site with the aide of thermal energy. This type of continuous process
defines the transport energy (TE) around which the hopping transport proceeds [56].
Because the electrons below the TE need to be thermally elevated for efficient hopping
transport, the transport near and below this TE resembles the MTR process, with
the TE analogous to the ME. From the Monte Carlo simulation in [54], an empirical

expression for the GDM mobility pgpym can be written as

20 \? o \?
= - ) =
HGDM = foo €XP [ (3 k:BT) exp {C ( k:BT)

where 1o, is the mobility prefactor (zero field, high temperature limit), C' an empirical

\/F} : (2.6)

constant, Y the variance of geometrical disorder, and F' the strength of electric field.
Therefore, the major characteristics of this model are the non Arrhenius temperature

behavior and the dependence of the mobility on the electric field.

2.3 Charge-carrier injection

2.3.1 Barrier formation

As current in unintentionally-doped organic semiconductors is carried predominantly
by injected carriers, energetic at the metal /organic interface plays a crucial role on
device operation.

Figure 2.9 shows a schematic representation of the energy diagram of an ideal
metal /organic junction at flat-band condition. Upon considering an injection from
the metal toward the organic semiconductor, the electron injection barrier F,, and

the hole injection barrier £, are given by

E, =W, — EA, (2.7)
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Figure 2.9: Energy diagram of an ideal metal/organic junction.

E,=1P —W,, (2.8)

where W, is the metal work function, EFA the electron affinity of the organic semi-
conductor, and /P its ionization potential.

This picture assumes the vacuum-level alignment between the two materials, which
is also called the Mott-Schottky rule [57,58]. By this assumption, the carrier injection
barriers are determined by the intrinsic material parameters of the organic semicon-
ductor and the electrode metal. We can refer to the Boltzmann statistics for describing
electronic distribution and express the carrier density at a metal/semiconductor in-
terface as an exponential function of the barrier height [23]. It implies sharp decrease
of the injected carrier density with increasing barrier height, thus allowing to define
the type of dominant carriers by comparing E,, and E, in a particular metal/organic
combination. It means that p-type conduction is expected when F,, > E,, and n-type
conduction is favored for £, < E,. Ambipolar conduction can take place when the
Fermi level is positioned near the middle of the HOMO-LUMO band gap because the

injection barriers for both type of carriers are similar.
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Figure 2.10: (a) Energy diagram of an ideal metal/organic junction. (b) Energy
diagram of a realistic junction with an interface dipole pointing toward the metal. (c)
Energy diagram of a realistic junction with an interface dipole pointing toward the
semiconductor.

2.3.2 Non-ideal effects

For more realistic junctions, it has been observed that the Mott-Schottky limit is not
always satisfied [59]. Measurements of the electronic structure at a metal/organic
interface with a wide variety of materials show that the primary non-ideal effect
is the formation of an interface dipole, which can significantly change the injection
barrier heights [57,60]. Figure 2.10 shows the formation of interface dipoles and
their impact on the energy diagram. The dipole moment vector up is created due
to the interface dipole and, as a consequence, barrier heights are either increased or
decreased according to the direction of p and the type of carriers, by the magnitude
A. The origin of interface dipole is attributed to several mechanisms; charge transfer
across the interface, formation of induced or permanent dipoles into the organic layer,
chemical interaction, and presence of interface states [61].

In the case where the density of interface states is very high, a Fermi-level pin-
ning can take place. The injection barrier becomes independent on the metal work
function, which means an extreme case where the choice of a contact metal has no
importance for the resulting injection barriers [62,63]. This phenomenon accounts for
an important implication for organic devices; they should generally bear a substantial
injection barrier that cannot vanish below a certain level determined by the position

of the pinned Fermi level.
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Chapter 3
Methods

Upon analyzing and modeling various organic device geometries, we have consistently
used multiple approaches in order to benefit from balanced and enhanced understand-
ing of each device and observation. In this chapter, the techniques or methods used in
the thesis are categorized into four fields; impedance spectroscopy, analytical model-
ing, numerical simulation, and experimental investigation. Background and purpose
of each method, with practical explanation on how to use a particular method, are

provided to help understand the results in Chapters 4.

3.1 Impedance spectroscopy

3.1.1 Generalities

Impedance (Z) of an electrical component is defined as the ratio of the phasor voltage
and the phasor current measured in ohms (£2) [64]. We denote the impedance of
three basic circuit elements as Zg, Z¢, and 7, in which the subscript indicates the

corresponding element as illustrated in Figure 3.1. The relationship between the

Resistance  Capacitance Inductance
- A o
R C L
Z.=R Lo=—— Z, =joL
Figure 3.1: Impedance of passive circuit elements.
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Figure 3.2: Total impedance of a series impedance circuit and a parallel impedance
circuit by combination rules.

circuit parameter (R, C, L) and the impedance (Zg, Z¢, Z1) is also given in this
figure.

In the case when several impedance elements are connected in an arbitrary manner,
we are able to estimate the total impedance Z. (also called equivalent impedance
or terminal impedance) of the whole circuit by using the combination rules. Figure
3.2 illustrates the combination rule for a series connection and that for a parallel
connection of impedance elements. The equations are more familiar when we assume
that all the elements are resistors, and we note that the same rules hold for any

arbitrary impedance elements.

3.1.2 Equivalent circuit modeling

Our particular interest in the thesis is to use impedance spectroscopy for equivalent
circuit modeling of two-terminal organic devices (organic diodes). Impedance spec-
troscopy is a well established technique, by which we measure complex impedance of a
given electrical or electrochemical system while sweeping the ac small-signal frequency
usually at a fixed dc voltage [65]. Because every circuit element responds differently to
the frequency w (Figure 3.1), a full spectrum of impedance spectroscopy provides the
information on which elements exist in the system and how they are connected to each
other. In other words, one can extract a realistic equivalent circuit of a two-terminal
device under analysis by measuring its total impedance over a broad frequency range.

This whole process from the measurement to the extraction of an equivalent circuit
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with the exact circuit parameters (R, C, L, etc.) is to be called impedance modeling,
impedance fitting, or equivalent circuit modeling. More advanced analysis involves
assigning physical meaning to particular circuit elements and monitoring the varia-
tion of circuit type and parameters upon different measurement or biasing conditions.
In the literature, there are many reports showing practical applications of impedance

spectroscopy to the analysis of organic devices [66-70].

3.1.3 Typical impedance spectra

A basic knowledge on typical impedance data of simple circuits is helpful for a quick
guess after conducting measurements and plotting the experimental data. Here, we
describe several simple and representative circuits.

The simplest one to be discussed is the parallel resistance and capacitance (RC)

circuit. The total impedance of an RC circuit (Zg¢) is calculated by the combination

rule . R

Zre = = : . (3.1)
7- Tz 1+jwRC
Equation (3.1) can be manipulated to get separate real and imaginary part of Zgc,
R

Re(Zpo) = ————— 3.2

wR2C
Im(Zpe) = ————— 3.3
m(Zxo) 1+ w?2R2C?’ (3:3)

where Re(Zrc) and Im(Zgc) represent the real and imaginary part of Zgo, respec-
tively. Equations (3.2) and (3.3) show that the impedance-frequency spectrum of an
RC circuit visualized on a complex plane draws a characteristic semicircle because

they meet the condition

n(Zne) = —\/ (%) - [Retzae) - 5] ) (3.4

which corresponds to the equation of a lower semicircle centered at (%, 0) with a

radius of %.

As Equations (3.2) and (3.3) are analytical expressions of R, C', and w, we can cal-
culate and plot the impedance of an RC circuit by assuming values of R and C with a
certain frequency range. A more practical and general way to predict impedance spec-
tra is to use an impedance spectroscopy software, which usually features impedance
data fitting and also simulation of user-defined circuits. Figure 3.3 shows the simu-
lated impedance spectra of the RC circuits by EC-Lab software [71]. When f — 0,
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Figure 3.3: Complex-plane representation of the simulated impedance spectra of an
RC circuit with a fixed capacitance and different resistance values. Simulation fre-
quency points are from 1 Hz to 10 MHz with 20 points per decade.

the impedance modulus of a capacitor |Z.] — oo, so that the capacitance branch
becomes open-circuited and the circuit reduces to a resistor. It explains why the
marked low-frequency impedances are only real numbers corresponding to R. In con-
trast, when f — oo, the whole circuit becomes short-circuited due to |Z.| — 0, which
explains the convergence to zero of all the three curves at high frequency.

The uppermost point of a circular arc has an importance because the frequency
corresponding to that point contains the time constant (RC') of that parallel RC
circuit. We define it as a characteristic frequency (wgrc or fre). As Im(Zgc) has the

minimum value at this point, we can calculate from Equation (3.3) to see that

dIm(ZRc)

- =0 (3.5)

W=WRC

is fulfilled when .

RC
The effect of a series resistance R, connected to a parallel RC circuit is shown

Wre = 27 fre = (3.6)

in Figure 3.4. In principle, it is also possible to deduce mathematical expressions
of the total impedance of any circuits by using the combination rules. However,

we only present the simulation results for the purpose of emphasizing the expected
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Figure 3.4: Complex-plane representation of the simulated impedance spectra of the
circuit in the inset with different series resistance R, values. Simulation frequency
points are from 1 Hz to 10 MHz with 20 points per decade.

1.5

-imaginary (Z) (MQ)

f=1Hzto 10 MHz

0.0

0.5
real (Z) (MQ)

1.0

1.5

Figure 3.5: Complex-plane representation of the simulated impedance spectra of the
circuit in the inset with different R; values. Simulation frequency points are from 1
Hz to 10 MHz with 20 points per decade.



28 CHAPTER 3. METHODS

impact of R, on the impedance spectra. It appears that adding a series resistance
results in a horizontal shift of the impedance semicircle. In other words, there is a
non-zero modulus of the high-frequency impedance. It is because the short-circuiting
capacitance branch with f — oo only eliminates the parallel RC element. Therefore,
characteristic features of such circuits are the low-frequency impedance equal to R+ R
and the high-frequency value corresponding to Rs. In device analysis, the observation
of a series resistance is generally attributed to the contact resistance that arises from
the charge-injection problem at the metal/semiconductor interface [72,73].

Figure 3.5 shows the simulated impedance spectra of the circuit of two series-
connected parallel RC elements. Expected impedance spectrum of such a circuit is a
curve composed of two intermixed semicircles. The characteristic frequency of each
semicircle is given by the time constant of each RC element. An observation of two RC
elements in experimental results is often considered to be evidence for two spatially
distinguished regions, such as interface and bulk regions within a semiconductor film,
where the conductivity of one region can be significantly lower than that of the other

region [67].

3.2 Analytical modeling

3.2.1 Physical point of view: Goals and limitations

Analytical modeling plays a pivotal role throughout the entire thesis. In a practical
sense, we use the word ‘analytical modeling’ as the process of mathematical step-by-
step development of given physical problems for the purpose of obtaining a closed-form
equation. This approach will be exemplified by developing the current-voltage equa-
tion of organic diodes in Chapter 4 and the charge-based contact resistance model
for OFETs in Chapter 5. The goal of analytical modeling is thus to establish more
realistic and physically-reliable equations that efficiently capture universal device op-
erations and to use them as an interpretation and prediction tool for real devices.
An apparent limitation is that analytical modeling rarely ends up with a ‘fully’
analytical equation. For contextual clarity, we define an ‘analytical model’ as a closed-
form equation in which all parameters and variables appear explicitly. In other words,
an analytical model should allow straightforward calculation without involving un-
simplified integrals, differential equations, and/or iterative processes. Often, an an-
alytical modeling flow encounters a moment at which no further mathematical ma-

nipulation toward a compact equation is possible. In this case, the final equation can
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be called a ‘semi-analytical model’ because it is based on an analytical process but
requires a numerical computation for getting the final value.

Another point to be addressed is that analytical modeling is inevitably accom-
panied by numerous approximations and simplifying hypotheses. It is a definite but
necessary limitation when using analysis for tackling a complex problem. This aspect
is to be regarded as a sacrifice for applicability. However, this simplification is often
justified by proving the validity of the approximation under specific operation range,

or by comparing with the numerical results.

3.2.2 Device models for circuit simulation

According to the definition in |74], a compact model is a mathematical description
of an electrical component as used by circuit designers and technologists to mimic
the electrical device behavior in a technology. A particularly important interest in
developing analytical models, even by tolerating compromising simplification, is to
eventually integrate them into a circuit simulator. In widely-used SPICE simulators,
characteristic devices are represented by corresponding compact models [75,76]. Com-
pactness of a current-voltage equation of an electronic device is of great importance,
because it enables fast convergence in the calculation of a circuit that can possibly
contain hundreds or thousands of various electrical components.

On that account, developing a fully compact model also requires empirical meth-
ods for extending its operation range. As best exemplified by our compact modeling
approach of organic gap-type diodes and OFETS, there is a need to introduce tran-
sition functions that merge equations for discrete regimes into a single analytical

equation.

3.3 Numerical simulation

3.3.1 How a device simulator works

We have used the commercially available device simulator ATLAS from Silvaco,
Inc [77] for numerical simulation of organic devices. ATLAS is a well known de-
vice simulation framework for technology computer-aided design (TCAD) in semi-
conductor industry. This simulator is specified to be physically-based finite-element
two-dimensional simulator. A full description of various modules, supported materials
and physical models, and detailed numerical algorithms can be found in the provider’s

manual. Here, we explain briefly the most basic and practical working principles.
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Figure 3.6: Illustration of the working principle and flow of the 2-D physically-based
finite-element simulator.

The simulator calculates a set of physical equations in a user-defined device struc-
ture, which is approximated to a two-dimensional (2-D) mesh (or grid). In Figure
3.6, the function of this type of simulator is illustrated by specifying the informa-
tion required to run a simulation, and the results obtained for analysis and design.
The device structure is first defined by specifying the size of the whole structure,
followed by dividing it into different parts or layers. Material specification consists
of assigning conventional or newly definable semiconductors, metals, or insulators to
each part of the 2-D structure. Defining a mesh structure involves turning a continu-
ous medium into many (finite number of) cross section points of the grid lines. The
desired spatial distribution of the dopants inside semiconductors can be inserted in a
highly controlled manner. Then, one can choose, among a wide variety of supported
physical models, the models to be included for the calculation. The default models
include Poisson’s equation, carrier continuity equation, and drift-diffusion transport
model. In addition to them, specific density of states models, mobility models, de-
fect /trap models are available based on the recent technological developments. It is
also possible to simulate any local and interface effects by confining the application

of the chosen models to any specific location inside a layer. Numerical methods for
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Figure 3.7: (a) Example of a non-uniform mesh structure for an OFET. The color
contour map represents the simulated 2-D potential distribution. (b) Illustration of
the mesh, nodes, and interpolation lines.

calculating the solutions are to be specified. We can select the degree of coupling the
system of equations, number of carriers in this statement. Finally, the bias condition
should be defined either by giving a fixed value, or by writing a sweeping range at
each electrode.

The work of a simulator is to solve all the specified equations within the defined
2-D structure, in a way that the final solution is self-consistent at every mesh point.
The success of a calculation manifests itself by the convergence of the problem without
any error.

There are basically two possible output analyses after a calculation is done. The
final structure contains the 2-D solutions of the calculation at a fixed bias condition.
We can extract the 2-D contour maps of potential, electric field, charge, and current
distribution. If a bias sweeping syntax was inserted in a input file, current-voltage

characteristics are saved in another type of output file.
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3.3.2 Defining a mesh

Because simulation is based on the finite-element method, mesh definition before
calculation is an important step to conduct efficient simulation and to get exact
results. Figure 3.7(a) shows an example 2-D output file from ATLAS and Figure
3.7(b) is a simplified illustration of the mesh structure. Basically, using a fine mesh
that contains very closely-defined lines results in more reliable results because it
approximates well a real continuous medium. However, the simulation time gets
longer as the number of cross-section points (nodes) is increased. Therefore, it is
reasonable to define high-resolution fine mesh only within the most important region
where the analysis is to be made, with a relatively coarse mesh elsewhere. We applied
this principle of making use of a non-inform mesh, with a significantly improved
accuracy at metal /semiconductor interfaces. ATLAS provides exact solutions at each
node defined by the grid lines, and also calculates interpolation values along the
diagonals as illustrated in Figure 3.7(b). There is a maximum allowed node limit of

108, which is large enough in most cases.

3.3.3 Use in device modeling

In contrast to the analytical modeling, the numerical simulation does not directly
lead to any apparent mathematical relationship between input and output quantities.
We rather consider the ensemble of all the specified inputs (structure, mesh, models,
parameters, etc.) as a numerical model when the calculation outputs well match and
explain experimental characteristics. Building such 2-D numerical models for OFETs
can be exemplified by the results in [78, 79|, where the systematic variation of the
contact geometry and injection barrier is simulated to predict physical behaviors.
Another important use of the numerical method, emphasized in our results, is to
check the validity of the analytical models. After achieving an analytical expression
for charge distribution or current-voltage relationship, for example, we can compare
the analytical calculation to the numerical simulation with identical parameters, to

justify the approximations and approaches made for analytical developments.

3.4 Experimental investigation

Basically, modeling consists of making a model that can explain, fit, and eventually
predict a real world problem. Therefore, through the whole study, we made a continu-

ous effort to keep a good balance between theory and experiments. As a consequence,
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the results of all the five types of studied devices are supported by both theoretical
and experimental work.

The main purpose of using experimental results is to compare with a developed
model, to finally confirm its validity. From another point of view, an experimental
observation can be ¢ starting point of model development. The best example of the
latter approach is the experimental observation of full depletion in unintentionally-
doped organic semiconductors (Section 4.1), which formed the solid basis for the
zero-doping assumption that has been applied to the rest of the results.

In order not to interrupt a natural flow of the explanation, all the experimental de-

tails on the device fabrication and characterization are collectively given in Appendix

C.
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Chapter 4

Modeling organic diodes

In this chapter, the term ‘diode’ is used by its broadest meaning, which indicates
a device containing two (di-) terminals. The choice of a metal basically determines
how the device functions, or more precisely, the charge injection barrier at each of two
metal /organic interfaces is a dominating factor in predicting the device operation. To
obtain substantial currents in a diode, at least one of the two electrodes has to form an
‘injecting’ contact that has a sufficiently low energy barrier into the transport orbital
of the given organic material. In contrast, a metal with a high injection barrier is to
be called a ‘blocking’ contact, and it can only extract or collect the carriers injected
from the injecting contact.

Based on the above clarification, we graphically describe in Figure 4.1 three char-
acteristic diode structures which have been studied in the thesis. One can realize that
there are two criteria applied to the appellation of each structure; the current-flow
direction (with respect to the substrate) and the sameness of the two contact metals.
Various theoretical and experimental methods have been adopted to understand or

model the specific behaviors of each diode configuration.

(a) Sicaki = (b) r o= (©)  injecting contacts
ocking contac injecting contac / \
injecting contact injecting contact
vertical vertical gap-type
rectifying symmetrical symmetrical
diodes diodes diodes

Figure 4.1: Hlustration of the different diode structures.
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4.1 Vertical rectifying diodes

4.1.1 Metal-insulator-metal (MIM) model

An organic layer with an injecting contact and a blocking contact forms a rectifying
diode. In the literature, Steudel and co-workers successfully demonstrated the single
organic layer diodes with the Au/pentacene/Al structure as a high-frequency rectifi-
cation unit, which is of great interest for the radio-frequency identification (RF-ID)
tag application [80,81]. The work by Haldi and co-workers [82] also shows the elec-
trical characteristics of the rectification diodes in ITO /organic/Al structure. They
used Cgg, pentacene, 4,4’-bis| N-(1-naphthyl)- N-phenyl-amino|biphenyl (a-NPD), and
a N,N’-bis(m-tolyl)- N, N’-diphenyl-1,1’-biphenyl-4,4’-diamine (TPD) based polymer
as an organic semiconductor.

Because of their behavioral similarity, single-layer organic rectification diodes have
been generally described as conventional Schottky diodes [83-85|, where the current
is dominated by the modulation of the depletion width at the blocking interface
(Schottky contact) [21]. An underlying assumption of a Schottky contact is that the
depletion width is smaller than the semiconductor thickness, or in other words, the
semiconductor layer is only ‘partially’ depleted at thermal equilibrium. When this
assumption holds, reverse bias applied to a diode widens the depletion region, and in
turn decreases the measured depletion capacitance (Cy). This forms the basis for the
so-called Mott-Schottky analysis, for which one plot 1/C? as a function of the applied
voltage, to extract the doping concentration and the built-in potential [23, 86].

However, a constant reverse bias capacitance in rubrene organic diodes has recently
been observed, which implies that the doping concentration is so low that the entire
organic layer is already depleted at thermal equilibrium [87]. When assuming uniform
doping, the depletion width W, is dependent on the doping concentration N, [21]
through

2e¢5 (Vg — Vo)

pu— —_— 4-1
Wd C_ZNa ) ( )

where €, is the permittivity of the semiconductor, V; the diffusion potential, V,
the applied anode voltage, and ¢ the elementary charge. Vj is also called built-in
potential, and it arises from the work function difference between the metal and
the semiconductor. Figure 4.2(a) illustrates the ‘conventional’ energy diagram of a
metal /semiconductor junction at thermal equilibrium (V,= 0 V). The deletion region
is localized at the junction interface, because W, is normally ‘assumed’ to be smaller

than the semiconductor thickness. In Figure 4.2(b), the expected depletion width,
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Figure 4.2: (a) Energy band structure at a metal /p-type semiconductor interface at
thermal equilibrium (V,= 0 V). E.: conduction band edge, F,: valence band edge,
and Ey: Fermi level. (b) Calculated depletion width as a function of doping density
at several diffusion potential values.

calculated by Equation (4.1), is drawn as a function of doping level. Here, the fixed
parameters for calculation are e, = 3.6 X ¢y, V, = 0 V, with ¢y as the permittivity
of vacuum. Note that, when N, is lower than ~ 10'® cm™3, W, becomes larger than
100 nm. When W, exceeds the semiconductor thickness, the depletion region extends
until it reaches the opposite contact, and the film is ‘fully’ depleted. In this case, a
reverse bias cannot modulate the depletion capacitance, because it cannot widen the
depletion region any more.

In order to bring more evidence for the ‘full depletion’ concept, we fabricated and
analyzed rectifying organic diodes with thick pentacene layers. Figure 4.3 shows the
measured current-voltage (I,-V,) characteristics of the Au/pentacene/Al diodes with
520 nm and 1.0 um pentacene films. The active area of both devices is 4.3 x 107*
cm?. In this structure, the bottom Au electrode serves as an injecting contact and
the top Al is a blocking contact. The Fermi levels of both Au and Al are expected to
be far below the LUMO level of pentacene, and therefore the diodes are described as
unipolar hole-only devices. As shown in Figure 4.3(a), the fabricated devices exhibited

significantly high rectification ratio.
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Figure 4.3: (a) Current-voltage characteristics of the pentacene diodes fabricated with
the structure depicted in the inset. The applied voltage corresponds to the voltage
at the bottom Au contact with the top Al electrode grounded. This plot is drawn on
a semi-logarithmic scale. (b) and (c): the same results drawn on a linear scale.
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Figure 4.4: Impedance-voltage characteristics of the pentacene diodes with (a) 520-
nm-thick pentacene and (b) 1.0-pm-thick pentacene.
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The electrical impedance of both devices were measured as a function of V,. Figure
4.4 shows the impedance-voltage characteristics represented by separate modulus and
phase angle. First, in the reverse-bias regime, the phase angle is fixed at -90° and the
modulus remains constant. It means that the diodes show purely capacitive behavior
and the capacitance does not depend on the applied reverse bias. Next, when the
diodes are positively biased, the current increases rapidly, thus leading to decreasing
Zm. Phase angle ¢ departs from -90° and approaches zero, which means that the
resistive component of the total impedance becomes more and more dominant with
increasing V.

The observed full depletion in 1.0-pm-thick film implies that the doping concen-
tration in pentacene is extremely low. We can estimate the upper limit of the doping
concentration N, of pentacene by Equation (4.1). By assuming V; = 0.6 V and €5 =
3.6 X €q, it is revealed that the depletion width W, over 1.0 ym can be achieved when
doping concentration N, is lower than 2.4 x 10'* ecm™3. Organic semiconductors are
mostly used as undoped form in applications, except for the cases where deliberate
electrical doping is desirable [88,89]. In any cases, ambient oxygen can serve as molec-
ular dopant in p-type molecular matrix [90], which is called ‘unintentional’ doping of
organic semiconductors. The estimated doping concentration as low as ~ 10 cm™3
indicates that unintentional doping agents only lightly doped our pentacene films.

It is important to note that, under full depletion, the diode characteristics cannot
be correctly described as a Schottky contact due to the non-existence of depletion
modulation. Therefore, organic diodes should be explained by the metal-insulator-
metal (MIM) model in Figure 4.5. At variance with the conventional picture in Figure
4.2(a), MIM diagram is based on the thermal equilibrium established by the Fermi-
level alignment between the electrodes at both sides of the semiconductor. The fully-
depleted sandwiched organic layer has straight band profiles, which is characteristic
of an electrical insulator. The electrical conductivity of a diode is entirely due to the
‘injected’ carriers, and the organic layer is to be regarded as a transporting medium
for injected carriers.

In the reverse-bias regime [Figure 4.5(a)|, strong electric field inside the diode
prevents any transport of the injected holes at the anode toward the cathode. Reverse
current is extremely low, because Al cathode here cannot inject a sufficient amount
of either type of charge carriers. When a small forward bias is applied (0 < V, < Vj),
the electric field is significantly lowered, and as a result, the high-energy holes at the
anode side can overcome the potential barrier to reach the cathode. The current in this

regime is thus strongly injection limited, and exponentially increases with increasing
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Figure 4.5: MIM-type energy diagram of a pentacene diode at different operation
regimes. (a) Reverse-bias regime, (b) thermal equilibrium, (c) flat-band condition, (d)
bulk-limited regime. The lower panel indicates the dominant conduction mechanisms
under each bias condition.

V. [see Figure 4.3(a)]. Finally, when V, exceeds Vj, the internal electric field now
favors the drift of the anode-injected holes. Consequently, the current is no longer

injection-limited but limited by the bulk conductivity of the organic semiconductor.

4.1.2 Frequency-dependent impedance analysis

Impedance-voltage (Z-V') characteristics shown in Figure 4.4 indicate that the pen-
tacene MIM diode is equivalent to an ideal capacitor (¢ = —90°) in the reverse-bias
regime. Under forward-bias, on the other hand, the phase angle is intermediate
—90° < ¢ < 0°, which means that both capacitive and resistive elements contribute
to the frequency response of the device. In order to find an appropriate equivalent
circuit in this regime, we have conducted impedance spectroscopy on a forward-biased
diode with 520 nm of pentacene.

The impedance-frequency (Z-f) data obtained over a frequency range from 5 Hz
to 2 MHz are represented on a complex plane in Figure 4.6(a). It is observed that
at various V,, the data curves are close to ideal semicircles, which means that the
forward-biased pentacene diode can be well described by a simple parallel RC circuit.
The fitting result shown in Figure 4.6(b) confirms the correctness of the use of an RC

equivalent circuit. Note that this observation can be distinguished from more complex
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Figure 4.6: (a) Impedance spectroscopy data of a Au/pentacene/Al diode on a com-
plex plane (Nyquist digram). Device area: 4.3 x 107* ¢cm?, pentacene thickness: 520
nm. Data obtained with three different dc voltages are shown. The frequency values
written on each curve is the characteristic frequency that gives the maximum -Im(2)
point at each measurement. (b) Separate real and imaginary impedance data with
V, = 2 V drawn as a function of ac frequency. The symbols represent the experimen-
tal data and the solid lines are the fitting curves by using a parallel RC equivalent
circuit (inset).
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Figure 4.7: (a) Resistance from the impedance modeling in comparison with the
current-voltage characteristics. (b) Capacitance from the impedance modeling.

equivalent circuits often needed to fit the experimental data on organic diodes. For
example, when the metal/organic interface region is damaged or oxidized, there is
possibility of observing a second parallel RC element as shown in [87]. Another
possible situation is the existence of a high contact resistance, which manifests itself
by a series resistance connected to the bulk RC element |72, 73].

We realized that Z-f measurements at other V, values could also be fitted to the
RC parallel circuit, with the two circuit parameters varying by changing V,. The
extracted resistance and capacitance values are plotted as a function of V, in Figure
4.7. Resistance in Figure 4.7(a) is decreasing with increasing V,,, which is in line with
the superlinear rise of the current in the space-charge-limited conduction (SCLC)
regime. The resistance from the impedance equivalent-circuit model is also in good
agreement with the resistance calculated from the I-V characteristics in Figure 4.2.
Capacitance in Figure 4.7(b), on the other hand, is practically constant over the
measurement range, which is because this capacitance corresponds to the geometrical

capacitance determined by the overlap region of the top and bottom electrodes.
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4.1.3 Dielectric properties of pentacene

Based on the observation of a purely capacitive behavior in the reverse bias regime,
we are able to estimate basic dielectric properties of pentacene films. The measured
reverse bias capacitance C,. can be defined by using the parallel-plate capacitor equa-
tion

A A

Cr = Esg = k’éog, (42)

where A is the overlap area of the two electrodes, d the semiconductor thickness, and
k the dielectric constant. We measured d and C, of the diodes with different A, in
two independently fabricated device sets. In Figure 4.8, measured C, X d values are
plotted as a function of A with the linear fit trough the origin. Equation (4.2) shows
that the slope of this regression line is equal to €4, from which the dielectric constant
k can be calculated. The obtained k is 3.9 + 0.25 for Set A and 3.3 + 0.17 for Set B.

The dielectric constant of an organic semiconductor has been often assumed to be
around three and many people have used k = 3 for theoretical calculations [91-93].

We infer that this value rather corresponds to a high-frequency dielectric constant
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Figure 4.9: Optical microscopical images (a) before and (b) after the breakdown
measurement.

estimated within the optical frequency range. Our results show that, in electrical low-
frequency regime, the dielectric constant turns out to be higher. When the applied
frequency is low, a dielectric medium can respond to the signal with more polarization
mechanisms [42], so it is logical to get a higher effective dielectric constant. The
difference observed between Set A and Set B might be attributed to the uncontrollable
morphological variation of pentacene in each diode. Therefore, we will use the average
value of k£ = 3.6 as the quasi-static dielectric constant of pentacene throughout the
thesis.

The dielectric strength of an insulating material is quantitatively described by the
breakdown field, which is defined as the maximum electric field that can be applied
before immediate breakdown [94,95]. An electrical breakdown generally causes irre-
versible damages on the material due to abnormally high current through it. Figure
4.9 shows the microscopic images of a pentacene diode under the breakdown test. We
measured reverse-regime [-V characteristics and recorded the voltage at which the
breakdown occurs. As shown in Figure 4.9(b), the device is irrecoverably damaged
after the breakdown measurement is done.

Figure 4.10 shows the measured breakdown field of ten test devices for a statistical
result. The average value is calculated to be 1.02 £ 0.06 MV /cm. This value is
relatively smaller than that of SiOs (8-9 MV /cm) or various polymeric insulators (2-6
MV /em) [94,95]. We infer that the polycrystalline nature of pentacene films [96] can
result in formation of pin holes and early breakdown. It is known that disordered

amorphous phase can exhibit a stronger morphological stability against electrical
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Figure 4.10: Scatter plot of the measured dielectric strength of pentacene. The dashed
line shows the average value of the ten devices.

stress [97].

4.1.4 Modeling the low-voltage regime

Because of the absence of a depletion modulation in fully depleted MIM-type organic
diodes, a specific model that differs from the Schottky model is to be defined. We
revisited the classical theories on metal/insulator junctions that have been intensively
dealt with in the early days of solid-state electronics, during which semiconductors
have been generally regarded as highly resistive materials that are capable of trans-
porting electrode-injected charge carriers [98,99].

We start by analyzing electrostatics in an MIM diode at thermal equilibrium. Fig-
ure 4.11 shows a schematic diagram of the one-dimensional MIM system to be solved.
Here, z = 0 is defined at the anode/organic interface and d is the semiconductor
thickness. Self-consistent evaluation of Poisson’s equation [Equation (4.3)] and the
transport equation (drift-diffusion equation) [Equation (4.4)] is conducted for this

structure;
dF'  qp

- _ 4.3
dr e’ (4.3)
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Figure 4.11: Illustration of the one-dimensional coordinate on an MIM diode.

dp
= gpuF — qD—> 4.4
J = qpuF —qD =, (4.4)

where [ is the electric field, p the hole concentration, J the net hole current density,
4 the hole mobility, and D the hole diffusion coefficient. Note here that, the space-
charge term in Equation (4.3) is greatly simplified by assuming hole-only conduction
in the absence of thermal carriers; the term p represents the ‘injected’ holes distributed
throughout the semiconductor. It is this assumption that forms the basis for the
analytical model development.

These two equations can be merged, with the Einstein relation D/u = kgT/q (kg

is the Boltzmann constant and 7" is the absolute temperature), into

dF  kgT d*F
J=¢€pu| F— — —=——|. 4.5
csH ( dz q dZUZ) (4:5)
At thermal equilibrium, J should be zero, which requires
dF  kgT d*F
p— = - 4.6
da q da?’ (4.6)

which can be then integrated once giving

2
q 9 q dF 9
F? — — = 4.7
<2kBT) 2%pT dz (4.7)

where ¢ is an integration constant.

In the Boltzmann approximation, Equation (4.8) defines a relationship between

the density of holes and the potential:
p = poe 5T, (4.8)

where py = Nye e/k8T ig the density of holes at = 0. Here, N, is the effective
density of states at the valence band edge and FEj is the anode barrier height at the

electrode-semiconductor interface.
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Equation (4.7) was first resolved by Mott and Gurney for a semi-infinite semicon-
ductor [98], then by Skinner [100] for a semiconductor of finite thickness. The general

solution writes:

2kgT

F(x) = ===gcothg(r + ), (4.9)
2¢.kgT g° [ g%o r

) S DR R 4.10

Pl7) ¢ sinh?g(x+a)  |sinhg(r+ ) o

where 77 is an integration constant, and z( the characteristic distribution length:

2€S/€BT
0=/ . 411
’ o (1)

Writing that p(0) = py leads to:

o = arg sinhg:co' (4.12)
g
Substitution of Equation (4.12) in Equations (4.9) and (4.10) gives:
2kgT
F(z) = — =5~ g coth(gz + arg sinhgzo), (4.13)
q
2
gZo
= . 4.14
p(z) =po Linh(gaz + arg sinhgz) (4.14)
The potential is obtained by integrating the electric field:
v 2kgT . sinh inh
V(z) = —/ F(z)dz = B 2 (g2 + argsin gxo)' (4.15)
0 4q gZo

Here, we assumed that VV = 0 at the anode. The integration constant g can now
be estimated by introducing the boundary condition V(d) = V,, that equals the
difference between the work functions of the anode and the cathode.

The results in Equations (4.13) to (4.15) accurately describe the electrostatic
distribution in the model diode in Figure 4.11. At this stage, however, the calculation
can no longer be performed by analysis and a numerical computation is necessary.
Figure 4.12 shows the model-calculated potential profiles with different Ej values.
The fixed parameters are d = 200 nm, €, = 3.6 X €5, N, = 102 cm™3, T' = 300 K,
and V; = 0.6 V. We can justify the MIM diagram (Figure 4.5) with this result; as
along as a substantial injection barrier exists at the injecting contact, the potential
profile is linear and the electric field is constant throughout the whole semiconductor
thickness. It should be note that, in most realistic metal /organic junctions, a Fermi-

level pinning occurs to limit the minimum barrier height not less than ~ 0.3 eV [58,63],
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Figure 4.12: Potential profiles along the semiconductor thickness calculated by the
model Equation (4.15). The profiles are practically straight as long as the injection
barrier is not too small.

which supports the applicability of the MIM model. On the other hand, the reason
of a slight band bending with F, = 0.1 €V is that an accumulation layer forms near
x = 0 due to a vanishing barrier, which in turn tends to obstruct further injection
from the electrode by large opposing electric field (space-charge effect).

For predicting current-voltage characteristics, Equation (4.5) needs to be solved
under out-of-equilibrium condition (J # 0). The calculation tends to be complicated
but the exact solution was already given by Skinner and Wright {101, 102|. Their
solution, however, includes Bessel functions that do not lead to easy-to-handle ana-
lytical expressions. Here, we propose a simplified analytical model for the low-voltage
regime, which is of special interest for OPVs that operate below the open-circuit volt-
age [16,103].

Figure 4.13 illustrates the energy diagram under a small forward-bias. The anode
current .J,,, should be diffusion-dominated because the injected carriers are many but
the internal electric field points against their drift toward the cathode. The number

of anode holes that can overcome the barrier ¢(Vy; — V,) increases by applying V.



50 CHAPTER 4. MODELING ORGANIC DIODES

oV<V, <V,

anode current: cathode current:
diffusion o~ drift

A
q(Vy-Vs)|

E cat

anode organic | cathode

Figure 4.13: Energy diagram of an MIM organic diode under small forward-bias
V,. An analytical current-voltage model is developed here by only considering the
dominant current mechanism at each contact side; diffusion current from the anode
ant drift current from the cathode.

Hence, J,, is proportional to e~ 4(Va=Va)/ksT ¢ ¢Va/ksT and we write as
Jcm = Janoeqva/kBTa (416>

where J,,0 is the anode current at V, = 0 V. The cathode current J.,;, on the other
hand, is drift-dominated because the electric field favorably sweeps the holes injected
from the cathode even though their concentration is low. By using p..; as the injected
hole concentration from the cathode and (V; — V,)/d as the electric field strength,

Va—"Va
o d

V-V, i
Jcat = (Peath—— = que Ecat/kBTM

) (4.17)

where the last expression shows the explicit role of the cathode barrier E.,;. At

thermal equilibrium, the net current should be zero,

Jan(Va = 0) = Jcat(‘/a = O), (418)
and this condition requires
oo = queEmt/’fBTu%. (4.19)

Now we can write the final net current model as

J = Jan - Jcat

_ queEcat/kBT,u% (qua/kBT — 1+ E) — JS (qua/kBT S E) , (420)
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Figure 4.14: Current voltage characteristics for comparing the analytical model with
the numerical finite-element simulation. (a) From reverse- to injection-limited regime
in semi-log scale. (b) Reverse-bias regime in linear scale.

where J; is the saturation current. Note that the model Equation (4.20) is a compact,
fully analytical description with physcally-based parameters, which is an important
requirement for practical circuit simulation. Also note that the current level is very
sensitive to the barrier at the blocking contact E.., which only permits low-level
injection. This operation mechanism strongly reminds that of the conventional p-n
junction, in which the current is controlled by minority carriers [21]. In addition to
a different definition of .J;, a major difference from the Schottky model is the V-
dependence of the reverse-bias current, which manifests itself by the third factor in
the brackets in Equation (4.20). When the applied forward-bias is larger than a few
kT /q, Equation (4.20) simply approximates to

J = JetVe/FET (4.21)

Figure 4.14 shows the validity of the analytical model in comparison to the nu-
merical simulation by ATLAS. Both calculations were conducted with the physical
parameters summarized in Table 4.1. As shown in Figure 4.14(a), the analytical

model is in excellent agreement with the numerical one as long as we remain in the
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Table 4.1: Physical parameters for the analytical calculation and numerical simulation
in Figure 4.14.

Parameter Value
Temperature 300 K
Effective DOS 10%° cm~3

Dielectric constant 3.6
Doping concentration 0 cm™3
Semiconductor thickness 200 nm
Ionization potential 5.1eV
Hole mobility 0.15 cm?/V's
Anode work function 4.8 eV
Cathode work function 4.2 eV

low-voltage regime, which justifies the assumptions made above for analytical de-
velopment. The numerical curve also shows a decline of the slope when V, exceeds
V4, because the current in this regime starts to be limited by the bulk conductivity.
The reverse-bias regime shown in Figure 4.14(b) clearly indicates that the current at
negative V, is not constant, which is correctly predicted by Equation (4.20).

All analytical results up to this point are strongly based on the primary assumption
that the organic semiconductor is undoped, so that only injected charges govern the
current flow in the diode. In order to solidify this hypothesis, a series of simulations
with increasing doping concentration has been conducted. Figure 4.15 shows the
forward J — V' characteristics from zero to heavily-doped case. Obviously, doping
up to 10 cm™ does not influence the current because the injected carriers are more
abundant. It is only when the doping concentration becomes higher than 106 cm™
that the current significantly raises owing to additional free carriers. Accordingly,
the organic semiconductor can be safely described as undoped in realistic cases even

though small amounts of unintentional dopants could exist.

4.1.5 Trap-induced ideality factor

The effect of charge-trapping states on the electrostatic distribution is discussed and
its impact on the diode current will be elucidated. Small molecular semiconductors
generally exhibit exponential trap DOS of which the origins are attributed to various
chemical and structural imperfections [104-106]. The trap DOS N(F) is written as
N(E) = Ne mm ks, (4.22)
kgT.
where FE, is the energy of the valence band edge, NV; the total density of traps, and

T, the trap characteristic temperature corresponding to the distribution width. The
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Figure 4.15: Numerical simulation with a variation of the doping concentration in
the organic semiconductor. This result shows that the effect of doping on the current

does not appear as long as a moderate doping is concerned and the assumption of
zero doping is usable for analytical simplicity.

density of trapped holes p; is estimated by integrating this DOS times the Fermi-Dirac
distribution over the available energy range,

pi(Ep) = /+Oo NE)E (4.23)

o 1+ e~ (E-Ep+qV)/kpT"

Because T, > T in general, the DOS in Equation (4.22) is a slowly varying function
with E compared to the Fermi function, so that the latter can be approximated to a

step function. This assumption yields

pr = proe” 1P, (4.24)

with py = NeFo/k8Te i the boundary value of p, at + = 0. From Equations (4.8)
and (4.24), the ratio between free and trapped holes is given by

P P Te/T

t
= == . 4.25
s (%) (1.25)

The potential profile can now be calculated by replacing p by p + p; in Poisson’s
equation (4.3). However, generally p, > p, so that a valid equation can be simply
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Figure 4.16: Semi-analytical estimation of the potential profiles with and without
trap states. AV denotes the barrier reduction for the holes diffusing from the anode
toward the cathode.

obtained by replacing p by p; in Equation (4.3). On the other hand, drift-diffusion
equation must be left unchanged because only free carriers can participate in the

charge transport. Making use of Equations (4.3) and (4.25), Equation (4.5) is modified

I -1
€s dF dF  kgT.d*F
J=gNgu (=) (55 e Sk 4.26
1 M(th) (dx) ( dz q dx2) ( )

where [ = T,/T. At thermal equilibrium, Equation (4.26) reduces to Equation (4.6)
with 7T, instead of T'. Accordingly, the solution for V' (z) is obtained by changing T

as

to T, and pg to py. Figure 4.16 shows the effect of traps on the potential profile in
the model diode. The parameters are those used for the calculation in Figure 4.12
with fixed Ej, = 0.3 eV. For the potential ‘with traps’ we used N; = 2 x 10'® cm ™3
and T, = 1200 K. Note that, in the presence of traps, a band bending similar to a
low-barrier profile in Figure 4.12 occurs. This is because, even with a high Fj of 0.3
eV, the trap DOS provides available states near the Fermi level of the anode, which
in turn leads to the formation of an accumulated space-charge region. This effect
is, in other words, a barrier lowering effect by trap DOS as denoted by the barrier
reduction AV in Figure 4.16.
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Figure 4.17: Potential profiles obtained by the numerical simulation under different
bias conditions. The variation of the effective AV is the evidence for the trap-induced
ideality factor in the low-voltage regime.

In order to understand the effect of traps on the diode current, we conducted
numerical simulation (ATLAS) with an inclusion of the exponential trap DOS model.
Figure 4.17 shows the variation of potential profiles with increasing V. This result
indicates that AV tends to increase with V,,. Now we see that the forward-bias current
is no longer proportional to e?2/*87 but rather to e?Ve=AV)/EsT If we take a first
order approximation of the dependence of AV on V, as AV ~ oV, the diode current
with traps becomes

J = Jetd=elVa/ksT — j oaVa/nkpT (4.27)

under a forward bias higher than a few kgT'/q. It means that the ideality factor n,
which corresponds to the deviation of the exponential slope of a J-V curve, is well
expected by the trap states that change the electrostatic distribution.
Current-voltage characteristics calculated by ATLAS in Figure 4.18 confirms this
argument. At first, it is shown that the effect of traps is not significant in the reverse-
bias regime. In the injection-limited forward regime, however, the traps decrease the
slope of the J-V curve. We also realize that as T increases, the slope further decreases

due to the increased number of trapped charges, which in turn increases « and n.
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Figure 4.18: Numerical simulation showing the effect of exponential trap DOS on the
current of an organic diode. The traps result in a deviation of the forward current in
the exponential regime, which is interpreted in terms of the ideality factor n. Ideality
factor increases with increasing T..

Note that Equation (4.27) based on the first order approximation is not sufficient
when T, is too high; the 7. = 1200 K curve in Figure 4.18 does not have perfectly
straight exponential slope. In this case, a constant n value cannot be defined.

It is clear that the traps also significantly affect the bulk-limited-regime current;
we see the decrease of the current level at V, =1 V in Figure 4.18. The trap-limited
SCLC with exponential DOS was modeled by Mark and Helfrich in [52]. We refer to
this classical model to examine the trap parameters in the fabricated devices. The

Mark-Helfrich model can be written in the form of

e L\ 20+ 1\ (v, — vyttt
/= alop <thl+1) <l+1> e (4.28)

where (V, —V}) is used to compensate the built-in electric field due to the asymmetric
contact geometry. The slope of the measured J-V curve on a log-log plot in Figure 4.19
is 5.4, which shows that the bulk-current in the fabricated pentacene diode is strongly
trap-limited. The diode measured here has the Au/pentacene/Al structure with d of

200 nm and the active area of 4.0 x 10~* cm?. The extracted slope corresponds to
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Figure 4.19: Experimental current-voltage curve in the bulk-limited regime drawn on
a log-log plot. The measured current is compared to the Mark-Helfrich model and
the ATALS simulation.

l=4.4and T, = 1320 K. Then, we inserted this 7T, value in the numerical model and
optimized simulated J-V characteristics to approach the measured one for estimating
N,;. This process led to the optimized numerical curve in Figure 4.19 with N, =
1.3 x 10*® cm™3. As a confirmation, these obtained N; and T, are put into the Mark-
Helfrich model Equation (4.28) and the analytical curve in Figure 4.19 corresponds
to this calculation.

Finally, we were able to very accurately model the measured low-voltage current-
voltage curve by using the extracted trap parameters. As the low-voltage current is
dominated by the blocking contact, we adjusted the cathode (Al) work function in the
simulator with an assumed ionization potential of pentacene and an anode (Au) work
function. Figure 4.20 shows an excellent agreement between the measurement and
the optimized numerical simulation. The final physical parameters for the pentacene
diode are summarized in Table 4.2. Note that the most critical factor for fitting the
low-voltage regime was the cathode barrier, which turns out to be 5.2 — 4.38 = (.82
eV. The foremost result is that the ideality factor in the real device, here n = 2.1,

was exactly reproduced by taking into account exponential trap DOS, with the trap
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Figure 4.20: Final comparison of the low-voltage regime current of a fabricated pen-
tacene diode with the best-fit numerical model with the systematically estimated
parameters.

Table 4.2: Physical parameters used for the numerical simulation that produces the

best-fit curve to the experimental current-voltage characteristics of the pentacene
diode in Figure 4.20.

Parameter Value
Temperature K 300 K
Effective DOS N, 102 ¢cm 3
Dielectric constant & 3.6
Doping concentration 0 cm™3
Pentacene thickness d 200 nm
Ionization potential 5.2 eV
Hole mobility p 0.15 cm?/V's
Total trap density NV, 1.3 x 10 cm™3
Trap characteristic temperature 7, 1320 K
Anode (Au) work function 49 eV

Cathode (Al) work function 4.38 eV
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parameters accurately estimated from the same device in the high-voltage regime.

4.2 Vertical symmetrical diodes

This section deals with data from a collaboration with the group of Prof. Jacek Ulan-
ski at the Department of Molecular Physics, Technical University of Lodz, Poland.
The device fabrication and measurement were conducted in Poland and we received
the data and analyzed them for equivalent circuit modeling.

We name the device vertical ‘symmetrical’ diode because of the similarity of the
two contact metals. However, actual devices do not always exhibit perfectly symmet-
rical current-voltage characteristics. It is because the order in which the metal and
the organic material are deposited can influence the energetic of the junction even
with the same material combination [89]. A major reason for this is the softness of
organic materials. In general, a metal deposited on top of an organic film is prone
to slightly penetrate into the molecular matrix, forming a less sharp metallurgical
interface compared to that of an organic-on-top-of-metal interface [107]. Work func-
tion shift of the metal due to contamination before depositing an organic layer can
be another reason for energetic asymmetry [108|. If those effects are minimized, a
vertical symmetrical diode can have fairly symmetrical -V characteristics.

Here, a vertical metal/organic/metal diode with Au/P3HT/Au structure is ana-
lyzed to study their impedance characteristics under light exposure and during time

relaxation.

4.2.1 Film and device properties

Figure 4.21 shows the measured absorption spectrum of a deposited P3HT film. As
well known from the literature, the PSHT layer absorbs a large portion of the visible
photons (roughly from 400 nm to 700 nm) [109,110]. Making use of this broad
absorption spectrum, Antognazza and co-workers have demonstrated selective color
sensors based on P3HT photodiodes [111]. By estimating the wavelength at the
absorption edge in Figure 4.21 (645 nm), we calculate the optical bandgap of P3HT.
The resulting optical bandgap is 1.9 eV, in good agreement with the literature [103].
Current-voltage measurements on a Au/P3HT/Au device were conducted under
two different atmospheric conditions; low vacuum (2 x 1072 mbar) and ambient air.
The -V characteristics are shown in Figure 4.22. The voltage is applied to the bottom
electrode with the top electrode grounded. We first see good symmetry in the I-V

curves in both cases, which indicates that the top and bottom Au/P3HT interfaces are
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Figure 4.21: Abosrption spectrum of a P3HT film. Inset: molecular structure of
P3HT.

practically equivalent. Also note that the I-V characteristics are straight. It implies
that the carrier injection barrier from the Au Fermi level to the PSHT HOMO level is
negligible, and the contact resistance is much smaller than the bulk resistance. When
a substantial injection barrier exists, the current is expected to follow an exponential
increase, which is revealed by a bended I-V curve at low voltage.

An important finding is that the current increases significantly under ambient
air. For both curves, we conducted linear regression through the origin and the fitted
lines are shown together with the measured data. The slope corresponds to the ohmic
conductivity and the extracted values are 3.9 uS for the vacuum data and 8.6 uS for
the ambient-air data; the conductivity is enhanced by a factor of 2.2 under exposure
to the ambient air. This phenomenon is attributed to oxygen doping [90,112]; oxygen
molecules can be adsorbed and diffuse into the organic solid and they can serve
as efficient p-type dopants (acceptors) by redox reaction via their molecular orbitals.
The enhanced ohmic contact is then regarded as a concomitant event. Even though it
seems marginal, an energy mismatch between the Fermi levels of Au and P3HT could
lead to the formation of a depletion region. Higher carrier density is expected when

ambient doping takes place and these additional carriers could reduce the depletion
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Figure 4.22: Current-voltage characteristics of a vertical Au/P3HT/Au diode under
low vacuum and ambient air. Inset: device structure.

width down to a negligible scale and/or compensate other interface-related parasitic

(non-ohmic) effects.

4.2.2 Equivalent circuit model

In order to understand the effect of light exposure on the impedance characteris-
tics of the Au/P3HT/Au device, a series of broad-range impedance spectroscopy
experiments were conducted (1072 to 107 Hz). To focus on the natural relaxation
behavior after illuminating the sample, dc bias was kept at 0 V. Figure 4.23 shows
the impedance spectroscopy data on a complex plane (Nyquist diagram). Upon light
exposure, the device responded quickly and came to the state in which the overall
impedance modulus is strongly reduced compared to the initial state. At this point,
it is worth reminding that an impedance modulus corresponds to the distance from
the origin to each measurement point on a complex plane. Surprisingly, this excited
state does not immediately recover towards its initial state after turning off the light.
Instead, it took several hours for the system to recover as monitored by repeated
measurements. It turned out that, in spite of this extraordinarily slow relaxation, the

device could fully relax to its initial state so that the excitation/relaxation process
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Figure 4.23: Nyquist diagram for the frequency-dependent impedance data under
light exposure and relaxation. The applied dc voltage is 0 V and the amplitude of
small-signal (ac) voltage is 0.01 V. Frequency range is from 1072 to 107 Hz. Three
ideal semicircles are drawn to help recognize the non-ideality of the data curves; the
height of an experimental arc is smaller than the half-width.

is considered to be reversible. Note that because we focus on the ‘relaxation’ pro-
cess, Figure 4.23 is not scaled with an entire feature of the fully relaxed state. The
impedance modulus of the unexposed state is much higher than that of the illumi-
nated state. The trajectory of the ‘fully relaxed’ data extends very far out of the
region shown, intercepting the real axis at 91 M().

When the shapes of the measured data curves in Figure 4.23 are compared to the
ideal semicircles with the same width drawn together, we realize that they are not
perfectly matched. This implies that a simple parallel RC circuit is not sufficient to
model the measured frequency response of the PSHT diode. We found that such de-
pressed circular arcs can be appropriately modeled by replacing the normal capacitor
by a constant-phase element (CPE) [113]. The impedance of a CPE (Zy) is defined
by

(4.29)
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Here « is a characteristic exponent that indicates the degree of imperfection of the
capacitive element (0 < a < 1). The value a equally determines the phase shift by
a CPE that is independent of w. The phase shift can be between 0 and —7 rad. By
definition, () has a unit of F - s*~1. Its meaning will be further discussed below.

The total impedance of a parallel resistance-CPE circuit (RQ circuit) is denoted
as Zpg. The combination rule is used for deducing Zpg and its real part [Re(Zgg)|

and imaginary part [Im(Zgg| can be expressed as

1 R
IR = 7 1+ (jw) RQ (4:30)
B R[1 + w*RQ cos(%)]
Re(ZRQ) - 1 + QWQRQ COS(QQ_W) +w2aR2Q2’ (431)
a P2 s am
Im(Zpg) = W RQsin(Y) (4.32)

1+ 20 RQ cos(%E) + w2 R2Q?

Note here that when o« = 1, a CPE reduces back to a normal capacitance. How-
ever, with a # 1, Equations (4.31) and (4.32) show that the complex-plane repre-
sentation of Zpg results in a depressed semicircle. We took the data curve ‘under
illumination’ from Figure 4.23 and fitted them to both RC and RQ circuits to see
the difference. As shown in Figure 4.24, the RQ circuit nicely fits the impedance
data. The extracted « is 0.96. In the literature, a CPE is generally interpreted in
terms of a non-ideal capacitance. Physical arguments for CPE comprise distribution
of energy states, spatially distributed conductivity, dispersive (frequency-dependent)
dielectric property, and so on [73,114|. We infer that the observation of a CPE in
our P3HT diode is due to the inhomogeneous contact interfaces between the rough
polymer surface and the metal.

Additionally, we define the characteristic frequency of an RQ circuit (wgg or frg)
in a similar way to that used for the RC circuit, which corresponds to the highest

point on a data curve,

dIm(Z 1
%RQ) = 0 with WRQ :27TfRQ =
w

(RQ)=

Note that wprg is uniquely determined by the three circuit parameters R, @), and a.

(4.33)

4.2.3 Circuit parameters during relaxation

It is found that all measured data over the relaxation period are also well fitted by

the RQ circuit. The extracted circuit parameters «, R, and () are to be compared
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Figure 4.24: (a) Parallel resistance and capacitance circuit (RC circuit). (b) Par-
allel resistance and CPE (constant-phase element) circuit (RQ circuit). (c) Fitted
experimental data to both RC and RQ equivalent circuits.

to understand their variation upon photoexcitation and relaxation. However, the
parameter @ has a unit of F - s*!, which is a-dependent. It makes difficult to
argue over changing () values if its unit changes as well. One strategy to transcend
this limitation, is to focus on the response of the P3HT diode at the characteristic
frequency wrg. We can define an effective capacitance Cer that has a unit of an
ordinary capacitance. The definition is done by finding an equivalent RC circuit that
features the same characteristic frequency as that of the RQ circuit. This is expressed
as
1 1

RO~ FCw (4.34)

CL)RQ =

which readily gives Cg as

Cog = Ro Q5. (4.35)
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Table 4.3: Summary of the circuit parameters during relaxation

State a  RIMQ| Q [pF-s*7!| Ce [pF]
Mluminated  0.96 1.5 340 250
1h relaxed  0.94 3.4 380 260
2h relaxed  0.95 5.0 370 260
3h relaxed  0.95 7.1 360 260
4h relaxed  0.95 8.5 350 260
Fully relaxed 0.96 91 290 250

Note that Ceg is uniquely determined by a combination of o, R, and (). It is considered
that Ceg is a parameter that keeps any non-ideal capacitive characteristics of the RQ
system and enables practical analysis in the capacitance unit.

Table 4.1 lists the extracted «, R, Q with the calculated C., and Figure 4.25 shows
the variation of R and Ceg during the relation process. There is no significant variation
of o under excitation and relaxation. Therefore, it can be inferred that the degree of
deformation of the CPE is not seriously affected by the light exposure. This seems
logical as the physical meaning of the CPE was mainly attributed to geometrical
problems. In contrast, R dramatically reduces under light and gradually increases
towards its final state value. The decrease of R can be interpreted as the increase
of the conductivity by photogenerated excess carriers. Ceg is practically constant
under illumination/relaxation process so that we can think of this capacitance as
the geometrical capacitance that is defined by geometrical overlap of the two metal
electrodes. Therefore, it is possible to estimate the dielectric constant of the P3HT
film by using the parallel-plate capacitor equation. Using the average capacitance
value 257 pF, the film thickness 9.6 ym, and the area 0.78 cm?, the dielectric constant
of P3HT is calculated to be 3.6, which would correspond to the quasistatic value.

Now, it is possible to tactically simplify the impedance response to a variation of
the bulk resistance R of P3HT because there was no critical influence of light on either
a or Ceg. At this point, we can regard the Au/P3HT/Au diode as a photoconductor
due to its ohmic conduction [Figure 4.22] and photosensitive resistance [Figure 4.25].
We first convert the extracted resistances (R) to the conductivities (o) by taking the
geometrical dimensions into account, and calculated the photoconductivity (o) of
the device by

Oph = Oillu — Odark; (436>

where oy, indicates each conductivity value under illumination/relaxation and oy

is the dark conductivity from the resistance of the final fully relaxed state.
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Figure 4.25: Variation of the circuit parameters: (a) resistance R and (b) effective
capacitance Co. Final (or relaxed) state value is also indicated in each panel.

Figure 4.26 shows the change of oy, as a function of relaxation time. From con-
ventional generation/recombination kinetics, it is expected that the photogenerated
electron-hole pairs recombine with a carrier-density-dependent recombination rate at
every instance. This mechanism results in an exponential decay of the photoconduc-

tivity [21], which is expressed as

oon() = oo exp (—i) . (4.37)

Td

Here, opn(t) is the time-dependent photoconductivity of the P3HT layer, opho the
photoconductivity under illumination (when the relaxation begins), and 74 the decay
time constant. The best fit curve shown in Figure 4.26 gives 7, = 110 minutes.

Such an extremely slow relaxation behavior (or light-induced memory effect) of
the P3HT film in metal/semiconductor/metal configuration has not been found in
the literature. Previously, photocapacitance measurements of the P3HT-based MIS

(metal-insulator-semiconductor) device showed prolonged recovery of the modulated
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Figure 4.26: Photoconductivity as a function of time. The calculated values are
compared with the exponential fit that accounts for the recombination of the excess
carriers with a fixed decay time constant.

capacitance due to trapped minority carriers at the interface states [115,116]. More
recently, Kim and co-workers explained the persistent photocurrent in dihexylquar-
terthiophene (DH4T) organic transistor with a slow detrapping of photogenerated
carriers and they observed that the gate electric field accelerated this detrapping pro-
cess [117]. A similar phenomenon was reported by Lutsyk and co-workers on the
study of poly(3-octylthiophene) (P30T) transistor and they also emphasized the role
of gate bias for erasing the memory effect [118]. Despite the dissimilarities in the
material and/or device geometry, it is likely that these results help interpret the ob-
servation in our study. Note that our impedance spectroscopy results in Figure 4.23
are obtained under dc bias of 0 V and a P3HT film with disordered polymer network
should contain high density of defect or trap sites. With these two factors combined,
photogenerated carriers can easily be trapped in the bulk film and their detrapping
would take long time without assisting high electric field applied. Therefore, the
slow detrapping of carriers results in a slow recombination and in turn, leads to the

persistent effect on the device.
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4.3 Gap-type diodes

An organic gap-type diode has a planar geometry with two electrodes on the same
side of the semiconductor [Figure 4.1 (c)]. The electrodes can be either on top or
at the bottom of the semiconductor depending on the fabrication sequence. We use
the term ‘gap-type’ diode because the gap between two coplanar electrodes define
the zone of the current flow. Our particular interest is in the observation and the
modeling of the current-voltage behaviors of this device.

Historically, the early experimental report by Polke and co-workers in 1963 was
an important result for understanding the current of gap-type devices [119]. They
measured the current in thin layers of crystalline Se and the observed -V charac-
teristics were linear at low voltage and quadratic at higher voltage. The quadratic
regime brought evidence for the space-charge-limited conduction (SCLC), but they
observed that the scaling rule for the electrode spacing L was not exactly the same
as that predicted by the Mott-Gurney law for vertical SCLC [98]. In his paper in
1966, Geurst (by using the notation ‘gap-type’) theoretically described the SCLC in
the thin-film geometry, where the current is basically 2-D, but the vertical electric
field plays an important role of accumulating the space charge [120]. In 1967, Zuleeg
and Knoll applied the analytical model of Geurst to their Si thin-film gap structures,
while confirming the validity of the model by observing the current proportional to
L=2 [121]. They also realized that when the Mott-Gurney model is applied to the
same data, the extracted mobility is highly overestimated.

Analysis of SCLC in gap-type diodes can be a useful way to estimate the mobility
of organic materials. However, there are only a few papers on organic gap-type diodes
in the literature. Recently, the fabrication of a gap-type structure and the extraction
of the in-plane mobility by Geurst’s model have been conducted for pentacene crys-
tals [122], dithienothiophene-derivative thin-films [123], rubrene crystals [124], and
4-hydroxycyanobenzene crystals [125].

Here, we present the measurement and modeling of the current in organic gap-
type diodes based on evaporated pentacene and solution-cast 6,13-bis (triisopropy-
Isilylethynyl) pentacene (TIPS-pentacene). We propose the extraction of the bulk
mobility and the thermal carrier concentration by complementary use of the linear
and quadratic regimes. Then, a compact analytical model for connecting both regimes

is introduced.
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Figure 4.27: Current-voltage characteristics of pentacene and TIPS-pentacene gap-
type diodes drawn on a log-log plot. The inset is the schematic device structure.

4.3.1 Current in organic gap-type diodes

Organic gap-type diodes were fabricated with the top-contact geometry illustrated
in Figure 4.27. Vacuum-evaporated pentacene and spin-coated TIPS-pentacene film
serve as the organic semiconductor and vacuum-evoparted Au electrodes are for the
injecting electrodes that define the gap structure. The geometrical dimensions are
identical in the two diodes in analysis. The electrode width W is 1000 pum, the
electrode spacing L is 30 um, and the film thickness d is 150 nm. The measured
electrical characteristics in Figure 4.27 show the two-regime behavior distinguished
by the slope in the log-log plot. Current is proportional to the voltage at low voltage

and it becomes proportional to the square of the voltage at higher applied voltage.

4.3.2 Compact modeling approach for gap-type diodes

Here, we describe the separate analysis of the two current mechanisms with a sys-
tematic parameter extraction, and finally suggest a compact model that can capture
the continuous transition from ohmic to SCLC regime.

Figure 4.28 shows the low-voltage regime (-1 V to 1 V) I-V data. We note an
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Figure 4.28: Ohmic regime /-V data and model for (a) the pentacene diode and (b)
the TIPS-pentacene diode. The inset shows the corresponding molecular structure.

excellent symmetry of the curves, which excludes non-ideal contact problems [124].
The current in this linear regime is supposed to be the drift current of the thermal
carriers originating from small amount of unintentional dopants [126]. We can write

the ohmic current I, as

d
Iopm = 2 “LW XV =sxV, (4.38)

where p is the thermal hole density, p is the hole mobility, and s; represents the slope

of the linear regime that actually corresponds to the conductance of the film. As
shown in Figure 4.28, the experimental data can be nicely fitted to Equation (4.38),

with extracted s; of each diode. The slope s; gives access to the carrier density p by

81L
== 4.39
P= W (4.39)

where the value of p will be given from the SCLC regime.
For the high-voltage SCLC regime, we can refer to Geurst’s model [120,121] and

express Iscrc as

2ues W
wL?
As shown in Figure 4.29, it is recommended that the current in the SCLC regime is

ISCLC = X V2 = S9 X V2. (440)

drawn as a function of V2 to see the linearity. Both diodes exhibit good linearity, and
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Figure 4.29: SCLC regime current as a function of V2 for (a) the pentacene diode
and (b) the TIPS-pentacene diode.

we can estimate the slope sy by conducting a linear regression through the origin.

The mobility u is now extracted by

_ symL?
#= 2e, W~

We have independently modeled I, and Iscrc, and naturally they can only

(4.41)

describe the corresponding regime. A single compact model can be proposed by
using a transition technique for smoothly linking the different regimes. The basic
idea is to have the two current components in overall voltage range, but to make
appear the component with the greater magnitude at each regime. A conventional
method is to take a generalize mean (also known as power mean or Holder mean) of
the two components [76]. With this method, we finally write the expression for the

total diode current Igpqe as

Idiode - [(Iohm>m + (ISCLC)m]l/m7 (442>

where the parameter m controls the abruptness of the transition at the point where
two current components meet.
Figures 4.30 and 4.31 show the comparison of the experimental data in the en-

tire measurement range with the modeled cuves with Ig,q.. The currents in both
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Figure 4.30: Final comparison of the model with the experimental data of the pen-
tacene gap-type diode; (a) log-log plot and (b) semilog plot.
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Figure 4.31: Final comparison of the model with the experimental data of the TIPS-
pentacene gap-type diode; (a) log-log plot and (b) semilog plot.



4.3. GAP-TYPE DIODES 73

Table 4.4: Model parameters for the pentacene and TIPS-pentacene gap-type diodes.

Whm)  Lm)  dloml & plemVs]  plem®l  om o o (Sm]  Fiac[V]
pentacene 1000 30 150 36xg 23 5.5 x 10 1.9 2.0 x10% 19
TIPS-pentacene 1000 30 150 36xg 0.023 8.1 x 10 1.3 2.9 %10 29

pentacene and TIPS-pentacene diodes are well described by the proposed compact
model with a smooth transition from ohmic to SCLC regime. The model parameters
used for the final I4i0q model are summarized in Table 4.4. It should be pointed out
that, in this modeling, the mobility is assumed to be constant over the whole voltage
range. The assumption is based on the well-documented carrier-density-dependence
of the mobility in organic semiconductors [127,128]. The carrier density in a diode is
generally orders of magnitude lower than that involved in OFETs, and the low-density
mobility is less dependent on the carrier density. Our experimental data support this
assumption, because no variation of the slope in I-V curve is observed especially in
the SCLC regime. Additionally, the extracted mobility is regarded as a bulk mobil-
ity, because the current flows through the whole volume of the film despite its 2-D
nature. The situation is different in OFETSs, because the current is confined to the
thin accumulation region at the semiconductor/insulator interface. We infer that,
for the same material, the bulk mobility in a gap-type diode can be higher than the
field-effect mobility in an OFET, because there exist various scattering centers related
to the roughness of the insulator in an OFET, which eventually hinders the charge
transport [129,130]. The pentacene mobility as high as 2.3 cm?/V-s in our result
might support this argument. However, the mobility of the TIPS-pentacene film is
lower than expected, which can be attributed to the poor ordering of the solution-cast
molecules on the glass substrate.

Two parameters oonm and Vscope are additionally given in Table 4.4. oy, is the

ohmic-regime conductivity calculated from the extracted p and p by

Oohm = 4PU. (443)

Vsaore is the SCLC onset voltage defined by the intersection point of I, and Iscrc.
By equalizing Equations (4.38) and (4.40) at V' = VscLe, we get

dm L
Vsore = qp26 . (4.44)




74 CHAPTER 4. MODELING ORGANIC DIODES

1016

1015

doping concentration p (cm“a)

B 0.1V

1V

Il 10V
100 V

N 1000V

1014
1 10 100
electrode spacing L (um)

Figure 4.32: The SCLC onset voltage Vscrc calculated by Equation (4.44) for expect-
ing the operation regime of an organic gap-type diode. Fixed parameters are d=150
nm and €, = 3.6 X €.

This expression provides a meaningful insight into the operation of an gap-type diode.
VscLc is a function of geometrical dimensions and unintentional doping concentration
and if the measurement voltage does not reach Vscr,c, we will only observe the ohmic
current. We put emphasis on minimizing the geometrical gap L for monitoring SCLC
behavior, otherwise the device is rather considered as a thin-film resistor due to its
extended ohmic regime. Figure 4.32 shows the calculated Vo with varying p and
L with fixed d=150 nm and e, = 3.6 X 5. As Vscrc is a linear function of both p and

L, a huge variation is traced here, upon considering realistic range of p and L.



Chapter 5

Modeling organic transistors

Transistors are three-electrode devices that are categorized primarily by the device
structures, and also by the materials used and main applications |[21]. In this chap-
ter, we present the modeling of two organic transistor structures; organic metal-
semiconductor field-effect transistors (OMESFETSs) and organic field-effect transistors
(OFETs).

An OMESFET is made up of a metal-semiconductor (MES) ‘blocking’ contact at
the gate electrode with two injecting source/drain electrodes also in intimate contact
with the semiconductor [Figure 5.1(a)|. In the literature, there is only a small number
of publications on organic MESFETs. In 2007 and 2008, Takshi and co-workers
reported experimental and simulation results on P3HT-based OMESFETs [85, 91].
They emphasized the ease of fabrication process compatible with a printing technique
and also the possibility of realizing low-voltage operation. More recently, MESFETs
fabricated on rubrene single crystals were reported by two different groups. In 2009,

Kaji and co-workers demonstrated rubrene MESFETSs in coplanar geometry, where all

b
(@) (b) injecting electrodes

injecting electrodes / ‘L
/ l, source drain

- = -

insulator
ato blocking ate switching
J electrode J electrode
OMESFET OFET

Figure 5.1: Illustration of the representative device structure for (a) an OMESFET
and (b) an OFET.

5
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three contacts are deposited on the same side of the semiconductor [131]. The results
by Braga and co-workers in 2010 shows staggered type rubrene MESFETS, where the
gate electrode is separated from the source/drain electrode by the semiconductor [87].
Here, we present experimental results on pentacene-based MESFETs. Based on the
full depletion in unintentionally doped pentacene, we also suggest simulation study for
understanding operation mechanism that is necessarily different from the depletion-
modulation in conventional MESFETs [21].

A representative OFET device structure is illustrated in Figure 5.1(b). The
sole difference from an OMESFET is the existence of an insulator layer between
the gate and the semiconductor. Because this structure contains a metal-insulator-
semidoncutor (MIS) block, the notation of ‘OMISFET’ is also used [48]. Historical
view and main applications of OFETs have been already explained in Chapter 1.
Here, we focus on the geometrical impact on the device characteristics, charge-based

contact resistance model, and compact modeling for circuit simulations.

5.1 OMESFETs

5.1.1 Current-voltage characteristics

The device structure of the fabricated OMESFETSs is shown in Figure 5.2. This
structure is characterized by the relative positions of the electrodes and to be called
the top-gate, staggered structure. We used Al as the gate, Au as the source/drain
electrodes, and 1 pum of pentacene as the channel material. The structure used here
can be considered as two vertical rectifying Au/pentacene/Al diodes with a common
Al top electrode and isolated Au bottom electrodes. We first measured two diodes
within an OMESFET shown in the optical image in Figure 5.2. We observe that the
I-V curves well exhibit the three-regime behavior detailed in the diode modeling part
Section 4.1; reverse, injection-limited, and bulk-limited currents. Note here that the
forward-bias regime corresponds to the negative gate voltage (V). As desired, the
two I-V curves are identical.

To examine basic transistor behaviors, we measured the output characteristics of
an OMESFET that has 400 pm of channel width (W) and 50 um of channel length
(L). Figure 5.3 shows the results. Note that the drain current (/p) modulation by
Vi can be achieved within a very small variation of V5. The transistor is called a
‘normally-on’ device because substantial current flows at Vg = 0 V and this zero-gate

current can be lowered (in magnitude) by applying a positive V.
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Figure 5.2: Current-voltage characteristics of the two organic diodes constituting
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Figure 5.4: Transfer characteristics of an OMESFET.

The measured transfer characteristics (Ip-Vg) of the same device at different Vp
are shown in Figure 5.4. We first notice two distinguishable regimes with respect
to Vg, according to whether I increases or decreases by sweeping Vi from positive
to negative values. We marked the first regime as the ‘normal operation’ regime
because it is coherent with the output characteristics shown in Figure 5.3; around
Ve = 0V, negatively biasing gate electrode results in higher |Ip|. In contrast, when
Ve becomes too negative, |Ip| starts to decrease rapidly and finally passes Ip = 0.
Here we call this second regime ‘Is-dominant’ regime, which will be explained in more
detail hereinafter. The effect of increasing |Vp| on the transfer curves is an overall
negative shift of the current Ip and a negative shift of the transition point between

two regimes.

5.1.2 Operation mechanism

The experimental results on pentacene OMESFETs allow us to make sure of the tran-
sistor behaviors with particular role of V; and Vp in each measurement condition.
However, the basic operation mechanism seems unclear at this point. It is because
the observation of full depletion in pentacene (Section 4.1) prevents adopting the

conventional MESFET theory that explains the current modulation by the depletion
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Table 5.1: Physical parameters used for the finite-element simulation of an OMES-
FET.

Parameter Value
Temperature 300 K
Pentacene thickness 1.0 pm
Valence band effective DOS 10%° cm™3
Doping concentration 0 cm™3
Electron affinity (LUMO) 2.8 eV
Ionization potential (HOMO) 5.2 eV
Hole mobility 0.5 cm?/V-s
Electrode thickness 50 nm
Gate work function (Al) 4.2 eV
Source/drain work function (Au) 4.9 eV

width changing with Vi [21]. The reason of the rapid decrease in Ip in the trans-
fer characteristics is also to be verified in depth to define and distinguish different
operation regimes.

For those purposes, we defined a two-dimensional finite-element model for the
pentacene MESFET and simulated the structure using ATLAS. The model structure
is equivalent to the real device shown in Figure 5.2 and the physical parameters used
for simulation are listed in Table 5.1.

Figure 5.5 shows simulated 2-D contour maps for the charge-carrier distribution
inside the pentacene film at different Vi values with zero Vp. Note first the hole
concentration map at thermal equilibrium in Figure 5.5 (b). As the carrier density
at a metal/semiconductor interface is determined by the injection barrier, we first
observe the large concentration gradient from the source/drain regions to the gate
region. The hole injection barriers estimated from the parameters in Table 5.1 are
0.3 eV for the Au/pentacene junction and 1 eV for the Al/pentacene interface. When
a positive Vg is applied, the injected holes from Au are much more confined near
the source/drain electrodes [Figure 5.5 (a)]. Therefore, a positive Vi decreases the
effective bulk conductivity of the semiconductor, which in turn leads to the decreased
|Ip| observed in Figure 5.3 at Vi = 0.8 V. On the other hand, with a negative Vg,
the whole volume of the pentacene is more populated with holes as shown in Figure
5.5 (c), thus raising the conductivity and current between the source and the drain.
Hence, together with the measured output curves, we realize that the role of Vi is to
repel or attract the injected charges, and thus to control the bulk conductivity that
determines the magnitude of Ip.

Figure 5.6 shows the simulation results at fixed Vp, which shows the effect of V
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Figure 5.5: 2-D simulation results for the hole distribution inside the pentacene film
at different biasing conditions.

on the current distribution. This result helps understand the transfer characteristics
in Figure 5.4. The direction of the current vectors is to be noticed here, especially
that in the gate-drain (G-D) diode region marked by a green box in each panel. First,
when Vi = —1 V [Figure 5.6 (a)], because |Vp| > |Vg|, the G-D diode is reversely
biased and the current vectors in the G-D zone points toward the drain. This situation
corresponds to the normal operation regime, because the current mainly flows into the
drain electrode, with the bulk conductivity modulated by small change in V;. Next,
with Vg = —2 V, now the effective voltage applied to the G-D diode is zero, which
is confirmed by current vectors in both directions compensating each other. Finally
when V| > |Vp| [Figure 5.6 (c)], the G-D diode is turned on (forward-biased) and all
current vectors point upward. In this condition, the net current flows out of the drain,
which corresponds to the positive drain current observed in Figure 5.4 when |V is
too high. In other words, the gate leakage current I is too high because both G-S
and G-D diodes provide large current toward the gate electrode, without no effective
conduction between source and drain. Therefore, this regime is to be designated as

‘Ig-dominant’ regime.

5.1.3 Effect of the channel dimension

The simulation results indicate that the competition between Ip and I is a critical

factor determining the operation mode and the order of each current component. At



5.1. OMESFETS 81

(@) Ve=-1V, Vp=-2V (b) Va=-2V, Vp=-2V (©)Ve=-3V, Vp=-2V

B -+ (A 2)
=
Ei1n
1.06
0901
= 0696
=053
£ 0360
= .154

Jh+ (Afem2) 7 |Jh+ (Alem2)

a
— 0.0456 1| = 0322
- Y -0

Microns

Microns Microns Microns

Figure 5.6: 2-D simulation results for the hole current density distribution (contours)
and the local current vectors (arrows) at different biasing conditions. A green box
(dashed lines) is located at the G-D diode region, in which the direction of the current
vectors changes with V.

this point, we realize that the physical dimensions of the device, such as semicon-
ductor thickness and channel dimensions (W and L), can influence this competition
because the strength of the electric field created by Vi and Vp depends on these
geometrical dimensions. In order to investigate the effect of the channel dimensions
on the OMESFET current, a number of transistors with different W and L have been
characterized.

Figure 5.7 (a) compares the output curves of the OMESFETSs with four different
L values. The fixed applied Vg is -0.4 V (normal-operation regime) and W is 400 gum
in all four devices. At several V) points on the output curves, the currents I, were
taken and plotted as a function of L in Figure 5.7 (b). Here, we see a monotonous
decrease in Ip as L increases. This tendency is explained by the variation of the
strength of the lateral source-drain electric field. Even with a fixed Vp, the later
electric field becomes weaker when L is larger, which in turn results in a decreased
Ip. Note that this scaling property by L is also expected in general MISFET-type
devices such as MOSFETs and OFETs [21,48].

Interestingly, a non-conventional effect of W is observed in OMESFETs analyzed
here, which is likely to be a specific case related to the staggered transistor architec-
ture. Figure 5.8 (a) shows the collected output curves of the OMESFETSs with three
different W values and the same L of 30 pum. If the role of I is totally excluded, Ip
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Figure 5.7: Effect of the channel length L on Ip. (a) Output characteristics of four
OMESFETSs with W =400 pm and different L values. (b) Variation of I as a function
of L.

should increase with W, simply because the carrier injection cross-section is widened.
Nonetheless, as shown in Figure 5.8 (b), our OMESFETSs exhibit an opposite trend;
rapidly decreasing Ip with increasing W. It is inferred that, with larger W, the
increased active overlap area of the G-S and the G-D diode has a more significant
effect than that of the increased lateral cross section. The enhancement of the I4
component by W prevents Ip benefiting from any effect of the increased geometrical
area. Therefore, Ip shows a monotonous decrease with increasing W.

It should be note that, this undesired high gate leakage, which eventually disables
the source-drain conduction, basically stems from the geometrical peculiarity of the
staggered OMESFETs. The distance between the G-S electrodes and that of the
G-D electrodes correspond to the semiconductor thickness (d =1 um) and they are
considerably lower than the S-D distance L. Under normal operation conditions
where the applied Vi and Vp have similar magnitude, the vertical electric field is
higher than the lateral source-drain field because d < L. This implies that I is
always a dominating component over Ip, which can also be seen from the difference
in order of the vertical diode current in Figure 5.2 and the lateral drain current in
Figure 5.3. At variance with this situation, in coplanar MESFETs, the G-D or G-S

spacing does not equals d, but is of the same order of the S-D spacing because all
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Figure 5.8: Effect of the channel length W on Ip. (a) Output characteristics of three
OMESFETSs with L=30 pm and different W values. (b) Variation of I as a function
of W.

three electrodes are located on the same side of the semiconducting film. In other
words, Ip can compete with the I with equal lateral scaling property, and generally

higher lateral current is expected to flow.

5.2 OFETs

For OFET modeling, we first focused on the common geometrical variations, and
addressed characteristic and critical features of each architecture in terms of their
physical device behaviors. As briefly introduced in the beginning of the chapter, an
OFET is composed of several functional layers. An organic semiconducting layer
formed by evaporated small-molecules, solution-cast polymers, or a piece of organic
single crystal constitutes the charge-transport medium through which the electrical
current flows. A gate insulator makes a capacitor between the gate electrode and the
conducting channel inside the semiconductor. A gate electrode controls the capacitor
by accumulating or repelling the charge-carriers, which in turn switches on or off the
transistor. A source electrode provides the charge carriers into the semiconductor and
a drain electrode extracts them out of the semiconductor. The above-described ‘func-

tion’ of each layer remains the same, but there are different ‘configurations’ depending
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Figure 5.9: Four possible OFET geometries depending on the relative positions of the
gate (G) and the source/drain (S/D) electrodes.

on their relative positions with respect to their physical support, the substrate.
Figure 5.9 shows the four possible OFET structures [37,132,133]. Traditionally,
two criteria are applied for categorization; the position of the gate electrode with
respect to the whole structure and the position of the source/drain electrodes with
respect to the semiconductor. The four names given in Figure 5.9 are explicative for
the corresponding structure. In addition, these four main structures can be grouped
into staggered or coplanar geometry (see the red notations in Figure 5.9). By def-
inition, in staggered geometry, the source/drain electrodes are separated from the
conducting channel by the semiconductor. In contrast, the source/drain electrodes

are on the same plane with the conducting channel in coplanar transistors [134, 135].

5.2.1 Staggered versus coplanar structure

Here, for simplicity, we restrict our discussion to the bottom gate configuration. In
this case, the top-contact (TC) structure represents the staggered geometry and the
bottom-contact (BC) structure is for the coplanar geometry. In the literature, many
experimental studies on comparative analysis of the TC versus BC OFETs can be
found [134,136-138|. It has been generally observed that TC OFETs show superior
electrical performance compared to the BC OFETs under the same fabrication con-
dition, especially in terms of the field-effect mobility (x) and the contact resistance
().

Several factors have been addressed for explaining this tendency. For molecu-
lar semiconductors such as pentacene, the morphological factor is considered to be
crucial. In BC geometry, the molecules evaporated on a highly reactive metal sur-
face fail to form well-ordered region, but they are rather flat-lying or randomly ori-
ented [136,139]. This leads to poor electrical transport property at the source/channel

interface, whereas there is no such morphological discontinuity in TC OFETs [138].
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Figure 5.10: Device structure and physical dimensions used for the numerical 2-
D simulations; (a) bottom-gate bottom-contact OFET, (b) bottom-gate top-contact
OFET.

Another commonly accepted advantage of TC OFETs is related to the metal pene-
tration into the organic film. Because of the fragility of organic molecular films, the
metal cluster deposited on top of an organic layer can form more continuous interface,
whereas, in BC OFETs, this interface should be mechanically sharp. As discussed
in [132,140], the penetrating metal particles in TC OFETs can eventually reach close
the channel, substantially favoring charge-carrier injection to it.

Here, we present a numerical modeling of the TC and BC OFETs by 2-D finite
element simulation (ATLAS). A particular interest is to understand the fundamental
difference of each device structure. We are able to rule out any process-related or
morphological effects on the device properties, because the semiconductor is consid-
ered as a continuous medium and all metal /organic interfaces are sharply defined in
2-D models. Therefore, the results provide a purely theoretical description of the
physics of each device type.

Figure 5.10 shows the 2-D BC and TC OFETs defined in ATLAS. One hundred
nanometers of pentacene is the organic semiconducting layer and 300 nm of SiO, is
for the gate dielectric. The channel length L is fixed at 30 yum and the length of
the source and drain electrodes is also 30 um. All the three electrodes are assumed
to be infinitely thin, thus no physical thickness value is inserted. Note that the
origin of the geometrical coordinates (0, 0) is located at the starting point of the
channel at the source side. Table 5.2 lists the basic setup parameters used for the
numerical simulation. The predefined pentacene model in the ATLAS library was
selected with a modification of the dielectric constant by the value estimated in Section

4.1. In order to analyze the effect of traps, a comparison of the trap-free case and
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Table 5.2: List of the setup parameters used for the ATLAS simulation.

Parameter Value
Temperature 300 K
Pentacene ionization potential 5.2 eV
Pentacene electron affinity 2.8 eV
Pentacene valence band effective DOS  10% ¢cm™3
Pentacene p-doping concentration 0 cm™3
Pentacene dielectric constant 3.6
Pentacene hole mobility 0.5 cm?/V-s
SiO4 dielectric constant 3.9
Gate work function (Al) 4.2 eV
Source/drain work function (Au) 4.9 eV

the exponential trap DOS was also made in addition to the geometrical comparison.
The additionally used trap parameters are the total trap density (N;) of 10!® cm ™
and the trap characteristic temperature (7;) of 600 K.

We first extracted characteristic potential profiles of the simulated OFETs under
the same operating condition of Vo = —20 V and Vp = —2 V. Linear-regime operation
is expected because |Vi| > |Vp|. Figure 5.11 shows the calculated potential profiles
along x direction from the four simulated structures; BC/TC OFETs with/without
traps. Each panel contains two profiles, one estimated at the channel (y = 0.001 pm,
solid line), and the other one at the top surface of the semiconductor (y = 0.099 pm,
dotted line). Remarkably, it appears that there is a distinctive difference between BC
and TC OFETs. We see a substantial voltage drop (~ -0.4 V) at the source edge in
BC OFETs, whereas the whole -2 V of Vp is linearly distributed along the channel
in TC OFETs. Note that the simulated potential profiles are in good agreement
with the scanning Kelvin probe microscopy (SKPM) data in the literature, which
also revealed a noticeable contact voltage drop in the case of BC OFETs [138, 141].
The contact voltage drop in the BC OFETs is evidence for the contact resistance
R., as explained by Ohm’s law. Another finding is that the channel potential profile
is slightly lower than the surface potential profile in TC OFETs. This corresponds
to a voltage drop along the y-axis, which is attributed to the bulk resistivity of the
semiconductor. This is because in TC OFETSs, charge injection occurs at the top
surface, and charges carriers have to transport though the bulk film until they reach
the channel. In both BC and TC OFETS, the effect of traps on the potential profiles
is marginal even though trapped charges are supposed to influence the electrostatic

distribution.
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Figure 5.11: Simulated potential profiles in BC/TC OFETs with/without existence
of trap states. Upon the assumption of the equipotential channel at Vp = 0 V, all
extracted potential profiles are corrected with the reference profile at Vp =0 V.

Our simulated potential profiles have significant importance because they clearly
show that there should be a ‘theoretical’ reason that gives rise to a contact resistance,
and corresponding contact voltage drop in BC OFETs. In order to understand the
origin of this dissimilar contact feature in two geometries, we estimated the charge-
carrier distribution inside the organic layer in the same operating condition (Vg = —20
Vand Vp = —2 V). In Figure 5.12, the results are drawn as 3-D mesh plots, in which
both the height and the color represent the hole concentration. For a proper interpre-
tation, one should keep in mind that the carrier density at the metal /semiconductor
interface is dictated by Boltzmann statistics so that the hole concentration at the

source and drain electrodes (ps and py) is expected to follow the equation
Ps = Pd = Nv eXp<_Eb/kBT)7 (51)

which is strongly dependent on the injection barrier Ej, but independent of Vi; and
Vp. We can calculate by Equation (5.1) using F, = 0.3 eV and Ny, = 10%° cm ™3 from
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Figure 5.12: Charge-carrier distribution in the semiconductor xy plane of (a) BC
OFET and (b) TC OFET (trap-free case).
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Table 5.2. The result is p, = pg = 9.7 x 10* cm ™2, which well matches the numerically
simulated values at the electrode edges in both geometries in Figure 5.12. By contrast,
the hole concentration along the channel p., is controlled by capacitive effect, and we

can write its dependence on Vg as

_ Qu_ ClVe— Vil
qtch qtch

Pch . (52)

Here, Q). is the channel charge density per unit area, t., the effective channel thick-
ness, C; the insulator capacitance per unit area, and V the threshold voltage. It
should be noted that Equation (5.2) is a rough approximation based on the assump-
tion that the gate-induced charges are uniformly distributed over the accumulation
layer defined by the thickness t.,. At this point, the usefulness of this equation is to
emphasize the strong dependence of p., on Vi and also to show that p., > ps under
normal operation. The simulated p;, is 8.0 x 10'® cm ™3, and the estimated ¢, is 1.6
nm, which is in accordance with other theoretical estimations [142].

Figure 5.12 shows that, in BC OFETSs, the holes must be injected into the channel
through a narrow transition zone where the hole density abruptly increases from p,
to pen. As the local conductivity is proportional to the carrier density , and because
ps is orders of magnitude lower than p.,, this transition zone is highly resistive and
gives rise to an R. zone at the source contact. The situation is totally different in
TC OFETs. Here, the semiconductor is always in contact with the insulator, so there
is a nearly perfect continuity of the hole concentration at both ends of the channel.
This is coherent with the channel potential profile in Figure 5.11 without any contact
voltage drop in TC OFETs. With traps, the overall hole density is slightly reduced
due to the trapped charges, but the same contrast between two structures is observed.

Finally, the calculated current-voltage characteristics are shown in Figure 5.13,
which shows that the differentiated microscopic picture is in good agreement with
the electrical performance of the devices. In Figure 5.13 (a), two E} values were used
to accentuate the contrast between BC and TC OFETs. TC OFETs follow nearly
ideal I-V relationship where Ip is linearly modulated by Vi and £} does not play
any critical role. The current in BC OFETs, however, is strongly contact-limited, as
indicated by the downward bending of the transfer curves. Moreover, only a slight
increase in Fj results in a considerable reduction of the current. The shape of the
two BC transfer curves is close to the results in [143], where a constant-R. model is

suggested;
I — _%,Uci(VG —Vr)Vp
D= T : (5.3)
1 — ZpCi(Vag — Vr)R.
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Figure 5.13: (a) Simulated transfer characteristics of the trap-free BC and TC OFETs
with two different injection barrier heights. (b) Simulated transfer curves with expo-
nential trap DOS.

The solid lines overlapped in Figure 5.13 (a) are fits to this model. From the fitting,
the extracted R, is 8.5 x 10* Q for E, = 0.30 eV and R. = 1.8 x 10° Q for E, = 0.32
eV. In comparison with Figure 5.13 (a), Figure 5.13 (b) shows that introducing traps
results in a significant decrease of the field-effect mobility and a negative shift of the
threshold voltage in both OFETs. Traps reduce the density of free charge carriers,
and more negative Vi is required to induce a conductive channel [143,144]. Note that
the TC architecture keeps its advantage over the BC OFET even with traps, because

the channel hole distribution remains continuous.

5.2.2 Coplanar OFET model: Charge distribution

The above simulation study addressed the fundamental difference between the stag-
gered and the coplanar geometries. After this first step, we focused on the modeling
of the coplanar OFETs. There are already several theoretical models for the contact
resistance in staggered OFETs, which are generally based on the current crowding
mechanism [145] that describes the bulk film resistance as the access or contact resis-
tance [135,146-148]. However, a specific model is necessary for coplanar OFETS, in

which R. does not stem from the bulk resistance, but rather from the carrier-density
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Figure 5.14: Charge distribution inside the organic semiconductor of the model tran-
sistor. Inset shows the 2-D device structure with the notations for the geometrical
dimensions, mathematical coordinates, and conventions for the distribution functions

(ps and pen).

bottleneck zone due to the direct influence of the finite injection barrier.

A cross-sectional view of the coplanar model OFET is shown in Figure 5.14. Based
on the simulation result in Figure 5.12 (a), we denote the characteristic charge dis-
tribution function at the source p, and the channel p., along the thickness direction
y. Here, we develop analytical expressions for p,(y) and pu,(y). From the absence
of thermal carriers in the organic semiconductor (Section 4.1), we make the basic
assumption that the OFET current is entirely due to the injected charge. We first re-
visit the classical theories on the metal /insulator junction and suggest an approximate
solution for analytical development.

At this point, for simplicity, we do not refer to the OFET geometry but only
imagine a 1-D insulator (or undoped semiconductor) in contact with a charge reservoir
at y = 0. It extends toward the positive y-direction up to y = d. The electrostatic
distribution can be estimated using the same approach as that was proposed for
the analytical modeling of the organic diode in Section 4.1. Here, we only change

the direction of interest to y and rewrite the merged one dimensional Poisson’s and
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drift-diffusion equation [Equation (4.5)] as

2
(pir_ttery

4y PR (5.4)

J =€

which is the fundamental equation of the given physical system to be solved. At
thermal equilibrium, the net current is zero (the drift current and the diffusion current

compensate each other) so that
dF kT d°F
F— -2 . (5.5)
This can be integrated once to
7\’ g dr
F? - — =—g 5.6
(2k3T> T dy (5.6)

where ¢ is an integration constant.

Mott and Gurney first derived the solution of Equation (5.6) for a semi-infinite
semiconductor (d — oo0) [98]. In this case, both F(y) and dF/dy go to zero when
y — 00, so that g = 0 and Equation (5.6) reduces to

_ 2T AR
q dy

F? 0. (5.7)

The solution for the electric field is reached by separating variables,

) = (_2553 ) (1 +Z/yo) - 1‘55/907 (58)

where g is another integration constant. The hole distribution p(y) is given by the
first derivative of F'(y);

= (%) (i)~ )

Fy and pg are the electric field and the hole concentration at the junction (y = 0),

respectively. Equations (5.8) and (5.9) are intended to underline the physical meaning
of yo, which is viewed as a characteristic length over which the boundary value (Fj or
po) is distributed from the junction interface. The value of yy can be determined from
the boundary value of either Fy or py. For the following discussion, a relationship

between yo and py is particularly useful. From Equation (5.9), we have

QESICBT
7*po

Yo = (5.10)
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meaning that, the higher the initial carrier density pq is, the smaller yq. If yq is small,
the carriers are densely concentrated at the junction and do not spread far away
from the injecting surface. Even though the Mott-Gurney model provides meaningful
insight into the charge distribution, its usage should be limited to very thick organic
crystals and this model cannot be safely applied to thin organic films.

Skinner stepped forward and developed more general solutions to Equation (5.6)
[100]. It means that one can challenge the ‘finite’ junction without forcing g to zero.
The author actually separated the cases by the sign of the integration constant and
obtained separate sets of solutions depending on this sign. An essential boundary
condition for the finite semiconductor is F(d) = 0 because there cannot be any
current flowing into or out of the semiconductor at the surface y = d. The injected
holes (positive charges) make the only contribution to the space charge in Poisson’s
equation. Consequently, the sign of dF'/dy is always positive through the whole
semiconductor thickness. In other words, F'(0) is negative and F(y) approaches zero
from y = 0 toy = d. At y = d, F becomes zero by the boundary condition and
dF'/dy remains positive. Therefore, the right-hand term in Equation (5.6) is negative

and the corresponding solution is a trigonometric function, which can be written as

2
qpogy
F(y) = -2

s

cot(gy -+ arcsin gyo), (5.11)

Pog’Ys
sin?(gy + arcsin gyo)

ply) = (5.12)

Here, pog always represents the hole concentration at y = 0 and Equation (5.10) re-
mains valid. In order to estimate the constant g, we introduce the boundary condition
F(d) = 0. From Equation (5.11), this gives

cot(gd + arcsin gyo) = 0, (5.13)
which can be further simplified by using trigonometric identities, resulting in
gyo = cos gd. (5.14)

By putting Equation (5.14) into Equation (5.12), we can write
po cos? gd

p(y) = (5.15)

cos? g(d —y)’
where 0 < y < d.

A limitation to Skinner’s approach emerges at this point. Although this model
gives exact solutions for thin-film cases, Equation (5.14) does not lead to an analytical

expression for g and, consequently, the final solution requires numerical computation.
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Now, we return to the OFET structure in Figure 5.14 and define the boundary
condition for py and pg,. The carrier density at a metal/semiconductor interface is
dictated by Boltzmann’s statistics so that ps (the source carrier density at y = 0) is

strongly injection-limited following

E,
W=N, _ By 5.16
Pso eXp( k:BT) (5.16)

where N, is the effective density of states at the HOMO edge. The hole barrier
height Ej corresponds to the energy difference between the electrode Fermi level and
the semiconductor HOMO level. The channel carriers, on the other hand, are induced

by the gate capacitance and can be estimated by

d
Qun = CilVis — Vi = g / pen(y)dy, (5.17)
0

where ()., is the total channel charge per unit area, C; the insulator capacitance per
unit area, and V7 the threshold voltage. The functional form of p.,(y) will be derived
below but it is helpful to know the boundary value already here. The channel hole
concentration at y = 0 is approximate to

o _ CllVe—VrP?
2e.kpT 2e.kgT

Pcho =~ (518)

The characteristic distribution lengths for the source and the channel charges are

defined by Equation (5.10), thus ys0 = v/2€:k5T/¢*pso and yeno = \/QESkBT/q2pch0
respectively.

We can infer from Equations (5.16) and (5.18) that Ej and Vi are the principal

parameters for the source and channel distribution of charges. The results presented

in Figure 5.15 support this statement and give another important implication for
the model. Figure 5.15 shows the results calculated by Equations (5.16) and (5.18)
with N, = 102 em™3, T = 300K, ¢, = 3.6 X ¢, C; = 2.3nF/cm®, and Vp =
0V (& is the permittivity of vacuum). At variance with the charge distribution
in staggered OFETs in which the gate-induced charges are evenly distributed over
the whole semiconductor/insulator interface, here pyy is much lower than p.,g due to
the high injection barrier. Another key feature of Figure 5.15 is that ys normally
exceeds the thickness of an organic thin-film, whereas y.,o is far smaller than the
film thickness. This finding enables an independent modeling of p,(y) and p.,(y) by

means of an approximation method.
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Figure 5.15: (a) Source distribution factors (psp and ys) as a function of Ej, and (b)
channel distribution factors (pepo and yerno) as a function of V. The solid lines indicate
the initial hole concentrations and the dashed lines correspond to the distribution
lengths.

The main idea is to develop an analytical form of Equation (5.15) by approximat-
ing the cosine function in Equation (5.14). A linear (or a first-order) approximation

of any given function f(z) is defined at the vicinity of z = a by
f(z) = fa) + f(a)(z — a). (5.19)
If f(z) =cosz, we get
cosz &~ cosa + (—sina)(z — a). (5.20)
First, for the source carriers ps(y), we rewrite Equation (5.14) as
gsYso = €08 gsd, (5.21)

where the subscript ‘s’ refers to the ‘source’. Because y > d, we can approximate

cos gsd where g,d is close to zero. Under this condition, we can say
gsYso = COS gsd ~ 1, (522)

and therefore

gs & —. (5.23)
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Then if we use Equation (5.23) to replace g, Equation (5.15) finally changes into

cos? ( d )
Yso

Ps(y) = pso——F—%.
cos?2 (d;y>

Yso

(5.24)

Next, another approximation is needed for the channel carriers p.,(y). Starting

again from Equation (5.14),
GechYcho = COS gChd7 (525>

where the subsrcipt ‘ch’ refers to the ‘channel’. This time, y.,0 < d so that cos g.,d
should be developed near g.,d = 7/2. Referring to Equation (5.20), we get

T
9chYcho = COS gchd ~ 5 - gchda (526>
and
e
T S — 5.27
Gch 2(d i ycho) ( )

The channel carrier distribution function p.,(y) is now given from Equations (5.15)

and (5.27), after some manipulation steps, by

¢in? (z Yeho )
pen(y) = pchom- (5.28)

Now one can reexamine the integration in Equation (5.17) and see that Equation
(5.18) is correct under the condition that Yo < d.

It is worth emphasizing here that our approximate model [Equations (5.24) and
(5.28) with Equations (5.16) and (5.18)] provides analytical expressions that explicitly
contain the thickness parameter d. It means that this strategical development over-
comes the limitation of the two classical models and assures its general applicability
to the thin film-based OFETs. Figure 5.14 shows the reliability of the approximate
solutions. The parameters used here in both the analysis and the simulation are
those listed above for Figure 5.15 with d = 50 nm, E, = 0.3 eV, and V5z = —20 V.
It is shown that the analytical model predicts the numerical simulation results with

satisfying precision.

5.2.3 Coplanar OFET model: Contact resistance

Here we propose a charge-based contact resistance model for coplanar OFETs. The
model stems from the fact that there is an abrupt transition of the hole concentration
at © = 0 due to the huge difference between ps(y) and p.n(y). It is this carrier-

density transition zone that accounts for the physical origin of R, because the mean
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Figure 5.16: Conceptual representation of the hole concentration near the transition
zone that is located from z = 0 to « = ¢, which accounts for the contact resistance in
coplanar OFETs.

hole concentration in this zone is much lower than that in the conducting channel,
due to the effect of ps penetrating into the channel region. Figure 5.16 shows this
source/channel interface where two independent distribution functions overlap. There
exist concentration tails along the z-direction characterized by the Debye length of
the channel carriers (x.,) and that of the source carriers (x5). They are defined by
Ten = \/€skpT[@pen, and x, = \/e.kpT/q?ps. Because py, > ps, T < T, and we
can neglect the contribution of x., so that the the transition from p, to p., can be

simplified to a single exponential function

Ts

p(z) = py exp (ﬁ) | (5.20)

Then the thickness t of the transition zone in Figure 5.16 is estimated by

t
pl0) = peexp () = (5.30)
t=z,ln (72) . (5.31)
Ds

The contact resistance R, is calculated from an estimation of the average hole
concentration in the transition zone (or R, zone), done by integrating the local con-
ductivity over the entire thickness. Keeping this approach in mind, the mean hole

concentration p,, throughout the R, zone can be defined by

1 t t
Pm = ;/0 p(z)der = %/0 exp (%) dz, (5.32)
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where Equation (5.29) is used. By inserting Equations (5.30) and (5.31) and using
Peh > Ps, We get

D = Pch — Ds ~ DPeh
" ln(pch/ps) ln(pch/ps) 7
which shows that the balance between p, and p,;, determines the average concentration

(5.33)

and p,, is also y-dependent. Now we can calculate the elemental conductance dG. of
the volume element delimited by W (channel width), ¢(y), and dy

. Pm(y)
dG. = quWV o) dy, (5.34)

where the hole mobility u is assumed to be constant at this moment. R, is finally

obtained, by replacing t(y) and p,,(y) using Equations (5.31) and (5.33),

. 1 . \/Gsk}BT
G W

C )W) L]
A[ln(pch(y)/ps(y))]zdy ' (5.35)

Note that, by Equation (5.35), it is possible to predict the exact value of R, when
the distribution functions for p,(y) and p.,(y) are known.

Numerically calculated R, values are plotted in Figure 5.17 with varying Vs and
Ey. The charge-distribution functions |ps(y) and p.(y)| developed in Section 5.2.2
were inserted in Equation (5.35). All fixed parameters are summarized in the caption
to Figure 5.17. We can state, from this result, that the theoretical charge-based model
well predicts the decrease of R. with increasing |Vi|, which is often experimentally
observed, though not readily understood in the case of coplanar OFETs [149-152].
Furthermore, it can be inferred that the degree of dependency between Vi and R.
is accentuated with higher injection barriers. Finally, it should be noted that the
hole mobility u is considered constant here, which restricts the analysis to defect-free,
highly pure crystalline semiconductors [153]. When trap states exist, x should be
regarded as the ‘effective’ mobility determined by the ratio of free to total carrier
density. This results in a dependence of the measured mobility on the gate voltage

as will be discussed below.

5.2.4 Coplanar OFET model: Experimental analysis

In order to investigate the validity of the R. model, we analyzed experimental data
from the fabricated pentacene coplanar OFETs. Figure 5.18 shows the electrical

performance of a representative transistor with the corresponding device structure.
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Especially, the slight upward bending of the output curves at low |Vp| is direct ev-
idence for a nonlinear parastic contact effect [150]. Hence, it is predicted that R,
actually contribute to the current in the fabricated device.

The transmission-line method (TLM) is a widely-used technique for the extraction
of R, from I-V data [154-156|. It is assumed that the source-to-drain current path is
equivalent to a series combination of contact resistance R. and channel resistance R,
(inset in Figure 5.19). The TLM is also strongly based on the assumption that R. is
not a function of L but R, is proportional to L [157]. At low |Vp| (linear regime),

the relationship between Ip and Vp of this circuit can be expressed as

Vb Vb Vb

Ip=22= ~ .
Ron  RetRan R+ [ uCilVe — Vil

- (5.36)

where the linear-regime channel conductance is used to estimate R.,. R,, is the

on-state resistance that can be directly obtained from measured Vp and Ip by

Vb L
Ry =—=R.+ .
ID W}LCZ‘VG—VT|

(5.37)
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Figure 5.18: Measured electrical performance of a pentacene transistor fabricated
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as variable resistors because both of them are supposed to be Vg-controlled.
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Figure 5.20: Hole mobility as a function of |Vi; — Vp| extracted by the TLM. The
solid line is a fit to the trap-filling model at low |Vi|. The decrease in the mobility
at higher |Vg| can be attributed to the field-induced mobility degradation.

Width-normalized resistance is more practical for the purpose of comparing device
sets with different W so it is useful to multiply Equation (5.37) by W and get

L

Ry, xW=R. xW+ ————.
pCil Ve — Vr|

(5.38)

To apply the TLM, we first draw R,,,W versus L and extrapolate the linear regression
line to zero L to read the R.W value. Figure 5.19 shows the experimental data on
pentacene OFETs. The deviation of the data points from the regression lines is min-
imal and it makes sure that the fabricated OFETs well satisfy the basic assumptions
of the TLM. It is clear that R. decreases with increasing |V — V| as the intercept
to the vertical axis moves downward. Vr for those three transistors were evaluated
from the saturation current and no significant variation was observed so that we can
use an average Vr of -4 V. Although not often mentioned, it is important to note
here that the TLM can also be used to estimate p as a function of |V — V| because
the ‘slope’ of the regression line usually varies with Vi; and this slope contains the

parameter 1 by Equation (5.38).
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The extracted hole mobility u as a function of |V — V| is shown in Figure 5.20,
which indicates that the variation of u is significant and does not follow a simple
monotonous behavior. We infer that the two distinct regimes are dominated by two
different mechanisms. First, the rise in p at low |Viz| can be adequately described
by the gradual filling of trap states as the Fermi level at the semiconductor /insulator
interface approaches the transport orbital (HOMO in the case of p-type materials).
This is reasonable because a polycrystalline pentacene film contains a substantial
number of trapping sites, most of which located at grain boundaries [158,159]. We
refer to the model in [53,157| and fit the mobility in this regime (|Vg — V| < 30 V)
to the equation

on = I€|VG - VT|a. (539)

This model is based on the MTR (multiple trapping and release) process with an
exponential density of states (DOS) near the band edge. The parameters x and «
are then related to the trap DOS. The exponent « is directly linked to the trap
characteristic temperature 7, by a + 1 = (7../T). The extracted « is 1.35 in Figure
5.20 and the corresponding T, is 705 K. If we convert this value into energy scale, the
trap distribution width E; = kT, is 61 meV, which is in good agreement with a recent
review on the trap DOS in pentacene field-effect transistors [160]. Next, the slight
decrease in u at higher |Vi; — V| can be interpreted by the field-induced mobility
degradation [130]. It is likely that the mobility near the insulator surface is lower
than that at the bulk region due to various surface scattering agents. When |V
becomes high enough, field-induced holes are more concentrated at this low-mobility
near-insulator region so that the effective mobility through the conduction path is
reduced.

Figure 5.21 shows how seriously the V-dependent mobility affects the charge-
based R. model. Here, the TLM-extracted R, values are plotted as a function of | Vg —
Vr|. As expected, R, decreases rapidly with increasing |V — Vr|. We simply replaced
p in Equation (5.35) by Equation (5.39) and calculated R. to compare with the
experimental curve. Note that the entire curve in Figure 5.20 cannot be modeled by
a simple analytical expression, so we only took the trap-dominated regime (|Ve—Vr| <
30 V) for the analysis in Figure 5.21. As mentioned above, V; and Ej, are the foremost
parameters that govern R.. Therefore, by optimizing the TLM-extracted curve with
the model, we can successfully estimate the injection barrier Ej, at the Au/pentacene
interface in the fabricated OFETs. One can see that the model-calculated curve is

in very good agreement with the experimental curve with Ej of 0.38 eV. When we
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Figure 5.21: TLM-extracted R.W as a function of |V; — V| in comparison to
the charge-based R. model. Note that, if a constant mobility is assumed (here
0.2 cm?/V-s), the Vg-dependence of R, is underestimated. When we take the V-
dependent mobility into account, the experimental results could be well fitted by the
model.

calculated R. with a constant mobility of 0.2 ¢cm?/V-s, however, the model cannot
accurately predict the experimental results.

In the literature, there has been a question about how sometimes R, is less sensitive
to Vi or even assumed to be constant [143] while more often R, is strongly dependent
on Vg. For coplanar OFETSs, our results can suggest two answers: First, the injection
barrier Ej plays an important role on the dependence of R. on Vg (Figure 5.17) thus
the material combination of the metal and the semiconductor is basically crucial [57].
Second, Vg-dependent mobility can either intensify or diminish the slope of an R,
versus Vi curve, because p can either increase or decrease (or even remain stable) with

Ve, depending on various geometrical and/or electrical mechanisms [53,130,161,162].

5.2.5 Compact modeling approach for OFETs

In this last part, we develop a compact modeling approach for compatibility with

SPICE-based circuit simulation. The main focus is to describe a single analytical
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expression that covers all operation regimes of OFETs. For the maximum universality,
any geometry- or material specific consideration is given less importance at this stage.
The following results have been obtained during the research visit at Tarragona, Spain,
as a collaboration project with the group of Prof. Benjamin Iniguez at Universitat
Rovira i Virgili.

Here, we propose an improved model based on the unified model and parameter
extraction method (UMEM) framework, which has been developed and applied to
various thin-film transistor (TFT) technologies over the past years [163-166]. This
new model features three major improvements: 1) A modified asymptotic function
for the saturation behavior that also improves the output conductance in the linear
regime, 2) a new subthreshold-current model, and 3) an extended range of application
with the symmetry of source and drain electrodes. This model covers all operation
regimes of OFETs from off- to on- state with a reasonable number of parameters and
with smooth transition between the different regimes.

Figure 5.22(a) illustrates the concept of output asymptotes. In the ideal case, the
drain current Ipg linearly increases at low drain voltage Vpg and becomes saturated
at a constant level. I, and Iy, respectively denote linear and saturation current and
Viat indicates the saturation voltage. For realistic devices, however, output curves are
not perfectly flat at high Vpg.

This imperfect saturation is usually taken into account through a saturation co-
efficient A\, the physical origin of which can be attributed to several mechanisms.
Channel length modulation is the most relevant; it correlates A to the dependence of
the channel length reduction AL on Vpg [76]. The space-charge limited conduction
through the depleted semiconductor bulk can be another reason as explained in [167].
In this case, A would mirror the dielectric property of the organic semiconductor. We
infer that the electric-field dependence of mobility, which is characteristic of disor-
dered organic materials, can also have an effect on A\ in connection with the degree
of disorder in the distribution of states [168|.

A standard way to model the finite output conductance behavior is to multiply
the total current by (1 + AVpg) [76]. The asymptotic equation by this conventional
method is I,; = L (1+ AVps). A notable drawback is that I, is not sufficiently close
to real Ipg and this generally gives rise to inaccurate prediction of the low-voltage
output conductance as pointed out in [169]. To overcome this issue, we propose
[1 + AM(Vbs — Viar)] as the multiplicative factor that leads to the shifted asymptote
Lo = Iat[1 + AM(Vbs — Viar)]. As clearly shown in Figure 5.22(a), I, draws nearer to

Ips and meets Ipg at (Viag, Isas) point. This significantly raises the accuracy of the
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global fitting, not only for the current Ing but also for the output conductance, which
is an important requirement in analog circuit simulations.

We express the above-threshold drain current I, as multiplication of the chan-
nel conductance g, the effective drain voltage Vpge, and the new saturation asymp-

totic term [1 + A(Vps — Vzat)]- gen embraces a contact voltage drop and is written

as
-K Ves — V1
Gen = preT(Vas T) 7 (5.40)
[1 — R.Kprer(Vas — V1)
with the dependence of field-effect mobility urppr on gate voltage Vg as
= 20 Vos — Vi 5.41
MFET—@| as — V7, (5.41)

where K is %Ci, W the channel width, L the channel length, C; the insulator ca-
pacitance per unit area, Vp the threshold voltage, R. the contact resistance, vy the
characteristic mobility exponent, V,, the mobility enhancement voltage, and pg the
conversion mobility set to 1 cm?/V-s. Equations (5.40) and (5.41) are written for a
p-type operation, where Vos — Vi < 0 in the above-threshold regime. Vpge enables a
smooth linear-to-saturation transition by the transition parameter m, and is defined

as

‘/sat
which simply approximates to Vpg when |Vpg| < |Viat| and to Viae when [Vpg| > [Viae|.

Vbse = Vbs X [1 + (VDS> } o (5.42)

Now we introduce the saturation modulation parameter o, for using Viue = ais(Vigs —
Vr) and position the absolute-valued terms to write the complete above-threshold

equation as

[ = —Kprer(Vas — Vi) Vbs[1 + A(|Vbs| — as|Vas — VTl)]‘ (5.43)

Vi ™
[1 — RCK,UFET<VGS — VT)] |:1 + DS 1

as(VGS - vT)
Here we take the absolute values of Vpg and V,,; terms in two brackets in order to

extend the range of application to both signs of Vpg. This allows properly equal con-
tributions of the transition term (grouped by m) and the asymptotic term (grouped
by A) to both positive and negative Vpg.

The mobility model in Equation (5.41) has the same voltage dependence as the
physical mobility model for OFETs based on the hopping charge transport between
localized states in an exponential density of states (DOS) [170,171]|. Identifying

parameters between this physical mobility model and the mobility expression given
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Table 5.3: Extracted parameters from the modeled pentacene field-effect transistor

Parameter Symbol Value
Characteristic mobility exponent 7y 0.91
Threshold voltage Vr -12V
High-voltage mobility (at Vgg = —50 V) UFETHV 0.13 cm?/V's
Characteristic DOS temperature Ty 440 K
Density of localized states 9do 5.7 x 10?2t em ™3 /eV
Saturation modulation parameter Qg 0.46
Contact resistance R, 24 kQ
Linear-to-saturation transition parameter m 1.8
Saturation coefficient A ~12x 103V
Onset voltage Vo 4.3V
Off current Iy -66 pA
Subthreshold swing S 4.1 V/dec
Deep trap density N, 1.4 x 108 cm ™2 /eV
Transition voltage Vi -15'V
Below-to-above threshold transition parameter B 0.36 V71

in Equation (5.41), we can extract the characteristic DOS temperature T and the
density of localized states gqo-

The above-threshold parameters of a fabricated pentacene transistor were ex-
tracted according to the conventional UMEM procedure detailed in [170-172] with
W = 1000 pm, L = 40 pm, and C; = 3.3 nF/cm?. For )\, taking into account the
modification made in this study, we calculated by rearranging Equation (5.43) with
respect to A. As shown in Figure 5.22(b), the model well fits the measured output
curves with the parameters listed in Table 5.3. The output differential conductance
from the modeled current was also in good agreement with the experimental data as
shown in Figure 5.22(c) with correct monotonous decrease at low |Vpg|.

Next, subthreshold current I, of OFETs is considered to have a similar mech-
anism to that in MOSFETSs, which describes Iy, as the diffusion current arising
from the carrier concentration gradient between source and drain [22]. The carrier
concentration exponentially varies with the surface potential and this predicts the
exponential dependence of I, on Vgs.

Here, we propose a simplified exponential model for I, with the advantage of

explicit appearance of the subthreshold swing S;

In 10
Isub - IO €Xp _T(VGS - Vb) ) (544)

where, I is the off-current and V; is the onset voltage. Equation (5.44) is devised to

provide an easy parameter estimation as illustrated in Figure 5.23(a). V; and I can



108 CHAPTER 5. MODELING ORGANIC TRANSISTORS

(a) 10‘5 3 T T T T T T T T T T :
F Vigs =2V iy
10° Bao \d_\ |slope|': S E
= i ﬂﬂ-g. L4y
— 107 F S 3 E|
<8 F o ;
oy e
5 10° F i
5 E N T w 5
o E x N
£ 10° F ?';.—\ Q -
© E 2 : =
S F © measured E) ‘l'l 8 1
130 s \ Q?‘.‘P.OOO-@
S |
10-11 j . ] ) | ) ] . l (Vo !?) \
-50 -40 -30 -20 -10 0
gate voltage V4 (V)
(b) 105 8 T T T T T T T T I
F Vs =-2V
6
10 Ma

TEUERTIT S ARRTIT N ST

08 | measured o

modeled /g
— B =0.36 V!

drain current |/l (A)

B (optimized)
100k === B=026 V-
j P B:O‘GV'1 VB:-15V B
10.11 [ I 1 Il 1 I 1 ::ﬂ 1 I 1 |
-50 -40 -30 -20 -10 0

gate voltage V4 (V)

Figure 5.23: (a) A measured linear-regime transfer curve on a semi-logarithmic plot
with graphical instructions on the subthreshold parameters. (b) The effect of the
transition parameter B on the final model including below-to-above threshold tran-
sition.



5.2. OFETS 109

be read in a transfer curve drawn on a semi-logarithmic plot and the inverse slope of
a regression line on the exponential part directly gives S.

The existence of deep traps can significantly lower the exponential slope because
they act as an additional capacitance that needs to be filled when the Fermi level
moves toward the transport band edge. On that account, a physical correlation can
be incorporated into Equation (5.44) referring to the method in [160,173|, by writing

kgT 1In 10 (qQNt N 1) |
q Ci

where NV, is the deep trap density comprising interface and bulk traps. The extracted

S:

(5.45)

subthreshold parameters are listed in Table 5.3.

Because of its diffusion nature, subthreshold current is practically independent
of Vpg as long as Vpg is higher than a few kpT'/q [22]. Equation (5.44) is based on
this assumption and applicable to most unintentionally-doped organic semiconduc-
tors that are characterized by low thermal carrier density of the order of ~ 10** cm™3
(Section 4.1). Another situation might occur in polymeric OFETSs, where the uninten-
tional doping concentration can be much higher [174]. In this case, the subthreshold
current can be influenced by the drift contribution of bulk dopant-induced carriers,
which accompanies the Vpg-dependence as exemplified by the data in [175]. For mod-
eling this type of experimental results, it is possible to further extend Equation (5.44)
to include doping concentration and/or empirical Vps-dependence.

Finally, a single compact expression for all regimes of OFETs is proposed. As
depicted in Figure 5.23(a), modeled I pove and Iy, can only describe its corresponding
regime. A traditional method used for silicon TFTs is to take [(1/Lapove) + (1/Isup)] ™"
as the combined equation [50]. It is found that this convention lacks the general
applicability to OFETS, especially when the below-to-above transition zone is spread
over a wide voltage range. An alternative approach introduced in [167] makes use of a
transition function for effective gate voltage, which is not compatible with our model
with an independent model for I, being defined. 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.

We define the total drain current i, model as
1
]total = ]above X 5 [1 - tanh[B(VGS - VB)]]

1
+ o X 5 [1 + tanh[B(Ves — VB)]] + 1o, (5.46)
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in which two additional parameters, namely the transition voltage V5 and the transi-
tion parameter B, are introduced. Vg fixes the center of transition in two hyperbolic
tangent functions. A practical way is to select the voltage at which the vertical dis-
tance between Ipove and Iy, is minimum [see Figure 5.23(a)|. This generally requires
a Vp shifted from Vi by a few volts toward the above-threshold direction. It is be-
cause, approaching Vr, Lo drops down too quickly and as a consequence, choosing
Vr as Vp cannot give a sufficiently smooth transition. The last parameter B dic-
tates the degree of abruptness of the transition around Vz. B is best determined
by iterative calculation and comparison to the experimental data as shown in Figure
5.23(b).

Figure 5.24 shows the final comparison of the new compact model with the ex-
perimental data over a wide bias range. The proposed model precisely reproduces
measured current-voltage characteristics over off, subthreshold, linear, and satura-
tion regimes with a single set of the extracted parameters collected in Table 5.3.
The output curves in Figure 5.23(b) also show that the model correctly predicts the

continuous change of current at Vpg =0 V.
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Chapter 6

Conclusion and outlook

In this thesis, results on physics-based compact modeling of organic electronic devices
have been presented. Three diode structures and two transistor geometries have
been investigated with multiple approaches. Here, the major findings and related
conclusions are summarized and some ideas on further works are suggested.
Single-layer organic rectifying diodes in vertical configuration were fabricated with
the Au/pentacene/Al stack. By combined current and impedance measurement, we
found that thick pentacene layers up to ~ 1 um were fully depleted due to an unin-

=3, Impedance spec-

tentional acceptor doping concentration lower than ~ 10'* cm
troscopy on a forward-biased diode showed a parallel RC circuit, which featured
decreasing R and constant C' with increasing V,. Dielectric properties of pentacene
were analyzed by reverse-bias measurement. An average quasistatic dielectric con-
stant of 3.6 and a dielectric strength of 1.0 MV /cm were found. Based on the MIM
energy diagram, an analytical model for the low-voltage regime was developed. The
proposed I-V model predicts a significance of the blocking contact and a slight de-
pendence of the reverse current on V,. We found that an emergence of ideality factor
can be attributed to exponential trap DOS that change voltage-dependence of the
effective injection barrier.

Impedance modeling of an illuminated vertical symmetrical diode has been car-
ried out. The device had the Au/P3HT/Au structure. Current-voltage curves at low
voltage showed ohmic behavior with higher conductivity at ambient air compared to
that in vacuum, which is explained by oxygen doping. The suitable equivalent circuit
included a constant-phase element that might account for the rough mechanical con-
tact interface. Persistent photoexication effect was observed from recovery data. The
time-varying photoconductivity of PSHT was well fitted to an exponential function

that has a decay lifetime of 110 minutes.
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Organic gap-type diodes were fabricated with pentacene and TIPS-pentacene thin
films and Au coplanar contacts. Transition from ohmic to SCLC current was observed
for both semiconductors. Parameter extraction method based on Geurst’s analytical
model for 2-D SCLC was employed for simultaneously obtaining mobility and doping
concentration. The extracted 2-D bulk mobility was 2.3 ¢cm?/V-s for pentacene and
0.023 cm?/V-s for TIPS-pentacene. A compact model for including gap-type diodes
in circuit simulation was proposed by using a conventional power-mean method for
linking two physical regimes.

Pentacene OMESFETSs were fabricated by using an Al gate and Au source/drain
electrodes. Numerical simulation models were presented for elaborating measured
current-voltage characteristics, which visualized gate-controlled distribution of in-
jected charges. By combining measured data and simulation results, it was found
that a large geometrical overlap between the gate and source/drain electrodes seri-
ously limits the effective source-drain conduction. Electrical characteristics of several
OMESFETs with different channel dimensions (W and L) were compared. A dra-
matic decrease in drain current with increasing W was noticed and this observation
was attributed to the enhanced gate leakage with increasing overlap area that in turn
frustrates lateral current flow.

OFET modeling started by comparing coplanar and staggered contact geometries
in 2-D numerical simulation. We found a discontinuous channel carrier distribution in
the coplanar structure, which accounted for contact-limited I-V characteristics and
contact voltage drop in the calculated potential profiles. An analytical model for
charge carrier distribution in coplanar OFETs was proposed by approximating Skin-
ner’s development of the electrostatic distribution for a metal /insulator junction. By
integrating local conductivity in a low-carrier-density zone at the source/channel edge,
we proposed a semianalytical R. model. This model explained the V-dependence of
R, and also revealed a direct impact of u on R.. An experimentally extracted R .-V
curve from pentacene OFETs was well fitted by this model only when the empirical
Vg-dependence of p was taken into account. The optimized model curve gave Ej
of 0.38 eV for the Au/pentacene interface. Finally, a compact modeling approach
for all regimes of OFETs was proposed. The new model featured improved output
asymptotic behaviors and below-to-above threshold transition by hyperbolic tangent
functions. A full list of model parameters for a pentacene OFETs was provided, and
the corresponding model curves show good agreement with the experimental data.

Lastly, we would like to suggest a few points for continuing modeling works on

the two most application-oriented devices; rectifying diodes and OFETs. A common
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interest for both devices might be in tackling the GDM so that it could be incorporated
into an analytical current-voltage model. This approach will allow to extend the
applicability of a model to more disordered systems. As pointed out in the work by
Coehoorn and co-workers [176], there is no exact analytical solution for mobility, but
there exists possibility of arriving at an approximate compact expression. Especially
for OFETs where high carrier density regime might be achieved, the carrier-density-
dependence of the mobility in a Gaussian DOS should be taken into account as well
[127]. This task will be possibly done by converting the carrier-density dependence
into the gate-voltage dependence.

For rectifying diodes, we infer that an analytical correlation between ideality factor
and physical parameters might be achieved by appropriate approximation and/or
empirical methods. Note that we could only numerically model the experimental data
of a pentacene diode where a significant ideality factor n of 2.1 was observed (Section
4.1.5). More specifically, there is a need to correlate the barrier reduction AV to the
trap parameters and injection barriers. If it can be successfully done, probably by
means of numerical simulation, we will be able to express n as a function of Ny, T, in
addition to the other existing parameters in Equation (4.20). An interesting direction
is toward OPV modeling. Bilayer or bulk-heterojunction OPVs are basically thin-film
rectifying diodes. Our observation of full depletion and MIM model are believed to
be applied to OPVs, and the corresponding I-V description seems to be also relevant.
We can start by considering both electron and hole conduction for dark characteristics
and then additionally take into account optical process for photocurrent.

For OFETs, an interesting step forward is to make an additional approximation for
a fully analytical R. model. Note that the presented model Equation (5.35) is semi-
analytical because a numerical integration is involved for final calculation. For this
purpose, we might be able to confine the R, zone to the thin effective accumulation
layer and get an average conductivity in that zone to calculate R. by multiplication
rather than integration. This approach will inevitably lose some degree of physical
correctness, thus it should be compared to the numerical results for justifying the
approximation. Another point that we are interested in is threshold voltage modeling.
It should be noted the concept of ‘strong inversion’ in MOSFETSs cannot be applied
to OFETs that work in accumulation regime. We infer that Vp in OFETs might be
dependent on the contact geometry as R, does and the injection barrier plays a crucial
role. The physical explanation on Vr is of great importance because it determines
the so-called gate overdrive voltage |V — V| on which other parameters such as p

and R, are dependent.
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Appendix C

Experimental details

Vertical rectifying diodes & OMESFETs

Vertical rectifying diodes in Section 4.1 and OMESFETs in Section 5.1 were fab-
ricated by the same process run. They are based on the Au/pentacene/Al structure
and fabricated using the following procedure. With 10 nm of adhesion layer of Al,
50 nm of Au bottom electrode was vacuum-evaporated on a cleaned glass substrate.
Pentacene (Sigma Aldrich) was subsequently evaporated with controlled final thick-
nesses. Several samples with the nominal pentacene thickness of 200 nm, 500 nm, and
1000 nm were prepared. The devices were finished by evaporating Al top electrode,
of which the thickness was 50, 80, and 150 nm for each pentacene thickness, to make
sure of the step coverage. All evaporation processes were done under a base pressure
of 2 x 1077 mbar and the substrate was kept at room temperature. The average
evaporation rate of pentacene was 0.1 nm/s.

All the fabrication steps were conducted in a nitrogen-filled globe box and the mea-
surements are done in the ambient atmosphere. Current-voltage characteristics were
recorded using a Keithley 4200 semiconductor characterization system and impedance
measurements were conducted using a HP 4192A LF impedance analyzer. For thick-
ness variation study, more precise values were obtained by a Dektak 150 (Veeco)

surface profiler.

Vertical symmetrical diodes

The Au/P3HT/Au devices described in Section 4.2 were fabricated on a Cr-coated
steel substrate. After ultrasonication cleaning in chloroform, 150 nm of Au bottom

electrode was vacuum evaporated. P3HT (American Dye Source) was dissolved in
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chloroform at a concentration of 8 mg/mL and drop-cast. The film was dried at 50
°C for 24 hours in a vacuum oven. This process led to the relatively thick PSHT films
of ~ 10 pum. One hundred fifty nanometers of Au top electrode was finally deposited
by vacuum evaporation and it defined the circular active area of 0.78 cm?.

UV-VIS absorption spectrum of a P3HT film was measured using a double beam
UV-VIS-NIR Varian spectrometer model Carry 5000. Current-voltage measurements
were carried out using a Keithley 2400 source meter. Impedance data were obtained
using Novocontrol broadband dielectric spectroscopy system including high resolution
dielectric analyzer ALPHA-ANB. For photoexcitation study, the sample was illumi-

nated by a white fluorescent lamp.

Gap-type diodes

The gap-type diodes in Section 4.3 were fabricated with the top-contact configu-
ration. For the pentacene diodes, 150 nm of pentacene (Sigma Aldrich) was vacuum
evaporated on a glass substrate at the deposition rate of 0.2 nm/s without substrate
heating. For the TIPS-pentacene samples, TIPS-pentacene (Sigma Aldrich) was first
dissolved in 1,2-dichlorobenzene at a concentration of 30 mg/ml. The solution was
then spin-coated on a glass substrate with a spin speed of 1500 rpm for 30 seconds.
The film was immediately annealed on a hot plate at 100 °C for 1 hour in a nitro-
gen glove box. The thickness of the TIPS-pentacene film measured by a Dektak 150
(Veeco) surface profiler was 150 nm. For both pentacene and TIPS-pentacene diodes,
60 nm of Au top contact was evaporated through a shadow mask, which defined the
electrode spacing of 30 pm and the width of 1000 ym. Current-voltage characteristics
of the final devices were obtained using a Keithley 4200 semiconductor characteriza-

tion system.

OFETs 1: SU-8 dielectric

The experimental results shown in Section 5.2.4 for coplanar OFET modeling were
obtained from the characterization of the pentacene OFETs with the bottom-gate,
bottom-contact configuration. The gate electrode was prepared by a deposition of Cr
on a glass substrate. An epoxy-based photoresist SU-8 was used as a gate dielectric.

A diluted SU-8 solution (SU-8 2050 product of MicroChem) was spin-coated and UV
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exposed to activate the cross-linking reaction. The processed film was baked at 200
°C for 2 minutes. This method gave a 950-nm-thick polymeric film with a gate ca-
pacitance of 2.3 nF /ecm?. The source/drain electrodes were formed by depositing Au,
followed by a photolithographical patterning steps. Pentacene (Sigma Aldrich) was
vacuum evaporated to finish the device fabrication. During the thermal evaporation
of pentacene, the substrate was heated at 50 °C, and the deposition rate was kept
at 0.1 nm/s with a final thickness of 50 nm. Current-voltage measurements were

conducted using a Keithley 4200 semiconductor characterization system.

OFETs 2: PMMA dielectric

The experimental data in Section 5.2.5 for compact modeling were from the flexi-
ble pentacene OFETs with the bottom-gate, top-contact configuration. An indium-
tin-oxide (ITO) coated poly(ethylene terephthalate) (PET) film (Sigma Aldrich, 60
/0 product) was used as a substrate and a common gate electrode. The sub-
strate was ultrasonically cleaned in isopropanol and treated with UV /ozone. A
thin poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (Ossila)
layer was spin coated and annealed at 100 °C for 10 minutes as a buffer layer for re-
duced gate leakage. Poly(methylmethacrylate) (PMMA) (Sigma Aldrich) dissolved
in toluene at a concentration of 80 mg/mL was spin coated and cured at 120 °C for 1
hour as a polymeric gate insulator (970 nm). One hundred nanometers of pentacene
(Sigma Aldrich) was vacuum evaporated for the active layer at 0.05 nm/s under the
base pressure of 2 x 107% mbar, without substrate heating. Finally, 60 nm of Au was
evaporated to defined the source/drain electrodes. Current-voltage measurements

were conducted using a Keithley 4200 semiconductor characterization system.
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< Résumé >

En dépit de progrés impressionnants dans les performances des dispositifs électroniques organiques,
il n'existe toujours pas de modele théorique complet pour décrire leur mode opératoire. Cette these
se propose d'établir une description théorique opérationnelle pour ces dispositifs, avec en ligne de
mire leur modélisation physique et compacte. Des exemples typiques de structure de diodes et de
transistors organiques avec différentes architectures ont été étudiés, avec une attention constante
pour présenter les effets du transport et de I'injection des porteurs de charge sur les caractéristiques
observables des dispositifs. Une attention particuliére est donnée a l'intégration de ces modeles
dans des outils de simulation de circuit, mettant ainsi en relation le dispositif isolé et son intégration
dans un circuit. Les différentes approches comprennent la modélisation de circuit par spectroscopie
d'impédance, le développement analytique d'équations physiques, la simulation numérique bi-
dimensionnelle par éléments finis et leur validation expérimentale. Les résultats apportent une
compréhension significative des effets des pieges et de la barriére d'injection sur les caractéristiques
courant-tension. Nous proposons des modéles compacts entierement analytiques pour les diodes
redresseuses et les transistors a effet de champ dont la fiabilité numérique et expérimentale est
prouvée.

Mots-clés : Electronique organique, physique des dispositifs électroniques, modélisation analytique,
diodes, transistors a effet de champ

< Abstract >

Despite impressive progresses in organic electronic devices, a full theoretical understanding of the
device operation is still lacking. The thesis is dedicated to establishing applicable theoretical
descriptions of organic electronic devices, and in particular physics-based compact models.
Prototypical organic diodes and transistors with various architectures are investigated, with a
consistent effort to view and present the effect of charge carrier transport and injection on the
observable device phenomena. A particular effort is given to integrate these models in circuit
simulators, thus connecting the device-level and system-level outlooks. The approaches used
comprise equivalent circuit modeling by impedance spectroscopy, analytical development of
physics equations, numerical finite-element-based 2-D simulations, and experimental validations.
The results provide significant understanding on the effect of traps and injection barriers on the
current-voltage characteristics. Original, fully analytical compact models for rectification diodes
and organic field-effect transistors are proposed with reliable numerical and experimental proofs.

Keywords : Organic electronics, device physics, analytical modeling, diodes, field-effect transistors



