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Abstract

Organic thin-film transistors are promising candidates for novel electronics applications due
to the possibility of fabricating organic electronic devices at low temperatures on flexible
substrates like plastic or paper. This doctoral thesis deals with the development of a charge-
based compact model for the description of the capacitive behavior and the low-frequency
noise in organic thin-film transistors. Based on an existing DC model, expressions for the total
charges under quasistatic operation conditions are derived. Non-quasistatic effects are captured
by different methods such as the channel-segmentation approach or frequency-dependent scaling
functions of the areas in the transistor where charges are calculated. The model for the total
charges is verified by capacitance measurements of a staggered organic TFT and by numerical
simulations of organic TFTs in the staggered and coplanar architectures using the device
simulator Sentaurus TCAD. The non-quasistatic models are verified by frequency-dependent
admittance measurements of a staggered transistor and by scattering-parameter measurements
of coplanar and staggered transistors. The compact model is implemented in the hardware
description language Verilog-A and the simulation of a differential amplifier is compared to
measurements which shows a good agreement. The noise model is verified by measurements of
staggered organic thin-film transistors and by TCAD simulations. The compact model shows
an overall good agreement and flexibility with respect to the device architecture (e.g. staggered

or coplanar) and the used materials.
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CHAPTER 1

Introduction

1.1 General Introduction

Daily life is nearly unimaginable without electronic devices such as computers or smartphones.
The fundamental building block of nearly every complex electric circuit is the transistor which
has been extensively studied and developed over the last few decades. Already in 1926, Julius
Edgar Lilienfeld was granted a patent for a device controlling the current between two terminals
by the application of a potential at a third terminal [1]. However, it was impossible to fabricate
such a device at that time. In the following decades, transistors were subject to intense research.
To mention some milestones, in 1951, Schockley proposed a p-n junction bipolar transistor [2].
In 1958, the first integrated circuit was demonstrated by Kilby [3]. Nowadays, most of the
integrated circuits are based on the metal oxide semiconductor field-effect transistor (MOSFET)
which was invented in 1959 [4]. By means of doping, transistors with different majority carriers
(p or n) can be fabricated. In comparison to n-type transistors, p-type transistors conduct
negative currents and need negative voltages [5]. Combining n-type and p-type transistors leads
to the so-called complementary MOS (CMOS) process which has been introduced in 1963 [6].
In 1971, the first microprocessor was developed by Intel [7].

Nowadays, the research of semiconductor devices focuses on the improvement of the device
switching behavior in order to reduce the power consumption of electric circuits. For this
purpose, for example, tunnel field-effect transistors are investigated [8] which allow for a steeper

and faster switching from the off-state to the on-state.

In contrast to the bulk MOSFETS, another technology evolved over time: the thin-film
transistor (TFT). In 1979, a thin-film transistor based on hydrogenated amorphous silicon was
presented [9]. In contrast to the bulk MOSFET, a thin-film transistor only contains a thin film
of the semiconductor and does not have a bulk region. Even if the first TFTs were regarded

as useless, they evolved over time to be the most important transistors used in active-matrix
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displays [9]. With increasing interest in TFTs, the materials used as the active region were
studied. In the 1980s, organic semiconductors were looked at more intensively [9]. As the name
implies, organic semiconductors (OSCs) are based on molecules containing carbon [10]. The
interest in organic semiconductors is increasing since organic electronics can be fabricated at
room temperature on flexible substrates, such as plastic foils or paper [11-14] which makes them
interesting for the fabrication of novel electronics like flexible displays. Furthermore, in contrast
to the silicon-based semiconductors the organic semiconductors can be solution-processed which
simplifies the production of electronic devices [9]. From the 1980s until today, many organic
semiconductors have been investigated and employed as the active region in OTFTs. There
exists a variety of organic semiconductors with different molecule sizes ranging from long-chain
polymers to small-molecule semiconductors [9]. In contrast to their silicon counterparts, the
carrier mobilities of organic semiconductors are still low and only range up to 20cm?V~—1ts7!
for holes [9]. Furthermore, contact resistances play a key role in the limitation of overall OTFT
performance [9, 15-18]. However, due to the development of new materials [19, 20] and novel

fabrication approaches [21], the overall TFT performance has been improved.

1.2 Organization

In the following, the organization of this thesis is explained. To start with, in this first chapter,
an overview over the field of organic chemistry is given which is necessary in order to understand
the functional principles of organic transistors. Furthermore, the aim of this work is defined.
In this context, the term "compact model" is introduced and the basic concepts behind such

models are highlighted.

In Chap. 2, a charge-based DC compact model serving as the basis for this work is reviewed.
The concept of the compact model is explained and minor model extensions and improvements

are presented.

In Chap. 3, a general introduction into the concept of intrinsic and extrinsic charges in transis-
tors is presented. Based on the standard theory for MOSFETSs, the charges and their importance

for a proper device model are outlined.

In Chap. 4, the development of a charge-based compact model for the total charges is presented.
Analytical equations for the total charges associated with the source, drain, and gate terminals
of the transistor are derived including both the intrinsic channel components and the extrinsic
components arising from fringe regions and gate-to-contact overlap regions. Thereby, the two

device geometries "staggered" and "coplanar" are investigated in detail.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

1.3. Organic Chemistry 3

In Chap. 5, a compact modeling scheme for the calculation of low-frequency noise in organic
thin-film transistors is presented. This modeling scheme can include different types of noise
such as mobility fluctuations or charge-carrier number fluctuations. Closed-form equations for

both types of noise are developed.

In Chap. 6, the compact models for the total charges and the low-frequency noise are veri-
fied. Measurements of transistors and a simple circuit representing a differential amplifier are
compared to the compact model. Furthermore, finite-element simulations are used in order
to simulate the quasistatic and non-quasistatic behavior of organic thin-film transistors. The

noise model is verified by measurement data and finite-element simulations.

The compact model has some limitations with regard to the non-quasistatic behavior and
short-channel effects. Therefore, in Chap. 7, model extensions are presented. First, the
channel-segmentation model is explained which allows for a non-quasistatic modeling of long-
channel transistors. This model is verified by measurements and simulations. Next, based on
finite-element simulations, a semi-empirical description for the total charges in short-channel
transistors is developed. In the next section, a comprehensive model for the description of
the small-signal gain in short-channel transistors operated under high-frequency conditions is
presented. The last section deals with a small investigation on the influence of temperature

effects on the transistor behavior.

In Chap. 8, a summary of literature covering the capacitive behavior and the low-frequency

noise in organic transistors is presented.
Finally, in Chap. 9, the work is summed up and conclusions are drawn.

1.3 Organic Chemistry

1.3.1 Atomic orbitals

In this section, the most important concepts of the organic chemistry are summarized based on
ref. [10]. The term "organic" refers to molecules containing the element carbon which is the sixth
element in the periodic table of elements and is located in the fourth main group. According to
Bohr’s atomic model, the chemical elements are characterized by positively charged cores with
electrons moving around them. However, in the concept of quantum physics, small particles
may behave in parallel like a classical particle obeying the conventional laws of movement
according to Newton and also like a wave [22]. If electrons are accelerated and sent towards
a small double-slit with a screen behind, then a behavior can be observed which from the
classical point of view is only known for waves: the electrons create an interference pattern

meaning that the density of electrons behind the double-slit has several minima and maxima.
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Furthermore, the electrons appear on the screen at positions where they could not go according
to the classical description of particles [22]. Because of this, De Broglie defined that small
particles obey a wave-particle dualism and that every particle can be assigned a wavelength
which is denoted as the De Broglie wavelength [22]:

h
)\particle - (11)

Mparticle * Uparticle

where h is the Planck constant, mparticle is the mass of the particle, and vparticle is the velocity
of the particle. Extending Bohr’s atomic model with the concept of the particle-wave dualism,
the atom is now regarded as a positively charged core where electrons form standing waves
around the core. The wave function of an electron is denoted as ¥(x,y,z) which is dependent
on the three coordinates of the three-dimensional (3D) space. This function ¥(z,y,z) does not
have a descriptive meaning. However, the value ¥?(z,y,2) - dz - dy - dz can be interpreted as the
probability to find the electron in the volume dz - dy - dz [10]. In the literature, it is debated
whether a probability of residence is a figurative way of interpreting the function ¥?(z,y,z)
or whether it makes more sense to interpret electrons only by their wave functions without
calling the square of ¥ a probability [22]. In 1926, Erwin Schrodinger developed the well-known

differential equation linking the wave function of a system like the electron to the energy [10]:
HY = EV (1.2)

where H is the so-called Hamilton operator and E is the energy. The Hamilton operator is

defined as [22]:
72 2
H=—(————|V'+V 1.3

( 2mparticlc ) ( )
where h is the Planck constant divided by 2r, V? = 8%/9z? 4 9% /0y + 0% /92? is the Nabla
operator squared (which is also denoted as the Laplace operator), and V' is the potential energy.
Functions fulfilling the Schrédinger equation are denoted as eigenfunctions and the energies

corresponding to these eigenfunctions are denoted as eigenvalues.

The theory according to the Schrodinger equation can be transferred to the atomic model.
The basic concept of quantum physics is that the electrons in atoms can only assume discrete
energy levels which are described by four quantum numbers. The first quantum number is
n and it is denoted as the main quantum number. The second quantum number is [ and it
is denoted as the secondary quantum number. The third quantum number, m, is denoted as
the magnetic quantum number and the fourth quantum number, s, is called the electron spin.
Some of the quantum numbers are dependent on each other and only certain integer values are

allowed. The range for the quantum numbers is defined as follows [10, 22]:
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e n=1,2,3,...,00. The value indicates the shells which are also denoted as K, L, M, ...

e [=0,1,2,...,n — 1: This quantum number defines the atomic orbitals. The values of this

quantum number are denoted as (in ascending order) s, p, d, f, ...

e m=4L4(1—1),..0,..—(1—1),~

s=+1/2 or —1/2.

As can be seen, the quantum number s only has two values which are allowed. The quantum
numbers and their interdependence leads to the periodic table of elements. As explained above,
the energy of an electron in an atom may only assume discrete values in dependence on the
quantum numbers. As a consequence, there only exist discrete wave functions with certain sets

of quantum numbers for which the Schrédinger equation can be solved.

In general, the wave function of an electron can be expressed as a product of two functions in

spherical coordinates which depend on the quantum numbers n, [, and m [10]:
Ynlm = Rn,1(1“) -Yi,m(@,@) (1.4)

where Ry 1(r) is denoted as the radial component and Y, (O, ®) is denoted as the angular
component. As can be seen, the radial component is only dependent on the radius r and
the angular component is dependent only on the angles © and ¢. The two components of ¥
are usually regarded separately. On the one hand, the absolute value of the angular function
Y1,m (O, P) is plotted in a 3D coordinate system. The endpoints of the vectors form a 3D surface
enclosing the spatial region in which the electrons can reside. On the other hand, the value of
W2 can be plotted in dependence on the radius r in order to depict the probability of residence

in a certain distance from the atomic core.

T (y r
Pl A

Core
(a) (b)

Figure 1.1.: (a) Visualization of the angular function Y] 1,(©,®) for I = 0. This is denoted as
the s orbital. (b) Visualization of the squared wave function ¥? for I = 0 showing the probabil-
ity of residence of an electron in a certain distance r from the core of the atom. These pictures
are inspired by ref. [10].
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If I = 0, the quantum number m can only assume one value which is zero. Therefore, there exists
only one orbital. This s orbital is a sphere which is depicted in Fig. 1.1(a). The probability
function ¥? is visualized in Fig. 1.1(b). If, by contrast, I = 1, there are three values which

z z ?
y y S /Y v
X X A X
J A |
Core
(a) (b)

(c) (d)

=

Figure 1.2.: Visualization of the angular function Yi i, (©,®) for I = 0 and (a) m = +1, (b)
m = —1, and (c) m = 0. The orbitals are denoted as px, py, and p, orbitals, depending on the
axis that they are symmetric to. (d) Visualization of the squared wave function ¥?2 for | = 1
showing the probability of residence of an electron in a certain distance r from the core of the
atom. These pictures are inspired by ref. [10].
the quantum number m can take: -1, 0, and +1. Depending on the value of m, the p orbitals
have different shapes. In Fig. 1.2(a)-(c), the angular function Yi (O, ®) is shown for the three
different values of m where the plus and minus signs are a consequence of the mathematical
description of the wave function [10]. In Fig. 1.2(d), the probability function is shown in

dependence on the radius.

As soon as a system contains more than one electron, the Schrodinger equation cannot be
solved analytically any longer [10] because of the interaction of electrons [22]. However, the
orbitals of a multi-electron atom can be approximated by expressing them as modified hydrogen
orbitals. According to Pauli’s principle, one orbital can be occupied by a maximum number of
two electrons which then have different electron spins. Based on this theoretical framework, for

each single atom of the periodic table the orbitals can be determined.

1.3.2 Chemical bonds

When two or more atoms get into connection and form a chemical bonding, a molecule results.
Since the atoms are in connection their single atomic orbitals are no longer present. There exist
different theories for the approximation of the Schrodinger equation: the theory of molecular
orbitals and the valence bond theory. Both are in principle equivalent but are based on different

model views [10].

According to the theory of molecular orbitals, due to the bonding of the single atoms their
single atomic orbitals are no longer present and they merge into orbitals belonging to the

whole molecule. These molecular orbitals can be described by a mathematical superposition of
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single atomic orbitals. A common method for this is the linear combination of atomic orbitals
(LCAO) which is also employed in commercial quantum-chemical simulation software such as
QuantumATK [23]. In the LCAO method, the resulting molecular orbital ¥aso based on two

identical single atomic orbitals is expressed as [10]:
Unmo = c1-Wao F c2 - ¥ao (1.5)

where W0 is the atomic orbital of a single atom and ¢1 and ¢z are constants the values of which
are determined numerically in such a way that the resulting energy has its minimum value
corresponding to a stable state [10]. As can be seen, the superposition of the atomic orbitals
occurs once by adding and once by subtracting the single atomic orbitals. Figure 1.3 depicts
Energy
anti-bonding
II

l,"\If o*1 s‘\‘
o HIe
Uls ‘\‘bonding/’ Uls

I
Yols
Hp, Hax—Hp Hp

atomic molecular atomic

orbital orbital orbital

Figure 1.3.: Energy diagram of the molecular orbitals of the Hy molecule. Each of the single
hydrogen atoms has an atomic orbital which are superposed according to the LCAO method.
The result is a bonding and an anti-bonding molecular orbital. The blue arrows represent
electrons occupying the states where the direction of the arrow shows the electron spin. This
picture is inspired by ref. [10].
an energy diagram of an Hz molecule. Each of the single hydrogen atoms has an atomic orbital
which are combined by the LCAO method. As a consequence, the molecule has two molecular
orbitals denoted as I and II. Adding the two atomic orbitals leads to the molecular orbital I
which has a lower energy than the original atomic orbitals. By contrast, when subtracting the
single atomic orbitals the resulting molecular orbital IT has a higher energy [10]. The electrons
of the hydrogen atoms now occupy the molecular orbitals. According to Pauli’s principle, the
lowest energetic states are occupied first. Thus, the two electrons now occupy the molecular
orbital I with the lower energy. Since the energy of the molecular orbital I is lower than that of
the original atomic orbitals the connection of the two hydrogen atoms is stable. Breaking the
bond between the two atoms would require energy to lift the electrons in their original states
again. Therefore, the molecular orbital I is denoted as a bonding orbital. By contrast, since
the energy of the molecular orbital IT is higher than that of the original atomic orbitals it is
denoted as anti-bonding, which is often marked by an asterisk (x). An electron occupying an

anti-bonding orbital is not part of the atomic bond and it can be regarded as a free electron [10].
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Directly linked to the theory of the molecular orbitals, the valence bond theory has a slightly
different view on atomic bonds. According to the valence bond theory, the atomic orbitals
which are characterized as charge clouds are overlapping. This effectively means that the
electrons of the single atoms are now part of the connection between the atoms [10]. Most
often, two electrons (one from each atom) are part of the connection. There may be electrons
or pairs of electrons that are not part of the chemical bond which are then denoted as free
electrons. These thoughts lead to the well known valence structure that is used to note down

chemical bonds. For example, the Ho molecule is written down as [10]:
H-H (1.6)
where the dash (—) represents a pair of electrons.

1.3.3 Carbon

Carbon is the sixth element in the periodic table of elements. In its basic state, two electrons
occupy the s orbital of the first shell, two electrons occupy the s orbital of the second shell,
and two electrons occupy the p orbital of the second shell. Written in abbreviated form, this
electron configuration is: 15*2s522p®. The electron configuration of the carbon atom in its basic

state is depicted in Fig. 1.4(a). It might be assumed that carbon is only capable of forming two

Energy Energy Energy

S E Lttt 4ttt
25-“- 25—1—
1s 4 1s 4 154

C (basic state) C* (excited state) C (hybridized state)
(a) (b) (c)

Figure 1.4.: Energy diagram of carbon. (a) Basic state. (b) Excited state where one electron
from the 2s orbital is lifted in the 2p orbital. (c) Hybridized state where the 2s orbital and the
three 2p orbitals form four identical sp3 hybrid orbitals which are occupied by the electrons.
This picture is inspired by ref. [10].
equal bonds with other atoms since only two 2p orbitals are occupied by a solitary electron. In
order to form four bonds, one electron occupying the 2s orbital would have to be lifted in the
third 2p orbital which is visualized in Fig. 1.4(b). As a consequence, the carbon atom would
form unequal bonds with other atoms since three of the electrons are in the same energetic
state while one is in a lower energetic state. However, it was discovered that the methane
molecule (CHy) has the shape of a tetrahedron where the four hydrogen atoms have equal
distances to the carbon atom. Based only on the theory of atomic and molecular orbitals, these

four equal connections of carbon to the hydrogen atoms could not be explained [10].
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As a consequence, an extension of the orbital theory has been developed: the hybridization.
The concept of hybridization is a mathematical mixing of atomic orbitals [10].Mixing one s
orbital and three p orbitals, four sp® hybrid orbitals with equal energy can be created. This is
shown in Fig. 1.4(c). With the hybridization model, the properties of the methane molecule
can be explained. Chemical bonds where in both atoms either two s orbitals or an s and a p
orbital or two p orbitals are combined are denoted as ¢ bonds [10]. Such bonds are tight and
the electrons are bound in these states. If a molecule forms the maximum possible number of o
bonds, it is called a saturated molecule [10]. In case that atoms in a molecule do not form the
maximum possible number of o bonds (and consequently not all atomic orbitals of the second
shell are hybridized), the molecule is denoted as unsaturated. The atomic p orbitals which are
not hybridized remain as they are and may also overlap with the other non-hybridized orbitals
of the other atoms. Bonds of these non-hybridized p orbitals are denoted as m bonds, which are
weaker than the o bonds [10]. In Fig. 1.5, an ethene molecule is shown. On the left, the valence
structure is shown. In the middle, the double bond between the two carbon atoms is shown
as a 0 bond and the two remaining non-hybridized p, orbitals are visualized. On the right,
the connection of the two p, orbitals is shown which leads to a m bond. The ethene molecule

contains o and 7 bonds.

pz-Orbital
H H
\ /
CoHy = /C:C\
H H

Figure 1.5.: Valence structure and visualization of the orbitals of an ethene molecule. The p,
orbitals which are not hybridized can form a 7 bond as shown in the sub-picture to the right.
This picture is taken from ref. [10].

Energy

Eo— m*orbital LUMO

E{ 4+ morbital HOMO

H
+

Figure 1.6.: Energy diagram of the ethene molecule in the basic state. This picture is inspired
by ref. [10].

In Fig. 1.6, the energy diagram of the ethene molecule in the basic energetic state is depicted.
According to the theory of molecular orbitals, there are several bonding and several anti-bonding
molecular orbitals. The bonding molecular orbitals are drawn below the dashed horizontal

line and the anti-bonding molecular orbitals are shown above. According to Pauli’s principle,
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energetic states are filled in ascending order [10]. The highest bonding orbital with energy E;
is a 7 orbital and since it is the highest orbital which is occupied in the basic energetic state, it
is denoted as the highest occupied molecular orbital (HOMO). By contrast, the first energetic
state Eo which is anti-bonding and which is not occupied in the basic state is denoted as lowest
unoccupied molecular orbital (LUMO). Electrons occupying states above the LUMO are not

tightly bound and can be characterized as mobile charges [10].

1.3.4 Organic semiconductors

For organic electronics, molecules with alternating double and single bonds between the adjacent
carbon atoms are of interest. Such molecules are denoted as m-conjugated molecules [10]. A
special property of such m-conjugated systems is that the carbon atoms are located in one
plane. As a consequence, the non-hybridized p orbitals are located normal to the molecule plane
and they can overlap. In m-conjugated systems, the electrons in the p orbitals are delocalized
which means that they can be imaged as an electron cloud which is distributed around the
molecule [10]. If an electron is located in a 7 bond, it can either behave like a bound electron or
like a freely movable electron depending on whether it is located in a bonding or an anti-bonding

molecular orbital. In Fig. 1.7, the o and the 7 orbitals of such a m-conjugated system are shown:

Figure 1.7.: Visualization of the molecular orbitals of the molecule benzene. (a) o orbitals
that are part of the connection between the atoms. (b) 7 orbitals. The graphics are created
using the software IBOview as described in ref. [24].

the benzene molecule. In this molecule, the phenomenon of mesomery becomes important.
Mesomery describes the fact that the alternating single and double bonds can occur in several
positions in the molecule so that the exact structure of the molecule cannot be determined.
Expressed in other words: mesomeric structures can assume several forms. In such a system, the
electrons in 7 orbitals are completely delocalized which means that they can move around the
molecule in a kind of cloud. If electrons have enough energy so that they can be excited from
the HOMO to the LUMO, they can thus be regarded as chemically unbound and completely
mobile charge carriers which are able to leave the molecule. In principle, the molecule is ionized
then since the electron has left its original position in the atomic bond. Thus, one can say that
an electron-hole pair has been created since the electron can easily leave the molecule now and

another electron entering the molecule could occupy the original state [10].
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If several molecules are located close to each other, there is the possibility for an electron to
move to an adjacent molecule. There are some parallels to conventional crystalline semicon-
ductors since also in these materials, a charge carrier is able to leave its original position in
the crystal if it has a sufficiently high energy [25]. Thus, a bunch of m-conjugated organic
molecules shows a behavior similar to a semiconductor. However, in contrast to crystalline
semiconductors, organic molecules can hardly be arranged so that they form perfect crystals
but they rather have a certain degree of spatial (and thus also energetic) disorder [26—29]. This
has an influence on the density of states (DOS) of the material. Due to the non-crystallinity
the single organic molecules are disordered and their energy diagrams are slightly shifted
with respect to adjacent molecules. Therefore, in contrast to a crystalline semiconductor like
silicon [25], there is no band-like energetic structure. The density of states for quasi-mobile
charges in organic semiconductors is debated in the literature [30]. Often for disordered systems,
a Gaussian-distributed density of states (DOS) is assumed [26, 30-33]. In Fig. 1.8(a), the

DOS

DOS

>
Bandgap Bandgap

Energy

Ev Ec
(a) (b)

Figure 1.8.: (a) Visualization of a Gaussian DOS which occurs in disordered semiconductors.

(b) Visualization of a square-root DOS which is typical in crystalline semiconductors.
DOS of an organic semiconductor is visualized as a Gaussian distribution. Since there is an
energetic distance between the HOMO and the LUMO, the organic semiconductor has the
typical property that is one of the prerequisites in order to denote a material as semiconducting;:
an energetic gap between conducting and bounding states with a distance not too high [25]
and a forbidden zone in between. In Fig. 1.8(b), for the purpose of comparison, the DOS
in a crystalline semiconductor such as silicon is depicted. The DOS can be described as a
square-root function of the energy [25]. In the bandgap, there are no energetic states. Thus,
an electron can either be in a state below the valence band edge Fv, where it behaves like
a bound electron, or it can be in an energetic state above the conduction band edge Fc,
where it can be treated as a mobile charge carrier that can move through the whole crystal.
As indicated by Fig. 1.8(a), in organic semiconductors, there is the difficulty of defining the
bandgap properly. For a single molecule, the energy distance between HOMO and LUMO is
defined by the molecular orbitals. However, due to the non-crystallinity of the organic material,
the LUMO and HOMO levels of the organic semiconductor are not aligned, as mentioned above.
Thus, the effective bandgap of the semiconductor is smaller than that of a single molecule.
Consequently, there exist different interpretations of the bandgap in such disordered materials

such that either the distance between the peaks of the Gaussian distributions are taken or a
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value smaller than that [33]. In the following course of the dissertation, the band diagram of the
organic thin-film transistors (OTFTs) will be treated like the band diagram of a conventional
semiconductor. The HOMO energy level is regarded equivalently as the valence band edge Ev
and the LUMO energy level is regarded equivalently as the conduction band edge Ec.

Energy

»-Position

Figure 1.9.: Illustration of the variable-range-hopping transport in organic semiconductors.
This picture is inspired by ref. [34].

There are various models describing the charge transport in organic materials [35] such as
the mobility-edge model, the multiple-trap-and-release model, the variable-range-hopping
(VRH) model, or the percolation model [29]. The applicability of these models to an organic
semiconductor depends on the degree of disorder. In Fig. 1.9, the charge transport according
to the VRH is depicted. The dashes represent energetic states above the LUMO in which the
charge carriers behave like quasi-mobile charges. In the VRH model, it is assumed that the
charge transport occurs mainly by the hopping of charge carriers from molecule to molecule.
This is in principle a tunneling process from one molecule to an adjacent one. Although the
charge transport in organic materials is quite different from that in crystalline semiconductors, it
is possible to describe the current assuming a band-like transport with a very low mobility [36].
A model accounting for the hopping transport can then be adapted in terms of an effective

mobility [37], as will be explained later.

1.4 Organic Transistors

1.4.1 Architectures and Fabrication

The above-described properties of m-conjugated materials allow them to be employed as the
active layer in field-effect transistors. The transistor is the most important building block
in modern electronics and there exists a huge variety of literature in which the operational
principles of transistors of various types are described [5, 25, 38, 39]. In this section, a short
overview over the fabrication and operation principles of OTFTs are presented. In principle,
there are several ways of fabricating organic transistors such as a vacuum deposition using
silicon stencil lithography [17, 40] or by printing and spin-coating [41]. In this section, the
explanation of the transistor architectures is based on the process as conducted by the Max
Planck Institute for Solid State Research [17, 40, 42, 43]. Figure 1.10 shows the layout of an
OTFT fabricated in the bottom-gate top-contact architecture. Since the different layers of
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Substrate Gate

Figure 1.10.: Organic thin-film transistor fabricated in the bottom-gate top-contact architec-
ture which is also denoted as the staggered architecture. The different layers of the transistor
are stacked above each other.

Substrate Gate

Figure 1.11.: Organic thin-film transistor fabricated in the bottom-gate bottom-contact
architecture which is also denoted as the coplanar architecture. The channel region of the
organic semiconductor is in the same plane as the source/drain electrodes.

this transistor are stacked above each other this architecture is also denoted as the staggered
architecture. By contrast, in Fig. 1.11, a transistor fabricated in the coplanar architecture is
depicted. In this architecture, the channel region of the organic semiconductor is located in the
same plane as the source/drain electrodes which gives this architecture the name "coplanar".

Both architectures can be fabricated in the same process which will briefly be described.

The transistors according to refs. [17, 40, 42, 43] are fabricated on flexible plastic substrates.
In a vacuum chamber, interconnects for the gate, source, and drain terminals are patterned by
thermal sublimation of gold through a mask that is attached above the substrate. The intercon-
nects are not shown in Figs. 1.10 and 1.11. After this process step, the mask is changed and a

gate consisting of aluminum is patterned. Subsequently, the substrate is exposed to an oxygen
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plasma which forms a layer of aluminum oxide on top of the aluminum. This is the first part of
the gate insulator. In order to improve the quality of the gate insulator and to reduce leakage
current, the substrate is then immersed into a liquid containing e.g. n-tetradecylphosphonic acid.
The special property of these molecules is that they form a self-assembling monolayer (SAM) on
top of the aluminum oxide, i.e. they form one single layer and all molecules are oriented in the
same direction. Such hybrid gate dielectrics consisting of aluminum oxide and a SAM show good
dielectric properties and they assist in a formation of an organic-semiconductor film of good
quality. As explained above, the quality of an organic semiconductor is dependent on the degree
of disorder. Employing a SAM helps in the reduction of this disorder. After the formation of the
SAM, the substrate is put in the vacuum chamber again. Until this step, the fabrication of stag-

gered and coplanar transistors is equal but from now on the order of the fabrication steps differs.

Staggered:

An organic semiconductor is evaporated by thermal sublimation. In Fig. 1.10, the material 2,9-
diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DPh-DNTT) is shown as the organic
semiconductor. After the evaporation of the semiconductor, the substrate is taken out of the
vacuum and a mask for the source/drain electrodes is attached. In the last process step, the
source/drain electrodes are patterned by thermal evaporation of gold. The reason for choosing

gold as the source/drain material will be explained later.

Coplanar:

The source/drain contacts are evaporated by thermal sublimation directly on top of the SAM.
In the next step, in principle, the organic semiconductor could be evaporated. However, in order
to improve the current injection at the source-to-semiconductor interface, a good connection
between the source electrode and the organic semiconductor is needed. Therefore, similar
to the SAM that is used on top of the aluminum oxide, a SAM can be formed around the
source/drain contacts [44]. This helps for a better attachment of the organic molecules. The
SAM is formed by immersing the substrate in a liquid containing the desired molecules such
as pentafluorobenzenethiol (PFBT). After this process step, the organic semiconductor is

evaporated in the vacuum chamber.

Figure 1.12 shows the four most important architectures that these OTFTs are fabricated in. In
principle, the two architectures in Figs. 1.12(a) and (c) are equal. The horizontal flipping of the
transistor does not change its electric properties. Similarly, the two structures in Figs. 1.12(b)
and (d) are equal. The only factor governing the difference between the architecture is whether
the source/drain electrodes are in the same plane as the organic semiconductor or whether they
are stacked above each other. However, the order of the deposition of the different layers may
change the interface qualities and thus, the inverted structure might exhibit a slightly different

behavior than the non-inverted structure.
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Figure 1.12.: Four different architectures of OTFTs. (a) Top-gate top-contact transistor, also
denoted as coplanar. (b) Top-gate bottom-contact transistor, also denoted as staggered. (c)
Bottom-gate bottom-contact transistor, also denoted as inverted coplanar. This case is identical
to (a) but horizontally flipped. (d) Bottom-gate top-contact transistor, also denoted as inverted
staggered. This case is identical to (b) but horizontally flipped.

1.4.2 Electronic Operation Principle

The operation principle of OTFTs has many similarities with the operation of a MOSFET [5,
25, 38]. As shown in Fig. 1.12, the OTFTs comprise metal-to-organic-semiconductor junctions.
In this regard, they resemble Schottky-barrier field-effect transistors [45]. As usual for TFTs,
the OTFTs have three connection terminals which are the gate, the drain, and the source.
The basic idea is that charge carriers can move from the source to the drain terminal but the
resistivity of the channel can be modulated by the gate-source voltage. Thus, the OTFT, just as
every transistor, is an electronic device that can control the current flow between two terminals
by a third terminal. In Fig. 1.13, the band diagram of an OTFT along a cutline normal to

Ve =Va, Erumo

BN

Gate EHOMO
Diel.

Figure 1.13.: Band structure of an OTFT along a cutline normal to the gate plane. Here the
gate-source voltage is set to the flatband voltage.
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the gate plane is depicted. The bands are shown at an arbitrary position in the channel. As
can be seen, the transistor has a positive flatband voltage in this case since the Fermi level of
the gate electrode is shifted down with respect to the Fermi level of the organic semiconductor
in order to obtain flat bands. Since the organic semiconductor is not doped the Fermi level
without any outer influences is approximately in the mid-bandgap. The reason for a non-zero
flatband voltage is a difference in the work functions between the gate material and the organic
semiconductor. The work function is defined as the difference between the vacuum energy level

and the Fermi level. In Fig. 1.14, the band diagram of the OTFT is shown along a cutline in

V=0 \ Erumo / Ves=Vin

Vis=0
Ep Z/O/%\_ .............. JWD/{{%

Enomo

Figure 1.14.: Band structure of an OTFT along a cutline in the direction of the channel.
Here the gate-source voltage is set to the flatband voltage and the drain-source voltage is zero.
The work function of the source/drain metal is aligned with the HOMO of the organic semicon-
ductor.

the direction of the channel from source to drain. Also here, the flatband voltage is applied as
the gate-source voltage. Due to the electrostatic influence of the source/drain electrodes there
occurs a band bending [46]. As can be seen in Fig. 1.14, the HOMO level matches the Fermi
level at the source-to-semiconductor and drain-to-semiconductor junctions. The reason for this
is that the work function of the source/drain material is chosen to match the HOMO level of
the organic semiconductor. The consequence is that at the metal-to-semiconductor junctions

no Schottky barriers for holes are present. If, by contrast, the work function of the source/drain

V=0 \__ Fromo ) Ves=Vp

Vas=0
EF Z//M— z_(I)];O _________ /_.WI,D///%
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Figure 1.15.: Band structure of an OTFT along a cutline in the direction of the channel.
Here the gate-source voltage is set to the flatband voltage and the drain-source voltage is zero.
The work function of the source/drain metal is different from the HOMO of the organic semi-
conductor. Thus, a Schottky barrier of height ®( is present.
material is different from the HOMO level of the organic semiconductor, there are Schottky
barriers which play an important role for the current injection at the source-to-semiconductor
interface and will result in parasitic contact resistances [18, 33, 47]. In Fig. 1.15, the band
diagram along the channel cutline is depicted again, but this time, a Schottky barrier of height
®po is present.
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Figure 1.16.: Band structure of an OTFT along a cutline in the direction of the channel.
Here, the gate-source voltage is set to a voltage smaller than the flatband voltage and the
source-drain voltage is set to a negative value. The work function of the source/drain metal is
aligned with the HOMO of the organic semiconductor.

In order to allow a current flow from source to drain, charge carriers need to be injected at
the source-to-semiconductor junction so that they can flow to the drain. Under the conditions
shown in Fig. 1.14 no significant current can flow because the bands in the channel region form
a barrier for the charge carriers. This is indicated by the hole that is repelled at the junction.
Therefore, the barrier in the channel needs to be lowered so that charge carriers can surmount
it and flow to the drain. Furthermore, a drain-source voltage needs to be applied. In Fig. 1.16,
the band diagram of the OTFT is shown for the case that a gate-source voltage smaller than
the flatband voltage is applied. Furthermore, a negative drain-source voltage is applied. As a
consequence, holes can be injected from the source into the channel and they can flow towards

the drain.

As explained above, the organic semiconductor is undoped so that under equilibrium conditions
the Fermi level equals the intrinsic Fermi level which is approximately in the middle of the
bandgap. From this, there arises an interesting consequence: whether an OTFT is an n-type
or a p-type transistor depends on the work function of the source/drain metal in relation
to the bands of the organic semiconductor [48]. Typical semiconductors such as pentacene
or Dinaphto|[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) have HOMO levels of approximately
56V [40, 48]. The work function of gold is approximately 5.1€eV [25] and thus, there is only a
small Schottky barrier at the gold-to-semiconductor junction. Since organic semiconductors
such as DNTT have very large bandgaps in the range of 3eV [40] it is difficult to find a
metal with a sufficiently small work function so that the transistor could be used as an n-type
transistor. Typical metals such as gold, aluminum and silver have work functions between
4eV and 5.1 eV which means that the resulting transistor will show the behavior of a p-type
transistor. The organic transistors investigated in this work are all p-type transistors. However,
in order to facilitate the understanding of the equations the compact models will be derived for
n-type devices which can easily be transferred to p-type devices by negating the polarity of the

voltages, currents and charges.
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1.5 Outline

This PhD thesis targets on the development of a charge-based compact model for the capacitive
behavior and the low-frequency noise in organic thin-film transistors of both the staggered and
the coplanar architectures. In this section, the aim of developing a compact model will be

outlined.

When developing an electric circuit, it is of utmost importance that the circuit behaves properly
before the mass production can start. For this purpose, in earlier times the electric circuits
were theoretically planned and then built on test boards. The behavior of the test circuit was
evaluated and in case of unsatisfactory results, the discrete circuit elements such as resistors,
capacitors, inductors or transistors were exchanged or the topology of the circuit was altered.
This method is denoted as breadboarding [49]. Having adapted the circuit and the circuit
elements in such a way that the circuit behaves properly the circuit could then be fabricated.
However, when it comes to the design of integrated circuits the method of breadboarding is no
longer suitable. The reason is that the circuit components that are fabricated on a substrate
show a different behavior than discrete elements used in a macroscopic circuit since in an
integrated circuit there are additional effects such as parasitic capacitances with respect to
adjacent elements [49]. Furthermore, the lengths of the interconnects of the circuit elements are
quite different when comparing a macroscopic circuit to an integrated one. As a consequence,
simulation programs with integrated circuit emphasis (SPICE) are nowadays used in order to

simulate an integrated circuit rather than constructing it on a test board [49].

In order to use a computer-aided circuit simulation tool, the circuit simulator needs to know
how the single components behave. For this purpose, mathematical equations linking the
voltages to the steady-state and capacitive charging currents in the devices are necessary and
a description of the noise behavior of the devices is needed. The behavior of a single device
could in principle be obtained by a numerical device simulation, for example, by employing the
finite element method. While these physical device simulators such as Sentaurus Technology
Computer Aided Design (TCAD) [50] may show a very accurate reproduction of real devices
they impose a high computational load on the central processing unit (CPU) of the computer
resulting in long execution times. It may take hours or even days until one single device is
simulated in a finite-element simulation. However, integrated circuits may contain hundreds of
thousands of transistors or even more [49] so that conducting a physics-based device simulation
for every single transistor would be impossible to solve. For this purpose, compact models are
needed. A compact model is a set of mathematical equations that describes the properties of a
single device in an accurate but computationally efficient manner [49, 51, 52]. Such compact
models are the key components of modern electronic design automation (EDA) tools [51].
There exist different types of compact models which will briefly be explained in the following

according to ref. [49].
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Physics-based models

A physics-based compact model is derived based on an analytical description of the device
physics, preferably in a closed-form description. The great benefit of such models is that
the parameters of the equations are entirely motivated by the device physics and allow for a
scaling of the device with respect to the dimensions or the materials. Often, it is impossible
to find completely closed-form descriptions so that approximations are necessary which in
turn diminish the accuracy of the model. The development of such compact models is rather

complicated and may take several man-years [49].

Table-lookup models

Instead of deriving physics-based equations for the model description, a very simple method is
the creation of a lookup-table. The values for the lookup table can be obtained by measur-
ing fabricated devices or by finite-element simulations. Between the values in the table, an
interpolation, for example, by cubic splines is necessary. The advantage of such a table-lookup
model is that it is very easy to solve and extremely quick to execute since only an interpolation
between adjacent points is necessary. If, however, large numbers of values are stored in the
tables the model will have huge memory requirements. Furthermore, the disadvantage is that
the model is not scalable, i.e. as soon as a different device geometry is used or other material
parameters are used the lookup-table needs to be filled again by finite-element simulations or
measurements. Furthermore, the model is only valid for the voltage range stored in the table.

The model cannot safely predict any values beyond its scope [49].

Empirical models

Empirical models are somehow comparable to table-lookup models but with the difference
that they do not consist of value pairs stored in a table but rather of empirical functions
that provide a description of the values. An empirical model can thus be characterized as a
mathematics-based modeling where the parameters of the functions are tuned such that the
model agrees well with measured curves or with the results of finite-element simulations. The
advantage of such models is that they have much smaller storage requirements than table-lookup

models but they may be less accurate.

In the reality, physics-based models and empirical models are often mixed. A model can be
motivated by the physics but in order to capture certain effects, empirical fitting functions
or fitting parameters may be introduced [49]. Nevertheless, if the model is physics-based and
includes some empirical fitting or correction methods it is still denoted as a physics-based model.

For a good compact model, the following requirements can be formulated [49, 51, 52]:

o Fast execution time

o High accuracy with respect to measurements or finite-element simulations
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e Close link to the physics and consequently a possibly low number of empirical fitting

parameters
e Scalability with respect to the device geometry and the materials
e Deterministic way of parameter extraction
e Numerical stability, i.e. continuity of the equations and of the derivatives

e Stable behavior for bias points far away from the normal operation since the simulator
may apply voltages beyond the normal scope during the iterations of the non-linear circuit

solver

Observing these claims, it can be said that some of them are mutually exclusive. The higher
the accuracy of a model is the more side effects need to be taken into account which may result
in the necessity of defining more fitting functions or parameters. In turn, a higher number of
equations will lead to a larger execution time. Thus, there is no "perfect” compact model in the
regard that it fulfills all claims completely. However, it is important to ensure that a numeri-

cal stability of the model is given since otherwise the model may be useless in a circuit simulator.

In the device modeling and research group at the TH Mittelhessen, such compact models for
different transistors are developed. Among them is also a physics-based compact model for the
static direct current (DC) behavior of OTFTs with large channel lengths [36]. This compact
model is able to reproduce measured DC characteristics of OTFTs but it does not contain a
description of the capacitive behavior and the noise. Thus, this PhD thesis is an advancement
of the existing DC compact model. The DC equations are extended by the quasistatic and
non-quasistatic charging currents arising from the charging and discharging of intrinsic and
extrinsic capacitances. Furthermore, a model for the quantification of the low-frequency noise
is developed. The compact model developed in this work is a physics-based model which at

some points needs to be extended by empirical fitting functions.
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CHAPTER 2

Charge-Based DC Model

For the description of the static DC characteristics of the OTFTs, a compact model has already
been developed at the TH Mittelhessen group [36]. The DC model has been extended by
Pruefer et al. in order to capture contact effects and short-channel effects, i.e. the non-linear
injection of the current at the source-to-semiconductor junction and the voltage drop across the
drain-to-semiconductor junction [47], as well as the effects of a drain-induced barrier lowering
(DIBL), and a shift of the threshold voltage due to short channels [53].

In addition to that, the DC model in ref. [36] has been extended in order to capture the 3D
effect of fringe currents in the transistors [54] and some corrections to the DC model have been

performed which were published in ref. [55].

Although this thesis is dedicated to the modeling of the dynamic behavior of OTFTs, it is
essential to give an overview over some aspects of the DC compact model since the dynamic
model is based on the DC model and thus has a close link to the DC equations. In this chapter,

a review of the most important points of the DC model will be presented.

2.1 Simple DC Model

In this section, the original version of the DC model according to ref. [36] will be reviewed.

The starting point of the derivation is the density of states which is described as:

2
r(B) = —Nepos o ((E—Eopos). (2.1)
V2ropos 20508

where N¢,pos is the maximum number of states, opos is the standard deviation, and Ey pos is
the center of the distribution. It has been discussed in the literature, whether it makes sense to
assume the center of the Gaussian DOS exactly at the HOMO or whether it should be shifted

in order to more precisely capture the effect that the states are more likely to be found beyond

21
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the HOMO and not in the bandgap [33]. However, for the compact model, this does not play
such a critical role since a shift of the Gaussian DOS results in a shift of the resulting transfer
curves along the Vgs-axis which can be compensated later. Thus, it is now assumed that the

center of the Gaussian DOS equals the valence band edge (Ev). In Fig. 2.1, a diagram of

E A

shallow traps

B, [ E = -
LUMO -
E,
deep bulkand
/ interface states
I I

Figure 2.1.: Diagram of the Gaussian DOS which is assumed in the DC model. This pic-
ture is taken from ref. [36]. The shallow traps correspond to states in which the quasi-mobile
charges are found. The deep bulk and interface states correspond to traps in the bandgap that
do not contribute to the DC current but have an influence on the electrostatics.
different energetic states is shown as published in ref. [36]. The shallow traps can be observed
which are the energetic states in which the charge carriers behave like quasi-mobile charges.
These shallow traps are Gaussian-distributed. Furthermore, the deep bulk and interface traps
are shown. Charge carriers can get trapped there but it is unlikely that they jump to adjacent
traps and contribute to the DC current. However, charges in these traps influence the de-

vice electrostatics and have an influence on the threshold voltage and the sub-threshold behavior.

The density of quasi-mobile charges for an arbitrary energy is then calculated as follows:

oo

Q' = qdm / I(E)f(E)dE (2.2)

Eu

where ¢ is the elementary charge, dm is the thickness of the accumulation channel, E,, is the
energy at which the charge carriers are treated as quasi-mobile carriers, and f(F) is the function
describing the Fermi statistics. Based on this equation, it is possible to calculate the amount of
charge that will be available for transport and thus contribute to the current. However, the

difficulty is that the Fermi level has to be known in order to correctly relate the Fermi statistics
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to the band diagram. Furthermore, the Fermi statistics are complicated to treat in combination
with a Gaussian DOS. Therefore, in ref. [36], the Fermi statistics are approximated by the
Boltzmann statistics. Performing several steps, the model yields a differential that links the
amount of accumulated charge to the channel voltage. Originally, in ref. [36], the equation
is presented for the charges at the source end of the channel but it can be formulated more

general for any arbitrary point in the channel:

dQw 1

= T (2.3)

7
m diel

where V; is the gate potential, a is the slope degradation factor with respect to the ideal slope
of &~ 60mV /dec at room temperature, Vi, = kgT/q is the thermal voltage with kg as the
Boltzmann constant and T as the temperature, and C%;,, is the capacitance of the gate dielectric
per gate area. This differential will become important later when the model for the total charges
is derived. Based on the differential, the DC model in ref. [36] finally comes to closed-form
equations for the charge densities at the source end and the drain end of the channel. The
charge density can only be calculated at the endpoints of the channel. Originally, a definition
of the charge densities based on the trap densities and the parameters of the Gaussian DOS is
derived. However, due to the assumption of the Boltzmann statistics and due to some further
fitting parameters, this trap-based formulation of the DC model is unhandy to use. In order to
give a closer link to the parameters that are known to circuit designers, an equivalent threshold
voltage and the sub-threshold swing are defined. Based on these parameters, the charge density

equation reads as follows:

' _ Sstn / Ves/a — Vro
Qms/a = In(10) Caie1 - £ {exp <Ssth/ln(10) (2.4)

where L is the first branch of the Lambert W function, St is the sub-threshold swing, Vo is the
threshold voltage, and Vg and V,q is the gate-to-source and gate-to-drain voltage, respectively.

The DC current is finally based on an integration over the drift-diffusion model which leads to:

(2.5)

knT e Y 2 2
Iy = ,U/Wch . < ]Z . Qms de + ms de

Len 2LenClig
where Wa, and L, are the channel width and length, respectively, and u is the charge-carrier
mobility. It has to be noted that this equation is only true if the slope degradation factor « is
equal to one. Performing the integration over the drift-diffusion model, in principle « has to
be included as a factor in the diffusion component of the current in Eq. (2.5). However, since
the overall influence of the diffusion current on the total current is comparatively small, the
equation presented here will be utilized and not the version incorporating « as a pre-factor in

the diffusion current.
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The charge-carrier mobility is described as a power-law which is often done for OTFTs [28, 29,
56, 57]. The mobility then reads as:
/ B
Uw=kK- <Qms> (2.6)

’
diel

where & [chVf*B ~'s71] is the so-called low-field mobility and 3 is the unitless exponent of the
power-law. The next step is the inclusion of a channel-length modulation in order to represent
the effect that the transistor does not show a perfectly constant current with respect to the
drain-source voltage Vgs when operated in saturation. An auxiliary voltage controlling the

saturation is defined as follows:

Viex = o+ (Qne — @t prr) (2.7)

diel
where Qind’barr is the charge density per gate area at the drain end of the channel after the
reduction of the drain-source voltage by the voltage drop over the Schottky barrier at the drain
as presented in Eq. (2.17) later. Finally, the model allows the inclusion of a contact resistance.
Following the principle in ref. [58], a contact resistance is included in terms of an effective

mobility:

I
Heff = (2.8)
1+ M Wen . (Rcontact + Rsb,s) : :ns

Lch
where Rcontact and Rgp s are the series resistances to be included. With these definitions, the

drain current of the simple model finally reads as follows:

/ / 12 12
kg-T Qms - de,barr ms de,barr

las = pest-Wen- ( T 9 Lan-C,

) (14X (Vas—Vasx)) (2.9)
iel

where A is the channel length modulation factor. The contact resistance consists of two
components. One of these is a constant Ohmic contact resistance denoted as Rcontact which
depends on the transistor structure. In coplanar transistors, Rcontact iS simply constant but
in staggered transistors, the situation is a little more difficult. Figure 2.2 shows a staggered

OTFT in which the current injection in the source overlap region is shown. The current has

Lovas
! ! Gate
Dielectric
Current Injection
Source Drain
—»i §<—LT

Figure 2.2.: Sketch of a staggered OTFT where the current injection is depicted. This prin-
ciple is adapted from ref. [59]. The density of the injected current is higher in proximity to the
source end of the channel which is emphasized by the different thicknesses of the cyan-colored
arrows. The transfer length L1 is defined as the length in which 63 % of the current is injected.
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to travel from the electrode normal to the channel direction and is diverted close to the gate
dielectric towards the channel direction. The density of the injected current varies along the
gate-to-source overlap length and is significantly reduced farther away from the source end of
the channel. This principle is taken from ref. [59] where the contact resistance is described
based on the sheet resistance (Rsheet) Of the organic semiconductor layer, the transfer length

(Lt) in which 63 % of the current is injected, and the gate-to-source overlap length (Lov,cs):

Rsheet

Lov,as
Li-coth (7)
W T L

T

(2.10)

Reontact = 2-

In addition to the constant resistance Rcontact, the contact resistance also includes the effect of
a non-linear current injection at the source-to-semiconductor junction which will be reviewed

in the following section.

2.2 Workfunction Mismatch

The metal-to-semiconductor junctions in OTFTs behave like Schottky barriers. In ref. [47], the
influence of the Schottky barriers on the static drain current characteristics are investigated
in detail. If the transistor is operated in a normal operation point (e.g. the above-threshold
regime), the Schottky barrier at the source end of the channel is operated in reverse direction
whereas the Schottky barrier at the drain is operated in forward direction. Both of the Schottky
barriers are non-linear, parasitic contact resistances and can have a major influence on the
current-voltage characteristics of the transistor. Due to the reverse operation of the source
Schottky barrier its resistance will be much higher than the resistance of the drain barrier. The
model in ref. [47] provides closed-form equations for the non-linear resistance of the source
Schottky barrier and the estimated voltage drop over the drain Schottky barrier. The effect of
a Schottky barrier lowering due to image charges [46] is taken into account which allows for
a description of the S-shape effect in the linear regime of operation of the transistor. A full
review of ref. [47] will not be presented here but some of the equations are needed later for the

short-channel extension of the dynamic model. Therefore, a short overview over some of the

Source
Vgs <0V, Vgs<0V
Vgs=Vdgs=0V

Figure 2.3.: Band diagram of the transistor at the source-to-semiconductor junction of the or-
ganic transistor. Due to an electric field Eg}, the height of the Schottky barrier can be lowered.
This figure is taken from ref. [47].
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concepts presented there will be given. Figure 2.3 shows the band diagram of an OTFT at the
source-to-semiconductor junction. An electric field can lead to the already mentioned effect
of a Schottky barrier lowering. Applying a conformal mapping technique, the electric field
in both transistor architectures (staggered and coplanar) is calculated. The model describes
the influence of the reversely operated Schottky barrier at the source by means of a contact

resistance (Rspb,s) which is added to the Ohmic component of the contact resistance in Eq. (2.8).

The resistance of the source Schottky barrier is denoted as Rg, s which is a function of the
applied voltages and the device geometry and materials. The model in ref. [47] estimates
the voltage drop over the source Schottky barrier but this voltage drop cannot be calculated
precisely. In principle, the current through a series connection of a transistor and a reversely
driven Schottky barrier at the source terminal would have to be calculated numerically, e.g.
by making use of the Newton algorithm. However, the model in [47] circumvents this by the

definition of the barrier resistance Rgp,s:

‘/sb,s
—Iss - (exp (—eqk\;s%s) — 1)

where Vi, s is the estimated voltage drop over the Schottky barrier, Iss is the reverse-bias

Raps = (2.11)

saturation current of the diode, and 6 is a fitting parameter describing the non-ideality of the
diode. The estimated voltage drop Vip s is very similar to the voltage Vasx but here the charge

density Q.. is used before the voltage is reduced due to the drain contact:

/ /
Vebs = w (2.12)
diel

The reverse-bias saturation current of the diode is defined as follows:

—4(®so — APp) A%)) (2.13)

_ AR T2
Iy = Wen LinjA™T exp( kT

where Linj is the injection length in which the main part of the current is injected, A* is the
effective Richardson constant, n is a fitting-parameter, ®go is the initial barrier height, and
Addg is the amount by which the Schottky barrier is lowered. This amount is dependent on the
electric field across the barrier and varies between the two transistor architectures. A detailed
review of ref. [47] will not be presented here. The injection length Lin; is also dependent on
the transistor architecture. In staggered transistors, Linj is equal to the transfer length Lt in
which 63 % of the current is injected. By contrast, in coplanar transistors, the injection length

is equal to the thickness of the charge-carrier channel.
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Since the Schottky barrier at the drain is operated in forward direction it has a lower resistance
compared to the Schottky barrier at the source. Furthermore, there is an interesting property:
For higher voltages, a forward-driven Schottky diode becomes increasingly conductive. By
contrast, a transistor is driven into saturation as the drain-source voltage is increased. Conse-
quently, at very high drain-source voltages, the series connection of an inner transistor and a
forward-driven drain Schottky barrier saturates to the same current as a transistor without
barrier would do. However, the saturation sets on a little bit later under the presence of a
drain Schottky barrier which can be verified by observing Fig. 6 (b) in ref. [47]. It proved to
be sufficient to model the voltage drop over the drain Schottky barrier in the linear operation
regime of the transistor as a linear function of Vs until at a certain voltage the saturation sets
on. Generally, the investigation of the drain barrier starts at a similar point as the investigation
of the source barrier. Theoretically, the drain barrier could not analytically be included in
a compact model but would require the numerical calculation by a method like the Newton
algorithm. However, a closed form description with good accuracy is derived in ref. [47]. The

current through the drain barrier can be described as follows:

Ina = Isa- (eXp (%) — 1) (2.14)

where I q is the reverse-bias saturation current of the diode and Vi, q is the voltage drop across
the drain barrier. Isq4 is very similar to that of the source diode but here the effect of the
Schottky barrier lowering does not have to be taken into account:

. —q®
Isa = WenLinjA*T? exp (HZBBTO> . (2.15)

As explained above, in deep saturation, a transistor with a drain Schottky barrier will conduct
the same current as a transistor without such a barrier. Making use of this, the voltage drop
Vs, Va0 OVer the Schottky barrier can be calculated in the saturation regime of operation.
The voltage drop Vip q is then calculated as a linear function of Qp,s until it finally saturates to
a value defined as
Q/
Vds,Vde sat wsat# (216)
' Cliel

where wg,t is a fitting parameter that controls at which point the saturation starts. The final
equation for Vi, q is not presented here. The reader is kindly asked to refer to ref. [47]. In
contrast to the source Schottky barrier, the barrier at the drain is included in the compact
model by the voltage drop Visp,qa. Accordingly, the charge density at the drain end of the channel

has to be recalculated taking into account Vip q:

/ _ Ssth Ves — Vro — Vas + Vib,a
de,barr - 111(10) Cdiel‘c' {exp < Ssth/ln(lo) ) } . (217)

In the final current equation, instead of Q,4, the new charge density Q.4 pare i used.
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2.3 Fringe Effects

The equations presented so far are based on a quite simple two-dimensional view on the
transistors. However, there are three-dimensional effects to be taken into account. Due to the
fabrication process, the organic semiconductor layer extends beyond the intrinsic transistor
and constitutes so-called fringe regions. Furthermore, in order to provide stability to the
silicon stencil masks used for patterning, the openings in the mask are often chosen to be
comparatively small [42]. This would limit the channel width that could be fabricated. Even if
the performance of OTFTs is continuously increasing, the mobility of organic semiconductors
is still small in comparison to that of common crystalline semiconductors [9]. Therefore, in
order to achieve a sufficiently high current in an OTFT, the channel width has to be increased.
Since in the silicon stencil lithography the width of one electrode is limited the transistors can
be fabricated in a multi-finger structure. This is in principle a parallel connection of several
identical transistors. Special emphasis has been put on such multi-finger structures as presented

in [54, 55]. The modeling thoughts will be reviewed here.

Figure 2.4.: Three-dimensional sketch of a staggered OTFT as simulated in Sentaurus

TCAD [50]. This picture was published in ref. [54] and was extended by some labels. Due

to the fabrication process there are regions between and beyond the source/drain electrodes

and the intrinsic channel regions. These are denoted as fringe regions.
Figure 2.4 shows a three-dimensional sketch of a staggered OTFT as simulated in Sentaurus
TCAD [50]. Here, a transistor comprising two source and two drain electrodes is shown. The
little pictogram in the top right corner shows the orientation of the coordinate system. The
width of a single finger is denoted as Weontact. Between two fingers, there is an unpatterned
region of width dgang. Beyond the first and the last finger, the organic semiconductor layer is
also marginally extended. The width of this region is denoted as woyi. For the modeling, this
width is assumed to be symmetrically present at both ends of the transistor. The complete

width of the transistor is denoted as the gate width Wen . This width will be important for
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the calculation of the total charges since charges are accumulated at every position where the
gate stack consisting of the gate electrode and the gate dielectric is in contact with the organic

semiconductor.
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Figure 2.5.: 3D Sentaurus TCAD simulation of a coplanar OTFT. (a) The current density in
a cutplane close to the gate dielectric is shown. (b) Current density along the cutline C1. The
current density decreases beyond the channel center.

The presence of fringe regions opens further current paths. Figure 2.5 shows the results of a 3D
Sentaurus TCAD simulation of a coplanar OTFT. It can be seen that a current flows beyond
the channel center but the current density is reduced farther away from the channel. The effect
of the current spreading is schematically depicted in Fig. 2.6 where two cutplanes of coplanar
single-finger transistor geometries with an identical finger width Weontact but different fringe
widths wov1 are shown. The dark-blue arrows indicate the part of the current that flows in the
center of the intrinsic transistor. The cyan-colored arrows indicate the fringe currents that
flow beyond the channel center. It is obvious that the amount of fringe currents is dependent
on the fringe width weyvi. The same principles apply to both kinds of geometries (staggered

and coplanar). The difficulty is that from a static DC measurement the contributions from
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Weontact Wovl Wovl
(a) (b)

Figure 2.6.: Current paths in a cutplane in a coplanar transistor comprising fringe regions.
A transistor with one finger is shown. (a) The fringe width wey is large and a huge amount of
current can flow beyond the channel center. However, the amount of fringe current is limited
because the current paths farther away from the intrinsic channel center are longer and have
higher resistances. (b) The fringe width wey; is rather small and only a little amount of current
flows beyond the center of the intrinsic transistor.

the intrinsic transistor current and the fringe currents cannot be separated from each other. If
compact models are fitted to such measurements it often leads to a mobility overestimation [60].
In the literature, the fringe part is sometimes accounted for by defining it as a certain percentage
of the intrinsic DC current [40, 61]. Other researchers also considered these fringe currents [41]
and proposed analytical methods for its calculation by a conformal mapping technique [62].
A quite simple and empirical model has been developed which despite its simplicity creates
the necessary basis for the calculation of the total charges later. The model concept that was

presented in refs. [54, 55] will be reviewed here.

Looking at the fringe currents from a practical point of view, a pre-factor before the current
equation is needed that increases the current. As stated before, the mobility could be overesti-
mated in order to fit the current [60] but it was decided to incorporate the fringe currents in
the model by defining an effective channel width. First, some geometric dimensions are defined.

The total gate width Wep @ is the width of the whole transistor consisting of all regions:
WCh,G = Nﬁng : Wcontact +2- Wovl + (Nﬁng - 1) . dﬁng (218)
where Nang is the number of fingers. The sum of the geometric finger widths is defined as

Wch,SD - Nﬁng - Weontact - (219)
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Without any fringe model, this width Wen sp would be used as the channel width in the compact
model. For the inclusion of the fringe effects, an effective channel width is defined:

Wen,ett = 06t - (Wen,a — Wen,sp) + Wen,sp (2.20)

where 05t € [0, 1] is an empirical fitting parameter. Figuratively speaking, if dgs is set to zero,
the effective channel width equals the sum of the electrode widths. If ¢ is set to one, the
whole width of the transistor is used as the channel width. It is worth noting that this method
is not capable of predicting the fringe part of the current of an arbitrary transistor geometry.
Based on a TCAD simulation, it is possible to determine meaningful values of d5¢. However, as
will be seen later in the derivation of the charge model, the value assigned to ds¢ does not have
any influence on the total charges and capacitances. It is, however, necessary to define the gate

width Wen ¢ and the sum of the electrode widths Wen sp separately.

The formulation of the effective channel width used in this work implies that each of the single
fingers of the transistor can be regarded as independent single-finger transistors where the
total current results from their superposition. Thus, in the region between two fingers, the
currents of both adjacent fingers flows which when superposed yields the total current flowing
in this region. With the definition of the effective channel width, the DC compact model is
reformulated:

kg-T Qms—Qmd.barr gs*@ﬁd,barr

' Len 2-Len-Clig

Ids = ,Ufeff'Wch,eH' < ) . (1+)\(Vd-;*Vdgx)) . (221)

Furthermore, the effective channel width is also used in the mobility which leads to

I
1+ M- % . (Rcontact + Rsb,s) Q;ns

et = (2.22)

As a last point, it has to be mentioned that the Ohmic part of the contact resistance in staggered
OTFTs has to be reformulated as well:

Rsheet <Lov GS )
Reontact = 2- — - Lp-coth [ —— | . 2.23
T T Wasn O Ty (2.23)

Since the injection of the current occurs only in those regions where the source electrode is in
direct contact with the organic semiconductor the geometric channel width Wen sp, which is

the sum of all of the finger widths, is used in this equation.
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2.4 Compensation of the Threshold-Voltage Shift and a Slope Change

2.4.1 Introduction

The charge-based DC model incorporates a power-law mobility model according to Eq. (2.6).
In the literature, such power-law mobility models are also reported [57, 63]. Theoretically, this
power-law mobility should have an influence only on the above-threshold regime of operation.
However, an investigation of the compact DC model [36] has shown that there is an undesired and

non-negligible influence of the power-law mobility on the sub-threshold regime of operation. The

1078 ]
10—11 |
A10—14 |
.3'?10717_ B8=0;05;1
Z1o-0} Observable inverse slope: \\ |
1023 + obs = 100 mV /dec \\\
""" Sobs = 66.67mV /dec \
1072 F| ===- Syps = 50 mV /dec \
-4 _3 D) 1 0
Ves[V]

Figure 2.7.: Transfer curves of a staggered OTFT as calculated by the compact model for
three different values of the power-law exponent 8 at Vg = —1 V. The sub-threshold swing is
set to Sst, = 100 mV /dec but it is clearly visible that with a change in 8 the model exhibits
different sub-threshold swings. The legend shows the sub-threshold swing that the curves really
exhibit. The remaining compact model parameters are equal for every curve. Since the problem
is not dependent on the other fitting parameters, they are not listed here. This figure was
published in ref. [55] and slightly modified.

problem can be visualized by plotting the transfer curves of the compact model in a logarithmic
scale at the current axis for different values of 5 and then observing the sub-threshold behavior,
see Fig. 2.7. Even if the sub-threshold swing is set to a value of Sstgh = 100 mV /dec, it can be
seen that only for 8 = 0 the model really exhibits a swing of 100 mV /dec. As  is increased, the
sub-threshold swing that the model really exhibits is significantly reduced which is of course an
undesired behavior. Furthermore, which will become visible in the course of this section, the
threshold voltage is also affected by the power-law mobility. In the next paragraphs, equations
that compensate the influence of the power-law mobility on the sub-threshold swing and the

threshold voltage will be derived. These equations were published in ref. [55].
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2.4.2 De-Coupling of the Sub-Threshold Swing from the Power-Law Mobility

The first step is to derive an equation for the de-coupling of the sub-threshold swing from the
power-law mobility. The starting point of this derivation is the mobility. As explained above,
the mobility incorporates contact effects which leads to the formulation of an effective mobility
according to Eq. (2.22). Since for this investigation a sub-threshold operation point is assumed
the mobility can be simplified: In the sub-threshold regime of operation, the charge density
Qs is very low. Consequently, the second summand in the denominator of Eq. (2.22) becomes
notably smaller than the first summand and the mobility reduces to the power-law mobility
according to Eq. (2.6). This makes sense from a practical point of view: When operated in the
sub-threshold regime of operation, the depleted transistor channel has a high Ohmic resistance.
The channel resistance can become orders of magnitude larger than the contact resistance
and hence, the contact resistance does not have a notable influence on the total current. The

mobility in the off-state reads as:

B

Q:ns off)

Loff = K - ; (2.24)
< Oc/iicl

where Qo is the charge density per gate area at the source end of the channel in the off-state
of the transistor, i.e. in a sub-threshold operation point. Next, it is desired to find a simplified
expression for the off-state charge densities. The charge density at the source/drain end of the

channel is given by Eq. (2.4) which is presented here again in order to improve the reading flow:
’ Ssth ’ ‘/gs/d — V1o
4=~ Cgie1 - L - .
me/d ln(lO) diel {eXP (Ssth/ ln(lO)
The Lambert W function is the inverse function of the problem

y = - exp(x). (2.25)

This equation cannot analytically be rearranged for « but by means of the Lambert W function,

which can be solved by e.g. a Taylor series, it can anyhow be rearranged for x:
z = L(y). (2.26)

Suppose that the value of z is close to zero. Then, in Eq. (2.25), the exponential function is

nearly one and the equation simplifies to
Y~z (2.27)
Substituting this simple result in Eq. (2.26) leads to

L(z) ~ z. (2.28)
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In other words: For very small arguments, the Lambert W function nearly behaves as a linear
function. This fact is useful with regard to Eq. (2.4): When operated in the sub-threshold
regime, the numerator of the exponential function within the Lambert W function becomes
negative. The value of the exponential function is thus close to zero and as a consequence, the
Lambert W function almost returns the value of its argument. Thus, the charge densities can
be written in this greatly simplified form:

Ssth

Q;ns/d,off = 1710 C(/iiel - €Xp ( (229)

In(10)

Vgs/d — V1o
Setn/In(10) /

Having performed these simplifications, the off-state charge density Q, o¢ can be incorporated
into the off-state mobility (Eq. (2.24)) which leads to:

p— Ssth - exp ‘/gs - VTO g
Ho In(10) Seen/ In(10)

Ssth 7 ‘/gs - VT()
=K. <1n(10)> - exp (5' Ssth/ln(10)> . (2.30)

The next step is to observe the current equation. For convenience, the current equation

(Eq. (2.21)) is shown again:

/ / /2 2
kB T Qms - de,barr + ms ~ wmd,barr
Len 2-Len-C),

las = ,ueff'Wch,eﬁ' ( ) . (1+)\'(Vds_vdsx)) .

el
In order to simplify the further derivation, this equation is also simplified. First, one can
say that since the transistor is operated in the sub-threshold regime of operation, the contact
resistances will have a minor influence. Therefore, the charge density at the drain end of
the channel can be calculated without considering the voltage drop across the drain Schottky
barrier: Qpua parr & Qma- The validity of this assumption can be verified by simulating two
transistors of which one has a barrier at the drain-to-semiconductor junction and one has no
barrier, and showing that the currents in the sub-threshold regime are equal [47]. Furthermore,
in the sub-threshold regime of operation, the channel-length modulation is not of interest and
it is neglected here. A third simplification concerns the different components that the current
consists of: The summands where Qs and Q.4 are contained to the power of one represent a
diffusion current whereas the summands containing Q.,s and Q.4 to the power of two represent
a drift current. Since Q.. and Q. 4 are small in the sub-threshold regime of operation their
quadrature yields even smaller values. Consequently, in accordance with the theory [39], the
diffusion current dominates the overall current in the sub-threshold regime of operation and
the drift current can be neglected. These three assumptions lead to the following expression for

the off-state drain current:

Wch,eff . kBT

Lisoff = fioft -
ds,off Moff Lch q

(Qins,off - Qind,oﬂ) . (231)



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

2.4. Compensation of the Threshold-Voltage Shift and a Slope Change 35

Subsequently, the off-state mobility (Eq. (2.30)) and the off-state charge densities (Eq. (2.29))

are inserted in this equation which leads to

B
[P Wen,eft ) kT . ( Ssth ) exp (ﬂ Vs — Vo )

Len q In(10) " Sen/In(10)
Ssth / Vgs - VTO _ Ssth / ‘/gs - Vds - VTO
X <ln(10) Cier - exp <ssth /1n(1o)> Im(10) ~ et XP ( Sern/ In(10) '

(2.32)

This equation can be rearranged and the exponential laws can be applied which leads to the

following expression:

1
Inooo—p. Wenet kT [ Sn - oA
ds,off Lch q 1[1(10) diel

X exp <(/5 +1) SZ%;/}ﬂ‘ﬁ%)) : <1 — exp (Ssth_/‘l/lcizlo)>> . (2.33)

Please recall that this equation represents the off-state current of the DC model. All the

simplifications and assumptions do not diminish the validity of the equations so long as the
model is operated in the deep sub-threshold regime. Observing Eq. (2.33), an interesting effect
becomes visible: The off-state current has a dependence on the drain-source voltage Vis. This
can lead to a behavior in the transfer curves of the transistor which resembles the DIBL effect
as reported in ref. [36]. It can be seen that this effect is exponentially depending on —Vgs which
means that with higher values of Vis (in the context of an n-type transistor) the influence
becomes smaller until finally, at very high Vys, the effect is no longer visible. Furthermore, in
the exponential function, —Vgs is divided by the sub-threshold swing Sstn. The consequence of
this is that a transistor with a large sub-threshold swing needs a larger Vs in order to achieve a
sufficiently large negative argument for the exponential function. Hence, the quasi-DIBL effect is
more pronounced in transistors with large sub-threshold swings. This is in accordance with the
findings in ref. [36]. The effect mentioned here must not be mistaken with the real DIBL effect

which is the lowering of the barrier between source and drain due to the drain-source voltage [53].

Now, the derivation of the compensation equation for the influence of the power-law exponent
on the sub-threshold swing will be resumed. In order to simplify the readability, a constant
C is defined containing all those factors of Eq. (2.33) that are independent of the gate-source

voltage:

B+1

Wch eff kBT Ssth / _Vds
— K — . . . ool 1= - . 2.34
e (ln(IO)) Cair < P (Ssth/ln(m))) (2:34)
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Figure 2.8.: Transfer curves of a staggered OTFT as calculated by the compact model for
three different values of the power-law exponent 8 at Vg3 = —1V. The sub-threshold swing
is set to Sops = 100mV /dec and the de-coupling equation Eq. (2.39) is used. The model now
exhibits a constant sub-threshold swing for all different values of 8. However, the curves are
shifted along the Vs axis. This figure was published in ref. [55] and slightly modified.

With this definition, Eq. (2.33) can be written as

Tasort = Ci - exp ((,B +1) m) . (2.35)
The goal of the derivations so far is to calculate the observable sub-threshold swing Sops that
the model really exhibits. From Fig. 2.7 it is known that the model obviously exhibits a different
measurable sub-threshold swing Sobs than the value Ssin which is set as a model parameter. In
order to provide a de-coupling equation, Sobs needs to be known in dependence of Ss¢n and .
For this purpose, the logarithm to base 10 of Eq. (2.35) is calculated leading to

Ves — V1
log, (Ias,ofr) = logyq (C1) 4 logy, (exp ((ﬂ +1) SM))

= log,o (C1) + ((5 +1) m> -logy,(e) (2.36)

where it can be made use of the fact that log;,(e) = 1/1n(10) which leads to

‘/gs - VTO

log, (Ias,oft) = logyo (C1) + (6 + 1) Soen

(2.37)

Now, the sub-threshold swing Sons that the model exhibits can be calculated by deriving the

current in logarithmic scale with respect to the voltage and taking the inverse value of that:

dV s Ssth
Sobs = £ = . 2.38
b = Tlogy Uaor) ~ (B+1) (2.38)
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The essence of this equation is that only for the case that 8 = 0, the compact model exhibits
the sub-threshold swing that is entered in the model parameters. If, for example, § = 1, the
model will show a swing that is only half of the swing entered in the model parameters. This
is exactly the behavior that can be observed in Fig. 2.7. Now, a de-coupling equation for
the sub-threshold swing from the power-law exponent has been derived. The user enters the
sub-threshold swing Sobs that the model should exhibit but internally the value is multiplied
by (B+1):

Ssth = Sobs - (B+1). (2.39)

The charge densities at the source/drain end of the channel are now expressed as follows:

/ B+ Sobs Ves/a — Vro
Qums/a = (o) Caier - £ {exp ((5 T 1g) - Sobs/ln(10)> } . (2.40)

Figure 2.8 shows the results of the compact model where this de-coupling equation is used.
It can be seen that the model now shows a constant sub-threshold swing independent of 3.
However, a new problem appears: The three curves are shifted along the Vg axis in the deep
sub-threshold regime. From the circuit designer’s perspective, this behavior is undesired because
a tuning of 8 should only lead to a change in the shape of the above-threshold current but not
in the threshold voltage. Therefore, in the next section, a de-coupling function of the threshold

voltage from the power-law exponent will be developed.

2.4.3 De-Coupling of the Threshold Voltage from the Power-Law Mobility

As explained in the section before, the threshold voltage should be independent of the exponent
of the power-law mobility. The goal is to define a shift of the threshold voltage depending on
the power-law exponent:

AVro = £(8) (2.41)

which can then be incorporated into the charge densities at the source/drain end of the channel.

The charge densities at the source/drain end of the channel are then expressed as follows:

/ _(B+1)-Sobs Vesja — Vro — AVro
Qms/d — W . Cdie] L {GXP ((ﬂ T 1) : Sobs/ 11’1(10)) } . (242)

Making again use of the fact that in the sub-threshold regime of operation the Lambert W
function approximately returns its argument, this equation can be simplified:

+ 1 : So s
Q;ns/d,oﬂ” = % : Cclliel 2y (

Vasza — Vro — AV ) (2.43)

(B +1) - Sobs/ In(10)

The starting point of the derivations is the following claim: The compact model should always
lead to the same off-state current, independent of whether 8 =0 or 8 # 0. If 3 =0, AVro
is defined to be zero. By contrast, if 8 # 0, Vg shall be used in order to fulfill the claim.
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Formulated in terms of an equation, the claim reads as:

= Tasoft (2.44)

B=0,AVpy=0

Ids,off

B#0,AVro#0

First, the new expression for the charge densities (Eq. (2.43)) needs to be inserted into the
off-state power-law mobility (Eq. (2.24)) which leads to:

B
Mot = K+ <(6 + 1) : SObS) - exp (ﬁ (Vgs — Vo — AVro ) . (2.45)

In(10) B+1) - Sops/ In(10)

Next, Egs. (2.43) and (2.45) can be inserted into the claim in Eq. (2.44). In order to increase
the readability of the next steps, the left-hand side and right-hand side of this equation will be
regarded separately. For the current, Eq. (2.31) is used. After the insertion of the off-state
mobility and the modified off-state charge densities, the right-hand side of Eq. (2.44) reads as

follows:
Las o _;Q.W/d"eff.kBT.(M)B‘exp(ﬁ‘ Ves — Vro — AV >
" 1520, Vg0 Lo ¢ In(10) (B+1) - Sovs/ In(10)
(5 + 1) . Sobs / Vgs — Vo — AVT()
X < m10) Gl P\ (31800 In(10)
_ (ﬁ + 1) : Sobs / ‘/gs - Vds - VT() — AVT()
711&(10) Caiel - €xp (B 1) Sone/ In(10) (2.46)

which can be rearranged by factoring out some terms and making use of the exponential laws:

Ids,off

W kT ((B+1) S )"
- Len q In(10) diel

Vgs — Vo — AVrg
X (exp ((5 +1) (B+1)- Sobs/1n<1o)>

B#0,AVro#0

Vs — Viro — AVirg Vas
e ((5 D BT Sone/(10) ~ (B 1) Sona/ In(10) ))

(2.47)

which can be further simplified to

Ids,oﬁ =K

1
Wch,eff kBT ((ﬁ + 1) ) Sobs ) o C/
A L =7 TP - Cliel
B#0,AVpo#0

Len q In(10)

Vgs - VTO - AVTO 1 _Vds
PTG/ m0) ) U TP\ BT D) Sope/In(10) ) )
(2.48)
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This is the final version of the right-hand side of Eq. (2.44). Before continuing with the left-hand
side of the claim, one interesting fact about this equation will be discussed. It can be seen
that, similar to Eq. (2.33), this equation contains a term depending on Vis. Please recall
that Eq. (2.48) is in principle the off-state current of a transistor where the correction function
for the sub-threshold swing has already been performed. What is striking is that now, in the
denominator of the term containing Vgs, the pre-factor (8 + 1) appears before Sons whereas this
pre-factor does not appear in Eq. (2.33). As was already discussed in the context of Eq. (2.33),
the Vs term causes the model to exhibit a shift of the sub-threshold current that resembles the
DIBL effect. As in the Vys term, the new pre-factor before Sobs is contained, the consequence
is that the transistor incorporating the compensation function exhibits a different quasi-DIBL
behavior than a transistor without the compensation function. In principle, this change is

undesired but it is inevitable.

Next, the left-hand side where 8 = 0 and AVpg = 0 will be dealt with. This case is much easier
to treat since the power-law mobility reduces simply to the constant x and since no shift of the
threshold voltage needs to be looked at. The left-hand side reads as follows:

Wenet kpT  Sobs
Len q In(10)

Vgs — VT() o Vgs - Vds - VTO
x (eXp <Sobs/ln(10)> eXp( Son/ In(10) )) (2.49)

which is simplified by factoring out the exponential function:

/
: Cdiel

Ids,oﬂ'

B=0,AVo=0

B=0,AVo=0

Las,off K- Wenet kT Sobs Ol exp (M)

Lo ¢ In(10) Sops/ In(10)

X (1 —exp <50b_/‘1/;‘l(10))> : (2.50)

After these preparations, Eq. (2.48) and Eq. (2.50) can be equated leading to the following

rather unhandy expression:

P Wch,eff . kBT . (5 + 1) . Sobs ot . C/_
Lo ¢ In(10) el

X ex; Ves — Vo — AVro 1 —ex —Vas
P\ 500/ In(10) PL B+ 1) Sore/In(10)
Wch eff kBT Sobs / Vgs - VTO _Vds
— . off FBL N _Yes — VTO ) (1 _ s . (2.51
N T g In(in) Cierroxp (Sobs/ln(lo)) ( P (Sobs/ln(m))) (2:51)

This expression can be drastically simplified by dividing both sides by

Wener kT -, <
ko ———+ —— - Cgiel - €XP

Sobs/ In(10)

Ves — V1o
Lch q
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which is allowed from the mathematical perspective since none of the factors of this equation

can become zero. This division leads to:

(/8 + 1) - Sobs e 7AVT0 1 —Vas
In(10) TP S/ m(10) ) T\ T TP\ B+ 1) - Sons/ In(10)

Sobs —Vis
- 1n(1b0) ' <1 P (Sb/li(m)» : (2.52)

This equation will be rearranged for AVpg in the next steps:

Sobs_ . (1 — exp ( —Vas ))
— In(10 Sobs/ In(10
exp ( AViro ) _ ( (10) bs/ In(10) . (2.53)

Sobs/ In(10) (B+1)-San ) 1! Vi
n(10) ) ' (1—‘”‘1’ (m))

Making use of the exponential laws, this can be further rearranged to

Sobs 1 —ex _ —Vas
exp ( — AVro _ In(10) P\ 5ope/1n(10) (2.54)

Sobs/In(10) ) s+1) ( Sone 71! —Vas .
B+ () - (1- e (st )

where one term cancels out leading to

— Vs
~AVro ) _ (1 - e (s ))

P\ Sope/In(10) ) ~ B4+ ( Saps \” v, - (255)

@+ () - (1o (i)

Observing this equation, there can be deduced some interesting consequences for the compact
model. On the one hand, it can be seen that the necessary shift AVpg is dependent on the
the power-law exponent 3. On the other hand, AVirg is also dependent on the drain-source
voltage Vgs. As can be seen, in the numerator and the denominator of the fraction almost the
same expression containing Vgs is present but the denominator contains (8 + 1) as a pre-factor
before Sons whereas the term in the numerator does not contain a pre-factor before Sops. So,
unfortunately, the two terms do not cancel out. As discussed in the context of Eq. (2.48), the
consequence of this is that a transistor incorporating the compensation method for the sub-
threshold swing reacts differently to a change in Vs than a transistor without the compensation
would do. Theoretically, the influences of 8 and Vs in Eq. (2.55) could be separated from each
other by defining separate compensations. However, as already explained before, the quasi-DIBL
effect is only important for transistors with very bad sub-threshold swings. Furthermore, it is
desired that the model only contains bias-independent model parameters. If the shift Vo was
defined to be dependent on Vg, this would, for example, result in changes in the output curves
of the transistor. In order to come to a solution, it is mandatory to define a simplification. It
is assumed that the drain-source voltage is sufficiently high so that the exponential functions

tend to zero. It is not intended to compensate for the different influences of Vg on the curves.
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Figure 2.9.: Transfer curves of a staggered OTFT as calculated by the compact model for
three different values of the power-law exponent 8 at Vs = —1V. The sub-threshold swing
is set to Sops = 100 mV /dec and the complete de-coupling equation is used in order to elim-

inate the influence of the power-law exponent on the sub-threshold swing and the threshold
voltage. The three curves are equal in the sub-threshold regime now. This figure was published
in ref. [55] and slightly modified.

This leads to the following simplified form of the equation:

—AVig ) 1

exp( = (2.56)
Sobs/ In(10 B

T) ()

which can be rearranged for AVig:

A Sobs (B+1) Sobs ?

This is the final equation. Now, there is a comprehensive model for the correction of the
sub-threshold swing and the threshold voltage which in the earlier version of the model were
subject to a change due to the power-law exponent 3. The final equation for the charge density
at the source end of the channel reads as follows:

Q= BF D Sobn o {eXp ((Vgs — Vo = AV > } : (2.58)

In(10) B+ 1) Sons/In(10)

The final equation for the charge density at the drain end of the channel reads as follows:

/ _(B41)-Sobs Vas — Voo — Vas + Veb,a — AVro
de,barr - 111(10) Cdiel ‘C exp (6 T 1) I Sobs/hl(lo) . (259)

Figure 2.9 proves that the de-coupling works well when implemented into the model.
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CHAPTER 3

Charges and Capacitances

In this chapter, an overview over the topic of charges in transistors will be given. As explained
in the former sections, every transistor contains intrinsic and extrinsic charges. Depending on
the applied terminal voltages the amount of charges in the transistor varies. However, charges
cannot be created or disappear, they have to leave or enter the device through the source, drain

or gate terminals [38].

3.1 Comparison to a Water System

In order to give a more figurative explanation of the importance of charges in transistors, the

transistor is compared to a controllable valve in a water circuit. As can be seen in Fig. 3.1, the

Gate Gate
Source Drain Source Drain
|

Pump

Water Reservoir Water Reservoir
(a) (b)

Figure 3.1.: (a) Model of a transistor as a controllable valve in a water circuit. Here the valve
is closed and hence no water is contained in the valve. (b) Here the valve is opened allowing for
a flow of water. In addition to the flow, there is an amount of water within the valve that had
to enter the valve during the opening process.

transistor could be imagined as two plates that can be moved by a button. In Fig. 3.1(a), the
valve is closed. Consequently, no water can flow even if the pump creates pressure. When the
plates are moved away from each other they provide a conductive path for the water which can

be seen in Fig. 3.1(b). Furthermore, it can be seen that in the region between the plates there

43
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is a certain amount of water. This water has to enter the construction through the connections
which in analogy to a transistor are denoted as source and drain. After the opening of the
valve it will obviously take some time until it is filled with water and a steady-state water flow
is established. This imagination can be compared to a transistor where the water plays the role
of charges. It has to be noted that the water model is just a very figurative way of describing

something which in reality is more complicated. In Fig. 3.2, the opening process of the valve

Gate Gate
. Source Drain
Source Drain [ |
| |
[ | I —
(a) (b)
Gate Gate
Source Drain Source Drain
*L*_} pm— #

(c) (d)
Gate

Source Drain
— —>

(e)

Figure 3.2.: Model of the transistor as a valve in a water circuit. An overview over the open-
ing process of the valve is shown. The line thickness of the blue arrows indicates the amount of
the water flow. Subfigures (a) to (e) show the system in subsequent time points.

is illustrated. The thickness of the blue arrows indicates the water flow in the corresponding
terminal. As shown in Fig. 3.2(a), the valve is still closed and no water flow is visible. In (b),
the valve has already been opened to a certain degree. It can be seen that a little vacuum
is created and the water starts entering the device. Since the pressure at the source side is
higher (due to the water pump) the water flow is a little bit higher here than at the drain. It
can be observed at the drain terminal that there is also some water flowing in the direction of
the device because there is water everywhere in the pipe system allowing the vacuum in the
device to be filled to a certain degree by water molecules in the drain pipe. In (c), the valve is
shown opened completely. However, still not the whole amount of water as under steady-state
conditions is in the valve. Since the pressure at the source side is higher than at the drain
the current will later flow from source to drain. It can be seen in (c) that already much more
water is flowing in the source terminal than in the drain terminal. As can be seen in (d) the
direction of the water flow at the drain terminal has reversed. There is only a little vacuum left
in the valve that needs to be charged and there is already some of the water coming from the
source that leaves the drain terminal. More physically speaking: The capacitive water charging

current of the drain terminal is lower than the steady-state DC current at this time. Subfigure
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(e) finally shows the steady-state operation. Since no vacuum is left in the valve the same water
flow that enters the device through the source terminal leaves it through the drain. It shall be
emphasized again that the water system described above is just a very simplified picture which
can, however, be useful to understand the transient behavior of the transistor which will be

elaborated on in Chap. 7.

3.2 Intrinsic Charges in Transistors

3.2.1 Introductory Information

Similarly as in the water system, a transistor contains varying amounts of charges depending
on the terminal voltages. In Fig. 3.3, the sketch of a coplanar transistor which contains

accumulation charges in the channel is shown. The transistor shown here is operated in a linear

operation point since the charges are equally distributed along the channel. In this section, a

Gate
Aluminum

Dielectric

Metal

Source Drain
Accumulation Charges

Figure 3.3.: Sketch of a coplanar transistor containing accumulation charges in the channel.

more theoretical background on the charges in transistors is given. The principles which will
be described in the following are a review of ref. [38]. First, the intrinsic charges are dealt
with and subsequently, a more complete picture will be drawn including different extrinsic

contributions to the capacitive behavior.

The current flowing through a transistor is a composition of the steady-state current and the
charging currents flowing in order to charge or discharge the intrinsic and extrinsic capacitances
of the transistor. The charges in the transistor are distributed along the channel and they
are attributed to be under control of the source and drain terminals to a certain degree. The
total amount of charges in the channel is denoted as Q). whereas the total amount of charges
belonging to the drain and the source side of the channel are defined as Qs and Qq, respectively.
In a four-terminal transistor, there also exists a bulk charge Qv but in this work, only thin-film
transistors comprising three terminals (gate, source and drain) are dealt with. The amount of
total charges at every terminal is dependent on all of the terminal voltages Vg, Vi and V4. The
steady-state currents flowing through the transistor terminals are described in capital letters:
Iy, I, Iq where the subscript corresponds to the gate, source and drain terminals. In addition,
the time-dependent transient currents flowing through these terminals are written in small

letters: ig, is, ta. In the following, a quasistatic operation is assumed which means that the
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intrinsic capacitances of the transistor can be charged arbitrarily fast so that the amount of
total charge in every alternating current (AC) operation point is the same as it would be under
DC conditions. With this assumption the transient currents at the three transistor terminals
can be defined as follows [38]:

dQs

(1) = ~ L (Vi) Va(t), Va(0)) + 2 (3.1)
iat) = La(Va(t), Va(e), Va(0)) + “28 (3.2)
io(t) = dfftg - —d%. (3.3)

The minus sign before the DC current in Eq. (3.1) originates from the fact that the capitalized
currents are defined as the currents entering the transistor terminals. However, the DC currents
at the source and the drain are flowing in opposite directions. Thus, by defining the drain
current to be positive, the source current needs to be negative. Due to the charge conservation
principle, in transistors, equal amounts of charges are opposing in the gate electrode and
the channel. Consequently, it can be concluded that the total gate charge Qg is the same as
the total channel charge Q. but with an opposite sign. Furthermore, the sum of the charges
associated with the source and the drain terminal is equal to the total channel charge. This

leads to the expression for the charge conservation:

Qe+ Qs +Qa=0. (3.4)

In order to solve the time-dependent current equations presented here, the total charges
associated with drain and source would be required. However, they are not known explicitly. By
contrast, it is possible to calculate the total amount of charges in the channel (and accordingly
in the gate). Therefore, it is at least possible to define the sum of the source and drain transient

currents:
dQ.
dt

where I4s is the steady-state drain-source current. Generally speaking, the total amount of

is +ta = Las(V(t), Va(t), Vs(t)) +

(3.5)

charges in the channel (Q.) can be obtained by an integration over the charge density per gate

area along the channel:
Lcn

Q=W [ Q)i (3.6)

0
where x points in the direction of the channel length, W, is the channel width, and Lg, is
the channel length. For standard MOSFETS, the total charge @)c can be calculated based on
the transistor and material parameters and the applied voltages. In the next section, a short
overview over the well-known Meyer model is presented which is an easy but imprecise way of

calculating the transistor capacitances.
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3.2.2 The Meyer Model

As can be seen in Fig. 3.3, the charges in the transistor are distributed along the channel.
However, such a distributed capacitance is hard to treat and to calculate since for that, the
channel would have to be treated as a distributed transmission line consisting of small portions
of the intrinsic channel resistance and the intrinsic channel capacitance [64]. In order to come
to an easy solution that is sufficient for circuit simulation, the simplified approach according to

the Meyer model can be used as presented in ref. [38].
Igs

Se—1+—F>—1+—D
L

Cgs = Usg gd = C’dg

G

Figure 3.4.: Equivalent circuit of a MOSFET showing the capacitances as lumped elements.

In the Meyer model, the transistor capacitances are assumed to be lumped elements that can
be found between the gate and the other terminals. The transistor is imagined as an equivalent
circuit as shown in Fig. 3.4. The Meyer model defines the capacitances as the change of the

total gate charges with respect to a change in the voltages:

_ 9Qs

Cgs = Vs (3.7)
~0Qg

Cga = Wea (3.8)

This definition of the capacitances circumvents the necessity of calculating the charges s and
Qq separately. Furthermore, the capacitances are assumed to be reciprocal, i.e. a change in
the charge stored in Cgs can be induced either by a change in the gate potential or by the
same change in the source potential. Although it is simple, the Meyer model has drawbacks
that diminish its usefulness. On the one hand, the Meyer model often leads to charge-non-
conversation. This is because during the integration in two subsequent time steps t; and t2 in
a SPICE simulator the capacitances Cgs and Cgq are only known at the discrete time points ¢;
and t2. In the time between t1 and t2, the capacitances can, for example, be averaged between
those two values. However, this implementation may lead to a non-conversation of the charges,
i.e. that after some time in a transient simulation, the sum of the charges that entered and left
the transistor can be imbalanced. If the time step in a SPICE simulator is chosen very small,

then the charge-non-conversation will not be noticeable [38].
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A further and quite critical aspect is that the Meyer model assumes the transistor capacitances
to be reciprocal. However, in a real transistor the capacitances are non-reciprocal. One might
ask the question why this is the case. In a normal plate capacitor, it is not of importance
at which plate the potential is changed. The capacitor will respond equally to a potential
change on each of the two plates. A figurative way of understanding the non-reciprocity of the

Gate
Aluminum
Dielectric

Source Drain
Accumulation Charges

Figure 3.5.: Sketch of a staggered transistor containing accumulation charges in the channel.
The charge density varies along the channel.

capacitances can be done by again having a look at a sketch of the transistor. In Fig. 3.5, a
staggered transistor is depicted. This transistor structure is essentially the same as the coplanar
structure shown in Fig. 3.3 but here the OSC separates the electrodes and the gate insulator
from each other. It is now assumed that the transistor in Fig. 3.5 is operated in a certain DC
operation point which leads to a charge density varying along the channel as depicted by the
blue wedge-shaped area. From this DC operation point the potential of the gate electrode is
slightly changed and the resulting changes of the charges are observed. The result is that both
the gate-source voltage Vgs and the gate-drain voltage Vzq are altered a little bit whereas Vs is
kept constant. By contrast, if the gate and drain potentials remain constant and a little change
on the source potential is imposed it effectively means that Vs and Vgs are altered whereas Vgq
is kept constant. It is obvious that the change in the total charge in the transistor is different
in both cases. It will now be expressed in a more mathematics-based way that the reciprocity
of the capacitances is actually not true. For this purpose, Eq. (3.4) is derived once with respect
to Vgs and once with respect to Vgq:

0Qg | 0Qs | 0Qa
v + v + 3T, = 0 (3.9)
0@y | 0Qs | 0Qa _, (3.10)

OVgd = OVga = OVea

Assuming reciprocity of the capacitances (Cy = Cji, where 4, j represent the terminals g, s, or
d) it can be said that

_0Qs _  _0Qs _ 0Qs

Ces = Vs Cre = NWVeg OV (3.11)
_0Qg _ . 0Qa _ 9Qa

Cea = Wea 7 OVag OV (3.12)
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Now, Eq. (3.11) is inserted into Eq. (3.9) and Eq. (3.12) into Eq. (3.10) which results in:

0Qa
av, =0 (3.13)
Qs
3 = O (3.14)

The consequence from this is that the drain charge would not change if the gate-source voltage
was altered. Furthermore, the source charge would not change if the gate-drain voltage was
altered. However, this is not true. Observing Fig. 3.5, it can be see that the charge is distributed
along the channel and does not consist of two distinct portions that can be attributed ultimately
to each of the terminals. Assuming, for example, that the gate-source voltage is increased by
a certain amount, the charge density per gate area at the source end of the channel would
increase. The charge density per gate area at the drain end of the channel would stay the same.
The thickness of the blue wedge-shaped area in Fig. 3.5 represents the charge density. It is
obvious that with the charge density at the source end being increased the whole blue area
would be changed. Also in direct proximity to the drain terminal, an increase in Vg would lead
to a small increase in the charge density. As will be discussed in the next section, charges in the
channel are under control of both the source and the drain terminals to a certain degree. Even
those charge carriers that are closer to the drain terminal are influenced by the source terminal
to a small extent. Thus, an increase in Vg alters the amount of charges that is attributed
to the drain terminal. The same consideration holds true for the charges associated with the
source which is also under control of the drain terminal to a small extent. Thus, the reciprocity
of the capacitances is a wrong assumption. Due to these drawbacks of the Meyer model new
kinds of models were developed: the so-called charge-based models. The final equations of the

Meyer model will not be presented here.

3.2.3 Charge-Based Capacitance Models

As explained in the previous section, the small-signal current at each terminal of the transistor
is a function of the terminal voltages and of the capacitances of the transistor. In general, each
terminal has a capacitive coupling to the remaining terminals. Hence, the small-signal part of

the current at an arbitrary terminal with index j reads as [38]:

o dQ_ 0Q; Ve | 0Q; Ve 0Q Ve
oAt oV, ot OV ot | OVy ot

(3.15)

In this equation, it becomes evident that the charges at each terminal j are derived with respect
to the voltages at all three terminals. These derivatives are now defined as the capacitances of

the transistor. A capacitance C;; is generally defined as:

0Qi i i
—ac\?/j 175.] 1,] —g,S,d
0Qj

Gy = L
3\/j7 Z_.]

(3.16)
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The capacitances where the two indices are different from each other are called the internodal
capacitances or trans-capacitances or intrinsic capacitances. By contrast, the capacitances
with equal indices are denoted as self capacitances. As shown in the equation the internodal
capacitances have a minus sign. This minus sign is a convention and its purpose is that the
capacitances behave "normal" which means that the amount of charge increases if the voltage
at that terminal is increased and that it decreases if any of the voltages at any other terminal

is increased. As an example, the capacitance

_0Qs

= 1
will be observed. This equation is rewritten as
0Qg = —Cls - OVs. (3.18)

It can now be imagined that the potential Vi at the source terminal is slightly increased. Conse-
quently, the potential difference Vs between gate and source becomes smaller. A "well-behaved"
device now shows the behavior that the total amount of gate charge will decrease marginally.

Without the minus sign the gate charge would, however, increase.

A transistor with three terminals will have nine capacitances which can be compiled in a
capacitance matrix [38]:
Ceg —Coa —Cgs
Cij = —Clag Caa —-Cgs | - (3.19)
~Cx —Cua Cu

This very general view on the transistor’s capacitances has the advantage that the capacitances
are not treated as reciprocal. The capacitance matrix has some properties which make the use
of the capacitances easier. Each row and each column of the matrix has to sum up to zero in
order to ensure reference-independence and charge-conversation. This rather theoretical aspect
gains more figurativeness if two examples are regarded. At first, the first row of the matrix is

observed. The claim is that the row sums up to zero, i.e.
Cgg = Cga + Clgs. (3.20)

This makes sense from the practical point of view: Cgg is the amount of charges that change at
the gate electrode when the gate potential is slightly changed (and consequently Vgs and Vgq
are changed by the same amount). Accordingly, Cgq is the amount of gate charges that change
when only the drain terminal is modulated around its steady-sate value, and Cjs is the amount
of gate charges that change when only the source terminal is modulated a little bit. Assuming
that both the drain and the source terminal are modulated by the same amount, it obviously

has the same effect as if the gate potential was altered by the same amount.
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Secondly, the first column of the matrix is taken and the claim that it has to sum up to zero is
formulated:
Cgg = Cag + Csg. (3.21)

The validity of this equation is even clearer than the validity of the first claim. The three
capacitances in Eq. (3.21) all have in common that their second index is the gate potential, i.e.
they all reflect changes of charges when the gate potential is altered. The principle of charge

conversation says that the total gate charges Qg consist of the sum of Qs and Qa:

Qs+ Qs +Qa=0. (3.22)

Deriving the three summands in this equation with respect to V; and making use of the fact

that Qg = —Q. directly leads to the condition that the first column of the matrix sums up to zero.

The advantage of such a charge-based approach is that a completely consistent and well-behaving
model can be derived. The question which remains is how to attribute the charges in the
channel either to the source side or the drain side. Ward and Dutton proposed a partitioning
scheme for the charges [65] which has been widely accepted in the modeling community and
has been used for different transistor technologies, and as well for OTFTs [30, 32, 38, 66]. The
partitioning scheme according to Ward and Dutton [65] introduces simple weighting functions
that attribute the charges to belong to a certain degree to both the drain and the source
terminals depending on their position in the channel. In general, one can say that charges are
more under control of the terminal to which they are closer to. This is visualized in Fig. 3.6

Gate
Aluminum
Dielectric

Source Drain
Factor '

A

1
For Drain
For Source

0 —»

0 Len

Figure 3.6.: Weighting functions of the partitioning scheme according to Ward and Dut-
ton [65]. The total channel charges are multiplied by the functions that are plotted below the
sketch of the transistor.
where the trends of the linear weighting functions are shown depending on the position in the
channel. If, for example, the total charges associated with the source terminal are calculated

the charge density in the channel is multiplied at every point by the blue function which gives
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a weight to it. The advantage of this partitioning scheme is that there is no sharp border at
which the charges are attributed to either the source or the drain terminal. Rather, as it would

happen in reality, the charges are always under control of both terminals.

3.3 Extrinsic Charges

The charges and capacitances that were described in the former subsections are all intrinsic
charges. This means that they are located in the active region of the transistor, i.e. the channel
region. However, a real transistor always has additional capacitances which are located in the

peripheral regions. These capacitances are referred to as extrinsic capacitances. In Fig. 3.7,

Gate
Aluminum
Dielectric

Aluminum
Dielectric

N— N—
Source Drain Source\ / Drain

Overlap Regions Overlap Regions
(a) (b)

Figure 3.7.: Schematic sketches of OTFTs where the gate-to-contact overlap regions are
highlighted. (a) A coplanar transistor is shown. (b) A staggered transistor is shown.

two transistors in the coplanar and staggered architecture are shown. Due to the fabrication
process, it is inevitable that there is a certain overlap between the gate electrode and the
source/drain electrodes. In case of coplanar transistors, the overlap capacitances show a very
easily predictable behavior because they behave to a first approximation as parallel-plate
capacitors. By contrast, a more sophisticated approach has to be used to characterize the
overlap capacitances in staggered transistors. Here, in the overlap regions, a stack of the
organic semiconductor and the gate dielectric is present. As long as the channel length of the
transistor is much longer than the gate-to-contact overlap lengths the extrinsic capacitances only
make a small contribution to the overall capacitances. However, if short-channel transistors
are fabricated, the gate-to-contact overlap lengths may be even longer than the intrinsic
channel lengths [55]. In this case, the extrinsic capacitances are even larger than the intrinsic
capacitances. This emphasizes that the treatment of the extrinsic charges will be important for

a well-working compact model.
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CHAPTER 4

Modeling of the Total Charges

This chapter is dedicated to the compact modeling of total charges. A compact model for the
description of the total charges that are stored in the OTFT is derived. Depending on the
transistor architecture (staggered or coplanar), the compact model is extended to properly
describe the charges in overlap regions. In addition, the charges in fringing regions will be

treated in more detail.

4.1 Intrinsic Charges

In this section, equations for the intrinsic channel charges in OTFTs are derived. Based on
the charge-based compact DC model [36], a comparatively simple model can be obtained.
This model was published in refs. [54, 55, 67] and will be presented in detail here. The
derivation is based on an n-type transistor and can easily be transferred to p-type transistors

by exchanging the sign of the charges. In Fig. 4.1, schematic sketches of a coplanar and a

CgS/ ng Gate ng/ Cdg CgS/ ng Gate ng/ Cdg
Dielectric

11
. 1

Csa/Cas Drain  Source  (,q/Cys Drain
(a) (b)

Source

Figure 4.1.: (a) Sketch of a coplanar transistor where the intrinsic capacitances are shown as
lumped elements. In reality, the capacitances are neither lumped elements nor reciprocal but
this figure shall help to imagine the capacitances. (b) Sketch of a staggered transistor where
the intrinsic capacitances are as well shown as lumped elements.

staggered OTF'T are shown where the intrinsic capacitances are shown as lumped elements. It
has to be emphasized that the capacitances in reality are distributed capacitances which are

non-reciprocal as explained in Chap. 3. The intrinsic charges are derived following the well-

53



UNIVERSITAT ROVIRA I VIRGILI

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS
Jakob Simon Leise

54 4. Modeling of the Total Charges

known principles which have been used for other transistor technologies or OTFTs [38, 68, 69]
by combining the drift-diffusion model with charge-based expressions for the charge densities at
the source and drain end of the channel. These principles will be used in the following sections
in order to derive the model. Before presenting the derivation, special attention has to be
paid to three-dimensional effects in the OTFTs. In ref. [54], charge equations including the
charges in fringe regions were presented. Figure 4.2 shows the results of a 3D Sentaurus TCAD

simulation where a staggered OTFT comprising fringe regions was simulated.

“Y( ontact

x Channel Region

hDensity (cm”-3)

.].287e+21

1.133e+21
9.977e+20

8.786e+20
7.737e+20

I6.51 3e+20
6.000e+20

(b)

Figure 4.2.: Three-dimensional Sentaurus TCAD simulation of a staggered OTFT. The pic-
tures were published in ref. [54] and were slightly modified. The voltages are Vgs = —4V,
Vias = —1V. (a) shows the structure of the transistor. The OSC layer has a thickness of

tosc = 25nm. Please note that the y axis is scaled tremendously larger than the other axes.
(b) shows the density of quasi-mobile accumulated holes in a cutplane in the organic semicon-
ductor close to the gate dielectric at the height indicated in (a). As a guide for the eye, the
projections of the source and drain electrodes onto the cutplane are shown.
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In Fig. 4.2(a), the simulated structure can be observed while in Fig. 4.2(b), the density of
quasi-mobile accumulated holes in a cutplane close to the gate dielectric is shown. In the
channel region, the charge density is nearly equal for every z position. Furthermore, in the
electrode regions, the charge density varies only marginally with the z direction. From these

observations, some important information can be deduced for the charge model:

e Charges are accumulated everywhere where the gate stack is in contact with the organic

semiconductor.

e The density of quasi-mobile accumulation charges is nearly independent of the z position
of the transistor. It is thus not of importance whether a point in the geometric channel

center is observed or a point in the fringe regions.

e The density of accumulated charges is obviously independent of the current density. As
previously shown in Fig. 2.5, the current density differs between points in the channel

center and the fringe regions.

Very generally speaking, the total charges in the channel can be calculated by performing an
integration over the charge density per gate area along the channel. The charges associated
with the source and drain terminals are calculated by applying weighting functions according
to Ward and Dutton [65]. As shown in Fig. 4.2(b), the density of quasi-mobile charges is

Wen,c

Wcontact

Figure 4.3.: Schematic of a cutplane in a coplanar transistor where the effect of current
spreading is shown. The probe point is located far from the channel center. Therefore, the cur-
rent density is low there. However, the density of accumulated quasi-mobile charges is nearly
the same as in the channel center at the same x coordinate. This picture was published in

ref. [54] and was slightly modified.

nearly the same for every position in the direction of the channel width even if points beyond
the geometric channel center are regarded. This shall be emphasized by looking at Fig. 4.3

where again a cutplane in a coplanar transistor comprising fringe regions is shown. The probe
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point is located beyond the channel center. Therefore, the current density in this point will
be low. However, as explained before, the density of accumulated quasi-mobile charges is the
same as in the channel center for that x position. Therefore, the total gate width Wen ¢ of the
transistor has to be used for the total charge calculation. The following three integrals serve as

the starting point for the derivation:

Lch
Qc = Wenc / Qi (z) dx, (4.1)
0
Len
Qa = Wen,g / Lx Qu () da, (4.2)
ch
0
Lcn
xT ’
Qs = Wen,c / (1 -7 h) Qun(x) dx (4.3)

0

where W ¢ is the geometric width of the transistor including all fringe regions, Ly is the
channel length, and Q7,(z) is the charge density per gate area at position z in the channel. The
difficulty about these equations is that the charge density Q., is not known for every arbitrary
position in the channel. Only at the source end of the channel (z = 0) and at the drain end of
the channel (x = Lqn), the charge densities are known from the compact DC model. Therefore,
in order to find a solution, some substitutions have to be performed. According to the drift
diffusion model, the drain current can be calculated in every point of the channel by the charge
density and the electric field at that position [39]:

av

Iqs = ,ueffWCh,efo;n(m)E (44)

where in comparison to ref. [39], the effective mobility and channel width are used. dz is a
small segment of the channel in the direction of the channel length and dV is the voltage
drop in the direction of the channel. It shall be emphasized here that dV is a change in the
quasi-Fermi potential and not in the electrostatic potential [39]. Here, no minus sign is added,
because the drain-source current is defined to be positive if a positive Vys is applied. In the
next step, Eq. (4.4) is rearranged for dx:

dz = (M .Q;n(x)) av. (4.5)
ds

The goal is to reformulate the charge integrals in such a way that the integration variable
changes from z to Qy,. Equation 4.5 already allows for a substitution of the integration variable
x by V. The next step is to link the drift-diffusion differential to the differential according
to Eq. (2.3). The latter links a change in the gate potential to a change in the density of
accumulated quasi-mobile charges. Some additional thoughts are necessary in order to combine

the two differentials. Figure 4.4 shows a sketch of a coplanar OTFT where two points A and B
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Source Drain

Figure 4.4.: Sketch of a coplanar OTFT. When moving from point A to point B the quasi-
Fermi potential changes by an amount dVa 5. The voltage drops dVg o and dVg g are the po-
tential differences between the gate electrode and points A and B, respectively.

in the intrinsic charge-carrier channel are shown. An application of a gate-source voltage and a
gate-drain voltage leads to the propagation of a channel voltage varying monotonically along
the channel so that the quasi-Fermi potentials at the source/drain ends of the channel are
aligned with the Fermi-levels at the electrodes [39]. Assuming that when moving from point A
to point B in Fig. 4.4, the channel voltage increases, the change of the voltage drops from the
gate to the corresponding points change, as well. Since the gate potential is the same for every
x-position in the channel, dV, g will be lower than dV; a by an amount of dVa g. Switching to
figurative speech: When walking up some stairs, the distance to the ceiling is decreasing by
the same amount. Here, each stair step represents an increase in the channel voltage and the
distance to the ceiling represents the voltage drop from the gate electrode to the channel. For
the density of accumulated quasi-mobile charges, it is not of importance whether a change in
the electrostatics is due to a change in the channel potential or due to a change in the gate
potential. It has to be emphasized that the potential applied to the gate electrode is in fact
constant but a change in the channel potential by an amount of dV' has the same effect on the
density of accumulated charges as an equivalent change —dV; in the gate potential would have.

These theoretical thoughts allow for a linking of the two voltage changes:
dV = —dV. (4.6)

Considering this, the two differentials in Egs. (4.5) and (2.3) can be linked which leads to

_ Wen,eft * et a - Vin 1 /
o = - (FRE Q@) (Qén(;:) * cgm> +dQu (4.7)

where Vin = kg7T'/q is the thermal voltage. Please note that originally the differential in Eq. (2.3)
contains the slope degradation factor o whereas here & is used. The reason for this is that
the model shows a slightly unstable behavior for transistors exhibiting a sub-threshold swing
notably larger than &~ 60 mV /dec at room temperature. It proved out that setting & = 1 leads
to good and stable results. The differential in Eq. (4.7) is now substituted in the three charge
integrals in Egs. (4.1), (4.2), and (4.3). Since the integration variable changes from z to Qj,,
the integration limits need to be exchanged. The former integration limit 0 representing the

source end of the channel is replaced by the charge density at the source end which is Q.
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Accordingly, the former integration limit L., is replaced by Q4. Hence, the charge integral for
the total channel charge according to Eq. (4.1) can already be calculated analytically. However,
for the total charges associated with the source and the drain (Qs and Qg), the variable z
appears because of the Ward-Dutton partitioning scheme [65]. In order so solve Egs. (4.2) and
(4.3), the variable = needs to be expressed as a function of the new integration variable Q.

For this purpose, a simple integration is performed. In general, x can be expressed as

x

v / da (4.8)

0

where again the substitution according to Eq. (4.7) is performed which leads to

Qum(@)
Wch eff * Heff / ) Q- ‘/;:h 1 ’
T =— ——  Qu(x)) - + — ] - dQun- 4.9
/ ( Ias Om() Qm(z) = Chia N (9
Rearranging this equation yields
Qmn ()
WC eff * Me ~ ;n
o Wenen - o / G Vit Em@Y o (4.10)
Las Clier
Q;IlS

This simple integration can be carried out which results in

Wc eff * He ~ g x Q;n(r)
p= - Wenett ps [a~wh~Q;(x)+ { )} (4.11)
]ds QCdlel Q;HS
which can finally be written as
Wch eff * Heff ~ ! gls ~ / ;31(1')
— Weheff * Heff Vo - ) —a Vin-Ql(z) — . 4.12
Ids (CE th Qms + ZC(/iiel «a th Q (l’) QCéliel ( )

Based on this, the charges associated with the channel, the source, and the drain can be
calculated analytically. The solution of the three integrals in Egs. (4.1), (4.2), and (4.3) is
presented in Appendix A. Observing these final equations, an interesting fact becomes visible:
The effective channel width W, o and the drain current I4s both appear in the charge equations
to the same power but on opposite sides of the fraction. Please recall that the current is linearly

dependent on the effective channel width (see Eq. (2.21)) and has the following form:
Iis = Wenetr - f (Qhus, ) - (4.13)

Consequently, in the fraction Wen esr/Ids, the effective channel width is canceled. Thus, the
choice of dg does not have any influence on the final charge equations, and a distinction between

intrinsic channel currents and fringe currents is not necessary for a well-working model.
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If the drain source voltage (Vgs) is close to zero, the drain current becomes zero and the charge
densities at the source end and the drain end of the channel become equal. In this case, the
charge equations are no longer valid since a division by the drain current is performed. If Vjs is
exactly zero the total channel charge is perfectly evenly distributed so that Qs = Qa = 0.5Q)..
The charge equations would result in expressions where zero is divided by zero. In order to
circumvent this problem, the following thoughts lead to a much simpler solution: If the charges
are totally evenly distributed, it means that Qs = Q},q. There is no gradient of the charges
in the direction of the channel and hence, the charge density Q.. is present everywhere in the
entire plane of the transistor. Thus, the charge integral for the total channel charge (Eq. (4.1))

greatly reduces to:

Lcn

Qc,zero = Wch,G : Q:ns / dz
0
= ch,G * Lch . Qins~ (414)

The charges at the source and the drain are expressed as:

Qd,zero - . WCh,G . Lch : Q;nsa (415)

Qs,zero =

Qc:
Qo =

N~ N~
N~ N~

- Wenc + Len * Qns- (4.16)

When implementing the model in a programming language, in principle, a simple case distinction
could be performed. If Vys equals zero, the asymptotic case according to Eqgs. (4.14), (4.15) and
(4.16) is used. Otherwise, the derived equations as presented in Appendix A are used. Even if
the equations in Appendix A converge to the asymptotic case presented here, the procedure
using a case distinction may produce numerical instabilities if the model is implemented in a
hardware description language such as Verilog-A. A compact model should ideally not have
any discontinuities in its functions or in the derivatives [49]. If the asymptotic switching is
used, however, this results in a little discontinuity. In order to overcome this problem, a
transition function gdecision(Vas) is defined which smoothly switches between the zero-case and

the non-zero-case:

Qc,ﬁnal = Qc,nonzero . gdecision(vds) + Qc,zero . (1 - gdecision(vds)) 5 (417)
Qd,ﬁnal = Qd,nonzero . gdecision(vds) + Qd,zero . (1 - gdecision(vds)) ) (418)
Qs,ﬁnal - Qs,nonzcro : gdecision(vds) + Qs,zcro : (1 - gdecision(vds)) . (419)

It shall be emphasized that the Q¢ nonzero, @d,nonzero and Qs nonzero are the equations for the
total charges as defined in Eqgs. (4.1), (4.2) and (4.3). However, in order to improve the reading

flow, the charges are not denoted as non-zero-case charges before.
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Based on experiments with the simulator Spectre by Cadence Virtuoso [70], the following

requirements are formulated for the switching process:

e In a region between —1 11V < Vgs < 1V, constantly the zero-case charges shall be used
and the change of the charge distribution with respect to Vys shall be ignored.

e In the ranges —21V < Vgs < —1pnV and 1V < Vgs < 21V, the total charges shall

transit from the zero-case charges to the non-zero-case charges.

e If the absolute value of Vys is greater than or equal to 2V, the non-zero-case charges
shall be used.

e The transition function has to provide a smooth transition so that there are no disconti-

nuities.

As implied above, in the decision function gqecision still a case distinction is used in order to

determine whether Vys is

(i) in the range of F1pV around zero or
(ii) in the range between absolute values of 1 pV and 2pnV or

(iii) in the range of absolute values greater than or equal to 2uV.

The requirement is now that the transition function which is active during condition (ii)
continuously connects the two regimes in points (i) and (iii) so that there are no discontinuities
in the points where the case decision is performed. The following requirements need to be

fulfilled by the function gdecision:

(a) The function value at Vas = 1 pV is zero.
(b) The first and the second derivatives of the function at Vgs = 1 pV have to be zero.
(¢) The function value at Vgs = 21V is equal to one.

(d) The first and the second derivatives of the function at Vgs = 2V have to be zero. In
principle, it could also be required that more than just the first two derivatives are set to
zero but experiments with Cadence Virtuoso have shown that it is sufficient to set the

first two derivatives to zero.

As can be seen, there are six requirements which the function has to fulfill. It is decided to use
a polynomial function fpo1y and since six requirements need to be incorporated, a polynomial

of degree five is used which has six constants to be determined:

Vel
1V5

Vaslt o [Vasf

2
Vi TS [Vas| Dl

foory(Vas) = ar v te Ty

+ be +ds - + fr (4.20)

where |Vgs| is divided by a value of 1 with the unit of volt to the respective power in order

to make the function unitless. Here, the absolute value of Vys is used so that the function
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is symmetric for negative and positive values of V4s. The determination of the coefficients
af to fr is straightforward by formulating the six above-mentioned conditions in terms of
equations which leads to a system of six linear equations which can be solved using the software
Matlab [71]. The results for the coefficients are:

as=6-10% b= —-45-10" ¢ =1.3-10%

4.21
df=—18-10" e =1.2-10% fe = —31. (4.21)

Since the function fpo1y, smoothly connects the two cases there is no discontinuity at the

switching points up to the second derivative. The final decision function ggecision(Vas) is defined

as:
1 for Vags < —2nV
footy(Vas) for —2pV < Vge < —1pnV
Gdecision = 0 for —1pV < Vgs < 1puV . (4.22)
foory(Vas)  for  1pV < Vs <2pV
1 for Vg > 2pV.

The function gdecision is plotted in Fig. 4.5 over a small range of Vis values around zero.
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Figure 4.5.: Decision function ggecision(Vas) shown over Vg in a small range.
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4.2 Extrinsic Charges

In addition to the intrinsic charges presented in the section before, a transistor will usually have
additional charges that are stored in the periphery, for instance in the gate-to-contact overlap
regions. These charges are referred to as extrinsic charges. In organic thin-film transistors, the
overlap regions can be large in comparison to the intrinsic channel length [55]. Consequently,
the charges in overlap regions will have a major influence on the overall capacitive behavior
of the transistor. In this section, analytical equations for the charges in the gate-to-contact

overlap regions will be derived for the two transistor architectures.

4.2.1 Coplanar Transistors

The gate-to-contact overlap capacitances are comparatively easy to treat. Figure 4.6 depicts a
coplanar structure where special emphasis is put on the overlap regions. Since the gate electrode
is separated from the source/drain electrodes by the gate dielectric, the overlap regions behave
to a first approximation as simple parallel-plate capacitors. The lengths of the overlap regions
(Lov,cs, Lov,ap) of fabricated OTFTs are usually some orders of magnitude larger than the
thickness of the gate dielectric [40, 43, 59]. Therefore, the additional field lines beyond the

parallel plates will not have a major influence on the capacitance.

>

LOV,GS Lov,GD
Gate | i

Tdiel ¥

Source Drain

Figure 4.6.: Structure of a coplanar OTFT, similar as in ref. [55]. The gate-to-contact overlap

regions behave to a first approximation like simple plate capacitors.
In addition to the overlap charges, attention has to be paid to the charges in fringe regions.
In Fig. 4.7, a cutplane in an OTFT comprising two source/drain electrodes is shown where fringe
regions are present. For simplicity, the compact model assumes that the charge density at the
source end of the channel is present everywhere in the fringe regions next to the source electrode
which is emphasized by the cyan/red-hashed area. Similar thoughts hold true for the drain side
where the charge density Q. is assumed to be present in the entire yellow/red-hashed region.
The extrinsic charges in coplanar transistors can be described by a sum of the following two

components:

1. Charges stored in the parallel-plate capacitors originating from the gate-to-contact overlap

lengths.

2. Charges that are accumulated in the fringe regions between the fingers and beyond the
first and the last finger.
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Figure 4.7.: Cutplane in a two-finger coplanar OTFT. In the electrode regions which are
the fringe regions next to the source/drain electrodes charges are accumulated. It is assumed
that the charge density at the source end of the channel is present everywhere in the electrode
region at the source. Similar considerations hold true at the drain side. This picture was pub-
lished in ref. [55].

Source
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The extrinsic charges in coplanar transistors can be calculated as follows:

Qex,S,copl = vasC(/iielLDv,GSNﬁnchontact + (2wov1 + (Nﬁng - 1) dﬁng) Lov,GSQ;—ns (423)
Qex,D,copl = ngcéielLov,GDNﬁngWcontact + (2wovl + (Nﬁng - 1) dﬁng) LOV,GDQ;nd- (424)

4.2.2 Staggered Transistors

In staggered transistors, the gate electrode is separated from the source/drain electrodes by
a stack consisting of the gate dielectric and the organic semiconductor as shown in Fig. 4.8.

Depending on the applied voltages such a structure shows different behaviors. If the organic

Lov,cs
<—>E

i Gate
Cliel s = Dielectric ¥ Ldiel

Cosc,s tOSC

Charge density Q1.

Source Drain
Assumption: Q) is also present here

Figure 4.8.: Structure of a staggered OTFT similar as published in ref. [55]. The gate-to-

contact overlap regions behave like series connections of two capacitors when the organic semi-

conductor is operated in depletion. In accumulation, the charge density Q. is present in the

whole overlap region at the source. Similar considerations hold true for the drain side.
semiconductor is depleted, it has the properties of an insulator with a dielectric constant e; osc.
Then, the overlap regions can be treated to a first approximation as a series connection of two

parallel-plate capacitors. However, as the organic semiconductor is driven into accumulation
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its overall behavior changes towards a conductor. The accumulated charges greatly influence
the electrostatics and the imagination of a series connection of two capacitors is no longer

valid. This is visualized in Fig. 4.9 where the electrostatic potential in one point within the

0.2
— U, rcap + offset
0'0 ...... /I Q;ns
‘/vgs B ‘/vgs B C(’liol

Gate
Dielectric

Source

40 35 30 25 -20 -15 -1.0 -05 00
Ves[V]

Figure 4.9.: 2D Sentaurus TCAD simulation of the electrostatic potential in the gate-to-
source overlap region of a staggered OTFT (solid black line). As depicted by the inset, the
potential is probed in direct proximity to the gate dielectric and is thus denoted as the sur-
face potential Ws. An offset is added to the simulated potential. In addition, the shape of the
function Vi is shown which is similar to %s. In the TCAD simulation, a Gaussian DOS with a

maximum number of states of Ny pog = 1 X 102! cm—3, a standard deviation of opog = 0.056V,

and an energy shift of (Eyvy — Eg pos) = 0.05€V is used. The relative dielectric permittivities

of the gate dielectric and the depleted organic semiconductor are ¢, gje1 = 3.9 and er osc = 3,

respectively. The work functions of the source/drain electrodes are aligned with the highest

occupied molecular orbital of the organic semiconductor and a constant mobility for holes and

electrons of pn = pp = 1em? V- 1s71 s set.
organic semiconductor in the gate-to-source overlap region is shown. Since the potential is
probed in direct proximity to the gate dielectric it is denoted as the surface potential ¥s. It
can be seen that in the voltage range from Vg = 0V to Vg = —1V, the surface potential
linearly follows the gate-source voltage. Furthermore, it can be seen that with the gate voltage
changing by an absolute amount of AV,s = 1V, the surface potential only exhibits a change
of A¥s = 0.8 V. This makes sense since the probe point is located between the two capaci-
tors consisting of the depleted organic semiconductor and the gate dielectric. The voltage Vg

is split up at these two capacitors so that the voltage drop across each of them is smaller than V.

With the gate voltage increasing to absolute values greater than 1V, the organic semiconductor
is driven into accumulation. It can be seen in Fig. 4.9 that the surface potential reaches some
kind of saturation which is in agreement with the literature [31]. In this operation regime, it
would lead to incorrect results if the organic semiconductor and the gate dielectric were still
treated as a series connection of two capacitors. Therefore, the following requirements for the

gate-to-source overlap region as modeled by the compact model can be formulated:
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e In the sub-threshold regime of operation, the organic semiconductor is depleted. The
charges stored in the gate-to-source overlap region have to be calculated by the product

of the series capacitance and the gate-to-source voltage.

e At the transition to the above-threshold regime, the voltage drop over the series connection

of the two capacitances has to start saturating.

e In the above-threshold regime of operation, the voltage drop across the series connection
has to nearly saturate. The additional accumulation charges that are present now have

to be added to the charges in the series connection of capacitances.

Similar thoughts can be made for the gate-to-drain overlap region where the saturation of the
surface potential starts when Vgq surmounts the threshold voltage. Regarding the source side,
the problem is solved by the definition of a voltage Vg'S that fulfills the requirements. Generally,
in the above-threshold regime of operation, the density of quasi-mobile charges at the source
end of the channel can be approximated as a function of the gate dielectric capacitance, the

gate-source voltage, and the threshold voltage of the transistor [36]:
Qins = Cliet (Vs — Viro) (4.25)

where (Vgs — Vro) is denoted as the gate-overdrive voltage [5]. In the compact model, the
charge density is not calculated based on this equation but based on the charge-based expression
in Eq. (2.58). However, in strong accumulation, the charge-based expression in Eq. (2.58) will
exhibit a similar trend as Eq. (4.25). Based on these thoughts, an effective gate voltage Vs is

defined for the series connection of the capacitances at the gate-to-source overlap region:

Q:ns

’
Veo = Vs — 22
diel

(4.26)

In the sub-threshold regime of operation, nearly no accumulation charges are present and hence,

the charge density Q1,s according to Eq. (2.58) is nearly zero. As a consequence, it can be said:
Vi~ Vi (427)

For gate-source voltages close to the threshold voltage, the charge density Q.. starts increasing
rapidly, thus leading to a reduction of V. In the above-threshold regime, Q. follows
approximately the trend in Eq. (4.25). The consequence is the following:

Caiel (Ves — Vo)
C1éiel
Vgs ~ VTO- (428)

!
Vi ® Vs —

g
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It can be seen that Vs approximately saturates to Vro. The validity of this is proven in Fig. 4.9
where the trend of V, is shown accompanied by the TCAD-simulated surface potential in the

gate-to-source overlap region. As can be seen, both curves exhibit a similar form.

If the organic semiconductor is driven into accumulation, the charge density along the gate-to-
source overlap length is nearly constant since at every position the electric field between the
gate and the source electrode is equal. Therefore, the charge density Qu,s that is present at
the source end of the channel will be accumulated in the whole overlap region. Furthermore,
as explained for the coplanar transistors, it is as well assumed that the charge density Qb is
present in the regions between the fingers and beyond the first and the last finger, similarly as
depicted in Fig. 4.7.

The same explanation as presented for the source side is in principle also valid for the gate-
to-drain overlap region. Here, the voltage Vzq determines the state in which the organic

semiconductor is and the charge density Q.4 needs to be considered. A voltage Vg’d is defined:

’
Vg/d = Vgs — Vas — g,md . (4.29)
diel

Finally, the extrinsic charges in staggered transistors can be expressed as follows:

Cliel,sC

Qexsorns = Visgg g + QualovasWena, (4.30)
diel,s osc,s
Cuiel,aC

QoD stag = Via 42+ Qg Lov.apWen,a (4.31)

gd
Cdiel,d + Cosc,d

where Won, ¢ is the total gate width as defined by Eq. (2.18) and the capacitances are defined

as follows:
Er,diel * €0
Cdiel,s = tiNﬁnchontactLov,GS, (432)
diel
Er,diel * €0
Cdiel,d = ¢ NﬁnchontactLov,GD7 (433)
diel
Er,osc " €0
C1OSC73 - n NﬁnchontactLov,G87 (434)
osc
Er,osc " €0
COSC,d = ; NﬁnchontactLov,GD (435)
osc

where €¢ is the electric field constant and e, gie1 and ey osc are the relative dielectric permittivities

of the gate dielectric and of the organic semiconductor, respectively.
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CHAPTER b

Modeling of Low-Frequency Noise

5.1 Introduction

In every transistor, there occurs a phenomenon denoted as noise. This means that the drain
current of a transistor operated under steady-state conditions is effectively not constant but

fluctuates around a mean value [46]. Figure 5.1 shows the measured drain current of a transistor

-4.5
-5.0
s s A N AN PPN RS NN N Pt
= 60 —— V= 2V, Vg = -1V
=1-6.5 — Ves = -3V, Vgs=—-1V
= 70
5 L NN N A A AN N st E Wt A o]
-8.0
-85
0 1 2 3 4 5

t[ms]

Figure 5.1.: Drain current of a staggered OTFT fabricated by the Max Planck Institute for
Solid State Research and measured at the AAMOS GmbH. The current has been measured with
the AAMOS noise measurement system. A small period of 5ms is shown here. The transistor
has been measured at two different voltages. The current exhibits the typical noisy shape.
over time where the noisy trend of the drain current versus time can be observed. In this chapter,
a brief overview over the noise mechanisms are presented and subsequently, a charge-based

compact noise model is derived.

67
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68 5. Modeling of Low-Frequency Noise

From the plot of the noisy current, there arises the question of how to quantify the noise. The
answer to this is a frequency-domain investigation of the noise [39]. A time-continuous signal
which is sampled and converted to a digital signal (like the noisy current of the transistor) can
be transformed into the frequency domain by means of a discrete Fourier transform [72, 73].
The result of the discrete Fourier transform is a frequency spectrum showing the amplitudes
and phases of the sine waves with different frequencies that when being superposed yield the
original signal. In the context of noise, usually the so-called power spectral density (PSD) is
calculated [39] which shows the power of the signal components with the different frequencies

that are contained in the original signal [74].

There exists a variety of different types of noise depending on the electronic device that is
investigated. Here, the focus is put on the type of noise that is the most important for transistors
which is the low-frequency or flicker noise [39]. The special property of this flicker noise is that
its amplitude is inversely proportional to the frequency which means that the noise components
with lower frequencies have higher amplitudes. This is the reason why this kind of noise is

denoted as low-frequency noise. The PSD of a coplanar OTFT is shown in Fig. 5.2. As a guide

10718 [T
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N
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...... Ve = =2V, Vae= -3V
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Figure 5.2.: PSD of a coplanar OTFT with a W/L ratio of 100 pm/20 pm measured at differ-
ent voltages. The solid black line is a 1/f curve serving as a reference.
for the eye, a reference curve with a 1/f behavior is shown proving that the measured PSDs
follow approximately the 1/f trend, as predicted. Often, the PSD is normalized with respect to
the mean value of the DC current under the respective DC operation conditions. This is shown
in Fig. 5.3 where the PSD values are divided by the drain current squared in the respective

operation point.
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Figure 5.3.: PSD of a coplanar OTFT with a W/L ratio of 100 pm/20 pm measured at dif-
ferent voltages. This figure shows the same as Fig. 5.2, but here, the PSD is normalized with
respect to the DC current in the respective operation points.

5.2 Flicker Noise

In transistors, there are basically two types of flicker noise that can occur in the intrinsic carrier
channel which are the bulk mobility fluctuations and the carrier number fluctuations [75]. Both
of these noise types lead to a 1/f behavior in the PSD and from this perspective, they are not
distinguishable from each other. However, they show a different dependence of the noise on the
drain current level. The main aspects of these two noise types will be outlined and it will be

explained how to determine, based on measurement data, which noise type is dominant.

5.2.1 Mobility Fluctuations

The empirical Hooge model attributes the noise of the drain current to a fluctuation in the
charge-carrier mobility [39, 75], which will briefly be reviewed in this section. According to [75],
the drain-current normalized noise in a MOS transistor due to mobility fluctuations can be
expressed as follows:
Lcn
% _ am / dx
e fWall, ) Qi(x)/q
0

(5.1)

where ay is the Hooge constant which serves as a fitting parameter, f is the frequency, Wen
is the channel width, Lcy is the channel length, Qi(z) is the mobile inversion charge per gate
area, and ¢ is the elementary charge. Please note that here, in the subscript of the PSD (Slczi),
the current is written with an exponent of 2. This does not mean that the noise in reality is
the squared noise but it shows that in order to normalize the PSD, it has to be divided by the

drain current squared and not by the current to the power of one. Originally, in ref. [75], the
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noise is written without the current exponent of 2, i.e. it is denoted as St,. In other pieces
of literature, such as ref. [39], the exponent of 2 is contained. Applying the gradual-channel
approximation and assuming a constant mobility uo, the drain-current normalized PSD of a
MOS transistor reads as follows [75]:

5 _ onguoVas (5.2)
o fLédas

It can be assumed that in principle, this theory is also valid for organic transistors. In contrast
to the MOS transistor, the inversion charge is an accumulation charge but the fact that a
fluctuation in the effective mobility leads to a fluctuation in the drain-source current can easily
be verified by observing the current equation for the organic TFTs Eq. (2.21). From Eq. (5.2),
it can be concluded that the drain-current normalized PSD is inversely proportional to the
drain current. Consequently, when probing the noise at a fixed frequency, a 1/14s slope will be

visible.

5.2.2 Charge-Carrier Number Fluctuations

Another phenomenon leading to a flicker noise are charge-carrier number fluctuations. It can
happen that a charge carrier in the intrinsic carrier channel gets trapped in an oxide trap [75-77].
Due to this trapping action, the carrier does not contribute to the drain current anymore until
finally, it gets released from the oxide trap. If a charge carrier gets trapped in an oxide trap,
it behaves like a fixed oxide charge. According to the theory, oxide charges impose changes
on the flat band voltage Vi, [46]. Please recall that the flatband voltage is the gate voltage
that needs to be applied in order to have fully flat bands in the semiconductor along a cutline
normal to the gate electrode. In case of a change in the flatband voltage, e.g. because of a
charge that gets trapped in the gate dielectric, the gate voltage would have to change by the
same amount in order to compensate for this. Assuming that the gate voltage is kept constant,
such as in a steady-state operation point, then a fluctuation in the flatband voltage due to a
trapping action is not compensated which leads to a fluctuation in the drain current. This
fluctuation has the same magnitude independent of whether the flatband voltage fluctuates or
the gate voltage fluctuates by the same amount (but with an opposite sign). The fluctuation in

the drain current due to a fluctuation in the flatband voltage is then expressed as follows [75]:

d]ds
Otas = dViy,

Vi (5.3)

where 6Vi, is a fluctuation in the flatband voltage. It becomes evident that here the drain
current has been derived with respect to the flatband voltage. This is reasonable since this
derivative expresses the change in the drain current with respect to a change in the flatband

voltage which multiplied by a change in Vi, yields the absolute change in the drain current.
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Making use of the above-mentioned effect that 6Vi, = —dVgs, this equation can be rewritten as:
dIds

01, = | — OVip. 5.4

Tas ( v, ) b (5.4)

It can be made use of the fact that the derivative of the drain current with respect to the gate

potential is called the transconductance of the transistor:

_ d[ds
T AV

Gm (5.5)

After some steps that will not be reviewed here, the current-normalized PSD of the noise can

be expressed as follows [75, 76]:

Sr2 2
a _ (9m ",
[gs ([ds) SVfb (56)

where Sy, is the PSD of the flat band voltage which is assumed to be independent of the
applied terminal voltages at the transistor. Furthermore, Sy, is inversely proportional to the
frequency [76]. Even if this equation is valid for a conventional MOS transistor, it is assumed
that the basic theory behind it is also valid for organic transistors. From Eq. (5.6), an interesting
fact becomes visible: The noise when probed at a fixed frequency is proportional to (gm/IdS)Q.
This is in contrast to the noise due to mobility fluctuations which according to Eq. (5.2) is
proportional to 1/14s. This can be used as a criterion to decide which type of noise is dominant
in a transistor. Since both the mobility-fluctuation noise and the carrier-number-fluctuation
noise are inversely proportional to the frequency, the dominant noise mechanism in a transistor
cannot be determined by observing its PSD over frequency. A plot of the PSD at a fixed
frequency over the drain current is necessary and based on this, it can be observed whether the

noise follows a 1/I4s trend or a (9m/1,,)” trend.

In the literature, there has been proposed an approach taking into account the effect that a
trapping action of a charge carrier can induce a fluctuation of the scattering rate which leads
to a fluctuation in the effective mobility [77]. The PSD of the noise including this correlated

mobility fluctuation is given by the following equation [77]:

SIQ I 2 2
d = <1 + acorr,ueﬂccliiel gds> ’ (gm) “Svg, (5.7)

2
[ds

m [ds

where acorr is a fitting parameter controlling the correlation between a trapping action and
the induced mobility fluctuation. It becomes evident that the effect of a correlated mobility
fluctuation is higher if Zas/g,, is larger. This is actually the case for high currents [39]. Therefore
at lower currents, this noise model shows a similar behavior as the noise model taking into
account only the charge-carrier-number fluctuations without correlated mobility fluctuations.
Consequently, the noise according to Eq. (5.7) cannot unintentionally be mistaken with the
bulk mobility fluctuation noise (Eq. (5.2)).
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5.3 Determining the Dominant Noise Mechanism

In this section, the measured noise of fabricated organic TFTs will be shown and it will be
evaluated which is the dominant noise mechanism. The measurements under investigation
in this work were presented by Muhea et al. in ref. [76]. The transistors are bottom-contact
top-gate transistors (staggered) and were fabricated at the Laboratoire d’Innovation pour
les Technologies des Energies Nouvelles et les Nanomatériaux (LITEN) at the Commissariat
A IEnergie Atomique et aux Energies Alternatives (CEA). Transistors with various channel
lengths were fabricated on a flexible plastic substrate using a spin-coating process for the

organic semiconductor.
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Figure 5.4.: PSD of a staggered OTFT with a W/L ratio of 1000 pm/10 pm measured at
different voltages. The measurements are taken from ref. [76]. The dashed green line is a 1/f
curve serving as a reference. The dotted lines show the measurements while the solid lines
represent regression functions which were calculated for each curve in the frequency range
20Hz < f < 400 Hz.

In Fig. 5.4, the measured PSD of one transistor of the set is depicted for various combinations of
the gate-source and the drain-source voltages. As usual, the measurements exhibit a noisy shape
which makes the extraction of the noise at a fixed frequency inaccurate. In order to improve the
noise extraction at a fixed frequency, regression functions are calculated by Matlab [71]. When
extracting the noise at a fixed frequency, these regression functions are probed rather than the
noisy shape of the measured PSD. In the figure, a reference slope with a 1/f behavior is plotted
which proves the adherence of the measurements to this slope. Except for the measurements at

the lowest Vg and Vs, all data follow approximately a 1/f trend.
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Figure 5.5.: Drain-current normalized noise of the staggered organic TFTs presented in

ref. [76] plotted against the drain current. The transistors have a channel width of W, sp =
1000 pm and different channel lengths as shown in the legend. The noise is extracted from the
plot versus frequency by probing the regression functions shown in Fig. 5.4 at a frequency of
f =46 Hz. The drain-source voltage is Vs = —1 V. The measurements (symbols) are shown in
comparison to the transconductance ratio (gm/Ids)2 multiplied by an individual constant A for
each curve. For comparison purposes, a curve proportional to 1/I4s is shown.

In Figs. 5.5 and 5.6, the drain-current normalized noise of several transistors of the set is
shown versus the drain current. These plots are generated from the noise PSDs by probing
the regression functions at a fixed frequency of f = 46 Hz. In the plots, the measured noise is
shown in comparison to (gm/ Ids)2 which is multiplied by an individual constant A for each
transistor. Furthermore, a function exhibiting a 1/14s slope is shown. As stated above, the
dominant noise mechanism can be determined by comparing the measured noise to (gm/ Ids)2
and to 1/I4s. In this case, as can be seen well in Fig. 5.6, the measured noise has a larger
agreement with (gm/ Ids)2 than with 1/I4s. This reveals that the dominant noise mechanism in
these transistors is the charge-carrier number fluctuation. Thus, in the following sections, a
compact model for this kind of noise is presented. For the sake of completeness, a compact

model describing the bulk mobility fluctuations will be derived as well.
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Figure 5.6.: Drain-current normalized noise of the staggered organic TFTs presented in

ref. [76] plotted against the drain current. The plot shows the same as Fig. 5.5 but at a drain-
source voltage of Vgs = —9V. The measurements (symbols) are shown in comparison to the
transconductance ratio (gm/Iqs)? multiplied by an individual constant A for each curve. For
comparison purposes, a curve proportional to 1/14s is shown.

5.4 Compact Modeling of the Noise

In this chapter, a charge-based compact model for the description of the noise in the intrin-
sic carrier-channel is derived. In the literature, many noise models for different transistor
types have been proposed such as for MOSFETSs [52, 75, 77-79] or different types of thin-film
transistors [80, 81]. The origin of noise in OTFTs has been investigated in the literature and
different standard approaches originally developed for MOSFETs or other types of TFTs are
used in order to quantify the noise [76, 82—-85]. A comprehensive model for the description
of the noise in OTFTs originating from trapping of charge carriers in the gate dielectric and
the organic semiconductor was developed by Han et al. [85]. In this section, a charge-based
compact model for the low-frequency noise will be derived. The advantage of this model is
that it provides a full description of both the charge-carrier number fluctuations and bulk
mobility fluctuations and that it is entirely charge-based. The derivation of this model is based
on the procedure in ref. [39]. There, the noise model is derived for conventional MOSFETs
incorporating a charge-based DC model that serves as a basis. Reference [39] will not be cited

after each paragraph but it shall be noted that the complete derivation process is based on it.
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5.4.1 Normalization of the DC Model

The charge-based compact DC model [36] that serves as a basis for the noise model is explained
in Chap. 2. In ref. [39], the charge densities and the drain current are normalized with respect to
a specific charge and a specific current, respectively. The advantage of working with normalized
currents and charges is that the derivation is easier and that it can easily be transferred to
other models that also use normalizations. In the following, the normalizations that are used
for the model are presented. For this purpose, some of the equations of the DC model are
depicted again. To start with, the charge density at the source end of the channel according
to Eq. (2.58) is reviewed:

r (/B + 1) . Sobs / Vs - VTO - AVTO
Qus = gy G £ {eXp ((6g+ 1) Sobs/ln(10)> } ' (5:8)

The charge density at the drain end of the channel according to Eq. (2.59) reads as follows:

, _(BH+1)Sobs Ves — Vo — Vias + Vap,a — AVro
de,barr - ln(IO) Cdlel ‘C exp (,6 ¥ 1) ) Sobs/ ln(l()) . (59)

In these two equations, the Lambert W function returns a unitless value and the prefactors

then provide the unit. Therefore, a specific charge Qsp is defined as follows:

(6 + 1) . Sobs
In(10)

_ksT

Qep = Cha=B+1) o - Cier [Asem™] (5.10)

where « is the slope degradation factor as defined in ref. [36]. With this specific charge, the
charge densities are normalized. By convention, the normalized charges are now written in
small letters. Furthermore, in order to simplify the subsequent derivation, the subscript barr

in the charge density at the drain is omitted. The normalized charges are defined as follows:

Qm

Gm = gc = —Q , (5.11)
sp
!
g = —g (5.12)
sp
Q:n arr
qa = % (5.13)
sp

where the mobile charge ¢, is also denoted as the channel charge q.. The two values are
identical. For convenience, the drain-current equation of the DC model according to Eq. (2.21)
is reviewed here as well:

/ / 2 /2
kB ‘T Qms - de,barr ms de,barr
Len 2 Len-C),

Ids = Meff’Wch,eH' ( ) . (1+>\'(Vds_vdsx)) .

iel



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

76 5. Modeling of Low-Frequency Noise

Similarly as the specific charge, a specific current is defined as follows:

2
kT Wen,e
Ip = pesr - (B+1)* - a®- (B> - Chio—21 [A] (5.14)
q Lch
and with this, the drain current is normalized:
. Ids
s = . .1
iq Ty (5.15)

Therefore, the drain current can be formulated in terms of the following expression:

, 1,2 o 1
== _ . — 1
ia (2 (62 —a3) + Fia qd)) (5.16)
where the channel-length modulation is omitted because the noise model will be derived only
for transistors with longer channels. If the current and the charge densities are denormalized,

the standard current equation according to ref. [36] is yielded again.

Now, the DC model has been transformed into a normalized version which will simplify the
further derivation process. It shall be noted that in spite of using the charge density Qind,barr,
which is reduced by a voltage drop across the drain barrier, the derivation steps in the following

section are performed without a closer look at short-channel effects.

5.4.2 Preparational Steps for the Noise Model

In this section, some preparational steps for the calculation of noise in a transistor are explained.
This section is valid for every type of noise that can occur along the intrinsic carrier channel.
After the preparational steps, the equations for the carrier-number-fluctuation noise or for the

bulk mobility fluctuations can be incorporated. The starting point in ref. [39] is to imagine the

Noisy element
Gate

—

Ax

€

Drain

Source!
M1

M2

Figure 5.7.: Schematic of a staggered OTFT containing a small noise element in the channel
at position z. The channel segment to the left and to the right of this noisy element is regarded
as a new transistor of channel length x and L., — x, respectively. This picture is drawn in
analogy to ref. [39].
noise as a contribution of an infinite number of infinitesimally small noise elements distributed
along the channel. One of these noisy elements is depicted in Fig. 5.7 which is located at

position z and has a length Az. It is assumed that this noisy element is a little current source
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causing local fluctuations of the channel current. However, the local fluctuation does not
directly propagate to the transistor terminals but has to travel through the channel segments
to the left and the right. The channel segment to the left of the noisy element is of length x
and is supposed to behave like a transistor denoted as M1. Accordingly, the channel segment
to the right is of length L¢, — x and is denoted as M2. The influence of the local noisy element
is then translated by the transistors M1 and M2 into a fluctuation of the total drain current.

The equivalent circuit of the small noise element located between the two transistors M1 and

Iy
yyy Gy

(2) (b)

Figure 5.8.: (a) Equivalent circuit of a noisy element located between two transistors. The
local noise current is denoted as 01, and its contribution to the total drain current is denoted
as 6I,p. (b) Simplification of the circuit by linearization of the transistors in the operation
point and describing them by their channel conductances. Both circuits are drawn in analogy
to ref. [39].

M2 is depicted in Fig. 5.8(a). In accordance with ref. [39], the noisy element is modeled as a
current source in parallel to a resistance AR. The local noise current is denoted as d1,. The
fluctuation of the drain current that is induced due to the small noisy element is denoted as
6Ihp. It is now assumed that the voltage that is induced in the channel due to §1,, is very
small in comparison to the thermal voltage (ksT'/q) so that the transistors M1 and M2 can be
linearized in their DC operation points. This is depicted in Fig. 5.8(b) where the two transistors
are only represented by their channel conductances Gs and G4. Now, the current §I,,p has to
be calculated. This can be done, for example, by converting the noisy current source with its
parallel resistance AR into an equivalent voltage source and then calculating the total current
in the series connection of AR and the two transistors. Now, another assumption is made: AR
is very small in comparison to 1/Gs and 1/Gq4. Therefore, when summing up all three values,

AR is negligible. Consequently, the contribution of §I,, to 6I,p can be expressed as follows:
0Inp = Gen(z) - AR - 61, (5.17)

where

(5.18)
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It shall be emphasized that the quantities depend on the position x in the channel. Next, the
PSD of 6I,p is calculated as follows [39]:

5'512D (w,z) = GZ,(z) - AR*(x) - Ss1z2 (w, ) (5.19)

where w is the angular frequency of the noise. As mentioned above, it is a convention that the
current in the subscript of the PSDs appears in a squared form. SéliD is the PSD of the drain
current that originates from the small noisy current source in the channel. However, the goal is
to calculate the PSD of the total drain current. For this purpose, the contributions of all the
noisy elements in the channel have to be summed up by an integration:

Lecn

2 2, \ Serz(w,x)
SAI:A;D (w) = / Ga(z)AR (x)r‘Aimda: (5.20)

0
where Sjp2 is divided by Az so that it is a contribution per unit length. In order to come closer
towards a solution of this equation, a long-channel simplification is performed. In general, the

resistance of a channel element can be expressed as

Ar =4V (5.21)
Ids

where AV is a voltage drop in the direction of the channel. Adapting the drift-diffusion model

similarly as in Eq. (4.4), it can be written

AV

Tas = presr - Wenett - Q;n(x)ﬂ (5.22)
which can be rearranged for AR:
Ar=2V Az (5.23)

Ids - Heff * Wch,cﬁ' . Q;n(m) '

The next step is to find expressions for the local channel conductances. For this, a step back is
taken and the equations for the density of quasi-mobile charges are observed again (Egs. (5.8),
(5.9)). For the further derivation, the voltage drop Vipa across the drain-to-semiconductor
junction is omitted because the noise model presented here is valid only for long-channel devices.
The two aforementioned equations allow for a calculation of the density of quasi-mobile charges
at the source and drain end of the channel, respectively. It would be desirable to be able
to calculate the charge densities at any arbitrary position along the channel but the exact
propagation of the applied drain-source voltage Vg is not known. Only at the source and drain
electrodes, the boundary conditions are known. However, the charge densities can also be
expressed for any arbitrary position in the channel by defining a channel voltage Ven which
reflects the quasi-Fermi potential. With the definition of the channel voltage, the charge density

is expressed as follows:
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/ (5 + 1) . Sobs / ‘/gs — Ven — Vo — AVT()

- LCh . .24

Qm 111(10) Cdlel [’ €xXp (,8 4 1) K Sobs/ ln(lO) (5 )

Now, the charge is normalized with respect to Qsp:

— vas - V::h - VTO - AVTO
ek {exp ( (B +1) - Sobs/In(10) ) } ’ (5.25)

Recalling the definition of the Lambert W function
z = L(y) (5.26)
as the inverse of the problem according to Eq. (2.25)
y =z -exp(x), (5.27)

Eq. (5.25) can be reformulated as follows:

(Vgs — Vch — VTO - AVTO
exp

(B+1) - Sobs/ In(10) ) = G~ eXP(Gm)- (5.28)

Calculating the natural logarithm of both sides of the equations leads to:

Vas — Ven — Virg — AVrg
(B+1) - Sobs/In(10)

=1n(g¢m) + ¢m- (5.29)

In strong inversion, the linear ¢ term dominates over the logarithmic term and therefore, the

strong inversion approximation is used leading to

‘/gs — Vch — VTO - AVTO ~

(B+1) - Sops/In(10) ™™ (5.30)

Finally, the charges are denormalized again with respect to Qsp and the equation is rearranged.

The result is: ,
Ves — Ven — Vo — AV = Q,m . (5.31)
4

iel

All the equations presented so far are just a result of some assumptions in combination with
rearrangements of the original charge density equation. The benefit of Eq. (5.31) is that for
the case of strong inversion, the charge density divided by C};. can schematically be plotted

versus the channel voltage which is useful for the further derivation of the noise model.

In Fig. 5.9, Qu(x)/Clia is plotted over Vi,. In this plot, the function hits the Vi,-axis
at a voltage called the pinch-off voltage V. In reality, the charge density does not really
become zero but converges to zero. Since the strong inversion approximation is depicted here
the function is only linear and the logarithmic term is neglected. An interesting fact is that

the area below the curve is proportional to the drain current [39] which is a consequence
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V. Vi v, > Veb

Figure 5.9.: Schematic plot of Qp,(x)/CY;., vs. the channel voltage Vey. It is possible to
calculate the charge densities explicitly only at the source and drain end of the channel where
the potentials Vs and V3 are present, respectively. The function Q;n(:c)/C’éiel is pinched off at
a voltage V. The drain current is proportional to the area below the curve. The factor ¢ is
defined as: Bc = pest - C) Wen,eft/Len- This picture is drawn in analogy to ref. [39].

iel ’
of the drift-diffusion model. With this knowledge, the channel conductance at an arbitrary
channel voltage Vin can be calculated: Small variations of the source and drain potentials
result in a change of the area below the curve. Hence, multiplying a change in Vs and Vg4
by the corresponding value Qp,(x)/C4; yields this change in the area. Theoretically, the
change of the area would have to be calculated by taking into account the slope of the function
Q1 (2)/Cliel but here, the slope is disregarded. This is done because it is assumed that the
voltage change is only small so that a rectangular approximation of the areal change, which is in
fact a rectangle with a small triangular top, is regarded as sufficient. The following expressions

for the transconductances at the source and drain end of the channel can be obtained:

’

Gms = ﬁc . Q/ms (532)

diel

Qrnd
Gmd = /BC . = (533)

C(,liel

where -
ﬁc = Meff * C(,iiel : %:ﬂl (534)

Now, there arises the question of how to calculate the channel conductance Gen(z) based on
the transconductances of the transistors M1 and M2 in Fig. 5.8(a). The series connection of
the two transistors is visualized in Fig. 5.10. They are interfacing each other at position z in
the channel where the channel voltage has a value of V,. A variation of the voltage V, leads to

a change in the areas below the Qu,(x)/Cj;e curve and hence to change in the current.
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Vo Vo Vo 'V,

Figure 5.10.: Schematic plot of Qp,(x)/CY;., vs. the channel voltage V. The two transistors
M1 and M2 are interfacing each other at the position = in the channel, where the voltage V,
can be found. Be = preff - Cl;o; - Wen,et/ Len- This picture is drawn in analogy to ref. [39].

iel ’

At position z, the conductances of the two transistors M1 and M2 are expressed as:

/
m W.

Gmd1 = Be1 - % = Meff * —hell Qindl (5-35)
diel T
/
ms W

Gms2 = ﬂc2 . Q, 2 = Meff * cheft : Q;ns2- (536)
diel Len —x

As can be seen in Fig. 5.10, the charge density at the drain end of transistor M1 equals the
charge density at the source end of transistor M2: Ql.41 = Qms2 = Qm(z). Based on this,
the channel conductance Gen(x) which is needed for the calculation of the noise according
to Eq. (5.20) can be calculated:

1
Gen(z) = 1T 1
Gmad1 Gms2
1
= tof - Wenof - Qo (2) » ——
et - Wenett * Quu (@) - ——————

_ Meff * Wch,eff ) Q;n(x) .

o (5.37)

This equation is in accordance with ref. [39]. A short summary will be drawn now: In the last
paragraphs, analytical equations for the resistance of a small channel segment (AR) and for the
channel conductance as seen from point z in the channel (Gen(z)) were derived. The purpose
of this is that the noise equation (Eq. (5.20)) also includes the product AR - Gen(x). Based on

the equations derived above, this product can be evaluated as:

Meff * Wch,eff . Q;n(m) AZC A.ZC

Gen(z) - AR = : :
! ( ) Len Meff * Wch,eﬁ . Q;n(x) Len

(5.38)
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Incorporating this into Eq. (5.20) leads to

Len
Az ? Salg(‘*’@)
Sarz, (W) = / (Lch) Az
0
Lcn
:%-/A:vsélz(w,m)d:c. (5.39)
Lch "

0

Now, all preparational steps have been performed. As can be seen, a solution of Eq. (5.39)
requires an analytical description of the PSDs of the local noise sources which are distributed
along the channel. In principle, every arbitrary type of noise which is distributed along the

channel and causes local fluctuations can be incorporated into the above-mentioned equation.

5.4.3 Modeling of Carrier Number Fluctuations

In this section, an analytical description of the local PSD due to carrier-number fluctuations is
presented. The starting point is again the drift-diffusion model which, even if already presented

before, will be shown here again:

Tas = preaWenetQn(2) T = et Wen g N' () 2 (5.40)
x dx
where N'(x) = Qi,(z)/q is the number of charge carriers per gate area which is simply the
charge density per gate area divided by the elementary charge q. If a charge carrier gets trapped
in an interface or gate dielectric trap or if it gets released from such a trap, the density of charge
carriers (N'(z)) is slightly reduced or increased, resulting in a small change in the local current
according to Eq. (5.40). Furthermore, it is assumed that a trapping or a detrapping action has
an influence on the scattering mechanism in that area and causes a carrier-trapping-induced
mobility fluctuation [77]. This mobility fluctuation may not be confused with the mobility
fluctuations according to the Hooge model for flicker noise [75]. The drain-current fluctuation
due to the carrier trapping and the correlated mobility fluctuation is defined as [39]:
8Ip 6N’ Spes

=N T e (5.41)

Instead of using the charge-carrier number per gate area, this equation can also be written

based on the charge density:
(5ID 6Q;n 6,Uch
= + . 5.42
o = Qn (5.42)

The correlation of the trapping actions and the mobility is expressed by the following equation:

1 1 1
= +d.- N, = +ac-Q: (5.43)
Meff Hlow Hlow
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where Ny, is the number of trapped charge carriers per gate area, )t is accordingly the amount
of trapped charges per gate area, pes is the effective mobility from the DC model, a. = dic/q
is called the Coulomb scattering coefficient, and piow is denoted as the low-field mobility in
ref. [39]. However, it cannot directly be related to the low-field mobility x from the DC model.
Hence, piow is regarded as a fitting parameter. Nevertheless, this is uncritical since no value
for piow needs to be provided. a. characterizes the influence of a certain amount of trapped
charges on the mobility. In the model, it will be regarded as a fitting parameter. In the next

step, Eq. (5.43) is rearranged for piefr:

Mlow

e e e - QL fitow (544
Deriving peg with respect to Q; leads to
Optesr Qe+ fliow
0 (14 e Qf - pow)” (5.45)

where it can be observed that the right-hand side of Eq. (5.44) appears again. With this, Eq. (5.45)

can be rewritten:
5//ch‘f

5g] = O Her (5.46)
After these preparational steps, Eq. (5.42) is expanded by Qi/sq!:
(5]]3 1 6@:]1 1 5Meﬁ ’
— = . . - 0Q%. 5.47
I (Q’m 5Q, e o ) 0@ (5.47)
Now, Eq. (5.46) is substituted in Eq. (5.47) which leads to
6Ip 1 6Q. 1 2 /
0D _ O%m 22 )6
Ip (Q;n 5Q! fhett Qc - [eff Q:
dIp 1 6Qn /
9D _ . — Qe e | - . A

In order to solve this equation, the change of the channel charge density due to a change in the
trapped charge density has to be found. In ref. [39], the following thoughts lead to such an
expression: It is assumed that a trapping action and accordingly a change in Q; induces a small
variation §%s of the surface potential. Such a variation directly influences all other charges
that directly depend on the surface potential. In ref. [39], the calculations are shown for a
bulk MOSFET comprising a bulk terminal but here, the results for a three-terminal transistor
are shown. According to the principle of charge conservation, the change in Q; will directly
result in a change in the gate charge Qg and the channel charge Qy,. The charge conversation
principle reads as:

5Q} + 6Qi = —5Q. (5.49)
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The changes in the gate and channel charges are now linked to the changes in the surface

potential:

—Clier - 6Ws (5.50)
—Cay - 0, (5.51)

5Qy
Qi

where C?}, is the channel charge capacitance. Next, the charge conservation equation (Eq. (5.49))

is rearranged:

/ /
_ 5Qt — 6Qg + 1
Qm  0Qhm
Qm -1
@& FE 41
0Qum -1
0Q; 5Qp | 8Qy
O o+
0Qm —0Qm
= . 5.52
Q1 0Qs + 0Qm ( )
Now, Egs. (5.50) and (5.51) are inserted in this equation, which leads to
6@;11 _ C(l:h ) 5g’s
6@2 B _C(liiel 05 — Oéh - 0%
0Qm h
= < 5.53
501 ~ -~ Oy (5:39)
where now the minus sign is ignored by defining a factor Rnoise as follows:
0Q o
Rnoise = = £ . 5.54
’ 5t | = T + (>34

The next step is to find an expression for the channel charge capacitance C.,,. In Chap. 4, a
model for the total charges associated with the channel, the drain, and the source terminals is
derived. In principle, the capacitance of the channel regarded as a whole can be expressed based
on the total charge Q). which could be derived with respect to the gate potential. However,
this is not what is needed here. The channel charge capacitance rather describes the capacitive
behavior of the channel at a certain position x in dependence on the surface potential ;. In
order to come to the same expression as presented in ref. [39], the following thoughts are made:

According to ref. [36], the density of quasi-mobile accumulation charges Qy, is given by

q- (W — Ven) — 22

' = ¢q-dm - Ngt -
Qm q t + €XP kBT

(5.55)
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where dn, is the thickness of the accumulation channel, Ny is a fitting parameter, ¥s is the
channel mid-gap potential representing the difference between the actual Fermi level and the
mid of the bandgap, Vo is the channel voltage, and E, is the bandgap. Originally, the the
channel-midgap potential is denoted as @, in ref. [36] but it is in principle equal to the surface
potential in ref. [39]. Therefore, these two quantities are treated equivalently. Deriving the
charge density in Eq. (5.55) with respect to the surface potential leads to the channel charge

capacitance:

E
q- (!ps - ‘/ch) - Tg
ksgT

;o dQn g
Cch_ d!'/s = kBTq dm Nst exp

(5.56)

Due to the nature of the exponential function, the equation is nearly completely reproduced
during the derivation and the only change is that the pre-factor of the surface potential appears
now as a pre-factor of the whole equation. Thus, the following can be written:

dQum _

(A
Cen = dw, kBT

- Qm- (5.57)
This result is now incorporated into the factor Rnoise (Eq. (5.54)) which leads to:

L, Q;n ’
Rnoise - ol s q 7 — k5T Q[m o (558)
diel T g @m B G+ Qh

Now, it is made use of the fact that (kgT'/q) - Clie is also contained in the specific charge
according to Eq. (5.10). With this, the factor Rnoise is rewritten as follows:

Q/ Qiin
Rnoise = —5—— N Sep ol (5.59)
_Wsp m
B+ T Q’“ B Do T Qup
where the fraction Q,/Qsp can be expressed as the normalized charge gm:
Rnoise - L (560)
i +am

Recalling that Ruoise = |[0Q1/0Q%], Eq. (5.60) can be inserted into Eq. (5.48):

CLE N Im

In = Q, — Olc " eff | - 5Q:;

0= T am

1 m
. 1 q — Olc * [leff 6Qt
Qsp * Gm BiDa T dm

1 N Q1
~ ot e | 29 (5.61)
W‘F(]m Qsp
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where a* = —Qsp + ac. It shall be emphasized again that this equation provides information
about the relative local fluctuation of the drain current in dependence on a change in the amount
of trapped charge carriers which induces a correlated mobility fluctuation. For the next steps,
rather than the relative fluctuation, the PSD of this local fluctuation is used. Since the local
fluctuation of the drain current is equal to the noisy current §I, which is depicted in Fig. 5.8
in the following 61, will be used instead of dIp. Following the principles in ref. [39], the
current-normalized PSD of the relative local fluctuation can easily be obtained from Eq. (5.61)
by squaring it and taking the PSD of §Q);:

55 2 1 . S5Q2
L - Q- e - (5.62)
Ids B+ o + Gm Sp

From theory, the PSD of the trapping charge density fluctuation is known. Charge carriers
within the organic semiconductor can tunnel to traps in the gate dielectric and can be released
again which causes the fluctuation of the carriers. The PSD expressed in terms of the charges

and not in terms of the charge-carrier number reads as [39]:

S5 — kB'T'QQ'ATun'Nt/
0% ™ Wenenr - Az - (f/1Hz)° - 1Hz

(5.63)

where Ay, is the tunneling attenuation distance, N{ is the density of traps in the gate dielectric
close to the interface to the OSC, and f is the frequency. Here, it becomes visible that the
noise follows a 1/ behavior. Please note that an exponent ¢ has been added to the frequency.
The reason for this is that the measured PSD of a transistor may deviate from the ideal 1/f

behavior which may be corrected by o. This equation is now inserted into Eq. (5.62) which

yields
S 2 2 /
512 1 . 1 ks -T-¢® Apun - VY
= ——— +a” - e = . 5.64
Igs (,3"1‘11)'& + qm fett gp Hch,eff - Ax - (f/l HZ)‘7 -1Hz ( )

Next, the PSD of the local fluctuation can be used in the long-channel simplification of the total
noise of the drain current according to Eq. (5.39). For simplification purposes, this equation is

presented here again:
Lcn

1
Sarz (w) = Iz : / Az - Ssp2 (w,r)dz.
0
Now, both sides of this equation are divided by the drain current squared in order to represent

the drain-current-normalized noise:

Sarz (@) P Az Sy (w,0)
a2 (W 1 / T - Ssr2 (w,x
n - . — %mr T dr (5.65)
Igs Lgh Id25

0
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Finally, the PSD of the local fluctuation (Eq. (5.64)) is inserted in this total PSD leading to:

Lcn 2
Sz (w) 1 1 1 kg -T-q* A
nD * B q Tun *
— A Yt a" e | =y 1, e (5.66)
Igs L(zzh 0/ (5+1) + gm gp WChaCff (f/l HZ)

Every factor that is independent of the position x is now factored out of the integral:

2
1
- 4t a" - [eff dx. (5.67)
(l‘”—l) + Gm

In order to improve the readability, a factor K3 is defined:

Lcn
SAIED (w) kg -T-q° - Atun - N{ : /
Igs Qsp Wen,eft - L (f/l HZ)‘T 1Hz

ks T ¢® Arun - N{

K = 5.68
! QSp . Wch,eff . Lgh . (f/l HZ)U -1Hz ( )
and with this, Eq. (5.67) is written as
Lcn 2

SAIZD (w) 1 N

— =K - ——— +a" - pest | dz. (5.69)
I Fr0a T dm
ds B+«

In order to solve this equation, the integration variable needs to be changed so that an integration
over the charges rather than the channel length is conducted. A similar substitution is already
incorporated for the modeling approach of the total charges in Eq. (4.7). This substitution
approach is used again but instead of & the original « is taken. Furthermore, the de-coupling of

the sub-threshold swing from the power-law mobility is included by multiplying a by (8 + 1):

ch,eff * e T in
dp = — Webeft - lefi (5+1).a.k3 _|_Q/ Q. (5.70)
Ids q CVdiel
However, before this equation can be used in the noise model the normalizations have to be
performed:
Wch eff * Heff kT Qsp *gm
de = ——————— - +1)-a-— + ——— | - Qsp - dgm 5.71
Isp *lds ((ﬁ ) q CVéliel Q ’ ¢ ( )
where the definitions of Qsp and Iy, are inserted according to Eq. (5.10) and Eq. (5.14),
respectively:
de — — Wch eff * Weff

Lot - (,8 + 1)2 a2 - (kBT) Cclhcl Weh,eft . ids

Lcn

kT (B+1)-a- L. Cly - gm kT
X<(5+1)0" 2 + C/q = B+ L 'C(/iiel'dqm
q diel q

(5.72)
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which after several simplification steps leads to

Lch

dr = ——
1ds

(14 gm) - dgm. (5.73)

This equation is now substituted in Eq. (5.69) and the limits of integration are changed to gs

and gq so that a charge-based integral results:

g () a4 2
2
Ao g / (1 e ,Neﬁ> , fCh (1 + gm) - dgmn. (5.74)

2 1
Ids B o + gm ds

gs

A factor K3 is defined in order to again improve the readability:

— kB.T'q2')\Tun'Ntl
Q% - Wenerr - Len - (f/1Hz)” - 1Hz

Ky=—Len Ki = (5.75)

which then allows for a slightly easier way of writing Eq. (5.74):

S () 44 2
2
Allp _ K> . / (1 +a* 'ﬂeff> (14 gm) - dgm.- (5.76)

Igs ids 4(/34»11)‘& + qm

Carrying out the integration using Wolfram Alpha [86] leads to:

Sa, @) Ky (1 20 per-((B+1)-a-DY | (144D 0 q
I3, das B+1)-a 1+ (B+1)-a-g

1 1
+(1(5+1)‘a)'(1+(ﬂ+1)-a~Qd1+(ﬁ+1)'a'qs>

1 * *
ty (0 )’ (@42 00— ~2-¢) +2-0 'Mcﬁ”'(Qd*qs)). (5.77)

Please note that in this equation, @ and o* appear. These two quantities may not be confused
with each other. « is the slope degradation factor with respect to an ideal slope of ~ 60 mV /dec
at room temperature while a* = —Qsp - ac is a parameter related to the Coulomb scattering
coefficient. The benefit of Eq. (5.77) is that it is a fully charge-based model incorporating only

a small number of fitting parameters.

5.4.4 Modeling of Bulk Mobility Fluctuations

In Sec. 5.3, it has been revealed that the dominant noise mechanism in the transistors under
investigation is the fluctuation of the charge-carrier number. However, in order to provide a full
picture, a model describing the bulk mobility fluctuations of organic TFTs is derived, as well.
The starting point for the compact model is the same as for the model of the charge-carrier-
number fluctuations: the integral that sums up the contributions of the local noise sources

along the channel incorporating the long-channel simplification. This equation is Eq. (5.39)
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but divided by the drain current squared which leads to Eq. (5.65). For a better readability of

this work, this equation is presented here again:

Len

SAI;]]; (w) _ LLQ . / Az - 5}5213 (w,x) i (5.78)
ds ch ds

The difference between the carrier-number fluctuation model and the fluctuation of the bulk
mobility is the PSD of the local noise sources. Whereas in the carrier-number fluctuation model,
the local PSD was derived based on the trapping and de-trapping of charge carriers inducing a
correlated mobility fluctuation in the bulk-mobility fluctuation model, the local PSD is given

by the empirical Hooge model [39]:

5613 _ aH - ¢
12, " Wenet - A% - Qin() - (f/1Hz)° - 1Hz

(5.79)

where ag is the empirical Hooge parameter. Originally, the frequency is only contained with
an exponent of ¢ = 1 but in order to reproduce the results of measured devices which may
exhibit frequency slopes slightly different from unity, o is defined as a fitting parameter. The
local PSD is now inserted into Eq. (5.78) which leads to:

Len

Sa, @) 1 / Az-on g (5.80)

B T3] W Ao Qu(e) (f/THA) - 1Hy |
0

which can be rearranged to

Lecn
Saez (w) .
- R a4 / L. (5.81)
15, L3, - Wenert - (f/1Hz)7 - 1 Hz Qi (z)
0

Now, the same procedure as for the carrier-number fluctuations is used: The charge density
Q% () is normalized according to Eq. (5.11) and the integration variable is changed to gm by
applying the substitution according to Eq. (5.73) which leads to:

qd

Sae (w) B an - q / 1 —Len

Igs B Lgh . Wch,eﬂ . (f/l HZ)U -1Hz '

ds

- 1+ gm) dgm. 5.82
qm * Qsp 1ds ( ) ( )

After some rearrangements, this leads to:

44

SA12 (w) ay - 1 1
nD H'q

=— — [ [ —+1) dgu. 5.83
Ic215 Len - Wenefr - (f/l I’IZ)J -1Hz - Qsp  tas / <qm > q ( )

ds
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In order to improve the readability of this equation, a factor K3 is defined as follows:

aH - q
Len - Wenyet - (f/1Hz)? - 1Hz - Qgp

K3 =— (5.84)

With this definition and after carrying out the simple integration in Eq. (5.83), the final result

SA12 (["’) K
nD 3 qd
Igs ids ( n <qs ) i g ) (5 85)

is obtained:
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CHAPTER 6

Model Verification and Discussion

6.1 Introductory Information

This chapter is dedicated to the verification of the models presented in the previous chapters.
The chapter is organized as follows: First, the extension to the DC model incorporating
fringe currents is verified for staggered transistors by means of a TCAD Sentaurus simulation.
Subsequently, the quasistatic capacitance models are verified with respect to TCAD Sentaurus
simulations and measurements of staggered long-channel transistors. The next step is the
verification of a simple circuit simulation of staggered transistors incorporating the quasistatic
capacitance model. After the verification of the staggered geometry, coplanar transistors are
investigated. For this architecture, only TCAD simulations of the quasistatic capacitances are

available.

During the verification, several issues of the compact model will be revealed: the equations
presented so far are only valid for a quasistatic operation of the model and furthermore,
transistors with high contact resistances (which are the transistors comprising shorter channel
lengths) cannot be described properly by the model. This will eventually lead to extensions of
the model which will be explained and verified in Chap. 7.

The last step of this chapter is the verification of the noise model. The compact model will be

verified with respect to measurements an TCAD simulation results.

6.2 Fringe Current Model

In this section, the fringe current model presented in Chap. 2 is verified by means of a TCAD
Sentaurus simulation. To start with, the TCAD simulation setup is introduced. Different
transistors were simulated and their corresponding parameters are listed in Tab. 6.1 where

Xosc is the electron affinity of the organic semiconductor, Eg is the band gap of the organic

91
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Table 6.1.: Parameters of TCAD simulations of staggered transistors. Column (a) corre-
sponds to the 2D simulation of a staggered OTFT using a standard square-root DOS. Column
(b) corresponds to the 2D simulation of a staggered OTFT using a Gaussian DOS. Column (c)
corresponds to a 3D simulation of a staggered OTFT consisting of one source/drain finger. Col-
umn (d) corresponds to a 3D simulation of a staggered OTFT consisting of two source/drain

fingers.

TCAD Param. (a) 2D sqrt. | (b) 2D Gauss. | (c) 3D single | (d) 3D double
Xosc[€V] 1.81 1.81 1.81 1.81
Eg[eV] 3.38 3.38 3.38 3.38

pnfem? VTlsT1 1 1 1e-10 1e-10
pplem? Vsl 1 1 1 1
Er0sc[—] 3 3 3 3
&r diel[—] 3.9 3.9 3.9 3.9
B gleV] 41 41 41 41
BrmsaleV] 5.19 5.19 5 5
Len[nm] 200 200 20 20
Weontaee[110] 1 1 1 1
Loy,cs[nm] 10 10 5 5
Lov,cp[nm] 10 10 5 5
tdiel[nm] 5.3 5.3 5.3 5.3
tose[nm] 25 25 25 25
Woyi [pm] 0 0 variable variable
Niing[—] 1 1 1 2
diing [nm] - - - variable

semiconductor, un and pp, are the mobilities for electrons and holes, €y osc is the relative
dielectric permittivity of the depleted organic semiconductor, €; qgie1 is the relative dielectric
permittivity of the gate dielectric, @m ¢ is the work function of the gate metal, @m sq is the work
function of the source/drain electrode metal, Lqy, is the channel length, Weontact is the width of
one source/drain contact, Lov,gs and Lov,gp are the gate-to-source and gate-to-drain overlap
lengths, taiel is the gate dielectric thickness, tosc is the thickness of the organic-semiconductor
layer, wovi is the fringe width beyond the first and the last finger in case of a 3D simulation,

Nng is the number of parallel source/drain fingers, and dsng is the distance between two fingers.

In order to simulate the fringe effects, a 3D simulation was necessary. Such a simulation
imposes a high computational load on the computer on which the simulation is executed and
the probability of getting convergent results is smaller than for a 2D simulation. Therefore,
the simulation was kept as simple as possible. As explained in Chap. 2, DOS in organic
semiconductors is assumed to be Gaussian-shaped. However, it turned out that setting up
a Gaussian DOS for a 3D simulation leads to a quite unstable behavior of the simulator.

Therefore, a standard square-root DOS is assumed. In Fig. 6.1, the simulated transfer curves
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of three 2D simulations are shown where one simulation exhibits a standard square-root DOS
and the other two exhibit Gaussian densities of states with different standard deviations and
shifts of the center position of the DOS. Apart from the differences in the DOS, the three
2D simulations use the same simulation setup as listed in Tab. 6.1. It can be seen that for

high absolute values of Vg the three curves look very similar. However, the steepnesses of

8 5 T

! 110710

6 p
— 5 @ 110-12 —
24 ° —%
S ° 114 S
< gl o quon=

o
2 + — Sqrt. % iy
1L " ODOS = 0.05 eV % 110
o opos = 0.1eV (o
0 . =Yy 1018
-4 -3 -2 -1 0
Ves[V]

Figure 6.1.: Transfer curves of a staggered OTFT as simulated by Sentaurus TCAD at

Vis = —1V. All important settings of the simulations are equal and listed in Tab. 6.1. The
only difference is that for one transistor a standard square-root DOS with an effective hole
density of Ny = 1 x 102! cm~3 has been used (solid red line) whereas for the other transistors,
Gaussian-distributed densities of states with different standard deviations are assumed. The
total number of Ny pos = 1 X 1021 cm~3 is equal for both transistors. A standard deviation
of opog = 0.05€V, and a center position of Eg pos = Ev — 0.05€V is used (blue dotted
line). For the other transistor, a standard deviation of ocpos = 0.1€V, and a center position
of Eg pos = Ev — 0.1eV i used (green circles). The currents are plotted both in linear and
logarithmic scale. For high absolute values of Vs, the curves are very similar except for slightly
different steepnesses. For Vs values close to zero, the curve where opog is large exhibits a
longer transition from the sub-threshold to the above-threshold regime.

the curves becomes slightly smaller for higher opos. The differences between the curves are
more pronounced in the transition regime from sub-threshold to above-threshold. Whereas
the simulation with opos = 0.05€V is almost perfectly aligned with the simulation using a
standard square-root DOS, the curve with opos = 0.1€V deviates from that. It seems as if the
threshold voltage of the curve is shifted closer to zero. However, this is in contradiction to the
fact that in the above-threshold regime the curve is almost aligned with the other two curves.
An extraction of the threshold voltage based on the on-state current would not lead to such a
pronounced shift as the curves exhibit in the sub-threshold regime. The DC compact model
can also be used to fit the simulation with opos = 0.1 eV by assuming a threshold voltage such
that the sub-threshold curves match and then adjusting the on-state characteristics using the
power-law mobility model. Based on these observations, the usage of a square-root DOS for
the complex 3D simulations is justified because the basic results will not be diminished by

this assumption. Furthermore, in the literature it is described that organic transistors with
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long channels often adhere to a more crystalline-like behavior which effectively means that
the exponent of the power-law mobility can be set to values close to zero [28]. Thus, for the
verification of long-channel transistors, the influence of the Gaussian DOS on the current-voltage

characteristics will be of minor importance.
140
120 Woyl = 05 1;5; 10 pm

— Model
o TCAD

100

_Ids [HA]
S &

40 Vie =—0.1V

-4 -3 -2 -1 0
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Figure 6.2.: Transfer curves of a staggered OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vgs = —0.1V (blue symbols) in comparison to the compact model (solid red
lines). The transistor consists of one source/drain finger and a varying overlap width wey be-
yond the finger. The compact model is fitted to the different overlap widths only by a variation
of 85¢. The parameters of the simulation are listed in column (c) of Tab. 6.1. The mobility in
the compact model is set to x = 0.93cm2V~~1s~1 with 8 = 0. This picture was published in
ref. [54] and was slightly modified.
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Figure 6.3.: Transfer curves of a staggered OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vgs = —0.1V (blue symbols) in comparison to the compact model (solid red
lines). This figure shows the same as Fig. 6.2 but the current is plotted in logarithmic scale.
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Figure 6.4.: Drain current of a staggered OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vgs = —0.1V (red circles) and at Vgs = —1V (green triangles). In every
simulation, Vgs = —4 V. The transistor consists of one source/drain finger and a varying over-
lap width wey] beyond the finger. The current is normalized with respect to the current of a
transistor with wesy] = 0 pm for each of the two drain-source voltages. For each wyy1, a value for
the fitting parameter dg¢ is determined by the compact model. These extracted values are plot-
ted (blue squares). Since dgy is bias-independent the same values for both drain-source voltages
are valid. The parameters of the simulation are listed in column (c) of Tab. 6.1. This figure was
published in ref. [54] and was slightly modified.

After this evaluation, it will be proceeded with the fringe current model. Due to the massive
amount of time that the 3D simulations need only transfer curves have been simulated. The
fringe current model was investigated by means of the following simulations: A transistor with
one finger of width Weontact comprising a variable fringe width wey1 ranging between 0pm

and 50 pm was simulated. This fringe width is symmetrically present to both sides of the

source/drain finger. The fitting process is conducted as follows:

1. The DC model is fitted to the transistor where woy1 = 0 pm. From this, the mobility, the
threshold voltage and the sub-threshold swing are extracted.

2. A simulation where weoy1 # 0pm is taken. The correct wey is entered in the model
parameters while all other fitting parameters are kept to the values extracted in point 1.
Only the fitting parameter dg¢ is used in order to manually adjust the current so that

model and simulation agree.

3. Step 2 is repeated for every simulated woy1 and the resulting values are noted down.
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As explained in Chap. 2, the fringe model is an empirical approach. The consequence is that
the parameter d5, cannot be calculated analytically but serves as a fitting parameter. There
might arise the question why such a model is used whereas the effect of the fringe currents
could simply be captured by a higher mobility such as described in ref. [60]. The reason
why the fringe current model is used is that the parameter ds; does not have an influence
on the model for the total charges and capacitances, as explained in Chap. 4. However,
the exact geometry of the transistor consisting of all intrinsic channel regions and extrinsic
regions is necessary. This information would be lost if the fringe regions were ignored in
the model equations. In Fig. 6.2, the compact model is shown in comparison to the results
of a 3D TCAD simulation of a transistor comprising one source/drain finger with varying
fringe widths woyvi. Figure 6.3 shows the same but here the current is plotted in logarith-
mic scale. The compact model is fitted according to the procedure explained above by only

adjusting the fitting parameter dg¢ in order to capture the current for the different fringe widths.

As can be seen in Figs. 6.2 and 6.3, the empirical model agrees well with the TCAD simulations.
This proves that the model assumption of an effective channel width Wey o is sufficient to
capture the effect of current spreading. Please note that in the TCAD simulation setup a
small Schottky barrier between the source electrode and the organic semiconductor is present.
The effect of a Schottky barrier lowering is not taken into account in the simulation. Hence,
the reversely operated Schottky barrier at the source behaves similar as an Ohmic contact
resistance. This contact resistance is the reason why the mobility in the compact model is set

to a value which is slightly smaller than the value which is set in the TCAD simulation.

Figure 6.4 shows the drain currents of the 3D TCAD simulation of the staggered single-finger
OTEFT versus the overlap width wey1. The currents are probed at one gate-source voltage and
at two drain-source voltages. Furthermore, the current is normalized with respect to the current
of a transistor without any fringe regions (wovi = 0 pm) at each of the two drain-source voltages.
It is clearly visible that the current spreading is independent of the chosen drain-source voltage
since in both cases the normalized current is the same. Furthermore, the plot shows the
extracted dg¢ which is needed in order to fit the compact model to the simulated data. Since
the current spreading is independent of the drain-source voltages, ds¢, is the same for both Vys.
Furthermore, it can be verified that the current spreading is also independent of the gate-source
voltage. In Fig. 6.5, the current vectors of a 3D staggered transistor are shown in a fringe region
for two different gate-source voltages. The current vectors are probed in a cutplane in the
organic semiconductor close to the gate-dielectric interface, as indicated in Fig. 6.5(c). It can
be seen that due to the increased gate-source voltage the length of the current vectors increases
which results in a higher current (as usual when Vg is increased). However, the direction of
the vectors is not altered due to the higher voltage. This proves that the paths that charge
carriers travel in the fringe region are independent of the gate-source voltage. From the observa-

tions presented so far, it can be concluded that the current spreading is entirely bias-independent.
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Figure 6.5.: Electric field vectors in a fringe region in a small cutplane close to the interface
between OSC and the gate dielectric of a single-finger staggered OTFT. The simulation has
been carried out with Sentaurus TCAD. The parameters of the simulation are listed in column
(c) of Tab. 6.1. (a) Vgs =—1.333V and (b) Vgs =—4V. The drain voltage is Vgs=—1V in (a)
and (b). In (c), the location of the probed cutplane is depicted. For both gate voltages, the
arrows point in the same directions but their lengths are different. This shows that a higher
gate bias does not influence the orientation of the field lines. The two pictures in (a) and (b)
were published in ref. [54].

The verification presented so far only covers transistors comprising one single source/drain
finger and fringe regions next to this finger. However, in the fringe model presented in Chap. 2,
it is postulated that the model is also applicable to multi-finger transistors. In Fig. 6.6, the
results of a 3D TCAD simulation of a staggered transistor comprising two source/drain fingers
are shown. The current is normalized with respect to a transistor with no distance between the
fingers (dgng = Opm) and no fringe regions beyond the first and the last finger (wov1 = Opm).
Just as for the transistor comprising one single finger, the compact model is fitted to the TCAD
simulation of this two-finger transistor by only adapting the parameter dz;. The extracted
values for g5 are also plotted. By comparing Fig. 6.6 to Fig. 6.4, it can be seen that the

two-finger transistor behaves similarly as the single-finger transistor.
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Figure 6.6.: Drain current of a staggered OTFT as simulated in a 3D simulation by Sentau-
rus TCAD at the operation point Vgs = —0.1V and Vgs = —4 V. The current is normalized
with respect to the current of a transistor with wey,1 = dfng = Opm. The transistor consists of
two source/drain fingers with a varying distance dg,g between the fingers and a varying overlap
width wey1 beyond the first finger and the last finger. dgng and wey are varied simultaneously
in this simulation. For each wyy1, a value for the fitting parameter dg¢ is determined by the
compact model. These extracted values are plotted (blue squares). The parameters of the sim-
ulation are listed in column (d) of Tab. 6.1. This picture was published in ref. [54] and was
slightly modified.

6.3 Quasistatic Capacitances

6.3.1 Introductory Information

In this section, the quasistatic capacitance model is verified with respect to both coplanar and
staggered architectures. The staggered transistors are verified by the measured quasistatic
capacitances presented by Zaki et al. in ref. [40] and by Sentaurus TCAD simulation results.
For the verification of the coplanar architecture, only simulations are available. In Chap. 4,
a compact model for the calculation of the total charges in organic transistors is presented.
More precisely speaking, the model analytically calculates the total amount of charge Q). which
is stored in the channel region of the transistor and it applies the Ward-Dutton partitioning
scheme [65] allowing for a calculation of the charges Qs and Qq which are under control by
the source and drain terminal, respectively. Furthermore, the charges which are stored in the
gate-to-contact overlap regions and fringe areas are calculated and added to the corresponding
intrinsic charges. However, when transistors are characterized, usually the capacitances are
measured and plotted [38]. In principle, the equations for the total charges (Egs. (A.1), (A.2),
and (A.3) in the Appendix) could be derived with respect to the terminal voltages. However, the
results would be rather large equations. Furthermore, for an implementation in the hardware
description language Verilog-A, only equations for the total charges are needed. Therefore, the

analytical derivation of the charge equations with respect to the voltages is circumvented by a
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numerical approximation of the capacitances. Please recall that the capacitance Cj; where 4,5

represent the drain, source, or gate terminals can be calculated according to Eq. (3.16) as

Qi i i
_8(\%- ? 75.] ] = g,S,d

Cii = 5 (6.1)
Qi ..
3\/j 9 1= .7
If, for example, the capacitance Csg has to be calculated, it is defined as
0Qs
Cog = — . 6.2

The charge Qs is dependent on the three terminal potentials V;, Vi and V. As a numerical
approximation, the gate potential is altered by a certain amount around its DC value and the
source charge is calculated in both cases. Then, the difference of these charges is divided by

the voltage change:

Qs(vg + 05 . A‘/capy ‘/57 Vd) - Qs(‘/g - 05 ° A‘/capa ‘/s, Vd)
A‘/cap

Ceog ~ — . (6.3)
Provided that AVeap is sufficiently small (e.g. 1 mV), this approximation is very precise. For
the verification of the compact model, this procedure is used in order to calculate the nine

capacitances.

6.3.2 Staggered Transistors

In this section, the verification for staggered transistors is presented. Since the quasistatic
charge and capacitance model is dependent on the underlying compact DC model, the first
step is a fitting of the DC curves. Subsequently, the capacitances can be verified without the
need of tuning other parameters. The model will be verified with respect to TCAD simulation
data and measurements. In this section, only long-channel transistors with negligible contact

resistances are regarded.

6.3.2.1 TCAD Simulations

2D and 3D Sentaurus TCAD simulations were conducted for transistors with different geometries.
In order to obtain quasistatic capacitances, the frequency of the AC analysis was set to a very
low value of f = 0.01 Hz.

2D simulation with a long channel

First, the fitting of the DC model is shown. In Fig. 6.7, the transfer curves as a result of a 2D
TCAD simulation of a long-channel transistor (Lcn = 200 um) are compared to the compact
model. The parameters of the TCAD simulation setup and the chosen parameter values for
the compact model are listed in column (a) of Tab. 6.2. Figure 6.8 shows the corresponding

transconductances of the same simulation. Finally, Fig. 6.9 shows the output curves of the
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Table 6.2.: Parameters of TCAD simulations of staggered OTFTs and fitting parameters of
the compact model. (a) 2D simulation of a long-channel transistor. (b) 2D simulation of a
transistor with a shorter channel. (¢) 3D simulation of a transistor comprising one source/drain
electrode. (d) 3D simulation of a transistor consisting of two drain/source electrodes. For (a)
and (b), a Gaussian DOS with a total number of Ny pos = 1 X 102! cm—3, a standard deviation
of opog = 0.05€V, and a center position of Eg pos = Eyv — 0.05¢€V is used. For (c) and (d), a
square-root DOS with an effective hole density of Ny = 1 x 10%! cm ™3 is used.

TCAD Param. (a) 2D long | (b) 2D short | (c) 3D single | (d) 3D double
Xosc[€V] 1.81 1.81 1.81 1.81
EgleV] 3.38 3.38 3.38 3.38

pnfem? VTlsT1 1 1 le-10 le-10
pplem? V=lsT1 1 1 1 1
Erosc[—] 3 3 3 3
&r diel[—] 3.9 3.9 3.9 3.9
B gleV] 4.1 4.1 4.1 4.1
B sd[€V] 5.19 5.19 5 5
Len[nm] 200 20 20 20
Weontact [nm)] 1 1 1 1
Lov,cs[nm] 10 10 5 5
Loy,cp[pm] 10 10 5 5
tdiel[nm)] 5.3 5.3 5.3 5.3
Losc[nm)] 25 25 25 25
Woyl [pm] 0 0 variable variable
Neing[—] 1 1 1 2
dfing [nm] - - - variable
Compact Param.

Sobs[MV /dec] 60 60 60 60

Vo[ V] -0.86 -0.86 -0.86 -0.86

klem2V—A—1s71) 0.9 0.91 0.93 0.93
Bl-] 0.035 0.04 0 0
AV 0 8e-3 0 0

same simulation. As can be seen, the overall agreement is good which was to be expected since
the transistor has a long channel and the basic DC model in ref. [36] is proven to reproduce

the characteristics of long-channel transistors with good accuracy.

Figures 6.10, 6.11 and 6.12 show the results of the quasistatic capacitances. Again, the
TCAD simulation is compared to the compact model. The capacitances are numerically calcu-
lated in the compact model using a voltage difference of AViap = 1 mV. The plots prove that
there is a good overall agreement between the compact model and the TCAD simulation results.

As explained in Chap. 3, a transistor comprising three terminals (gate, source and drain) has
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Figure 6.7.: Transfer curves of a staggered OTFT as simulated in a 2D simulation by Sen-
taurus TCAD (blue circles) at Vg = —0.1V and at Vg = —1V in comparison to the compact
model (solid red lines). The transistor has a channel length of L¢, = 200 pm. A Gaussian DOS
with a total number of Ny pos = 1 x 102! cm—3, a standard deviation of opog = 0.05¢€V,
and a center position of Ey pos = Ev — 0.05eV is used. The TCAD simulation setup and the
parameters of the compact model are depicted in column (a) of Tab. 6.2.

nine capacitances (Eq. (3.19)). However, due to the charge conservation principle some of
these capacitances are dependent on each other. With the knowledge of only six of the nine
capacitances, the remaining three capacitances can be calculated. Therefore, in the following
only the trans-capacitances where the two indices are different will be plotted. However, for
the sake of completeness, in Fig. 6.11 the three self-capacitances (i.e. the capacitances where

the two indices are equal) are shown.

In Fig. 6.10, it becomes evident that the capacitances Cgs, Cga, Csg and Cqg are a little bit too
steep in the voltage range —2V < Vg < —1V but the overall agreement is very good. The
transistor under investigation here has a comparatively long channel length of L., = 200 pm
and in comparison to that small gate-to-contact overlap lengths of Lov.gs = Lov,ap = 10 pm.
Consequently, a larger amount of charge is stored in the intrinsic carrier channel in comparison
to the charges in the overlap regions. Therefore, the overall capacitive behavior of that transistor

is dominated by the intrinsic carrier channel.

The simulated capacitances agree with the results that can be expected from theory [38] and
they will briefly be discussed in the following. To start with, the quasistatic capacitances as
plotted versus the gate-source voltage Vgs (Fig. 6.10) are observed. In order to simplify the
discussion, the absolute values of the capacitances are referred to. At gate-source voltages close
to zero, the transistor is turned off and the organic semiconductor is operated in depletion,

i.e. there is no remarkable amount of accumulated charge carriers. Hence, even a change in
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Figure 6.8.: Transconductance of the Sentaurus TCAD simulation (blue circles) in compar-
ison to the compact model (solid red lines). These are the results of the same simulation and
compact model setup as in Fig. 6.7.
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Figure 6.9.: Output curves of the Sentaurus TCAD simulation (blue circles) in comparison to
the compact model (solid red lines) at different gate-source voltages as indicated in the figure.
These are the results of the same simulation and compact model setup as in Fig. 6.7.

the surface potential does not lead to a notable change in the density of charge carriers, either.
Consequently, the capacitances are nearly zero in this region. Only extrinsic capacitances are
of importance then. However, as explained before, the extrinsic components (which are the

overlap capacitances) are small in comparison to the intrinsic channel capacitances.
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Figure 6.10.: Quasistatic trans-capacitances of a staggered OTFT with L., = 200 pm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.7. The capacitances are plotted versus Vgs at a fixed drain voltage of Vgs = —1V.

If the absolute value of Vs becomes greater, charges are accumulated in the organic semicon-
ductor and a conductive channel is formed. The transistor leaves the sub-threshold regime
and transits to the on-state. The drain-source voltage is Vqs = —1V in this simulation. Please
recall that the condition for a p-type transistor to be operated in the saturation regime of
operation is the following [5]:

Vas < (Vgs — Vo) - (6.4)

Looking at the voltages in Fig. 6.10, it can be concluded that the transistor is operated in
the saturation regime approximately in the range —2V < Vg < —1V. It can be observed
that the capacitance Cgq is still zero in this region whereas Cgs quickly reaches its maximum
absolute value. This makes sense from the perspective that Cgq is the amount of charges at
the gate which is altered due to a change in the drain potential. If a transistor is operated
in saturation, the carrier-channel is pinched off somewhere in the channel before the drain
electrode [39]. It is known that then, a change in Vis does not lead to a further change in the
current of the transistor which becomes visible in the output characteristics of a transistor at
high absolute values of Vis. There may occur short-channel effects such as a channel-length
modulation [5] but they are neglected here. Similarly as the drain current is not under con-
trol of the drain terminal in this operation regime, the total charges in the device are not
under control of the drain, either. In other words: A change in the drain potential does not
change the amount of charges in the carrier channel. Since the charges are entirely under
control of the source terminal the capacitance Cgs has its maximum value in the saturation
regime of operation. Furthermore, it becomes evident that in the saturation regime of opera-

tion, the capacitances are non-reciprocal. For instance, Cygs has a larger absolute value than Cig.
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Figure 6.11.: Quasistatic self-capacitances of a staggered OTFT with L., = 200 pm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.7. The capacitances are plotted versus Vgs at a fixed drain voltage of Vgg = —1V.

With the absolute value of Vs further increasing beyond 2 V, the saturation regime of operation
is left and the transistor enters the linear regime. In this regime, the channel is no longer
pinched off before the drain electrode. Due to the influence of Vys, there is still a gradient
of the charge-carrier density in the channel. This is reflected in Fig. 6.10 by the fact that
still Cgs is larger than Cgqa. A change in the drain potential obviously does not alter the
amount of total charges in the transistor as much as a change in the source potential does.
If Vs eventually becomes much larger than Vys, the charges in the channel are nearly evenly
distributed along the channel. In this operation regime, the total charges in the transistor are
altered almost equally by a change in the drain potential or the source potential which can be
seen in Fig. 6.10: The four capacitances Cgs, Csg, Cea and Cgg all converge to the same value.
The trans-capacitances now show a nearly reciprocal behavior. According to the theory [38],
the maximum capacitance that occurs in a transistor without extrinsic capacitances is the gate
dielectric capacitance. When operated in the completely linear regime of operation, the four
aforementioned capacitances then converge to Cg;e; - Wen,g - Len/2. This can easily be proven
by a comparison to the setup values: According to column (a) of Tab. 6.2 and with the help
of the electric field constant g, the absolute value of the gate dielectric capacitance can be
calculated as

€0 * €r,diel

Cliel - Wen,g + Len = “Wen,G * Len (6.5)

tdiel
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Figure 6.12.: Quasistatic trans-capacitances of a staggered OTFT with L., = 200 pm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.7. The capacitances are plotted versus Vg5 at a fixed gate voltage of Vgs = =3 V.

where the specific values for that transistor can be entered. Since there are no fringe regions in

this 2D simulation it can be said that Wen,g = Wen,sp:

8.854188 x 1072 AsV~'m~1.39
53x1079m

+1x107%m-200 x 107 m = 1.303 pF.
(6.6)
It can be verified by Fig. 6.10 that the four capacitances Cgs, Csg, Cga and Cyg really converge

!
Caiel - Wen,g - Len =

to the half of this value. It shall be emphasized again that the extrinsic gate-to-contact overlap
capacitances have to be added to these intrinsic capacitances. However, as mentioned before,

the extrinsic part is small in comparison to the intrinsic part in this transistor.

An interesting conclusion from Fig. 6.10 is that the capacitances are non-reciprocal, as outlined
above. Especially in the saturation regime of operation, there are huge differences between the
three pairs of trans-capacitances. Only in case of a completely linear point of operation, the
trans-capacitances show a reciprocal behavior. This proves that the Meyer model [87] assuming
the capacitances as lumped elements and thus neglecting any non-reciprocity is not sufficient
for a proper AC characterization of long-channel OTFTs. The discussion of the capacitances
also holds true for the plot of the trans-capacitances versus Vis (Fig. 6.12). At the chosen
gate-source voltage of Vzs = —3V, the transistor is operated in the linear regime in the range
—2V < Vg <0V. It can be seen that for Vis converging to zero the four capacitances Cigs,
Csg, Cga and Cygg tend to the same value. If the transistor is operated in saturation, the drain
potential does not have any control over the charges, which can be proven by the fact that

both capacitances with "d" as the second index converge to zero.
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2D simulation with a shorter channel

As explained above, the transistor with a long channel and in comparison to that small gate-to-
contact overlap lengths is dominated by its intrinsic channel capacitances. However, organic
transistors fabricated for a high-frequency operation are usually scaled down with respect
to their channel length. Furthermore, the gate-to-contact overlap lengths are often process-

related and in case of staggered transistors, they are important for the current injection [59].

Therefore, even with a tremendous down-scaling of the channel length, the gate-to-contact

50

Ves[V]

Figure 6.13.: Quasistatic trans-capacitances of a staggered OTFT with L., = 20 pm. 2D Sen-
taurus TCAD simulation results (dashed lines) are shown in comparison to the compact model
(solid lines). The capacitances are plotted versus Vg at a fixed drain voltage of Vgs = —1V.
The TCAD simulation setup and the fitting parameters of the compact model are depicted in
column (b) of Tab. 6.2.

overlap lengths cannot be reduced beyond certain limits. Organic transistors for high-frequency
operation which are reported in the literature often have gate-to-contact overlap lengths which
are in the same order of magnitude as the channel lengths or even larger than the channel
length [13, 43, 59, 88, 89]. Consequently, the gate-to-contact-overlap capacitances will become
very important in comparison to the intrinsic channel capacitances, as was outlined in ref. [55].
In order to verify the correct implementation, a transistor with a shorter channel length of
L¢n = 20 pm and comparatively large gate-to-contact overlaps of Lov,gs = Lov,gp = 10 pm is
simulated in Sentaurus TCAD. The fitting procedure of this transistor is the same as for the
transistor with the longer channel presented in the section before. The DC fitting will not be

shown here.

Figures 6.13 and 6.14 show the quasistatic trans-capacitances of the transistor plotted versus
Ves and Vgs. The results are similar to those of the transistor with the longer channel length but
they will be discussed briefly. Again, the absolute values of the capacitances will be referred to.
In Fig. 6.13, it can be observed that in the off-state (—1V < Vs < 0V) the four capacitances
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Figure 6.14.: Quasistatic trans-capacitances of a staggered OTFT with L., = 20num. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.13. The capacitances are plotted versus Vys at a fixed gate voltage of Vgs = —3 V.

Cgs, Csg, Cga and Cyg do not converge to zero but to a value larger than that. Since the
organic semiconductor is operated in depletion it behaves like an insulator with a certain
dielectric permittivity. The gate-to-contact overlap region then behaves as a series connection
of the gate dielectric and the depleted organic semiconductor. With the transistor transiting
to the saturation regime of operation (—2V < Vs < —1V), the capacitance Cgq remains at
its constant value whereas Cygs rapidly increases. Finally, the four capacitances Cgs, Csg, Cga
and Cgg converge to the same value in the very linear regime of operation. Since the organic
semiconductor is operated completely in accumulation the gate dielectric capacitance is the
only capacitance that can be measured then. However, which is quite important: The area in
the gate-to-contact overlap regions has to be taken into account because here the charges are

accumulated as well.

It can be seen that the overall agreement between the TCAD-simulated capacitances and the

compact model is good but the deviations are higher in comparison to the long-channel transistor.

3D Simulation with one Finger

The verification of the fringe current model has already been shown above. In this section, the
capacitance model is shown at the basis of the capacitance Cgs. The quasistatic capacitances
of the transistor comprising different fringe widths weyv1 were simulated at two different Vis.
The fitting procedure for the capacitance model is the same as for the 2D transistors. First, a
proper DC fitting is performed. In Fig. 6.4, the value for the fringe-current fitting parameter

that is used for each of the overlap widths is depicted. As outlined before, ds; does not
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have an influence on the quasistatic capacitances since it effectively cancels out in the final
charge equations. Figures 6.15 and 6.16 show the capacitance Cgs as simulated in a 3D TCAD
simulation in comparison to the compact model for varying overlap widths wevi. As can be seen,
a good overall agreement is achievable. This proves that the equations for the total charges
really have to be calculated based on the total gate width (Wen,c) and not only on the width
of the electrodes (Wen,sp).
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Figure 6.15.: Quasistatic capacitance Cgs of a staggered single-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wyy is varied. The capacitances are plotted versus Vgs at a
fixed drain voltage of Vg3 = —0.1V. The channel length is Lc, = 20 pm. The TCAD simulation
setup and the fitting parameters of the compact model are depicted in column (c) of Tab. 6.2.
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Figure 6.16.: Quasistatic capacitance Cgs of a staggered single-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wyy) is varied. The capacitances are plotted versus Vgs at a
fixed drain voltage of Vgs = —1V. These results correspond to the results depicted in Fig. 6.15.
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In Fig. 6.16, it is observable that at high V4s the compact model slightly underestimates the
capacitance Cgs if the fringe width is large. This inaccuracy is attributed to a simplification
in the compact model. Observing the plot where the charge distribution in a cutplane of a
staggered OTFT is shown (Fig. 4.2), it can be concluded that in the electrode regions (i.e. the
regions next to the gate-to-contact-overlap regions) the charge density is in part dependent on
the z position. For reasons of simplicity, in the compact model the charge density is assumed
constant for every z position in the whole gate plane. Whereas this assumption may hold true
in the channel region, it is not completely correct in the electrode region. If wey is short, the
z dependence of the charge density in the electrode regions is not pronounced. However, for
large wov1, a more sophisticated approach for the calculation of the spatial distribution of the
charges around the electrodes could be developed. Anyway, the agreement shown in Fig. 6.16

is regarded as sufficient.

3D Simulation with two Fingers

Similarly as the simulation of a transistor comprising one single source/drain finger and fringe
regions next to it, the simulation of a transistor consisting of two source/drain fingers with
fringe regions between them and beyond the first and the second finger has been fitted by the
compact model. As shown in Sec. 6.2, the fringe current model works properly also for this
architecture by assuming the two fingers as a parallel connection of two independent fingers.
As shown in Fig. 6.6, the parameter ds; can be used to fit the current of the compact model to
the TCAD-simulated current.
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Figure 6.17.: Quasistatic capacitance Cgs of a staggered double-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wq, is varied simultaneously with the distance dgng between
the two source/drain fingers. The capacitances are plotted versus Vg at a fixed drain voltage of
Vigs = —0.1V. The channel length is L., = 20pm. The TCAD simulation setup and the fitting
parameters of the compact model are depicted in column (d) of Tab. 6.2.
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Due to the high complexity of the 3D TCAD simulations the capacitances of the double-finger
transistor are simulated versus Vg only at a small drain-source voltage of Vg5 = —0.1V.
In Fig. 6.17, the TCAD-simulated quasistatic capacitance Cgs is shown in comparison to the
compact model. As can be seen, there is an excellent agreement. Also here, it can be proven
that the assumption of the total gate width Wen g is correct for the calculation of the total

charges.

6.3.2.2 Capacitance Measurements

In this section, the capacitances will be verified by quasistatic measurements. The data used
for verification are the measured results published by Zaki et al. in ref. [40]. OTFTs based on
the small-molecule semiconductor dinaphto[2,3-b:2’,3’-f]thieno[3,2-b|thiophene (DNTT) were
fabricated by vacuum deposition of the different layers and by creating a hybrid gate-dielectric
by an oxidization of the gate-metal (aluminum) and subsequently allowing a self-assembling
monolayer of n-tedradecylphosphonic acid to form on top of the aluminum oxide. The geometric
values and parameters of the transistor including some fitting parameters of the compact model

are shown in Tab. 6.3.

Table 6.3.: Geometry values and parameters of the transistor presented by Zaki et al. in
ref. [40]. Some fitting parameters of the compact model are shown as well.

Device Param. Value
Lcy[pm] 200
Weontact [1m] 400
Lov,cs[nm] 10
Loy,cp[nm] 10
tgiel[nm] 5.3
tosc[nm] 11
Wovi [1m] 30
Niing[—] 1
dfing[nm] -
Erosc[—] 2.84
Erdiel|—] 3.37
Compact Param.
Sobs[mV /dec] 70
klem?V=P=1s71] | 205
Bl-] 0.03
AV 0
Sfie[—] 0.27
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Figure 6.18.: Transfer curves of a staggered OTFT at Vgs = —0.1V and at Vs = —2V. The
measurement results of a single-finger OTFT presented in ref. [40] (blue circles) are shown in
comparison to the compact model (solid red lines). The parameters of the transistor are listed
in Tab. 6.3. Here, a threshold voltage of Vpg = —0.94V is used.

4.5

4.0 0000000000000000000000,,
%o
3.5 ®o,

__30 N
T 25 RN

: N
90,
15

1.0]
05| | Voo = ~2.1;-24; 27 — 3V |

0.0
-3 -2 -1 0
Vas[V]

Figure 6.19.: Output curves of a staggered OTFT at different gate-source voltages. The
measurement results of a single-finger OTFT presented in ref. [40] (blue circles) are shown in
comparison to the compact model (solid red lines). The parameters of the transistor are listed
in ref. Tab. 6.3. Due to a bias-stressed-induced threshold voltage shift a different threshold
voltage than for the transfer curves has to be assumed. Here, a value of Vipg = —1.07V is set.

The transistor under investigation is a long-channel transistor (Lcn = 200 pm). DC measure-
ments were conducted and subsequently, the capacitances Cys and Cgq were measured using
an LCR meter which can measure the complex admittance between two terminals. Since this
measurement system is able to measure inductive, capacitive and resistive circuit components
the three formula symbols of the inductance (L), the capacitance (C) and the resistance (R)

are used to describe its name. The LCR meter applies a DC bias and superimposes an AC
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Figure 6.20.: Internodal capacitances of a staggered OTFT at V33 = —1V plotted versus
Vegs. The low-frequency (f = 500 Hz) measurement results of a single-finger OTFT presented
in ref. [40] (dotted lines with symbols) are shown in comparison to the compact model (solid
lines). The parameters of the transistor are listed in Tab. 6.3. Due to a bias-stressed-induced
threshold voltage shift a different threshold voltage than for the transfer curves has to be as-
sumed. Here, a value of Vg = —1.2V is set.

signal with a small magnitude and varying frequencies. Then, the complex admittance between
the two terminals of the LCR meter is measured. During the measurement, the gate electrode
is connected to the low-potential connector of the LCR meter while the source and drain
electrodes - dependent on whether Cygs or Cyq is measured - are connected to the high-potential
connector or to a DC voltage source. Based on the measured admittance Y, the following

calculations are performed:

C=Im¥/w) (6.7)
G =Re(Y) (6.8)

where w is the angular frequency of the applied signal. C' is the capacitance between the two
terminals and G is the conductance. Similarly as explained in the section before, the AC model
is verified by previously fitting the DC compact model to the measured transfer and output
curves. Figures 6.18 and 6.19 depict these curves in comparison to the compact model. OTFTs
are sensitive to bias stress which is the application of terminal voltages for a certain amount
of time. A prolonged application of a gate-source and a drain-source voltage causes a filling
or emptying of mid-term and long-term traps in the organic semiconductor which results in
a shift of the threshold voltage [90]. These trapping effects occur also during the sweeps of
the voltages which leads to a hysteresis effect in the measured curves. Furthermore, Vs and
Vas have different influences on the trapping behavior. The consequence of this is that the

measured curves will look different depending on which curves are recorded first. Therefore,
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Figure 6.21.: Internodal capacitances of a staggered OTFT at Vgs = —2V plotted versus

Vis. The low-frequency (f = 500 Hz) measurement results of a single-finger TFT presented

in ref. [40] (dotted lines with symbols) are shown in comparison to the compact model (solid
lines). The parameters of the transistors are the same as in Fig. 6.18. Due to a bias-stressed-
induced threshold voltage shift a different threshold voltage than for the transfer curves has to
be assumed. Here, a value of Vg = —1.2V is set.

the threshold voltage of the transistor is regarded as a fitting parameter which may vary by
some hundreds of millivolts. Please note that in order to fit both the transfer and the output

curves, slightly different threshold voltages Vo have to be assumed.

As depicted in Tab. 6.3, the power-law exponent (8 has a value close to zero. According to theory,
the power-law mobility is used to describe the degree of crystallinity of the semiconductor [91].
If the semiconductor is quite disordered (non-crystalline) and has thus a Gaussian DOS with
a high standard deviation, this leads to a non-linear behavior in the transfer curves. The
power-law mobility is then used as an empirical correction in order to represent this non-linear
trend [28].

After the fitting of the charge-based DC model, the results of the capacitance model are
compared. Also here, the threshold voltage is assumed to fluctuate a little bit due to the
charge trap dynamics [90]. The capacitances were measured at a low frequency of f = 500 Hz,
which is a quasistatic operation. In Fig. 6.20, the two internodal capacitances Cgs and Cgq
are plotted versus Vs for a fixed Vgs. As can be seen, a good agreement is obtainable. Due
to the effects already mentioned, the charge-trapping dynamics will cause threshold voltage
shifts. It is thus possible that the threshold voltage of the transistor is different for both of the
curves depicted here. However, one constant threshold voltage is assumed for both curves. The
overall agreement of the measured versus modeled quasistatic capacitances is very high. Since

the transistor has fringe regions beyond the source/drain electrodes and since the agreement is
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good it can be concluded that it is the proper way to use the total gate width Wep, ¢ for the
calculation of the total charges. In Fig. 6.21, the quasistatic capacitances are shown versus Vs
for a fixed Vgs. Also here, a high level of agreement is obtainable proving the validity of the

model for a quasistatic operation.

6.3.2.3 Differential Amplifiers

In ref. [92], two differential amplifiers based on organic thin-film transistors are presented by
Seifaei et al. The transistors are fabricated in the same manner and based on the same materials
as the transistors in the former section for which the quasistatic capacitances have been shown.

In Fig. 6.22, the circuit schematic of a differential amplifier is shown and in Tab. 6.4, the pa-

VDD

RCS

Figure 6.22.: Circuit schematic of a differential amplifier. This image is taken from ref. [92].

rameters of the transistors in that circuit are shown. The parameters where no special reference
to some of the transistors is made are valid for all transistors in the circuit. Furthermore, in
the table some fitting parameters of the compact model are shown which will be used for the

simulation of the circuits.

Transistors M3 and M4 are equal and so are M1 and M2. Transistor M4 stabilizes itself by
the resistance Rcs. In case that the DC current flowing through the transistor is reduced
by a bias-stress-induced threshold-voltage shift or a mobility degradation, the voltage drop
across Rcg decreases and pulls down the gate potential. Consequently, the absolute value
of the gate-source voltage of M4 increases which leads to an increase in the current. This
principle is used in ref. [92] in order to achieve a self-stabilizing effect. As can be seen, the
gates of transistors M3 and M4 are interconnected and furthermore the source terminals of
both transistors are connected to the same DC voltage Vaq. Consequently, the gate-source
voltage of M4 is mirrored to transistor M3. Thus, M3 and M4 constitute a current mirror

provided that both are operated in the saturation regime of operation. A differential pair
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consisting of transistors M1 and M2 is used as the amplifying part of the circuit. The geometric
channel width of M1 and M2 is chosen to be half the geometric channel width of M3 and
M4. Transistors M1 and M2 are biased by a common DC voltage denoted as Vicm and a
superimposed AC voltage:

Vit = Viem + vac (6.9)

where vac is the AC signal. Since a differential amplifier is regarded the voltage difference at
the two inputs of the transistors M1 and M2 shall be amplified. Thus, the voltage difference
between the gates of M1 and M2 is regarded as the input of the amplifier. The AC stimulus is
added positively to the gate of M1 and negatively (i.e. with a phase shift of 180°) at the gate
of M2. The output voltage of the amplifier is defined as the voltage difference between Vj. and
Vo+. As can be seen, the voltage drop depends on the resistance Rp of the series resistors. The
outputs of the two differential amplifiers are loaded by a load capacitance of 20 pF. However,
the connector cables and the external circuitry also have a capacitance which is not known
from measurements. Therefore, the load capacitance of the amplifiers is regarded as a fitting

parameter.

In ref. [92], the differential amplifiers are measured by means of an AC analysis. Fixed DC
voltages Vaqa and Vicm are applied and an AC signal with a small amplitude is applied. Then,
an AC sweep over a range of frequencies is conducted. The authors of ref. [92] use the compact
model by Marinov and Deen [66] in order to reproduce the results. Even if this compact model
only provides a quasistatic description of the OTFTs, it is capable of reproducing the measured
results at least with a certain accuracy. In order to test the compact model developed in
this dissertation, the model equations are implemented in the hardware description language
Verilog-A and the model is executed in the analog design environment Cadence Virtuoso [70].
The circuit of the differential amplifier is reproduced and an AC sweep is conducted. Since
only AC measurements of the fabricated circuits are available the DC characteristics of the
transistors cannot be fitted prior to conducting the AC simulation. Therefore, the fitting
parameters of the DC model are used in order to tune the simulated AC results. In Cadence
Virtuoso, the magnitude of the output signal (Aac) is calculated based on the magnitudes of

the small-signal voltages of the input in relation to the output:

Aac =20-1g (::ﬁj) (6.10)

where lg is the logarithm to base 10. Please note that here only the voltage Vo4 is set in
relation to vac. In principle, the voltage difference between Vo4 and Vo could have been set in

relation to the voltage difference of Viy and Vi.. However, this would result in the same gain.
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Table 6.4.: Parameters of the two differential amplifiers. The parameters of the transistors are
shown along with fitting parameters of the compact model.

Device Param. Diff. Amp. 1 Diff. Amp. 2
Wen,sp,m3/Ma [11m] 2000 1000
Wen,sp,m1/m2[11m] 1000 500

Wov [1m] 50 50
Niingm3/Ma[—] 20 10
Nfing,m1/M2[—] 10 5

dfing[nm] 50 50

Loy,cs[nm] 30 30

Lov,cp [nm] 30 30

Rp[MQ] 22 4

Rcs[MQ] 22 4

Lcn[nm] 20 20

taiel[nm] 5.3 5.3

tosc[nm)] 25 25

Er.diel[—] 3.9 3.9

Erosc[—] 5.5 55

Compact Param.

Sae[—] 0.215 0.215

Sobs[mV /dec] 140 160
Klem?V A= 1571 2 2

Bl-] 0 0
Reontact [k€2] 20 25
Cload [PF] 95 105

The phase shift of the amplifier (¢pac) is determined by relating the phase of the signal Vo4
to the phase of the input signal Vi, :

pac = ¢ (Vor) — ¢ (Vis). (6.11)

Based on these definitions, the AC sweep can be conducted in Cadence Virtuoso. Figures 6.23
and 6.24 show the measured results of ref. [92] in comparison to the AC simulation of the
compact model in Cadence Virtuoso. It should be noted that, as indicated by Tab. 6.4,
a constant Ohmic contact resistance has been used. The sheet resistance model according
to Eq. (2.10) is not used. It can be seen that there is an excellent agreement between measured
and simulated curves, even better than the agreement that was obtained in ref. [92] based
on the Marinov-Deen model [66]. It is an interesting fact that the compact model provides
a good agreement, even though it is only a quasistatic compact model without the coverage

of non-quasistatic effects. An explanation for this behavior is that the differential amplifier
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consists of several transistors and of the fixed resistances Rcs and Rp. As a consequence, the
simulator has to account for the correct charging and discharging of the transistor capacitances
through adjacent circuit elements. If, for example, the gate voltage of transistor M1 in Fig. 6.22
is slightly increased due to the AC stimulus, the total amount of charge in the channel increases.
Since charges cannot be created or disappear but have to enter or leave the device through
the gate, source and drain ports the charging current of M1 has to flow through transistor M3
and through the series resistor Rp. Even if the time-dependent distribution of the charges in
the channel of M1 is neglected, the effect of charging currents flowing through adjacent circuit
elements seems to be sufficient to capture the non-quasistatic effects that occur in the circuit.
However, in Chap. 7, a more sophisticated macro model accounting for the charge distribution

in the channel of a transistor will be derived.

30
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Figure 6.23.: Magnitude and phase response of the differential amplifier 1. The measure-
ments [92] (dotted lines) are compared to the compact model (solid lines). The parameters of
the transistors and the compact model are depicted in Tab. 6.4. The operation voltage of the
circuit is Vgqg = 5V and the common-mode voltage is set to Vicnt = 2 V. The magnitude of the
AC signal is set to vac = 100 mV. This picture was published in [54] and was slightly modified.
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Figure 6.24.: Magnitude and phase response of the differential amplifier 2. The measure-
ments [92] (dotted lines) are compared to the compact model (solid lines). The parameters of
the transistors and the compact model are depicted in Tab. 6.4. The operation voltage of the
circuit is Vgq = 5V and the common-mode voltage is set to Vicmy = 2 V. The magnitude of the
AC signal is set to vac = 100mV. This picture was published in [54] and was slightly modified.

6.3.3 Coplanar Transistors

6.3.3.1 TCAD Simulations

Transistors in the coplanar device architecture were simulated in Sentaurus TCAD. The
verification is very similar as for the staggered transistors. In Tab. 6.5, the parameters of the
TCAD simulations are depicted and in addition the fitting parameters of the compact model

are shown.

The charges in the intrinsic carrier channel and in the fringe regions are calculated in the same
manner for staggered and coplanar transistors. The difference between both architectures is
only the way that charges in the gate-to-contact overlap regions are calculated. In order to
visualize the influence of the overlap regions, a transistor with a a mid-long channel length of
Len = 20nm and comparatively large gate-to-contact overlap lengths of Loy,gs = Lov,gD =
10 pm is considered. Prior to the simulation of the quasistatic capacitances the DC model is
fitted. Figures 6.25 and 6.26 show the DC fitting of the compact model in comparison to the
TCAD simulation results.
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Table 6.5.: Parameters of TCAD simulations of a coplanar transistor and fitting parameters

of the compact model. Column (a) shows the parameters of a 2D-simulation where a Gaussian
DOS with a total number of Ny pog = 1 X 102! cm—3, a standard deviation of opog = 0.05€V,
and a center position of Eg pog = Ev — 0.05€V is used and column (b) shows the parameters of
a 3D-simulation where a square-root DOS with an effective hole density of Ny =1 x 102! cm ™3

is used.

TCAD Param. (a) 2D Gauss. | (b) 3D sqrt.
Xosc[eV] 1.81 1.81
Eg[eV] 3.38 3.38

pnfem? VTlsT1 1e-10 1e-10
pplem? V=571 1 3
Erosc[—] 3 3
Erdiel[—] 3.9 4
D g[eV] 4.1 4.1
Prmsd[eV] 5.19 5.19
Len[pm] 20 20
Weontact [nm] 1 1
Lov,s[nm] 10 5
Loy,6p[nm] 10 5
tdiel [NmM)] 5.3 5.3
tosc[nm] 1 25
Woyl [1m] 0 variable
Niing[—] 1 1
dfing[l—‘m] - -
Compact Param.

Sobs [mV /dec] 60 60

Vro[V] -0.86 -0.84

klem?V—A—1s—1) 0.97 2.8
Bl-] 0 0.03
AV 0 0

As can be seen, there is a good agreement. The fitting of the quasistatic capacitance model
is depicted in Figs. 6.27 and 6.28. Also here, the agreement is good. Deviations between
measured and simulated curves occur in the same voltage ranges as for the staggered transistor.
Observing the capacitances versus Vs in the sub-threshold regime of operation (Fig. 6.27), an
interesting difference between the coplanar and the staggered architecture becomes visible: The
absolute values of the off-state capacitances Cys, Csg, Cga and Cqg are much larger than the
capacitances of the corresponding staggered transistor (Fig. 6.13). This fact is explainable by
the differences in the gate-to-contact overlap regions. In a coplanar transistor, these regions
show a behavior comparable to a parallel-plate capacitor. In staggered transistors, by contrast,

the gate-to-contact overlap region can be regarded as a series connection of two capacitors
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Figure 6.25.: Transfer curves of a coplanar OTFT as simulated in a 2D simulation by Sen-
taurus TCAD (blue circles) at Vgs = —0.1V and at Vgs = —1V in comparison to the compact
model (solid red lines). The transistor has a channel length of L, = 20 um. The setup of the
TCAD simulation and the chosen values of the fitting parameters of the compact model are
depicted in column (a) of Tab. 6.5.

if the organic semiconductor is depleted. Since the gate dielectric capacitance is equal for
the simulation of the staggered and the coplanar transistor it makes sense that the off-state

capacitance of the staggered transistor is smaller than that of the coplanar transistor.

In addition to the 2D simulations, coplanar OTFTs were simulated in a 3D simulation in order
to verify the model for the extrinsic charges including fringe regions as presented in Sec. 4.2.1.
In a similar manner as for the staggered transistors, the capacitances in the 3D coplanar
transistors were verified by first fitting the DC characteristics of the compact model to the
simulation results. In Fig. 6.29, the transfer curves at Vgs = —1V of two coplanar OTFTs with
different fringe widths are shown. By means of the fitting parameter Jg¢, the current can be
fitted well for the transistor comprising a fringe region. As mentioned before for the staggered
transistors, in the 3D TCAD simulation a square-root DOS has been assumed in order to
improve the numerical stability of the simulation. As can be seen in Tab. 6.5, a power-law
mobility with 8 = 0.03 is assumed even if the DOS is square-root shaped and no mobility
models are turned on. In principle, the power-law exponent could be chosen as zero but the
agreement is a little better when using the value of 0.03. In Fig. 6.30, the capacitance Cgs is
compared for the two transistors comprising different fringe widths. It can be seen that at
Wovl = 10 pm the compact model does not perfectly agree with the simulation results. This
behavior can be attributed to the fact that the charge distribution in the direction of the
channel width next to the source/drain electrodes is not perfectly constant which is, however,

one of the assumptions in the compact model.
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Figure 6.26.: Output curves of the Sentaurus TCAD simulation of a coplanar OTFT with
L¢, = 20pm (blue circles) in comparison to the compact model (solid red lines) at different
gate-source voltages as indicated in the figure. These are the results of the same simulation and
compact model setup as in Fig. 6.25.
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Figure 6.27.: Quasistatic trans-capacitances of a coplanar OTFT with Lc, = 20 pm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.25. The capacitances are plotted versus Vgs at a fixed drain voltage of Vgs = —1V.
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Figure 6.28.: Quasistatic trans-capacitances of a coplanar OTFT with L., = 20 pm. 2D
Sentaurus TCAD simulation results (dashed lines) are shown in comparison to the compact
model (solid lines). These are the results of the same simulation and compact model setup as
in Fig. 6.25. The capacitances are plotted versus Vgs at a fixed gate voltage of Vg = —3 V.
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Figure 6.29.: Transfer curves of a coplanar OTFT as simulated in a 3D simulation by Sen-
taurus TCAD at Vgs = —1V (blue symbols) in comparison to the compact model (solid red
lines). The transistor has a channel length of L, = 20 pm and consists of one source/drain
finger and a varying overlap width wgy beyond the finger. The compact model is fitted to the
different overlap widths only by a variation of dg¢. For wey = 10 um, a value of dgy = 0.65 is
assumed. The setup of the TCAD simulation and the chosen values of the fitting parameters of
the compact model are depicted in column (b) of Tab. 6.5.
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Figure 6.30.: Quasistatic capacitance Cgs of a coplanar single-finger OTFT. 3D Sentaurus
TCAD simulation results (blue circles) are shown in comparison to the compact model (solid
red lines) where the fringe width wey is varied. The transistor has a channel length of L., =
20 pm. The capacitances are plotted versus Vs at a fixed drain voltage of Vgs = —1V. This
plot corresponds to Fig. 6.29.
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6.4 Low-Frequency Noise

6.4.1 Transistors Fabricated at CEA-LITEN

In this section, the noise model will be verified. Similarly as for the capacitance model, the
first step is a fitting of the static DC curves. The verification is done based on bottom-contact
top-gate transistors (staggered) as presented by Muhea et al. in ref. [76] which were fabricated
at the Innovation Laboratory for New Energy Technologies and Nanomaterials (LITEN) at
the Commissariat & Energie Atomique et aux Energies Alternatives (CEA) as explained

in Chap. 5. Transistors with different channel lengths were fabricated. In Fig. 6.31, the transfer
3.0
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Figure 6.31.: Transfer curves of a staggered OTFT. The measurements (symbols) are com-
pared to the results of the compact model (solid lines). The transistor has a channel length of
Lcy, = 20 pm. The measurements are taken from ref. [76].

curves of one of the transistors comprising a channel length of Lo, = 20pum are depicted.
The measurements are compared to the compact model. It can be seen that a reasonable
agreement is obtainable. Due to the large gate-dielectric thickness of approx. 800nm the
electrostatic control of the gate over the channel is poor. The transistors exhibit sub-threshold
swings of about 2500 mV /dec which might be unacceptable for practical applications but for
the noise study, the transistor exhibit excellent characteristics. In Fig. 6.32, the output curves
of the same transistor as mentioned before are shown. It can be seen that the output and the
transfer curves are consistent with each other meaning that they can both be fitted using one

parameter set. Obviously, no pronounced hysteresis or short-term degradation effects took place.

In Tab. 6.6, some structural parameters of the transistors and the fitting parameters of the
compact model are listed. In ref. [76], not every parameter of the transistors is reported. For
example, the information about the gate-to-contact overlap length is missing. However, this

is not of importance since the contact resistances are not pronounced in these transistors so
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Figure 6.32.: Output curves of a staggered OTFT. The measurements (symbols) are com-
pared to the results of the compact model (solid lines). The transistor has a channel length of
L¢n, = 20 pm. The measurements are taken from ref. [76].

that no sheet resistance has to be assumed. Furthermore, for the noise model no capacitances
or total charges are needed. Thus, the gate-to-contact overlap lengths are not important.
Furthermore, some other information like the gate dielectric constant or the presence of fringe
regions is not reported. However, this is not of importance either since by assuming a constant

er,diel and neglecting fringe currents, the DC characteristics can be fitted tuning the mobility.
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Figure 6.33.: Drain-current normalized noise of the staggered OTFTs presented in ref. [76]
plotted against the drain current. The transistors have a channel width of W¢, sp = 1000 pm
and different channel lengths, as shown in the legend. The noise has been extracted from the
plot versus frequency by probing the regression functions shown in Fig. 5.4 at a frequency of
f =46 Hz. The drain-source voltage is Vs = —1 V. The measurements (symbols) are shown in
comparison to the compact model (dashed lines).
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Table 6.6.: Geometry values and parameters of the transistors presented in ref. [76]. The
fitting parameters of compact model are shown as well.

Device Param. Ly = 10 pm L = 20 pm L, = 40 pm Ly, = 80 pm

Weontace [nm] 1000 1000 1000 1000

Lov,cs[nm] N/A N/A N/A N/A

Ley,cp[pm] N/A N/A N/A N/A
tdiel [nmM] 800 800 800 800
tosc[nm)] 60 60 60 60
Woyl [nm] N/A N/A N/A N/A
Niing[—] 1 1 1 1
dfing [m] = = - -
Erosc[—] 3 3 3 3
&r,diel[—] 22 2.2 2.2 2.2

Compact Param.

Vol V] 21 21 -25 -2.6

Sobs[mV /dec] 2500 2500 2500 2500

klem2V—A—1s71] 1.05 1.05 1.05 1.07

B[-] 0 0 0 0

AV 0.06 0.04 0.04 0.04

ATun [nm] 0.1 0.1 0.1 0.1
N/[eV™!ecm™?] 2.10'° 2.10'° 2.10% 2.10%
ac[VsC™1] 1.6 - 10° 1.6 - 10° 1.6 - 10° 1.6 - 10°

a[-] 0.97 0.97 0.97 0.97

In Fig. 6.33, the drain-current-normalized noise is depicted at a drain-source voltage of Vys =
—1V which causes the transistors to be operated mainly in the linear regime of operation.
The measurement results are compared to the results of the compact model. As described
in Sec. 5.3, the noise is extracted from the frequency spectrum by applying regression functions
for the various bias points at which the noise has been measured. Then, the regression functions
are probed at a fixed frequency. It can be seen in Fig. 6.33 that the compact model has a
reasonable agreement with the measurement data. However, there are deviations in the medium
current regime. The achievable agreement is better when comparing the compact model to
the measurements at Vigs = —9V which is depicted in Fig. 6.34. In principle, the compact
model follows the trend (gm/ Ids)2 but since the transistors have a poor sub-threshold swing
of Sops = 2500 mV /dec the compact model slightly deviates from this behavior. This is the
reason why especially at low currents the compact-modeled noise does not exhibit the plateau
that (gm/Ias)? forms in Figs. 5.5 and 5.6. For all four transistors under investigation, the same
fitting parameters of the noise model are used. This shows that the noise model scales well

with the channel length.
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Figure 6.34.: Drain-current normalized noise of the staggered OTFTs presented in ref. [76]
plotted against the drain current. The plot shows the same as Fig. 6.33 but at Vg = —9V.
The measurements (symbols) are compared to the compact model (dashed lines).
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Figure 6.35.: Drain-current normalized noise of the staggered OTFT with L., = 10pm
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presented in ref. [76] plotted against the frequency. The measurements (dotted lines) are shown

in comparison to the compact model results (solid lines) at different gate-source and drain-

source voltages. The exponent of the frequency is assumed as 0.97 such that the noise follows a
1/f° trend. Such a reference curve is depicted (dashed line).

In Fig. 6.35, the noise is shown versus the frequency for one arbitrary transistor of the set.

The noise is not normalized with respect to the drain current in this plot. Since the noise does

not exhibit a perfect 1/f trend, the frequency is taken to the power of the exponent o so that

the noise follows a 1/f7 trend. However, o is very close to unity. In the compact model, a

value of o = 0.97 is assumed. The figure also shows a slope of this function as a reference. It

can be seen that the slope agrees well with the measured slope. As explained in Chap. 5, the
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compact model describes the noise as a charge-carrier-number fluctuation including correlated
mobility fluctuations. In agreement with [39], these correlated mobility fluctuations are mainly
dominant at higher drain-source currents. Thus, the Coulomb scattering coefficient can be used

to tune the shape of the model curve at high currents.

6.4.2 Transistors Fabricated at the MPI

In this section, the noise model is verified for transistors fabricated at the Max Planck Institute
(MPI) for Solid State Research. Anticipating the results, it can be said that the transistors
show an unexpected noise behavior which cannot be captured by a model, yet. OTFTs were
fabricated in the bottom-gate bottom-contact (coplanar) device architecture using the process
described in Sec. 1.4.1. Prior to the verification of the noise model, the DC characteristics
were fitted using the charge-based DC model incorporating the non-linear contact resistances

at the source and the drain [47]. DPh-DNTT is employed as the organic semiconductor. The
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N
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Figure 6.36.: Drain-current normalized noise of coplanar OTFTs with a W gp/Len ratio

of 100 pm/40 pm plotted against the drain current. The average of 19 measured transistors

is shown. The noise is plotted at a drain-source voltage of Vgs = —3V. The measurements

(solid red line with symbols) are shown in comparison to (gm/I4s)? (dotted blue line) and 1/14g

(dotted black line), each multiplied by a constant. The results of the compact model are shown

as well (dashed magenta-colored line).
flexible substrate contains several areas in which the TFTs are grouped. Among them are 130
nominally identical transistors with a Wen,sp/Len ratio of 100 um/40 pm and 130 nominally
identical transistors with a Wen,sp/Len ratio of 100 pm/20 pm. The transistors consist of one
single source/drain finger. Fringe regions are not paid special attention to and their influence
is captured in terms of an increased mobility [60]. In each of the two areas, several transistors
were measured. Static DC transfer and output characteristics were measured and the noise was

determined using the noise measurement equipment by the AAMOS GmbH in Frickenhausen,
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Table 6.7.: Geometry values and parameters of the fabricated coplanar organic transistors.
The fitting parameters of compact model are shown as well.

Param. Ly, = 20 pm Lcy = 40 pm
Weontact [nm] 100 100
Loy,cs[nm] 5 5

Lov,cp[1nm] 5 5
tdiel [nm] 7 7
tosc[nm] 20 20
Wovi [nm] N/A N/A
Nring[—] 1 1
dfing [nm)] = -
Erosc[—] 9 9
Erdiel [—] 5.37 5.37

Compact Param.

Vo[ V] -1.02 -1.02
Sobs[mV /dec] 80 90
klem?V—F~1s71] 1.5 1.75
Bl-] 0.85 0.78
AIVTY 0.03 0.03
n[-] 1.07 1.06
0[—] 1.5 1.5
dm[nm] 2 2
dg[nm)] 0.6 0.6
Afun[nm] 0.1 0.1
N[V~ em™3) 3.10%2 3.10%2
a[VsC™1 5.10° 5-10°
al-] 0.97 0.97

Germany. The geometric and material parameters of the transistors as well as the fitting
parameters of the compact model are depicted in Tab. 6.7 where d,, is the thickness of the
accumulation channel and dg is a fitting parameter in the non-linear injection model for
coplanar transistors representing the distance from the gate dielectric to the position where the
representative barrier is located [47]. Similarly as for the CEA-LITEN devices presented above,
the noise versus the current is obtained by converting the noise spectrum versus frequency.
The noisy shape of the power spectral density (PSD) is smoothed by removing outliers and
the noise is multiplied by the frequency at each data point. Then, the noise is averaged over a
frequency range of 10 Hz < f < 20 Hz. Due to the multiplication by the frequency the resulting
average can be interpreted as the noise at a frequency of f = 1 Hz. This procedure is slightly

different from the method using regression functions but it leads to qualitatively similar results.
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Figure 6.37.: Drain-current normalized noise of coplanar OTFTs with a Wy, gp/Lcn ratio
of 100 pm/20 pm plotted against the drain current. The average of 21 measured transistors

is shown. The noise is plotted at a drain-source voltage of Vg3 = —3 V. The measurements
(solid red line with symbols) are shown in comparison to (gm/I4s)? (dotted blue line) and 1/1I44
(dotted black line), each multiplied by a constant. The results of the compact model are shown
as well (dashed magenta-colored line).
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Figure 6.38.: Drain-current normalized noise of coplanar OTFTs with a Wen sp/Len of

100 pm/40 pm (red line) and Wy, sp/Len of 100 pm/20 pm (blue line) plotted against the drain
current. The average of 19 (21) measured transistors is shown. The noise is plotted at a drain-
source voltage of Vgg = —0.1V.

In Fig. 6.36, the drain-current normalized noise of the transistors with the Wen sp/Len ratio
of 100 pm/40 pm is depicted at Vas = —3 V. The average noise of the 19 measured transistors
was calculated and divided by the average current squared. Furthermore, the plot shows the

trends (gm/Ias)? and 1/14s, each multiplied by a constant. As explained in Sec. 5.3, such a plot
can assist in determining the dominant noise mechanism. It can be seen that the measured
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noise does not follow the (gm / Ids)2 or the 1/14s trends. The measured noise does not meet the
expectations in the sense that it exhibits an inflection point at moderate currents. The plot
also shows the results of the compact model which assumes the carrier-number fluctuations. It
can be seen that the model follows a similar trend as the (gm/J4s)? curve and cannot reproduce
the pronounced non-linearity of the measured noise. The same behavior is revealed when
investigating the transistors with the shorter channel lengths as depicted in Fig. 6.37. Here, the
non-linear behavior of the noise-versus-current curve is even more pronounced. The problematic
behavior occurs not only at large absolute values of Vis but also at small values. In Fig. 6.38,
the drain-current-normalized noise of the transistors of the two different areas on the substrate
is shown in comparison to each other at Vgs = —0.1 V. It can be seen that the noise exhibits a

highly non-linear shape. As explained before, the noise model cannot capture such a trend.

The observations so far show that the noise in these transistors cannot be captured by the
standard theory. As a consequence, a full compact model for the noise description of these
transistors cannot be provided, yet. In the following, possible reasons for the trends are
discussed by observing the DC characteristics of the transistors and identifying deviations from
the expected behavior. Since the two sets of transistors with the different Wen sp/Len ratios
show the same kind of behavior, the analysis will be performed based on the transistors with
the Wen,sp/Len ratio of 100 pm/40 pm.

Output characteristics
A first and important investigation targets on the current output characteristics of the OTFTs.
The shape of the output characteristics provides information on whether contact resistances are
important [47]. In Fig. 6.39, the measured output curves of the transistors with the Wen,sp/Len
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Figure 6.39.: Output characteristics of coplanar OTFTs with a Wy sp/Len ratio of
100 pm/40 pm. The average of 19 measured transistors (blue circles) is shown at different gate-
source voltages in comparison to the compact model results (solid red lines).
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ratio of 100 pm/40 pm are depicted in comparison to the results of the compact model. It can
be seen that the curves exhibit a non-linear behavior at low absolute values of the drain-source
voltage. This S-shape effect is a hint for the presence of non-negligible contact resistances [47].
It might be expected that the contact resistances are of importance only at transistors with
small channel lengths but the measurements reveal that these coplanar transistors obviously
suffer from comparatively high contact resistances which are, however, more pronounced in the
linear regime of operation [47]. The presence of contact resistances will lead to additional noise

components [93, 94].

Transfer Characteristics

Another investigation targets on the transfer characteristics. In Fig. 6.40, the transfer character-
istics of the transistors are shown in logarithmic and linear scale. Measurements are compared
to the compact model. The transistors exhibit sub-threshold swings of approx. 90mV /dec

which can be understood as a hint for a comparatively low number of traps.
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Figure 6.40.: Transfer characteristics of coplanar OTFTs with a W sp/Len of
100 pm/40 pm. The average of 19 measured transistors (blue circles) is shown at different gate-
source voltages in comparison to the compact model results (solid red line).
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While the transfer curves recorded at Vgs = —3V show a behavior as can be expected the
transfer curves at Vgs = —0.1V show an unusual behavior. Observing the curves in logarithmic

scale, it can be seen that the transfer curve at low absolute value of Vis shows a nearly linear
trend in a range of —2.5V < Vs < —1.5V. A curve exhibiting a linear shape in a diagram with
logarithmic y-axis has an exponential shape when plotted in the linear scale. The observed
behavior is untypical since in the Vs range mentioned, it could be expected that the transistor
shows a linear current-voltage dependence. It can be seen that the compact model only agrees

well with the measurements ar large absolute values of Vjs.

Transconductance
An observation of the transfer characteristics alone does not provide a full picture of the
transistors’ behavior. The derivative of the transfer curve, i.e. the transconductance is of

importance, as well. In Fig. 6.41, the transconductance at a low absolute value of Vgs is shown.

0.25 5
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Figure 6.41.: Transconductance of coplanar OTFTs with a Wy, sp/Len ratio of

100 pm/40 pm at Vgg = —0.1V. The average transfer curves of 19 measured transistors as
shown in Fig. 6.40 are smoothed using a filter function in Matlab [71] and then, the transcon-
ductance is numerically calculated. The measurements (blue circles) are compared to the com-
pact model (solid red lines). The compact model fails to reproduce the measurements.

The transconductance as extracted from the measurements is compared to that of the compact
model. Since the measured transfer curves exhibit several non-linearities and humps, the
average transfer curve was smoothed by a filter function in Matlab. The transconductance was
then calculated based on the smoothed transfer curve. It can be seen that the transconductance
at Vigs = —0.1V exhibits a rather untypical behavior which cannot be captured at all by
the compact DC model. With Vg increasing from zero towards larger absolute values, the
transconductance exhibits several non-linearities. When leaving the sub-threshold regime at
approx. Vgs = —0.9V, the transconductance sharply increases and then it forms a plateau.

However, at approx. Vs = —1.5V, the transconductance starts increasing again. This be-
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Figure 6.42.: Transconductance of coplanar OTFTs with a Wy sp/Lcn ratio of

100 pm/40 pm at Vgs = —3 V. The average transfer curves of 19 measured transistors as shown
in Fig. 6.40 are smoothed using a filter function in Matlab [71] and then, the transconductance
is numerically calculated. The measurements (blue circles) are compared to the compact model
(solid red lines). The black lines are guides for the eye in order to emphasize the different slopes
of the measurement curve.

havior is unusual since a conventional long-channel OTFT would exhibit a rather constant
transconductance in the entire linear regime of operation such as depicted in Fig. 6.8. A similar
behavior of the transconductance has been reported in refs. [95, 96] for nanocrystalline silicon
TFTs. The authors explain the behavior by means of a high density of defect states (traps) in
the semiconductor. Utilizing finite-element simulations they show that a high density of trap
states in the bandgap of the semiconductor causes a continuous filling of the trap states with
increasing gate-source voltage. If the density of trap states is large in comparison to the density
of mobile states, an increase in the gate-source voltage results in an increase of both the density
of free and trapped charge carriers. If the gate-source voltage is chosen so high that all of the
trap states are filled, the transconductance will follow the expected trend again and saturate to
a constant value in the linear regime of operation. Even if the transistors under investigation
in this thesis are different from the nanocrystalline silicon TFTs presented in refs. [95, 96],
the conclusions drawn by the authors may also be correct for the OTFTs. The problematic

behavior of the transistors in the transconductance and the noise is likely related to traps.

In Fig. 6.42, the transconductance at a large absolute value of Vs is depicted. Also in this case,
the average transfer curve of the 19 transistors was calculated, smoothed out by a filter function
and afterwards numerically derived with respect to Vgs. It can be seen that in the on-state,
the transconductance exhibits two different slopes. In the range —2V < Vg < —1V which
corresponds to the saturation regime of operation, the slope is less steep than in the range
—3V < Vg < —2V which corresponds to the linear regime. According to the standard MOS-
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FET model, an ideal transistor can be expected to have a quadratic dependence on Vg in the
saturation regime and a linear dependence on Vg in the linear regime of operation [5, 25]. Thus,
the transconductance of this standard model shows a linear trend in the saturation regime of
operation and is simply constant in the linear regime of operation. This theory agrees well with
the findings of the long-channel TCAD simulations as shown in Fig. 6.8. There, the transcon-
ductance at large absolute values of Vg is indeed linear in the Vs range where the transistor is
operated in saturation and it saturates to a constant value. However, it can be observed that
the transconductance shown in Fig. 6.42 does not obey this theory. By contrast, the slope of the
transconductance becomes even steeper when the transistor enters the linear regime of operation.
The compact model does not capture the two different slopes but the overall agreement between

compact model and measurements is much better than at the plot at a low absolute value of Vigs.

Discussion

The above-explained investigations reveal that the transistors do not show a typical behavior.
A possible explanation for this behavior may be non-linear contact resistances [97]. However, it
can be expected that the influence of these contact resistances is more pronounced in the linear
regime of operation, i.e. at low absolute values of Vgs [97]. In the OTFTs investigated in this
work, the non-linear behavior of the noise-versus-I4s curves occurs also at large absolute values
of Vis. Furthermore, OTFTs exhibit slightly exponentially-shaped transfer characteristics due
to the disorder of the molecules of the organic semiconductor [28]. This degree of disorder can
be incorporated into a transistor model by defining a voltage-dependent power-law mobility [28]
which is also performed in the DC model that serves as a basis for the work presented here [36].
In order to fit the DC characteristics of the transistors under investigation in this section,
comparatively high values have to be assumed for the power-law exponent . This could
be interpreted in such a way that there is a high degree of energetic disorder in the organic
semiconductor [28] or that there is a high field-dependence of the mobility such as described in
ref. [98] as a Poole-Frenkel mobility.

In the literature, there have been reported other types of transistors that exhibit a non-linear
trend in the noise-versus-Ig4s curves. In ref. [99], the noise in cadmium-selenide TFTs is
investigated. Two sets of transistors are fabricated: one set on a silicon substrate and one
set on a glass substrate. Whereas the TFTs fabricated on the silicon substrate show a more
textbook-like noise the transistors fabricated on the glass substrate exhibit a non-linear trend
in the noise-versus-Iqs curves. The curves resemble the noise spectra of the transistors under
investigation in this thesis to a certain degree. The authors of ref. [99] assume that local states
(i.e. traps) are the reason for this behavior. Observing the transconductance of the transistors
under investigation in this work, it is reasonable to assume traps as one of the main contributors
to the observed behavior [95, 96].
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6.4.3 TCAD Simulation

In Sec. 5.4.4, a compact model for the calculation of the noise originating from bulk mobility fluc-
tuations is presented. The fabricated transistors under investigation do not exhibit this type of

noise but by means of a TCAD simulation, the bulk mobility fluctuations can be verified, as well.

Staggered Transistors

The TCAD simulation of a staggered OTFT comprising a channel length of 20 pm as depicted in
column (b) of Tab. 6.2 was extended by the setup of a bulk flicker noise. In TCAD, this noise is
also denoted as flicker generation-recombination noise and it is the type of noise that resembles
the bulk mobility fluctuations [50]. A fitting parameter similar as the Hooge parameter [39]
can be set and two time constants. This Hooge parameter is set to an,Tcap = 2 - 1072 and
the time constants are set to 70 = 1 x 107%s and 71 = 1s, respectively. With increasing
frequency, the noise transits from a constant behavior to a 1/f behavior and afterwards to a
1/f2 behavior. The time constants determine the transition frequencies. The time constants
are chosen such that in the observed frequency range, the noise follows a 1/f trend. The Hooge
parameter in the TCAD setup does not represent exactly the Hooge parameter in the compact
model since the noise in TCAD is described by an expression slightly different from the Hooge
mobility-fluctuation noise [50]. In Fig. 6.43, the noise as simulated by Sentaurus TCAD is
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Figure 6.43.: Drain-current normalized noise of a staggered OTFT at a drain-source voltage
of Vgg = —0.1V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted
blue line) are compared to the results of the compact model (solid red line). The transistor has
a channel length of L., = 20 pm. The setup of the TCAD simulation and the fitting parame-
ters of the DC compact model are depicted in column (b) of Tab. 6.2. In the compact model,
the empirical Hooge parameter is set to oy = 3 - 10~%.

compared to the compact model at a drain-source voltage of Vgs = —0.1 V. It can be seen
that there is a good overall agreement. The slope of the two curves slightly deviate but the

agreement over the entire range of drain-source voltages is good. Furthermore, it can be seen
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that the compact model follows a 1 / Ias trend since with every decade of increase in the drain
current, the noise is decreased by one decade. This is in agreement with the postulation that
the bulk mobility noise follows a 1/I4s trend [76]. In Fig. 6.44, the TCAD-simulated noise is
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Figure 6.44.: Drain-current normalized noise of a staggered OTFT at a drain-source voltage
of Vs = —3V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted blue
line) are compared to the results of the compact model (solid red line). The transistor has a
channel length of L¢, = 20 um. The setup of the TCAD simulation and the fitting parameters
of the DC compact model are depicted in column (b) of Tab. 6.2. In the compact model, the
empirical Hooge parameter is set to oy = 2 - 1075,
compared to the compact model for the case of a drain-source voltage of Vgs = —3V. At low
currents, the agreement between the compact model and the TCAD simulation results is good

but at higher currents, the TACD simulation results do not follow a clear 1/I4s trend.

Coplanar Transistors

Equally as for the staggered transistors, a TCAD simulation of a coplanar OTFT was conducted.
The transistor has a channel length of L, = 20pm and the setup of the simulation along
with the fitting parameters of the DC compact model is depicted in Tab. 6.5. The TCAD
simulation of the noise was set up just as for the staggered transistors. In Fig. 6.45, the
drain-current-normalized noise of the coplanar transistor is shown at a drain-source voltage
of Vgs = —0.1 V. The TCAD simulation results are compared to the compact model. It can
be seen that there is a very good agreement. However, as can be seen at Fig. 6.46, at large
currents, the noise at a drain-source voltage of Vgs = —3 'V does not follow the 1/145 trend any

longer, similarly as for the staggered OTFTs.

Even if the noise model describing the bulk mobility fluctuations cannot be verified by means
of measurements, it can at least be shown that the noise model indeed follows the proclaimed
1/I4s trend. Furthermore, a reasonable agreement with TCAD simulations in both transistor

architectures is achievable. However, it has to be emphasized that this type of noise simulation
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in TCAD is not a physical simulation and does not perfectly represent the bulk mobility
fluctuations described by the Hooge model. Thus, it is regarded as legitimate to choose different
values for the Hooge parameter in the compact model for the different drain-source voltages. In

principle, it could be expected to have a voltage-independent Hooge parameter in the model.
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Figure 6.45.: Drain-current normalized noise of a coplanar OTFT at a drain-source voltage of
Vas = —0.1V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted blue
line) are compared to the results of the compact model (solid red line). The transistor has a
channel length of L., = 20pm. The setup of the TCAD simulation and the fitting parameters
of the DC compact model are depicted in column (a) of Tab. 6.5. In the compact model, the
empirical Hooge parameter is set to oy = 2 - 1074,
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Figure 6.46.: Drain-current normalized noise of a coplanar OTFT at a drain-source voltage of
Vas = —3V and a frequency of f = 20.69 Hz. The results of a TCAD simulation (dotted blue
line) are compared to the results of the compact model (solid red line). The transistor has a
channel length of L., = 20 pm. The setup of the TCAD simulation and the fitting parameters
of the DC compact model are depicted in column (a) of Tab. 6.5. In the compact model, the
empirical Hooge parameter is set to oy = 1-1075.
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CHAPTER 7

Model Extensions

7.1 Introductory Information

In this chapter, extensions to the quasistatic charge and capacitance model are described. The
model described in Chap. 4 allows for an accurate reproduction of the measured and simulated
quasistatic capacitances of staggered and coplanar transistors which are subject to the following

restrictions:

e The frequencies of the applied AC signals are small so that the charges in the transistor
respond immediately to a change in the voltages. This is the condition for a quasistatic
operation [38].

o The contact resistances have to be much smaller than the intrinsic channel resistance so
that they can be neglected. This is typically the case for long-channel transistors since
the DC current of the intrinsic carrier channel is inversely proportional to Lcn as can be
seen in the DC equation of the model (Eq. (2.21)). If the channel lengths are decreased,
the intrinsic carrier channel could conduct a larger current and thus the role of contact

resistances becomes more important [18].

These conditions will not be fulfilled for every use case. For instance, real electric circuits such
as amplifiers consisting of transistors are not limited to only low frequencies. Furthermore,
the contact resistance cannot be neglected in transistors the channel lengths of which are
significantly decreased in order to achieve a higher switching speed. Such a channel-length
reduction leads to a reduction of the total gate area and thus to a smaller amount of charges that
are stored in the transistor which is a pre-requisite for a transistor with high-speed capabilities.
Furthermore, which will be shown in the course of this chapter, contact resistance alter the
density of accumulated charges at the source/drain end of the transistor. In this chapter,
different approaches are provided to include those effects. The chapter is organized in the
following way: Firstly, the high-frequency behavior of long-channel transistors is described by

the channel segmentation approach which is valid for transistors comprising relatively small
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contact resistances. Secondly, the model for the total charges in the quasistatic case is enhanced
to capture the influence of contact resistances on the AC behavior of the transistors. Thirdly,
an empirical closed-form model for the high-frequency behavior of short-channel transistors
is shown. In addition to the frequency and short-channel models, this chapter contains an

investigation of the influence of the temperature on the DC behavior of the transistors.

7.2 Channel Segmentation

In this section, the channel segmentation model is presented and verified by means of measure-

ments and TCAD simulation results.

7.2.1 Modeling

The assumption of a quasistatic operation is only valid at comparatively low frequencies. Tran-
sistors with large channel lengths suffer from a low channel conductivity and high capacitances.
Hence, the propagation of charges along the channel is much slower for long-channel transis-
tors in comparison to their short-channel counterparts. In ref. [40], the frequency-dependent
capacitances of transistors with different channel lengths were measured. The measurement
procedure is similar as described in Sec. 6.3.2.2. However, during this measurement the source
and drain terminals were shorted and connected to the low-potential connector of the LCR
meter while the gate electrode was connected to the high-potential connector. In Figs. 7.1 and
7.2, the measured capacitance Cgg and the conductance Gz divided by the frequency, which is
denoted as the loss, are displayed.
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Figure 7.1.: Measured capacitance characteristics of transistors with different channel lengths
versus frequency as presented in ref. [40]. The capacitance is extracted at a gate-source volt-
age of Vgs = —3V. Due to the shorting of the drain and source terminals, V4gs = 0V. The
amplitude of the superimposed AC signal is 100 mV. The transistors have a channel width of
Wen,sp = 400 pm.
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Figure 7.2.: Measured loss Ggg/w, where w is the angular frequency, of the same transistors
as examined in Fig. 7.1. The data were presented originally in ref. [40].

It can be seen that the low-frequency capacitance of the transistors comprising large channel
lengths is generally larger compared to the short-channel transistors. Furthermore, the drop of
the capacitance with increasing frequency starts at significantly lower frequencies of several
kilohertz for the transistors with large channel lengths. The transistor with the largest channel
length (Len = 200 pm), for example, shows a notable decrease its capacitance already at ap-
proximately 20 kHz whereas for the transistor with the shortest channel length (Lcn = 30 pm),

the decay becomes important at much higher frequencies of about 100 kHz.

Figure 7.3(a) shows a schematic cross section of a staggered OTFT where small sections of the
intrinsic carrier channel are characterized by their resistance and their capacitance. The carrier
channel of the transistor behaves similar to a distributed RC' transmission line [64]. Since
the propagation of charge carriers through this transmission line does not occur with infinite
speed the transistor shows a non-quasistatic behavior which significantly deviates from the
quasistatic case above a particular frequency. In order to capture this behavior and to enhance
the compact model, the well-known model approach of the channel segmentation is applied [39].
This model describes a transistor as a series connection of several transistors where each of
them represents only a small segment of the total channel. The sum of the channel lengths of
these transistors is equal to the channel length of the whole transistor. In Fig. 7.3(b), the circuit
symbol of a p-type transistor is shown and in Fig. 7.3(c), the series connection of transistors
with interconnected gates is shown. This model approach is denoted as a macro model since
it does not describe the time-dependent current by means of analytical equations but rather
models one single device by an electronic substitute circuit that needs to be solved numerically,

e.g. by a circuit simulator like Cadence Virtuoso [70].
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Figure 7.3.: (a) Schematic cross section of a staggered OTFT where small sections of the
channel are depicted as resistor-capacitor segments. (b) Symbol of OTFT. (c) Circuit diagram
of the transistor in (a) which is modeled by N transistors connected in series. The sum of the
channel lengths of the N single transistors equals the channel length of the transistor in (b).

In contrast to the approach of a channel segmentation in a macro model, there is also the
option of analytically calculating the impedance of the RC transmission line of the transistor.
In the literature, this approach is described for different transistors such as single-crystalline
silicon MOSFETs [100] or polycrystalline silicon TFTs [64]. In ref. [18], this approach is used
for the description of non-quasistatic capacitances in OTFTs including contact resistances. The
benefit of this approach is that analytical equations can be derived for the capacitances which
are explicitly dependent on the frequency of the applied AC signal. This is beneficial for a
reproduction of measured capacitances at an arbitrary frequency. For a circuit simulation, the
model can be implemented in the hardware description language Verilog-A. Unfortunately, a
Verilog-A model in SPICE simulations is not aware of the frequency of the AC input signal. In
ref. [18], this problem is circumvented by passing the frequency as an external parameter to the
model. The disadvantage of this procedure is that the model cannot be used in an AC sweep
in the circuit simulation since for every new simulation, the model parameter would have to
be updated. A further drawback of such an analytical solution is that the model can only be
used for perfectly sinusoidal signals that are applied during an AC analysis. However, during a
transient analysis such as described in refs. [101, 102], the voltages applied to the transistor
terminals can have any arbitrary wave forms. In order for this model to properly account
for that general case, the Fourier transform of the input signal would have to be calculated
and the reaction of the system to every single frequency would have to be evaluated. As a

consequence, the model in ref. [18] is not easily applicable to every kind of circuit simulation
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despite its advantages pertaining to the fact that it presents a closed-form description. In
order to overcome these difficulties, Valletta et al. developed a model for the large-signal
non-quasistatic behavior of OTFTs which is based on the discretization of the current continuity
equation based on a spline collocation method [103, 104]. The frequency dependence of the
transistor currents are accounted for implicitly by the numerical integration that is performed
in the Verilog-A code and thus this model provides a high flexibility. In this regard, this
model resembles a macro model. In comparison to the channel segmentation model there is
the advantage of a closer link to the physical effects that occur in the transistor but at the
cost of a higher complexity of the model. Thus, the macro model incorporating the channel
segmentation will be used in the following since it is easier to use and can directly be built
in a SPICE simulator by interconnecting several instances of the Verilog-A model of a single

transistor.

The channel segmentation model in this simple form is only suitable for transistors in which
the contact resistances can be neglected (second condition in Sec. 7.1). Otherwise, the charge
distribution in a transistor is altered which cannot easily be captured by the model without

any modifications as will be discussed later.

7.2.2 Implementation in Verilog-A

In this section, it will be briefly outlined how the model is implemented in the hardware
description language Verilog-A. The Verilog-A module of a single transistor contains the
equations of both the compact DC model and the model for the total charges. Please recall
that the total charges associated with the gate, the drain and the source are functions of the

three terminal potentials:

Qg = _QC = fl (‘/gv V;mvd)v (71)
Qs :fQ (‘/37‘/57‘/(1)7 (72)
Qa = f3 (Vg, Vs, Va). (7.3)

If any of the potentials Vi, Vi or Vg is changed, as a consequence the charges associated with
the transistor terminals are changed. As explained in Chap. 3, the change in these charges

results in charging or discharging currents:

0Q.
iy = — ;i , (7.4)
. 0Qs
s = , (7.5)
ot
iq = 9Qa (7.6)

ot -
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In the Verilog-A code of the OTFT, these charging and discharging currents can be added to
the DC currents by using the ddt operator [70]:

I, = —ddt (Q.), (7.7)
Is = Lipc + ddt (Qs) , (7.8)
Iy = Iapc + ddt (Qa), (7.9)
Iapc = —Ispc (7.10)

where I4pc and s pc are calculated by the compact DC model. The usage of the ddt operator

leads to a correct handling of the charging and discharging of the capacitive currents.

The channel-segmentation model could in principle be instantiated by interconnecting several
instances of the single transistor model to a circuit. However, this procedure is inconvenient
since the circuit schematics would become confusing with every single transistor being displayed
as an interconnection of several transistors. In Verilog-A, there exists the possibility to create a
netlist in a module and to define ports that are connected to the outer circuit. This is achieved
by defining a parent module in the Verilog-A code which has three electrical ports for the
gate, source and drain electrodes. In the same Verilog-A code, it is possible to define several
other modules that can be called in the parent module. The module of the single transistor is
implemented and in the parent module, several instances of this single transistor module are

called and interconnected in a netlist.
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Figure 7.4.: Circuit schematic of several transistors interconnected in the channel-
segmentation model. (a) In order to improve the convergence of the solver algorithm, Ca-
dence Virtuoso automatically connects a small conductance gmin between each circuit node
and ground during a DC and an AC analysis. (b) During a transient analysis, Cadence Vir-
tuoso automatically connects each circuit node to ground by a capacitance c¢min in order to
improve convergence.
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One important point is to capture the gate-to-contact overlap capacitances only at the transis-
tors T1 and Tn in Fig. 7.3(c). T1 is the only transistor in the circuit which has a gate-to-drain
overlap region and accordingly, transistor Tn is the only transistor comprising a gate-to-source
overlap region. The transistors along the channel region are computed without any overlap
region. In the model, this is achieved by deactivating the contributions of the non-necessary

gate-to-contact overlap capacitances in the single-transistor module.

When a circuit is simulated in Cadence Virtuoso, the non-linear circuit equations are solved
numerically by the solver Spectre [70]. Cadence Virtuoso uses auxiliary methods to achieve a
better convergence. In Fig. 7.4(a), a schematic of several transistors that are interconnected in
a circuit is shown. As can be seen, each node of the circuit is connected to the ground level
through a small conductance denoted as gmin. This procedure assists the solver in determining
a convergent solution but at the cost of a reduced overall accuracy of the circuit. Such an
auxiliary conductance is included automatically by Cadence Virtuoso if a DC or an AC analysis
is performed. If, by contrast, a transient analysis is performed, Cadence Virtuoso uses small
auxiliary capacitors that are connected between each node and the ground level, see Fig. 7.4(b).
Without these capacitances no convergence can be achieved but they will diminish the accuracy

of the circuit.
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7.2.3 Verification

In this section, the verification of the channel-segmentation approach will be presented by
means of AC measurements of OTFTs and by TCAD simulations. In addition, the compact
model is used in a transient simulation and compared to the results of a transient simulation in

TCAD.

7.2.3.1 AC Measurements

The data used for verification are the AC measurements of ref. [40]. The longest transistor
presented has a channel length of Lo, = 200 pm which can be regarded as a long-channel
transistor. The geometric values and material parameters of this transistor are depicted
in Tab. 6.3. Similarly as for the verification of the quasistatic capacitances, the threshold
voltage is regarded as a fitting parameter fluctuating due to the bias-stress-induced filling
and emptying of traps [90]. During the AC measurements the drain and source terminals
are shorted. The complex admittance Y is measured and according to Eqgs. (6.7) and (6.8)
the capacitance and the conductance between the two terminals are calculated. Due to the
shorting of the drain and source terminals, the measured capacitance and conductance can be
interpreted as Cgg and Ggg, respectively. However, in the simulations with Cadence Virtuoso,
a better numerical stability is achieved if Vys # 0. Therefore, the simulations presented in this

work are computed at Vgs = —1mV.

600

500
400

300

Cyg[PF]

200

100

102 2 5 10° = 5 10* 2 5 10° = 5 10°
f[Hz]

Figure 7.5.: Capacitance Cgg versus frequency of the staggered OTFT with Lg, =

200 pm presented in ref. [40]. The measurements (solid lines) are compared to the channel-
segmentation model (circles) at different gate-source voltages. The amplitude of the superim-
posed AC signal is 100mV in both the measurements and the SPICE simulations. The channel-
segmentation model consists of N = 2 transistors that are interconnected. The drain-source
voltage Vys is 0V for the measurement data and —1 mV for the model. The threshold voltage is
set to Vg = —1.2V and a conductance gmin = 1 x 10712 S is used. This figure shows similar
results as presented in ref. [105].
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Figure 7.6.: Loss Ggg/w versus frequency of the staggered OTFT with Lg, = 200 pm pre-
sented in ref. [40]. The measurements (solid lines) are compared to the channel-segmentation
model (circles) at different gate-source voltages. The channel-segmentation model consists of
N = 2 transistors that are interconnected. The simulation setup is the same as in Fig. 7.5.
This figure shows similar results as presented in ref. [105].

In Cadence Virtuoso, the complex admittance between gate and drain is determined by dividing
the AC part of the drain current by the AC part of the gate voltage. Based on this complex
admittance, again Eqs. (6.7) and (6.8) are used for the calculation of the capacitance and
conductance. As a consequence of the very small drain-source voltage the charges along the
channel can be assumed as evenly distributed. Therefore, the following expressions can be

formulated for the capacitances and the conductances of the transistor:

Csg & Cag = Cgs = Cga ~ 1/2+ Cly, (7.11)
Geg = Gag = Ggs = Gga ~ 1/2+ Ggg. (7.12)

Thus, by multiplying the simulated capacitance and conductance by a factor of 2, the capaci-

tance Cge and the conductance Gy, are yielded.

Figures 7.5 and 7.6 show the measured and simulated capacitance Cgg and loss Ggg/w. In the
model, a very simple transmission line of only N = 2 transistors is used. It can be seen that
there is already a certain goodness of fit even if a small number of only N = 2 transistors are
interconnected. As it might be assumed, the quality of fit becomes better if more transistors
are interconnected. This is shown in Fig. 7.7 where the capacitance Cgg and the loss Ggg/w are
displayed at a gate-source voltage of Vzs = —3 V with varying numbers of transistors that are
interconnected. It becomes evident that when using a higher number of transistors the model
agrees better with the measured data since the distribution of the charges and the charging

through adjacent channel elements are captured more accurately in a finer mesh.
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Figure 7.7.: Capacitance Cgg (right y-axis) and loss Ggg/w (left y-axis) versus frequency of
the staggered OTFT with L., = 200 pm presented in ref. [40]. The measurements (solid lines)
are compared to the channel-segmentation model (circles) at a fixed gate-source voltage of
Vgs = —3 V. The number of transistor interconnected in the model is varied from N = 2 to
N = 24. The simulation setup is the same as in Fig. 7.5. This figure shows similar results as
presented in ref. [105].

7.2.3.2 AC TCAD Simulation

In this section, the channel-segmentation model is verified against Sentaurus TCAD simulation
results. A staggered OTFT with a long channel of L., = 200 pm was simulated by means of an
AC analysis with varying frequencies at distinct gate-source voltages with a fixed drain-source
voltage of Vgs = —1mV. The simulation setup and the fitting parameters of the DC compact
model are equal to the setup depicted in column (a) of Tab. 6.2. The reason for simulating a
long-channel transistor is that the channel-segmentation model shall capture the effect of the
charge propagation along the channel of the transistor. This effect is more pronounced in a
transistor with a large channel length. After the fitting of the DC compact model which is
presented in Sec. 6.3.2.1, an AC analysis is conducted in Cadence Virtuoso. As in the previous
section the complex admittance Y between the gate and the drain terminal is determined. The
capacitance and the conductance can be calculated from this and due to the nearly-zero drain
voltage the condition Cgs = Cyq is fulfilled which, for example, can be seen in Fig. 6.12. As a

consequence, the simulated capacitance and conductance are interpreted as Cgs and Gigs.

The verification of the compact model by TCAD simulations is performed in the same manner
as for the measurements presented in the previous section. In Fig. 7.8, the capacitance Cgs is
compared at different gate-source voltages with the channel segmentation consisting of only
N = 2 transistors. A certain level of agreement can be observed but at higher frequencies the

model consisting of N = 2 transistors cannot represent the TCAD simulation results.
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Figure 7.8.: Capacitance Cygs versus frequency of a staggered OTFT with Lo, = 200 pm.
The results of a Sentaurus TCAD simulation (solid lines) are compared to the channel-
segmentation model (circles) at different gate-source voltages and a fixed drain-source voltage
of Vg = —1mV. The amplitude of the superimposed AC signal is 100 mV in the model. The
model consists of N = 2 transistors that are interconnected. In Cadence Virtuoso, a conduc-
tance gmin = 1 x 10715 S is used. This figure shows similar results as presented in ref. [105].

Figure 7.9.: Loss Ggs/w versus frequency of a staggered OTFT with Lo, = 200 pm. The
results of a Sentaurus TCAD simulation (solid lines) are compared to the channel-segmentation
model (circles) at different gate-source voltages and a fixed drain-source voltage of Vgs =
—1mV. The model consists of N = 2 transistors that are interconnected. The simulation
setup is the same as in Fig. 7.8. This figure shows similar results as presented in ref. [105].
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Figure 7.10.: Capacitance Cgs (right y-axis) and loss Ggs/w (left y-axis) versus frequency of
of a staggered OTFT with L¢, = 200 pm. The results of a Sentaurus TCAD simulation (solid
lines) are compared to the channel-segmentation model (circles) at a fixed gate-source voltage
of Vgs = —4V and a fixed drain-source voltage of V43 = —1mV. The number of transistors
interconnected in the model is varied from N = 2 to N = 24. The simulation setup is the same
as in Fig. 7.8. This figure shows similar results as presented in ref. [105].

A similar comparison is shown in Fig. 7.9 where for N = 2 the loss Ggs/w is shown. The level
of agreement is already comparatively high but the compact model again leads to wrong results

at frequencies larger than the maximum of the loss curve.

The accuracy of the channel-segmentation model can be improved by increasing the number
of transistors which are interconnected. Figure 7.10 depicts the capacitance Cgs and the loss
Ggs/w at a gate-source voltage of Vgs = —4V for varying numbers of transistors. It can be
observed that the agreement improves with an increasing number of transistors. As the plot
shows the channel-segmentation model can very accurately describe the frequency-dependent
capacitance and loss of the TCAD-simulated transistor. Since the computation time of the
model increases with the number of transistors a proper number must be chosen to find a
trade-off between simulation speed and accuracy. For instance, if the transistor is operated

below the maximum of the loss curve, a number of N = 4 is totally sufficient.

7.2.3.3 Transient TCAD Simulation

In this section, the functionality of the model will be verified by means of a transient analysis
which tests the large-signal behavior of the model. During a transient analysis a time-dependent
signal is applied to the gate and the time response of the model is observed. In TCAD, a 2D
transient simulation of a staggered OTFT has been conducted. The setup is similar as the one
depicted in column (a) of Tab. 6.2 but here a transistor with a channel length of L, = 120 pm

is used. Prior to conducting the transient analysis in Cadence Virtuoso, a DC fitting of the
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compact model with regard to the TCAD simulation results is performed. Due to the good

scalability of the compact model the same DC fitting parameters as for the transistor with

Len = 200 pm can be used. These are depicted in column (a) of Tab. 6.2.

0

= Vgs switch on
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Figure 7.11.: Time-dependent gate-source voltage used as the input for the TCAD simu-
lations of the transistors’ switch-on process (solid blue line) and the switch-off-process (dot-
ted red line). After a time of 10 us the voltage is ramped to its final value within a time of
At = 80 ps. This figure shows the same data as presented in ref. [105].
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Figure 7.12.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-on process. In the
model, different numbers of transistors are used. This figure shows nearly the same data as

presented in ref. [105].
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During the transient analysis the drain-source voltage is set to a constant value of Vgs = —1V
and the gate voltage is ramped once from Vg = 0V to Vg = —4V in order to simulate a
switch-on process and once from Vs = —4V to Vg = 0V for the simulation of a switch-off
process. In Fig. 7.11, the input profile of the gate-source voltage is shown versus time. For
the first 10 ps, Vg is held constant at its initial value. Then, it is ramped linearly in a time
At = 80ups to its final value where it is again kept for a certain amount of time until the

simulation is over.
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Figure 7.13.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-on process. In the

model, different numbers of transistors are used. This figure shows nearly the same data as
presented in ref. [105].

Figures 7.12 and 7.13 show the drain current during the switch-on process versus time of the
channel-segmentation model in comparison to the TCAD simulation results for varying numbers
of transistors incorporated in the model. For a better distinction of the data, the curves are
displayed in two different plots for two sets of numbers. Whereas during the AC analysis in
the former section the conclusion was that more transistors lead to a higher accuracy this
conclusion does not hold for the transient analysis. It can be seen in Fig. 7.13 that the model
incorporating N = 24 transistors leads to a lower agreement than the model incorporating
N = 6 transistors. The reason for this can be found by looking at the auxiliary components
that Cadence Virtuoso automatically connects to the circuit in order to improve convergence.
As described in Sec. 7.2.2; Cadence Virtuoso connects every node in the circuit to the ground
level by a small capacitance cmin. In order to achieve convergence, a comparatively high value
for ¢min of 15 fF has to be used. The total gate capacitance of the transistor in the linear regime

of operation converges to the capacitance defined by the gate dielectric:

ng = (LCh + LOV’GD + Lov,GS) : Wcontact N C(l;[iel ~ 912 fF. (713)
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Since the capacitance cmin is a per-node value it means that with a higher number of transistors
a higher number of capacitors cmin is added. A single capacitance cmin only slightly changes the
capacitance of the transistor to be modeled but a high number can significantly change the re-
sults. This is the reason for the reduced goodness of fit with the number of transistors becoming

too high. Overall, a good agreement is achieved if the model is computed with N = 6 transistors.

In the following, the results of the transient analysis will be discussed. During the first 10 ps,
the drain current is nearly zero since Vg is still zero and apart from the small diffusion current
in the off-state and leakage currents, no DC current flows. This is equivalent with the case
depicted in Fig. 3.2(a) where the comparison of a transistor and a water system is presented. At
the time point ¢ = 10 ps, a small upward jump is visible in the current in Figs. 7.12 and 7.13. At
this moment, the linear increase of the gate-source voltage from Vg = 0V towards Vg = —4V
starts. The transistor is still not turned on until Vg reaches the threshold voltage. The small
upward jump in the drain current is the abruptly starting current that charges the gate-to-drain
overlap capacitance. Since the organic semiconductor is depleted in the sub-threshold regime
of operation the overlap capacitance is nearly constant and can be characterized as the series
connection of the gate dielectric and the organic semiconductor. Very generally, the current I.

flowing through a capacitance is defined by [106]:

v

le=C- =

(7.14)

where V. is the voltage applied to the capacitance. Since the gate-source voltage is varied
linearly starting at ¢ = 10 ps, also the gate-drain voltage Vyq = Vg — Vas is varied linearly.
Accordingly, the current flowing in the gate-to-drain overlap capacitance is constant and nearly
instantly jumps upward when the gate-voltage ramp starts. It can be seen that this charging
current has a different polarity than the drain current that flows under DC conditions. Since a
p-type transistor is regarded the DC drain current is negative. In other words: If the transistor
is operated above the threshold voltage in steady-state DC conditions, holes are flowing into
the source terminal and flowing out of the drain terminal. However, since the transistor is
still operated in the sub-threshold regime of operation only the capacitive charging current of
the gate-to-drain overlap region is present. The positive drain current in this operation point
implies that rather than holes coming out of the drain they are flowing into the drain. This can
be explained by the change of the potentials at the gate-to-drain overlap capacitance: since
the gate potential is decreasing electrons are flowing through the gate terminal to the gate
electrode. In order to fulfill the principle of charge conservation, an equal amount of holes
has to be present at the drain electrode. Since the organic semiconductor is still depleted the
necessary holes for this charge conversation cannot come from the channel region. The holes
have to enter through the drain electrode constituting a positive drain current which charges

this series capacitance.
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At t = 30 ps, the gate-source voltage reaches a value of Vg3 = —1V. The organic semiconductor
is now driven into accumulation at the gate-dielectric/semiconductor interface. However, it can
be seen in Fig. 7.12 that the TCAD-simulated current does not exhibit any changes at that time
point. The reason for this behavior is that the channel only gradually becomes more conductive
with higher gate-source voltages and that the charges need to propagate along the channel.
With the channel conductivity reaching a certain value at t ~ 45ns the charging current
rapidly increases and a substantial overshoot current results. Now, the charging of channel
capacitance segments through adjacent channel resistance elements is dominant. There are as
well accumulation charges in the gate-to-contact overlap regions. However, since the overlap
regions are short in comparison to the channel length of the transistor the time-dependent
charging of the overlap regions is of minor importance here. Under steady-state conditions, the
holes are entirely injected at the source end of the channel and are extracted from the channel
at the drain end. However, it can be observed that the overshoot current has a positive sign
which means that even more holes are entering the drain terminal in order to fill the channel
capacitance segments. This case is equivalent with Fig. 3.2(b). At ¢ & 76 ps, the overshoot
current reaches its maximum and starts decreasing even if the gate-source voltage has still
not reached its end value. The decrease in the overshoot current can be explained by the fact
that during the gate-voltage ramp already a certain amount of channel charge capacitances are
being charged. It has to be mentioned that in addition to the capacitive charging currents, the
normal DC current is also starting to flow. The total current at the drain terminal is thus a
superposition of the DC current and the capacitive charging current. Obviously, the charging

currents are starting to decrease which causes the overshoot current to decrease.

At t = 90ps, the gate-source voltage reaches its final value of Vg = —4V. It can be seen
in Fig. 7.12 that the drain current which is still positive rapidly starts to decrease. Still, not all
charging processes of the intrinsic channel charge capacitances have finished which is the reason
why the negative DC current does not instantly take over. However, the charging of the channel
charge capacitances is slowing down. At t & 92 us, the direction of the drain current is reversed
and it starts converging to the steady-state DC value. This is comparable to the water system
as displayed in Figs. 3.2(c) and 3.2(d). Then, the drain current converges to the DC value
which is theoretically never completely reached, similarly as the charging of a capacitor through
a resistor is never fully finished. However, as can be seen, at ¢ = 120 ps, the current nearly

does not exhibit any further changes. This case is represented by the water system in Fig. 3.2(e).

Similarly as for the switch-on process, Figs. 7.14 and 7.15 show the results of the channel-
segmentation model in comparison to the TCAD simulation results for a switch-off process.
Also here, for a better visibility, the curves are split up into two plots. Similarly as in the
switch-on process, the best agreement is not obtained by the model consisting of N = 24
transistors. Rather, a number of N = 6 transistors produces the best results. A short discussion

of the switch-off process will follow.
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Figure 7.14.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-off process. In the
model, different numbers of transistors are used. This figure shows nearly the same data as
presented in ref. [105].

At t = 10 ps, the ramping of Vg from its on-state value of Vgs = —4V to Vgs = 0V starts. As
can be seen, the drain current now produces a substantial undershoot. Figuratively speaking,
it means that even if the transistor is being turned off, even more holes are coming out of the
drain terminal. The reason is that with a reduction in the absolute value of Vg, the total
amount of charges which the organic semiconductor can store is reduced. The charges cannot
disappear but they have to leave the transistor through the terminals. Thus, the undershoot

current is a consequence of the discharging of the channel charge capacitances.

At ¢t =~ 20ps, the absolute value of the undershoot current reaches its maximum and starts
decreasing. Due to the further reduction of Vg, the static DC current is further reduced and a
certain amount of charges has already been discharged from the channel charge capacitances.
Therefore, the absolute value of the drain current is further reduced. However, with the absolute
value of Vs being reduced, the conductance of the carrier channel decreases. Consequently, the
charge carriers that still have to be discharged from the channel charge capacitances have to
travel through a higher-conductive region. Thus, the absolute value of the drain current does

not converge quickly to its off-state value.

At t = 90 ps, Vs reaches its final value of 0 V. It can be seen that the drain current is still
not zero. However, a small jump towards zero is observable. The reason for this is the stop of
the discharging of the gate-to-drain overlap capacitance. Since the organic semiconductor is
depleted now the gate-to-drain overlap capacitance again behaves like a series connection of
two parallel-plate capacitors. Thus, the capacitive discharging current of the overlap region

stops abruptly. As can be seen, the current very slowly converges to zero. The convergence
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rate is much slower in comparison to convergence rate of the drain current to its on-state DC
value during the switch-on process after the gate-source voltage ramp is finished. This behavior
can be attributed to the fact that the intrinsic carrier channel is very low-conductive because
the transistor is already turned off. However, still some charges have to be discharged from the
channel charge capacitances. Due to the low conductivity of the channel, the charges can reach

the drain terminal very slowly.
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Figure 7.15.: Drain current transient predicted by the channel-segmentation model (symbols)
in comparison to the TCAD simulation results (solid line) during the switch-off process. In the
model, different numbers of transistors are used. This figure shows nearly the same data as
presented in ref. [105].
In conclusion, it can be said that the channel-segmentation model reproduces the TCAD-
simulated transient responses of the transistors with very good accuracy if a number of N =6

transistors is used in the series connection.

7.3 Capacitances in Short-Channel Transistors

In this section, an empirical enhancement of the compact model for the total charges in
a quasistatic operation point is presented. Based on investigations of TCAD simulations,
fitting functions are proposed and verified with respect to simulated quasistatic capacitances of

short-channel transistors comprising comparatively large Schottky barriers.

7.3.1 Observations Based on TCAD

The model for the total charges presented in Chap. 4 is only suitable for transistors with
negligible contact resistances with regard to the intrinsic channel resistance of the transistor.
Thus, it is worth investigating how the charge model behaves if applied in short-channel
transistors. For this purpose, a Sentaurus TCAD simulation of a staggered OTFT with a

channel length of 2 pm has been conducted. The simulation uses slightly different parameters
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than the TCAD simulations presented so far. Here, the parameters are chosen similar as in
fabricated OTFTs at the Max Planck Institute so that the simulations show a certain degree of

agreement with measured current-voltage characteristics.

The setup of the TCAD simulation will be outlined in the following. An organic semiconductor
with an electron affinity of xosc = 1.81€V, a bandgap of E; = 3.38€V, a constant electron
mobility of pn =1 x 107 cm? V"'s7!, and a constant hole mobility of pp, = 1em? V= 1s™ ! is
simulated. For simplicity, the density of states is assumed as a square-root function such as
in crystalline semiconductors with an effective density of Ny = 1 x 10*' cm™3. The relative
dielectric permittivities of the depleted organic semiconductor and the gate dielectric are
set as €rosc = 3 and erqiel = 4.88, respectively. The work function of the gate electrode is
set to Pm,e = 4.1€V and the work function of the source/drain electrodes is altered between
Pm,sd = 5.19eV and P, sa = 4.7€V in order to simulate one transistor with only Ohmic contacts
and one with Schottky barriers at the metal-to-semiconductor junctions. In case of the transistor
comprising Schottky barriers, the Schottky-barrier-lowering effect is activated. The channel
length is chosen as L, = 2 pm, the channel width is chosen as Weontact = Wen,sp = 1 11m, the
gate-to-contact overlap lengths are set to Lov,ap = Lov,as = 2pm, the gate-dielectric thick-

ness is set to taiel = 5.3 nm, and a thickness of the organic semiconductor of t,sc = 25 nm is used.

The TCAD simulations are conducted using the Poole-Frenkel mobility model which captures
the influence of the electric field in the organic semiconductor on the mobility. The resulting

effective mobility for holes that is used in this setup has the following formulation [50]:

WPF = Hp  €XP (\/f (B% - VPF)) (7.15)

where F' is the electric field in the organic semiconductor and Spr and ~pr are fitting pa-
rameters of the Poole-Frenkel model. The simulation is computed with Spr = 0.5 K \ﬂm /V)
and ypp = 1-1073 \/(m/V). In addition to the Poole-Frenkel mobility, another effect that
plays an important role in organic semiconcudtors is considered in the TCAD simulation:
parasitic traps in the semiconductor. Traps have an influence on the device electrostatics
and change the sub-threshold swing and the threshold voltage of a transistor [36]. In this
simulation, traps in the bandgap of the organic semiconductors are assumed with a Gaussian
distribution. The peak of this distribution is 0.2eV above the valence band energy. A trap

concentration of Ny trap = 1 X 10 cm 2 eV ! and a standard deviation of Otrap = 0.1€V is used.

As usual when observing the charge/capacitance model, the charge-based DC compact model
is fitted to the current-voltage characteristics of the TCAD simulations and subsequently the
quasistatic capacitances are compared. Figure 7.16 shows the quasistatic trans-capacitances of
the compact model in comparison to the TCAD simulation where no Schottky barrier between

the source/drain electrodes and the organic semiconductor is present. The agreement is not
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perfect but in general, the simulated capacitances are reproduced well. Even in the absence of
Schottky barriers the contact resistances have to be considered in the compact model. The
reason is that in a transistor with such short channel lengths, the sheet resistance of the organic
semiconductor becomes important. It can be seen that the capacitances Csg (magenta) and Cqg
(cyan) cross each other at high absolute values of Vgs. Despite the inaccuracies the overall fitting

of the quasistatic capacitance model is still sufficient. However, the TCAD-simulated transistor

10

Ves[V]

Figure 7.16.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vgs = —1V. The compact model (solid lines) is compared to the results of
a TCAD simulation (dotted lines). The channel length of the transistor is Ly, = 2pm. The
work function of the source/drain electrodes is chosen to match the HOMO of the organic
semiconductor. Thus, there is no Schottky barrier: &gy = 0eV. In the compact model, the
following fitting parameters are used: Vg = —1.01V, Sops = 100 mV /dec, Rgheet/Weontact =
1x 103 Q/em, Ly = 1.4pm, k = 0.9cm?2V—A~1s~1 8 =0.035, A = 0.012V L
has an ideal Ohmic contact at the source/drain-to-semiconductor interfaces. If, by contrast,
the work function of the metal is not aligned with the HOMO of the organic semiconductor,
Schottky barriers are present which have a high influence on the contact resistances [47]. Under
the presence of high Schottky barriers, the capacitances of the transistor behave quite different
from the capacitances without Schottky barriers. This is visualized in Fig. 7.17 where the
quasistatic capacitances of a transistor with a high Schottky barrier of &gy = 0.49€V are
depicted. The DC model is fitted by making use of the non-linear injection model presented in
ref. [47]. It can be seen that there is only a low level of agreement between the TCAD-simulated
capacitances and the compact model. The capacitances Cgs (red) and Cgq (blue) cross each
other at high absolute values of V4, and the two capacitances Csz and Cg, also do. Please
recall that Cgs and Cga are the change of the total gate charges with respect to a change
in the source or drain potential, respectively. In Sec. 6.3.2.1, it is shown that typically Cigs
has a higher absolute value than Cgq for every voltage that is applied. The total charges in
the channel (which are the same as the total gate charges but with different sign) are always

more under control of the source terminal than of the drain terminal since the application of a
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drain-source voltage causes a reduction of the charge density along the channel towards the
drain end. The crossing of Cys and Cgq (Fig. 7.17) implies that the channel charges are more
under control of the drain terminal at large absolute values of V5. Similarly, these effects are
reflected in Csz and Cqe. Please recall that these capacitances reflect the change of the source
or drain charges, respectively, if the gate potential is changed. If Cq4, has a larger absolute value
than Csg, it can be interpreted that a change in the gate potential has more influence on the
charge associated with the drain in comparison to the charge associated with the source. Also
this result is striking and in contradiction to the verification of the long-channel transistors

presented so far.
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Figure 7.17.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-

source voltage of Vs = —1V. The compact model (solid lines) is compared to the results of a

TCAD simulation (dotted lines). The channel length of the transistor is L¢y, = 2 pm. The work

function of the source/drain electrodes is chosen to obtain a Schottky barrier of &gy = 0.49 €V.

In the compact model, the following fitting parameters are used: Vg = —0.99V, Sops =

100 mV /dec, Rgheet/Weontact = 3.0776 x 1013 Q/cm, Ly = 1.4pm, £ = 0.63cm2V—P—1g=1 g =

0.54, A = 0.003 V—!. The non-linear injection model is fitted using the following parameters:

n = 1.0096, 0 = 2, weat = 2.
Another investigation leads to an important information for the compact model: In Fig. 7.18,
the density of accumulated holes in the organic semiconductor along a cutline very close to
the gate dielectric is shown. The results of two transistors with different Schottky barriers at
the source/drain-to-semiconductor junctions are depicted and it is revealed that the presence
of Schottky barriers significantly alters the charge densities. Even if the non-linear injection
model presented in ref. [47] correctly accounts for the influence of the Schottky barriers on
the drain current, it cannot completely capture the influence which they have on the charge
densities. In principle, the charge density Q.. would have to be recalculated to reflect the
influence of the Schottky barrier at the source contact. However, an accurate expression for
the voltage drop across the barrier is missing and analytically not solvable. Therefore, in

ref. [47] an equivalent non-linear resistance of the Schottky barrier is derived and incorporated
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Figure 7.18.: Density of accumulated holes in the organic semiconductor of a staggered
OTEFT along a cutline close the gate dielectric as simulated by TCAD. In one simulation, no
Schottky barrier between the source/drain electrodes and the organic semiconductor is present
(blue line) whereas in the other simulation, a high Schottky barrier of &g = 0.49 €V is present
(red line). It can be seen that the barrier alters the charge densities significantly. The channel
length of the transistor is L¢p, = 2 pm. This figure was published in ref. [55].

into an effective mobility. As the resistance of the source Schottky barrier increases, the
effective mobility is reduced. In contrast to this procedure, the influence of the Schottky
barrier at the drain is captured by its voltage drop Vip,q and based on this, a new charge
density Q;nd’ba” is calculated. This procedure is totally sufficient to reproduce measured and
simulated current-voltage characteristics of OTFTs with good accuracy but without any further
modifications the compact model for the total charges fails. The reason is that the total charges
in the transistor are calculated based on an integration of the charge density along the channel,
as presented in Chap. 4. Thus, if the model equations describing the charge densities do not
reflect the properties of the OTFT accurately, the model for the total charges cannot produce
correct results even if the DC model has a good fitting. Furthermore, the injection model in
ref. [47] does not claim to correctly calculate the different voltage drops over the source and
drain Schottky barriers explicitly. The main goal is to obtain a model that can be fitted to

current-voltage characteristics as accurately as possible.

7.3.2 Derivation of the Model Equations

In this section, the derivation of correction functions are presented based on the observations
from TCAD simulations. These correction functions lead at least to a better agreement between
the compact model for the total charges and the TCAD simulation results.
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7.3.2.1 Influence of the Contact Resistances

The first concern is to account for the contact resistances. As outlined in the last section, the
non-linear injection model presented in ref. [47] is able to reproduce simulated or measured
current-voltage characteristics of OTFT incorporating the non-linear influence of the Schottky
barriers at the source and the drain contacts. In the injection model, a significantly approximated
expression for the voltage drop Vi s across the Schottky barrier at the source contact is defined.
This is sufficiently accurate for the definition of an equivalent barrier resistance Rgp, s with the
help of which the non-linear influence of the barrier on the current-voltage characteristics can
be captured. An explicit, analytical solution of the voltage drop across the source Schottky
barrier is not available since this would require the numerical solution of the series connection
of an inversely operated Schottky barrier and the transistor. The voltage drop Vin.q over the
drain Schottky barrier is calculated explicitly. However, this voltage drop is assumed in ref. [47]
to be a linear function of the drain-source voltage for values below the voltage at which the
voltage drop across the barrier saturates. Despite this strong approximation the influence of
the Schottky barrier at the drain contact on the output characteristics in the form of a shift of

the output curves along the Vys-axis is captured with sufficient accuracy by the model.

S

fﬁt (1 - Kr) 'Rcontact

Figure 7.19.: Equivalent circuit of the transistor comprising contact resistances. The voltage
drops over the contact elements are needed for the charge model. This picture is similar as
published in ref. [55].
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In addition to the resistances of the Schottky barriers described in ref. [47], the DC model
also includes an Ohmic component of the contact resistance which is denoted as Rcontact- In
case of staggered transistors, this Ohmic resistance is calculated based on the sheet resistance
(Eq. (2.10)) and in case of coplanar transistors, it is simply a constant. The nonlinear resistance
Rgb,s of the source Schottky barrier is added to the Ohmic contact resistance and both are
used in the effective mobility according to Eq. (2.8) or Eq. (2.22). Also the Ohmic contact
resistance has to be included in the discussion of the contact resistances in the context of
the model for the total charges. In Fig. 7.19, an equivalent circuit of a transistor comprising
contact resistances is shown. At the intrinsic transistor, different voltages V,o and V,q’ are
found than at the outer terminals. The contact resistances in Fig. 7.19 are multiplied by a
fitting function which will be explained in the following. The idea is to calculate the voltage
drops over the contact elements at the source and at the drain separately by making use of
the DC current incorporating the non-linear injection model. After the calculation of these
contact voltages Vi contact and Vi contact, the charge densities Qr,s and Q.4 are recalculated.
At this point, two sets of charge densities exist in the model: the ones used for the DC model
and the newly calculated charge densities containing the voltage drops Vs contact and Vi, contact-
The latter are then used in the charge integrals according to Egs. (A.1l), (A.2), and (A.3).
Furthermore, the auxiliary voltages Vg and V4 according to Eqgs. (4.26) and (4.29) which are
used in the calculation of the gate-to-contact overlap capacitances in staggered transistors are
also calculated based on the new charge densities. The evolution of the correction functions is

presented in the next paragraphs.

Figure 7.20.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vqs = —1V. The channel length of the transistor is Lo, = 2pm. The
compact model (solid lines) is compared to the results of a TCAD simulation (dotted lines).
The parameters of the TCAD setup and the compact model are the same as in Fig. 7.17.
Here, the contact voltages are calculated according to experiment 1: Vs contact = Vsb,s and
Vd,contact = V;b,d + |Ids| - Reontact -
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Experiment 1: Usage of Vip,s and Vb g
The first experiment is to directly use the voltage drops Vin s and Visp g as they are defined in
ref. [47]. Furthermore, the Ohmic part Recontact Of the contact resistance is completely attributed

to belong to the drain contact voltage. The two contact voltage drops are defined as:

‘/s,contact - ‘/sb,57 (716)
Vd,contact = ‘/sb,d + |Ids‘ - Reontact (717)

where I45 is the DC drain current as calculated by the compact DC model incorporating the
non-linear injection model [47]. As can be seen in Fig. 7.20, this experiment does not lead to
proper results. Even if the capacitance Cgq shows some kind of agreement with the TCAD
simulation results, the other capacitances fail entirely. This experiment proves that Vi, s and
Vab,a serve as auxiliary values in the non-linear injection model [47] which are only suitable to

reproduce the static current-voltage characteristics of OTFTs.

- Cgs - ng - ng Cdg = Cos+—Cq

Ves[V]

Figure 7.21.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vgg = —1V. The channel length of the transistor is L., = 2pm. The com-
pact model (solid lines) is compared to the results of a TCAD simulation (dotted lines). The
parameters of the TCAD setup and the compact model are the same as in Fig. 7.17. Here,
the contact voltages are calculated according to experiment 2: Vs contact = |las| - Rsb,s and
Vd,contact = Vsb,d + ‘Ids‘ * Reontact-

Experiment 2: Usage of Vip,a and Reb,s

The next experiment is to use the equivalent resistance Rsp s of the Schottky barrier at the

source in order to define the contact voltage drop at the source. The contact voltage drop at

the drain is the same as in experiment 1. The voltages are defined as:

‘/s,contact = |Ids| . Rsb,s, (718)
Vd,contact - ‘/sb,d + |Ids| . Rcontact- (719)
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Figure 7.21 shows the result for the case that experiment 2 is conducted. It can be seen that
Cgs now shows a better agreement whereas Czq has become worse in comparison to experiment
1. Since the modeled capacitance Cgq has a too low absolute value at high absolute values of
Ves the consequence is that the influence of the drain contact resistance is too high. A change in
the drain potential obviously leads to a smaller change in the total gate charges than necessary.
Even if the capacitance Cygs shows a good agreement, the contact voltages are re-engineered in

a third experiment.

Experiment 3: Redistribution of the Contact Voltages
The next experiment is to introduce a redistribution of the contact voltages. It is assumed
that both the voltage drops over the Ohmic contact resistance and the voltage Viy, 4, which are

theoretically only present at the drain, may be redistributed between the source and the drain:

‘/s,contact = |Ids‘ . (Rsb,s + (1 - Kr) : Rcontact) + (1 - Kr) : ‘/sb,dy (720)
Vd,contact - |Ids‘ . Kr . Rcontact + Kr . ‘/sb,d (721)

where K is a fitting parameter which is denoted as the redistribution factor. As can be seen,
if K; =1, the model behaves as in experiment 2. If, by contrast K, = 0, the complete voltage
drop at the drain contact is assigned to the source. In Fig. 7.22, the results of the model
in comparison to the TCAD simulations are shown where experiment 3 is conducted. The

parameter K, has been assigned a value of 0.25. It can be seen that with the help of param-

10

Figure 7.22.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vg = —1V. The channel length of the transistor is L., = 2pm. The
compact model (solid lines) is compared to the results of a TCAD simulation (dotted lines).
The parameters of the TCAD setup and the compact model are the same as in Fig. 7.17.
Here, the contact voltages are calculated according to experiment 3: Vs contact = [1as] -

(Rsb,s + (1 - Kr) : Rcontact) + (1 - Kr) : Vsb,d and Vd,contact = |Ids| : Kr : Rcontact + Kr : ‘/sb,d-
The parameter K, is chosen as 0.25.
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eter K., the model is capable of realizing the crossing of Cys and Cgqa. However, the overall
agreement is still very low. Please recall that due to the principle of charge conservation, the
capacitances Cgs and Cgq sum up to the capacitance Cgg. Looking at the results of experiments
1 and 2 (Figs. 7.21 and 7.22), it can be seen that at high absolute values of Vg, the sum of
the capacitances Cys and Cga according to the compact model has a too low absolute value
compared to the TCAD simulation results. In other words: Even, if the redistribution factor
K, allows for a redistribution of the contact voltages (and consequently for a redistribution
of Cgs and Cpga), there remains the problem that especially at high absolute values of Vg the

capacitances are calculated too small by the compact model.

Experiment 4: Redistribution of the Contact Voltages and Introduction of a Fitting
Function
The observations so far show that the redistribution factor K, is useful for the control of the
crossing of the capacitances Cgs and Cgq at the plot versus Vgs. In this experiment, a fitting
function is derived which helps to solve the problem of the sum of Cgs and Cgq being too
small in the linear regime of operation. Looking at the results of experiment 2 in Fig. 7.21,
it becomes evident that the capacitances Cgs and Cgq show a rather good agreement in the
off-state (—1V < Vg <0V) and in the saturation regime of operation (—2V < Vg < —1V).
Therefore, a function has to be found that alters the influence of the contact resistances only in
the linear regime of operation. The following function is defined as a fitting function:
/ /
e = K - Qs — ;de,barr7 (7.22)

ms

where Kpg; is a fitting parameter and Q.,s and Qind’barr are the charge densities per gate area
at the source/drain end of the channel according to the DC model. The fitting function has

the following properties:

o In the sub-threshold regime, the charge densities Qy,s and Q1,4 parr are exponentially
dependent on the voltage Vgs or Vea = Vgs — Vas, see Eq. (2.29). If a drain-source voltage
is applied, the charge density Q:nd,barr becomes some orders of magnitude smaller than

Qrys. Consequently, fgi converges to Kpy.

e In the saturation regime of operation, the carrier channel is pinched off before the drain
electrode [39]. Consequently, Qg parr << @ms- Similarly as in the sub-threshold regime

of operation, fgy is nearly constant and converges to K.

o In the linear regime of operation, the charge densities Qy,s and Qy,q parr are similar. In

case of Vgs = 0V, they become equal. Consequently, fa; converges to zero.
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This function is used in order to define the voltage drops across the contacts:

‘/s,contact = ‘Ids| . (fflt . Rsb,s + (1 - Kr) . fﬁt . Rcontact) + (1 - Kr) . ‘/sb,d, (723)
Vd,contact - uds| . Kr N fﬁt N Rcontact + Kr N ‘/sb,d- (724)

- Cgs - ng - ng Cdg - C'dls - Csd

Ves[V]

Figure 7.23.: Quasistatic capacitances of a short-channel staggered OTFT at a fixed drain-
source voltage of Vgs = —1V. The channel length of the transistor is Lo, = 2pm. The
compact model (solid lines) is compared to the results of a TCAD simulation (dotted lines).
The parameters of the TCAD setup and the compact model are the same as in Fig. 7.17.
Here, the contact voltages are calculated according to experiment 4: Vi contact = |las| -

(fﬁt ° Rsb,s + (1 - Kr) . fﬁt : Rcontact) + (1 - Kr) . Vsb,d and Vd,contact = |Ids‘ : Kr . fﬁt °
Rcontact + Kt - Vap,a. The parameters are chosen as follows: K; = 0.15 and Kg¢ = 0.24.

Figure 7.23 depicts the results for the case that experiment 4 is conducted. As can be seen, the
capacitances Cgs and Cgq now show a better agreement. The fitting function is a proper way
of masking the linear regime of operation and conducting an operation-point dependent multi-
plication of different components of the contact resistance. It can be seen that the capacitance
Cgs now shows less agreement in the saturation regime of operation (—2V < Vgs < —1V) when
compared to experiment 2 but the overall agreement over the whole voltage range is improved.
Even if there is still room for improvement, this is the version of the model that will be taken

for further analyses.

Observing the plots of experiments 1 to 4, an important fact becomes visible: Even if the
capacitances Cgs and Cyzq now show a better agreement, the other capacitances still need to
be re-engineered. Especially with regard to Csg and Cyg, it can be concluded that the charge
partitioning scheme needs to be investigated. In the model, the partitioning scheme according
to Ward and Dutton [65] is used. However, the problems of the capacitances Csz and Cqg

reveal that the charge partitioning does not work completely correctly.
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7.3.2.2 Re-Engineering of the Charge-Partitioning Scheme

In this section, the charge-partitioning scheme will be re-engineered. If the OTFT is operated
at high Vs, more charge has to be attributed to be under control of the drain than under the
control of the source terminal since the capacitance Cgg exhibits a larger absolute value than
Csg. For this purpose, the weighting functions of the Ward-Dutton-partitioning scheme are

Gate
Aluminum
Dielectric

Source i Drain
Factor '
A
1
1-v For Drain

v For Source

0 —>» T

0 Lch

Figure 7.24.: Weighting functions of the partitioning scheme according to Ward and Dut-

ton [65] which are modified by different starting points at the source end of the channel. The

total channel charges are multiplied by the functions that are plotted below the sketch of the

transistor.
modified as depicted in Fig. 7.24. In order to give less weight to the source and more weight to
the drain, the weighting function for the charges associated with the source does not start at a
value of 1 at the source end of the channel but at a reduced value of 1 — v where v € [0,1] is
a fitting parameter. In order to stick to the principle of charge conservation, the weighting
function for the drain is increased by the same amount that the weighting function for the
source is decreased. Therefore, the weighting function for the drain starts no longer at a value
of 0 at the source end of the channel but at a value of v. In other words: Charges that are
located directly at the source end of the channel are attributed to a certain degree to be under

control of the drain potential. The two weighting functions read as follows:
1—-v

ws(z) = — T cx+1-—v, (7.25)

wq(x) = Yot (7.26)
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Incorporating these charge partitioning equations, the integrals for the source and drain charges

are recalculated:

Lch

Qu=Worcs [ wala) Qo) o (7.27)
0
Len

Qs = Wana / ws(z) - Qm(z) da. (7.28)

0

The solutions of these two integrals are calculated based on the same substitutions as presented
in Chap. 4. Since the resulting expressions are rather long they are presented in Appendix A.
The new charge partitioning is introduced to capture the asymmetric influences of the Schottky
barriers at the source and drain contacts on the capacitances. Since the resistance of the
Schottky barrier at the source contact is larger than that at the drain contact the source terminal
has less control over the charges than in a transistor without Schottky barriers. Equally as
in Chap. 4, the asymptotic switching of the charges for Vis = 0V has to be accounted for. In
this case, the charge densities Ql,s and Q/,4 at the source and drain end of the channel are
nearly equal. Since no current flows, the voltage drops across the contact elements can be
assumed as zero and the charge density Q, can be assumed to be independent of the position

x in the channel. As a consequence, the charge integrals for the zero case reduce to:

Lch
Qd,zero = Wch,G . Q;nq . / (1L_ v - X+ V) dl‘, (729)
ch
0
Lecn
, 1—v
Qs,zero - Wch,G . Qms . / <_ T x4+ 1— V) dz. (730)
ch
0
These two equations can be evaluated as:
’ 1
Qd,zero = Wch,G . Qms . 5 . Lch . (1 + V) 5 (731)
1
Qs,zero = Wch,G . Q;ns : § . Lch . (1 - V) . (732)
(7.33)

Finally, the smooth switching functions defined in Eqgs. (4.18) and (4.19) are used to connect

the non-zero-case charge in Eqs. (7.27) and (7.28) to the newly defined zero-case charges.
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In staggered transistors, the charge density Q.. is not only present at the source end of the
channel but in the whole gate-to-source overlap region. A certain amount of these overlap
charges is as well assumed to be under control of the drain. Consequently, the expressions for
the extrinsic charges in staggered transistors (Egs. (4.30) and (4.31)) need to be modified as

follows:

Qex,S,stag,new - (1 - V) : Qex,S,stag (734)
Qex,D,stag,new = Qex,D,stag +v- Qex,S,stag- (735)

In coplanar transistors, a redistribution of the extrinsic charges is not necessary since the source
and drain electrodes are directly interfacing the gate dielectric. Thus, the contact resistances
have no influence on the capacitance arising from the gate-to-contact overlaps. It could be
considered, whether in coplanar transistors under the presence of fringe regions the accumulated
charges next to the source/drain electrodes could be redistributed, as well, but this has not

been investigated in more detail.

Figure 7.25 shows the quasistatic capacitance model incorporating the new charge partitioning
scheme and the contact voltage drops according to experiment 4 (Sec. 7.3.2.1) in comparison
to the TCAD simulation results. It can be seen that the agreement of the modeled and
TCAD-simulated capacitances Csg, Cag, Csg and Cgs has improved in comparison to the initial
model equations (Fig. 7.17). For the sake of completeness, in Fig. 7.26, the capacitances are
shown with respect to Vas. Also here, it can be seen that there is some agreement but still the

results can be improved in the future.
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Figure 7.25.: Quasistatic capacitances of a short-channel (L¢, = 2pm) staggered OTFT at
a fixed drain-source voltage of Vgs = —1V. The compact model (solid lines) is compared to
the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup and the
compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated according
to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The parameters
are chosen as follows: K; = 0.15, Kgt = 0.24, and v = 0.3.

10 IEPELTTTY
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Figure 7.26.: Quasistatic capacitances of a short-channel (L¢, = 2 pm) staggered OTFT at
a fixed gate-source voltage of Vgs = —2.7V. The compact model (solid lines) is compared to
the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup and the
compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated according
to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The parameters
are chosen as follows: K, = 0.15, K5t = 0.24, and v = 0.3.
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The investigation on short-channel transistors presented so far is based on staggered transistors.
However, the influence of the contact resistances on the total charges are the same in coplanar
and staggered transistors. A 2D Sentaurus TCAD simulation of a coplanar transistor with the
following parameters is set up: An organic semiconductor with an electron affinity of xosc =
1.81€V, a bandgap of E; = 3.38€V, a constant electron mobility of pun = 1 X 1070 em?v=tsT!,

and a constant hole mobility of yp, = 6cm? V71s™!

is conducted. For simplicity, the density
of states is assumed as a square-root function such as in crystalline semiconductors with an
effective density of N, = 6 x 10?' cm™3. The relative dielectric permittivities of the organic
semiconductor in the case of depletion and the gate dielectric are set as €r,0sc = 3 and & giel = 4,
respectively. The work function of the gate electrode is set to @m s = 4.1eV and the work
function of the source/drain electrodes is altered between ®msa = 5.19€V and Py sqa = 4.7V
in order to simulate one transistor with only Ohmic contacts and one transistor with Schottky
barriers at the metal-to-semiconductor junctions. In case of the transistor comprising Schottky
barriers, the Schottky-barrier-lowering effect is activated. The channel length and width
are chosen as Lch = Weontact = Wen,sp = 11m, the gate-to-contact overlap lengths are set
to Lov,aD = Lov,as = 0.035 pm, the gate-dielectric thickness is set to tgiet = 5.3nm, and a
thickness of the organic semiconductor of tosc = 25 nm is used. A constant Ohmic contact

resistance at the source and drain electrodes of Rc = 6 x 10* Q is set.

5= Cgs - ng - ng Cdg — Cas — Cua

Ves[ V]

Figure 7.27.: Quasistatic capacitances of a short-channel coplanar OTFT at a fixed drain-
source voltage of Vgs = —1.02V. The compact model (solid lines) is compared to the results of
a TCAD simulation (dotted lines) with a channel length of L¢, = 1um and Schottky barriers
at the source/drain electrodes of #pg = 0.49¢eV. In the compact model, the following fitting
parameters are used: Vpg = —0.9V, Sops = 80mV/dec, Reontact = 1.2819 x 10°Q, k =
3.4313cm?V—P~1s~1 3 = 1.1173, A = 0.0345 V—!. The non-linear injection model [47] is
fitted using the following parameters: 71 = 2, 0 = 2, wsat = 0.7543. The distance from the gate
dielectric to the representative barrier height is chosen as dg = 1.7644 nm and the thickness of
the accumulation channel is assumed as dm, = 5nm. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The
parameters are chosen as follows: K; = 0.8, Kgt = 0.1, and v = 0.28.
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Figure 7.28.: Quasistatic capacitances of a short-channel coplanar OTFT at a fixed gate-
source voltage of Vgs = —2V. The compact model (solid lines) is compared to the results of a
TCAD simulation (dotted lines). The parameters of the TCAD setup and the compact model
are the same as in Fig. 7.27. Here, the contact voltages are calculated according to experiment
4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The parameters are chosen as
follows: K; = 0.8, Ky = 0.1, and v = 0.28.

A frequency of f = 1 x 1072 Hz is chosen in order to obtain the quasistatic capacitances.
Figures 7.27 and 7.28 show the quasistatic capacitance model in comparison to the TCAD
simulation results once versus Vg and once versus Vgs. Since the gate-to-contact overlap
capacitances have a big impact in coplanar transistors the overlap lengths Lov,as and Lov,gD
are chosen quite small in this simulation. It can be seen that the model shows a good agreement
with the simulation results at large values of Vs and Vs but for quite small voltages, there is

still room for improvement.

7.3.3 Parameter Extraction

In this section, the procedure of fitting the newly defined models to the results of a TCAD
simulation will be explained based on a staggered transistor. This process is also known as the
parameter extraction. The challenge during the fitting process is that both Kg¢ and K, have
an influence on the capacitances. As a consequence, a sufficient agreement between the model
and the TCAD simulation results can be obtained using several combinations of the parameter

values. However, a procedure will be presented that leads to a reasonable fitting.

1. Observing Cgs and Cgq

The first step is to determine a reasonable fitting of the capacitances Cys and Cgq by adjusting
Kist and K;. These two capacitances are independent of the charge partitioning scheme since
they are based on the total gate charges and hence on the total channel charges. Figure 7.29

shows the capacitances Cgs and Cyq of a staggered short-channel OTFT. The model is compared



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

7.3. Capacitances in Short-Channel Transistors 173

Vas= -1V

-5
-10
&
O -15
-20
1 Cgs
_25 ....... - ng
-3 -2 -1 0

Ves[V]

Figure 7.29.: Quasistatic capacitances Cgs and Cgq of a staggered short-channel (Lc, = 2 pm)
OTFT at a fixed drain-source voltage of Vgs = —1 V. The compact model (solid lines) is com-
pared to the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup
and the compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The
curves are shown for various values of the fitting parameter Kg¢ between 0.25 and 1 while a
constant value of K = 1 is chosen. The arrows indicate the direction in which the curves are
shifted with increasing Kgy.

to the TCAD simulation results and the parameter Ky is varied. The arrows indicate the
direction in which the curves are shifted when increasing Kg¢ from 0.25 to 1 with K, held
constant at a value of 1. It can be seen that the capacitance Cgs exhibits a greater dependence
on Kpy than Cgq. Both of the curves are shifted towards each other with greater Kg;. Even if a
reasonable fitting of the Cgs curves can be achieved, the modeled Cgq has a poor agreement at
higher absolute values of V,s. As the next step, Fig. 7.30 shows the investigation of the influence
of the parameter K, on the capacitances Cgs and Cgq with a constant value of Kgy = 0.25. K,
is altered between 0.25 and 1. It can be seen that both capacitances are greatly influenced by
K. The curves are shifted in the direction of the arrows with increasing K,. This investigation
shows that the distinction between the influences of K¢ and K, is somewhat difficult. It can
be seen that both of the capacitances Cgs and Cgq show the best overall agreement for lower
values of K5 and K, in this case. Even if the modeled Cys deviates a little more for Vg in
the interval between —1.5V and —1V, the overall agreement is good. Generally, the following

procedure can be proposed for determining Kgy and K;:

1. Set K, =1 and set Kg¢ = 1 as an initial guess.

2. Keep K, constant and decrease Kgi. This will increase the absolute value of the modeled
Cgs and decrease the absolute value of the modeled Cgq, see Fig. 7.29. Continue decreasing
Kg¢ until the modeled Cgs has slightly larger value than the TCAD-simulated Cgs at
large absolute values of Vgs. In case that the TCAD-simulated Cgs and Cgzq do not cross
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Figure 7.30.: Quasistatic capacitances Cgs and Cgq of a staggered short-channel (Lg, = 2 pm)
OTFT at a fixed drain-source voltage of Vjs = —1V. The compact model (solid lines) is com-
pared to the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup
and the compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The

curves are shown for various values of the fitting parameter K, between 0.25 and 1 while a con-
stant value of Kgy = 0.25 is chosen. The arrows indicate the direction in which the curves are

shifted with increasing K.

each other (which can happen in coplanar transistors), it may be impossible to increase
the absolute value of Cygs to be larger than the TCAD-simulated value. In this case, it is

sufficient if the modeled Cys is almost identical to the simulated value.

3. Decrease K;. In accordance with Fig. 7.30, this will shift the absolute value of the modeled
Cgs towards smaller values and shift the absolute value of the modeled Cgq towards larger
values. Continue decreasing K, until a sufficient fitting is reached. If the fitting is not
acceptable, repeat this step once with Kz, increased by 0.1 and once with K¢ decreased
by 0.1. If any of the cases provides a better fitting, continue by setting K¢ again a little
further in the direction that provided the better fitting.

2. Observing Csg and Cgg

Having determined meaningful values of Kg and K., the next step is to determine the proper
value of the parameter v. This is much simpler since v is the only parameter that alters
the charge partitioning scheme. Since Csz and Cq, are dependent on the charges associated
with the source and the drain terminals they can be used in order to observe the charge
partitioning scheme. Figure 7.31 shows the capacitances Csg and Cgg with increasing values for
the parameter v. The goal of this step is to obtain a good agreement of both capacitances at
high absolute values of V.
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Figure 7.31.: Quasistatic capacitances Csg and Cgg of a staggered short-channel (Lc, = 2 pm)
OTFT at a fixed drain-source voltage of Vgs = —1V. The compact model (solid lines) is com-
pared to the results of a TCAD simulation (dotted lines). The parameters of the TCAD setup
and the compact model are the same as in Fig. 7.17. Here, the contact voltages are calculated
according to experiment 4 (Sec. 7.3.2.1) and the new charge partitioning scheme is used. The
curves are shown for various values of the fitting parameter v between 0 and 0.3 with the other
two fitting parameters held constant at Kg¢ = 0.25 and K, = 0.25. The arrows indicate the
direction in which the curves are shifted with increasing v.

7.4 High-Frequency Investigation of Short-Channel Transistors

7.4.1 Basic discussion

In this section, a model for the description of the high-frequency behavior in OTFTs comprising
short channel lengths and larger contact resistances is shown. In Sec. 7.2, the channel seg-
mentation approach is used to capture the high-frequency behavior of long-channel transistors.
As outlined, the model only provides a suitable description if the channel is comparatively
long so that the charging and discharging of channel segments through adjacent channel
segments is the dominating time-dependent effect. Furthermore, only transistors with small
contact resistances can be described properly by this model since the influence of the con-
tact resistances on the charge densities (compare Fig. 7.18) is not considered. Accordingly,
for a proper description of the high-frequency behavior of short-channel transistor, an addi-
tional way has to be found. An empirical, yet closed-form model for the frequency-dependent

small-signal gain of staggered and coplanar OTFTs has been developed and presented in ref. [55].

One option to measure the high-frequency behavior of transistors is to measure the capacitance-
voltage characteristics such as in ref. [40]. However, when the transistor is operated in an
electric circuit, it might be more interesting to investigate the frequency-dependent amplification

behavior. If, for instance, the gate-source voltage of a transistor is quickly altered, it is of
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interest how the drain current reacts. Often, the so-called small-signal current gain ho; is used
as the measure for the small-signal amplification behavior. It is defined as the ratio of the

small-signal drain current and the small-signal gate current [107]:

hay = 2 (7.36)
g

where iq and iz are the small-signal components of the drain current and the gate current,
respectively. Under steady-state DC conditions, the gate current I, of a transistor is nearly zero
due to the insulating properties of the gate dielectric which may conduct a small leakage current.
However, if the transistor is operated under AC conditions, capacitive charging currents come
into play. The amounts of charges at the gate electrode and in the channel of the transistor are
always equal. Consequently, the capacitive charging currents of the gate electrode constitute

the small-signal gate current ig.

G | D
o 1l —oO

5s

Figure 7.32.: Equivalent small-signal circuit of a TFT. Here, the capacitances are assumed as
lumped elements. This figure was published in ref. [55].

In Fig. 7.32, a simplified small-signal circuit of a TFT is depicted. The capacitances between
the gate and the source/drain electrodes are depicted as lumped elements and the drain current
is described by the transconductance gm multiplied by the small-signal gate-source voltage.
Furthermore, there may be an output resistance r, representing the effect of a channel-length
modulation. From Chap. 3, it is known that in principle, the capacitances of a transistor are
non-reciprocal, i.e. Cgs # Csg and Cgq # Cgg. This non-reciprocity cannot be described in an
equivalent circuit and thus, closed-form equations cannot be derived if this non-reciprocity has
to be accounted for. However, an advantage of the transistors presented in ref. [55] is that their
gate-to-contact overlap lengths are large in comparison to their channel lengths. In contrast
to the intrinsic capacitances, the overlap capacitances are reciprocal since it does not make
a difference for the charge carriers, whether the potential at the gate or at the source/drain
electrode is changed. Therefore, the simplified view of reciprocal, lumped capacitors is still
valid. Based on the equivalent circuit depicted in Fig. 7.32, an analysis of the mesh and node

equations can be conducted leading to a closed-form expression for the small-signal gain:

gm — J2m fCga

hop = —V——r——2
217 j21f (Cgs + Cia)

(7.37)
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This rather simple equation provides a full picture of the small-signal amplification behavior of
an ideal TFT. In the literature, most often the so-called transit frequency fr is used as the
unit of measure for the small-signal behavior of a transistor [46]. It is defined as the frequency
at which the absolute value of h2; becomes one. In case of a standard MOSFET or TFT,
an analytical expressiion for fr can be derived. For this purpose, the transconductance can
be calculated by deriving the MOSFET current equation [5] with respect to the gate-source
voltage. Furthermore, as explained in Chap. 3, the capacitances of a transistor in a simplified
form can be expressed by the Meyer model [38, 87]. Based on this, the transit frequency of an
ideal TFT comprising parallel-plate capacitors as gate-to-contact overlap capacitances can be

expressed as follows [42]:

— Meff (Vgs - VTO)
27 Len (%Lch + Lov,as + Lov,GD)

fr (7.38)
However, in sub-micrometer-channel-length OTFTs, the simplifications made in this equation
do not hold true. In the course of this chapter, it has been shown that the contact effects arising
from Schottky barriers at the source-to-semiconductor and drain-to-semiconductor junctions
require a detailed model for an accurate capturing of the capacitive behavior. The Meyer model
may be sufficient for transistors with a high degree of ideality and for some applications it may
not be an issue if the non-reciprocity of the capacitances is neglected. However, under the
presence of contact resistances, the Meyer model cannot produce accurate results. The usage
of the Meyer model is not the only drawback of Eq. (7.38). As stated above, the standard
MOSFET DC current equation is analytically derived with respect to the voltage Vg in order
to obtain an expression for gn,. However, this standard model is not capable of capturing the
effects that occur in OTFTs such as the effects of traps [36] or the non-linear injection at the
source-to-semiconductor junction [47]. In principle, contact resistances lead to a reduction
of the effective mobility (pes) which according to Eq. (7.38) also leads to a reduction of the
transit frequency. However, the equation cannot capture the effect that the charge densities
in the transistor are varied due to the contact resistances, see Fig. 7.18. The Meyer model
cannot take into account the voltage drop across the contact resistances in the calculation
of the total charges. Another critical point about Eq. (7.38) is that the contribution of the
overlap capacitances is included in a very simplified form. It is assumed that the overlap
capacitances behave like parallel-plate capacitors consisting of the source/drain electrode and
the gate electrode which are separated from each other by the gate dielectric. As explained
in Chap. 4, this assumption may be made for coplanar transistors without fringe regions.
However, transistors fabricated in the staggered architecture show a different behavior since
the gate-to-contact overlap regions consist of a stack of the organic semiconductor and the
gate dielectric. In dependence on the applied voltages, the behavior of these overlap regions
significantly differs from that of a coplanar transistor, see Chap. 4. Furthermore, fringe regions
between the source/drain fingers (in case of a multi-finger layout) and beyond the first and the

last electrode have an influence on the extrinsic capacitances so that the simplified assumption
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in Eq. (7.38) does not accurately describe the properties of OTFTs. The points mentioned
in this discussion directly limit the increase in fr that could theoretically be expected from
a miniaturization of the device geometry. In the research community, it is thus always of
great interest to reduce the contact resistances of the transistors. Recent developments of
materials [19, 20] and new processing approaches [21] have lead to a massive improvement of
the contact resistances. Width-normalized contact resistances (RcW) of less than 100 Qcm,
often in combination with measured transit frequencies of several tens of megahertz have been
reported [13, 43, 59, 108]. Table B.1 in Appendix B gives a literature overview over OTFTs for

which a transit frequency of at least 3.5 MHz has been measured.

7.4.2 Modeling

In this section, a closed-form model for the description of the non-quasistatic effects is discussed
as presented in ref. [55]. For the compact model describing the total charges, it has been
assumed so far that the charges are independent of the position along the z-axis of the device
(Fig. 4.2) where the z-axis points in the direction of the channel width. In other words:
The investigations on 3D TCAD simulations have revealed that the density of accumulated
quasi-mobile charges is nearly constant for every position along the channel width independent
of whether a point in the geometric channel center or beyond the channel center in the fringe
regions is regarded. This assumption is also made for the charges in the fringe regions directly
next to the electrodes. These regions are denoted as electrode regions in Fig. 4.2. For a
quasistatic operation, these assumptions can safely be made which is verified in Sec. 6.3.2.1.
However, in case of a high-frequency operation, the location of the charges in the transistor is of
importance. Since accumulation charges cannot be created or disappear by recombination, they
have to enter or leave the device through the device terminals. Consequently, points farther

Wena

Wcontact

Figure 7.33.: Schematic of a cutplane in a coplanar transistor where the effect of current
spreading is shown. Under quasistatic operation conditions, the charge densities in the two
probe points are assumed to be equal. However, when operated at high frequencies, the change
of the charge in point B is smaller than in point A. This picture was published ref. [54] and was
slightly modified.
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away from the channel center are charged or discharged more slowly than points in the in the
channel center. This is visualized in Fig. 7.33 where the current in a cutplane close to the gate
dielectric of a coplanar transistor is shown. Under quasistatic conditions, the charge densities in
points A and B are equal. However, under high-frequency conditions, the change of the charge
density in point A is higher than the change of the charge density in point B. In ref. [109], the
change of the capacitances with increasing frequencies is modeled as a frequency-dependent

change in the relative permittivity of the gate dielectric. However, as depicted in Fig. 7.34,

600

550 | 1

350 F Vdc - OV
Vac = 100 mV

102 103 10* 10° 10°
f[Hz]

Figure 7.34.: Measured capacitance per area of the gate dielectric used in this investigation
(aluminum oxide and self-assembled monolayer of n-tetradecylphosphonic acid). This figure was
published in ref. [55].

the dielectric capacitance of the gate dielectric does not exhibit major changes with increasing
frequency. The gate dielectric is a hybrid gate dielectric consisting of aluminum oxide and a
self-assembled monolayer of n-tetradecylphosphonic acid which is used for the transistors under
investigation in this chapter. Due to the high stability of the gate dielectric with increasing
frequency the change of the capacitances is modeled as a frequency-dependent reduction of the

part of the channel width that is used for the calculation of the total charges. In analogy to

the function defined in ref. [109], the following scaling function is used:

Cscale,low - Cscale,high

(1 + f . Tscale)pscale

Cscale = Cscale,high + (739)

The function Cscale converges to Cscale,low if the frequency converges to zero and to Cscale,high
if the frequency converges to infinity. Tscale i a time constant which controls the transition
from the low-frequency regime to the high-frequency regime and pscale is the exponent of the
denominator which also influences the steepness of the transition. In Fig. 7.35, the function
Cscale is plotted versus the frequency for an arbitrary set of fitting parameters. Cscale is used
in the charge equations as a scaling factor for the part of the channel width that constitutes

the fringe parts. This is visualized in Fig. 7.36 where the influence of Cscale on the channel
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width that is used for the total charge calculation is shown. If Cscale = 1, the complete gate
width Waon,¢ is used as the channel width. With Cscale decreasing, the fringe width between
the fingers and beyond the first and the last finger which is taken into account is reduced. If
Cscale = 0, only the geometric channel width Wen sp = Nang - Weontact is used for the calculation

of the charges.

1.0
Cscale,low =1

0.8 Cscale,high =0
Dscale = 0.8

o 0.6 Tscale — 2 X 10_78
© 04 r
0.2 r
0.0
1 10 10°
fIMHz]

Figure 7.35.: Shape of the function Cgcale for an arbitrary set of parameters. This figure was
published in ref. [55].
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Figure 7.36.: Illustration of the influence of the function Cyca1e On the fringe areas which are
used for the charge calculation. If Cycale = 1, all of the fringing charges are used for the charge
calculation. If Cycale = 0, only the intrinsic and overlap charges are used whereas the fringe
regions are neglected. This picture was published in ref. [55].
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In addition to the charges in fringe regions, the charges in the channel center will also have
a frequency-dependent behavior. Based on the same argumentation as for the fringe regions,
it could be said that charges farther away from the source/drain electrodes will exhibit a
more-pronounced frequency dependence whereas charges close to the source/drain electrodes
can be charged easily. Assuming that the transistor is operated at such a frequency that
only half of the intrinsic channel charges are effectively taken into account for the capacitance
calculation, this would mean that starting at each the source and the drain electrode a region
with a length of 1/4 + Le in the direction of the channel length (z) would have to be taken
into account with an unmodulated region of length 1/2 - Ley in the middle. For that purpose,
the charge densities per gate area at the positions ¢ = 1/4 - Lo and = 3/4 - Len would be
required. However, the DC compact model only provides equations for the charge densities per
gate area at the source end and the drain end of the channel but not at any position within
the channel. In order to find an easy way to include the frequency dependence of the channel
charges, rather than the channel length, the channel width of the geometric channel is scaled.

A scaling function of exactly the same type as for the fringe charges is defined:

Cscale2,10w - CscaleZ,high (7 40)
(1 + f . TscaleQ)pscaIE2 ' '

Cscale2 = Oscale?,high +

CscaleQ =1 C(scaleQ =0.5 CscaleQ =0
Wen,a Wen,a Wen,a
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Figure 7.37.: Illustration of the geometric channel areas which are used for the charge calcu-
lation depending on the value of Cycalez- If Cscale2 = 1, all of the charges in the channel center
and in case of staggered transistors the overlap charges are used for the charge calculation. If
Cseale2 = 0, no charges in the channel center and in case of staggered transistors the overlap
charges are used. This picture was published in ref. [55].

In staggered transistors, there are also accumulation charges between the gate electrode and
the source/drain electrodes. These charges will also exhibit a frequency-dependence which is
not necessarily the same as that of the charges in the channel. In principle, the gate-to-contact

overlap regions in staggered transistor could be described as a metal-insulator-semiconductor-
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metal structure. For such structures, there exist frequency-dependent capacitance models in
the literature [110] but in order to keep the model simple, the function Cscale2 is used also as a
scaling factor for the overlap charges in staggered transistors. In spite of this simplification
it will be shown that this procedure leads to reasonable results. Figure 7.37 visualizes the
influence of the function Cscale2 on the parts of the channel which are taken into account for

the calculation of the total charges.

Having defined the two scaling functions Cscale and Clscale2, they are incorporated into the
equations for the total charges. The total amount of accumulation charges in the channel is

expressed as:

Lecn

QC - (Cscalc : (2wov1 + (Nﬁng - 1) dﬁng) + CscalcQ . Nﬁnchontact) . / Q:n (x) dx. (741)

0

This only changes the pre-factor of the solution of the equations shown in Appendix A. The
integrals for the total charges associated with the source and the drain terminals (Egs. (7.27)
and (7.28)) are modified in the same way. In addition to the equations for the total charges,
the expressions for the extrinsic charges in the two different transistor architectures need to be
modified by means of the scaling functions as well. For coplanar transistors, the part of the

extrinsic charges that is present in fringe regions needs to be multiplied by Cscale:

’
Qex,S,copl :‘/gs C1dic1Lov,GS Nﬁng Weontact

+ Cscale (2w0v1 + (Nﬁng - ]-) dﬁng) LOV,GSQ:‘nS7 (742)
QeXaD»COPl :ngC:iielLov,GDNﬁnchontact
+ Cscale (2wov1 + (Nﬁng - 1) dﬁng) LOV,GDQ:nd- (743)

In staggered transistors, the overlap charges consist of three parts: the geometric capacitance
consisting of the series connection of the gate dielectric and the depleted organic semiconductor,
the accumulation charges in the overlap region and the charges in fringe regions next to the
electrodes. For the charges in the fringe regions, Cscale is used and for the accumulation charges

in the overlap region, Cscale2 is taken:
CYdiel scosc s Q;ns
ex,S,stag — ——— | Vi s
Q Sstag Cdiel,s + C’osc,s < ® Céliel
+ (Cscalc (2w0V1 + (Nﬁng - 1) dﬁng) + CscalcQNﬁnchontact) Q;nsLov,GS Wch,G, (744)

!
Q _ C’diel,dc’osc,d V. V. de,barr
ex,D,stag — ~—  ~ gs — Vds — — =~
Cdiet,d + Cosc,d Clial

+ (Cscale (2wovl + (Nﬁng - 1) dﬁng) + CscaleZNﬁnchontact) Q;ndLov,GDWch,G- (745)
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7.4.3 Verification

In this section, the verification procedure of the model is explained as was presented in ref. [55].
Coplanar (bottom-contact, BC) and staggered (top-contact, TC) transistors were fabricated
on flexible substrates consisting of polyethylenenaphtalate (PEN) with a thickness of 125 pm
(Teonex Q65 PEN; provided by W. A. MacDonald, DuPont Teijin Films, Wilton, UK) by
making use of high-resolution silicon stencil mask lithography. The gate electrodes, the source
and drain contacts, the organic semiconductor and the interconnects were patterned by different
masks. The gate dielectric is a hybrid gate dielectric consisting of an oxygen-plasma-grown
layer of aluminum oxide (Oxford Instruments, 30 sccm oxygen, 10 mTorr, 200 W, 305s) on top of
the gate electrode consisting of aluminum. The substrate is subsequently immersed into a 1 mM
2-propanol solution of n-tetradecylphosphonic acid (TDPA; PCI Synthesis, Newburyport, MA,
USA) which allows for a formation of a self-assembled monolayer (SAM). For the fabrication of
the coplanar TFTs, the golden source and drain electrodes were deposited by thermal evapora-
tion in a vacuum chamber, and afterwards, the substrates were immersed into a 10 mM solution
of pentafluorobenzenethiol (PFBT; Santa Cruz Biotechnology, Heidelberg, Germany) in ethanol
(nondenatured) for 30 min in a covered container at room temperature. The small-molecule
organic semiconductor 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DPh-DNTT;
Nippon Kayaku, kindly provided by K. Ikeda[111]) is then thermally sublimated in the vacuum
(base pressure of 1 x 1075 mbar) at a substrate temperature of 90 °C and serves as the active

layer of the devices. For the fabrication of the staggered transistors, the golden source and

(c)

Figure 7.38.: SEM images of the channel regions of (a) a coplanar (BC) OTFT and (b) a
staggered (TC) OTFT. (c) Photograph of an OTFT fabricated in a multi-finger layout. The
channel length is approximately 0.7 pm. These pictures were published in ref. [55].
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drain electrodes were deposited on top of the layer of DPh-DNTT using thermal evaporation in
vacuum (base pressure of 1 x 10~ mbar). The channel regions of the transistor were observed
by scanning electron microscopy (SEM). In Figs. 7.38(a) and 7.38(b), the SEM images of the

channel regions of a coplanar and a staggered transistor are shown.

In Fig. 7.38(c), the photo of a fully fabricated OTFT is shown. As can be seen, the transistor
is fabricated in a multi-finger structure which is in this case the parallel connection of four
identical TFTs where each has a width of Weontact = 25 pm. Summed up, the geometrical
channel width of the whole transistor is Wen,sp = 100 pm. According to the SEM images, the
channel lengths of the transistors are approximately 0.7 pm. The gate-to-contact overlap lengths
are varied asymmetrically. The sum of the gate-to-contact-overlap lengths, Lov,gs + Lov,gD, is
held constant at 10 pm but Loy gs varies between 1 and 9pm and Lo, gp accordingly varies
between 9 and 1 pm. With this set of transistors, the geometry-dependent influences of the

gate-to-contact overlap capacitances on the high-frequency behavior can be investigated sys-

tematically.
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Figure 7.39.: Measured gate-to-drain overlap length in dependence of the measured gate-to-
source overlap length. The sum of Loy ,gs and Loy, gp is also depicted. The plot proves the
quality of the fabrication process. The process works well for coplanar and staggered transis-
tors. This figure was published in ref. [55].

In Fig. 7.39, the measured gate-to-drain overlap length (Lov,cp) of the fabricated coplanar and
staggered transistors is shown in dependence of the measured gate-to-source overlap length

(Lov,cs). Furthermore, the sum of Loy,gs and Lov,gp is plotted. It can be seen that the process

is well-controlled and provides a very constant sum of the overlap lengths.

The DC transfer and output characteristics were measured at room temperature (292 K) us-
ing an Agilent 4156 C Semiconductor Parameter Analyzer and a custom LabView program.

Furthermore, scattering parameters (S-parameters) were measured using a Keysight N5231A



UNIVERSITAT ROVIRA I VIRGILI
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM

TRANSISTORS
Jakob Simon Leise

7.4. High-Frequency Investigation of Short-Channel Transistors 185

Vector Network Analyzer connected to Cascade Microtech GS-SG |Z] high-frequency probes.
These scattering parameters relate the incident waves of the different ports of a network to the
corresponding reflected waves [112]. Methods that allow for a conversion of the S-parameters to
other parameters of the network theory are presented in ref. [113]. Based on these conversions,
the measured S-parameters can be transformed into the small-signal h-parameters. Thus, the

small-signal gain ho1 can be calculated directly from the measured S-parameters.

[} coplanar
Q- staggered

Gm/W[Sm™1]

Figure 7.40.: Measured transconductances of the various fabricated coplanar and staggered
transistors at an operation point of Vgs = V3s = —3V plotted versus the measured gate-to-
source overlap length. The transconductances are normalized with respect to the geometrical
channel width W, sp = 100 pm. The little pictogram shows the asymmetry between the two
overlaps. This figure was published in ref. [55].
Figure 7.40 shows the measured width-normalized transconductances of the various fabricated
OTFTs. It can be seen that the coplanar transistors show an overall higher transconduc-
tance than their staggered counterparts (except for one outlier). The reason for the larger
transconductances in the coplanar technology is the notably lower contact resistance and
a higher mobility which were determined as RcW = 35Qcm and po = 4.3cm?*V's™! by
the so-called transmission-line method (TLM) in ref. [43]. A TLM analysis of the staggered
transistors yields a width-normalized contact resistance of RcW = 61 Qcm and a mobility of
po = 2.7cm? V1571, The corresponding plots of the TLM analysis of the staggered transistors
and additional information are shown in Appendix B. Furthermore, as can be seen in Fig. 7.40,
the transconductance of the coplanar transistors is independent of the gate-to-source overlap
length. In staggered transistors, by contrast, the gate-to-source overlap length plays a role.
At small Lov,gs, a drop in the transconductance is visible. This can be attributed to the
contact resistance, since the injection becomes limited at such small geometries [59, 114, 115],

especially if the gate-to-source overlap length is notably shorter than the transfer length (L).
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In agreement with previous reports [17, 43], the coplanar transistors exhibit much steeper
sub-threshold swings than their staggered counterparts. In this work, the coplanar transistors
exhibit sub-threshold swings as small as 70 mV /dec whereas the staggered TFTs have swings
of about 230 mV /dec.
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Figure 7.41.: Transfer characteristics of a staggered OTFT with Lo, gs = 5.4pm, Loy,ap =
5.2pm, and L¢, = 0.67 pm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].
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Figure 7.42.: Output characteristics of a staggered OTFT with Ly, gs = 5.4um, Loy.gp =
5.2um, and L, = 0.67pm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].
The compact model is fitted to each of the staggered and coplanar transistors in the population.
First, a fitting of the charge-based DC model [36] and the non-linear injection model [47] to
the measured transfer and output characteristics is performed. Later, the fitting parameters of

the model for the total charges (such as K, Ks¢) are used in order to have a good agreement
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between the measured and modeled small-signal gain hoi. In Figs. 7.41 and 7.42, the DC
model is compared to the measured transfer and output characteristics of one of the staggered
transistors in the population. As can be seen, there is an overall good agreement. Small
deviations in the transfer curves at Vgs = —0.1V do not diminish the accuracy of the model

since the fitting in the operation point Vg = Vgs = —3 'V is good.
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Figure 7.43.: Transfer characteristics of a coplanar OTFT with Loy gs = 7.4um, Loy,gD =
3.0pm, and L¢, = 0.66 pm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].
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Figure 7.44.: Output characteristics of a coplanar OTFT with Loy gs = 7.4um, Loy.gp =
3.0pm, and L¢, = 0.66 pm. The measurements (dotted lines) are compared to the compact
model (solid lines). This figure was published in ref. [55].
Similarly, in Figs. 7.43 and 7.44, the static transfer and output characteristics of one of the
coplanar transistors are shown. Despite some deviations at low absolute values of Vgs the

agreement between the model and the measurements is good.
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The S-parameters were measured at a DC operation point of Vg = Vas = —3 V with super-
imposed small-signal voltages of vgs = vgs = 0.2V. Thereby, the transistors are operated
in the saturation regime of operation since their threshold voltages are about Vo =~ —0.8V
and the condition Vis < Vs — Vg is fulfilled. The small-signal gain ha; was calculated from
the measured S-parameters according to the conversions presented in ref. [113]. Next, the
small-signal gain is calculated based on the compact model. Before continuing with this, some
points about Eq. (7.37) need to be discussed. As outlined before, the problem is that the
intrinsic capacitances of a TFT are non-reciprocal, i.e. Cgs # Csg and Cga # Cqg. By contrast,
the gate-to-contact overlap capacitances are reciprocal. Figuratively speaking, it makes no
difference for the parallel-plate capacitor, whether the voltage at one plate or at the other
plate is changed. The capacitors consist of the gate and the source/drain electrodes separated
from each other by the gate dielectric (in case of coplanar transistors) or by a stack of the gate
dielectric and the organic semiconductor (in case of the staggered transistors). The influence
on the charges stored in the capacitance is the same. This also holds true for the charges
which are accumulated in the organic semiconductor layer in case of the gate-to-contact-overlap
regions in staggered transistors. The position of the Fermi level in comparison to the va-
lence band edge of the organic semiconductor is a consequence of the gate-to-contact voltage.
Thus, it is not of importance, whether the potential at the gate electrode is changed or the
potential at the source/drain electrode. From this, an interesting conclusion can be drawn:
If a transistor comprises large gate-to-contact overlap regions in comparison to the channel
length, the extrinsic gate-to-contact overlap capacitances will be dominant over the intrinsic
channel capacitances. Thus, the capacitances of this transistor will show a nearly reciprocal
behavior. The transistors under investigation in this work have a huge sum of the overlap
lengths (Lov,cs + Lov,acp & 10 um) in comparison to the channel length which is approximately

0.7pm. Consequently, a reciprocal behavior is assumed for the capacitances.

The capacitances of the compact model are calculated based on the new charge densities at
the source/drain end of the channel where the contact voltage drops are included according to
the principles described in Sec. 7.3.2.1. The compact model originally allows for a calculation
of the total charges in the channel (Q.) and associated with the source terminal (Qs) and
the drain terminal (Qq). Based on these charges, the capacitances are calculated numerically
according to the approach shown in Sec. 6.3.1. Furthermore, in order to solve Eq. (7.37), the
transconductance g, of the compact model is needed. The transconductance could be calculated
by analytically deriving the drain-current equation (Eq. (2.21)) with respect to the voltage Vgs.
However, this would result in a rather complicated term. Therefore, the transconductance is
numerically calculated in the model in a similar manner as the capacitance: The current is
calculated at two gate-source voltages around the operation point and the transconductance is
defined as the change in the current divided by the change in V,s. With these definitions, the
complex small-signal gain ho1 can be calculated according to Eq. (7.37). In order to compare it

to the measurements, the absolute value of this complex value is taken.
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Figure 7.45.: Small-signal gain (|h21]) of the staggered OTFTs. The measurements are de-
picted as dotted lines and the compact model results are shown as solid lines. For low frequen-
cies, the measurement system is operated close to its resolution limit which is the reason for the
slightly visible saturation of hg; for low frequencies. This figure was published in ref. [55].

Figure 7.45 depicts the measured absolute values of the small-signal gains ho1 of the staggered
transistors in comparison to the results of the compact model. The parameters chosen for the
capacitance model such as the fitting parameters of the functions Cscale are depicted in Tab. B.2
and Tab. B.3 in Appendix B. It can be seen that there is an overall good agreement between
model and measurements. The gate-to-contact overlap asymmetry has a notable influence on
the curves. With Loy,gs increasing (and Lov,gp accordingly decreasing), the amplification of
the transistor is becoming smaller. It can be seen that the measured curves show the formation
of a plateau at low frequencies. This behavior can be attributed to the measurement system
and not to a property of the transistors. In principle, gate-to-contact leakage currents can lead
to a drop in the amplification behavior which becomes clear by observing the definition of ha1
according to Eq. (7.36). If the gate dielectric conducts a leakage current, there will also be
a small-signal gate leakage current which is added to the total small-signal current iz at the
gate, thus reducing the small-signal gain. However, the gate leakage currents are found to be
so low in these transistors (< 1 pA) that they cannot justify such a degradation of the curves.
The problem is rather that the admittance between the gate contacts and the other contacts
becomes very low at the lowest measured frequencies (= 30 uS), which brings the vector network
analyzer close to its resolution limit. Consequently, a meaningful evaluation of the measured ha;

trends is only possible for higher frequency regions starting where dlr21l/q10g(f) = —20 dB/dec.
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Figure 7.46.: Small-signal gain (|h21|) of the coplanar OTFTs. The measurements are de-
picted as dotted lines and the compact model results are shown as solid lines. For low frequen-
cies, the measurement system is operated close to its resolution limit which is the reason for the
slightly visible saturation of hg; for low frequencies. This figure was published in ref. [55].
Figure 7.46 shows the measured absolute values of the small-signal gains h21 of the coplanar
transistors in comparison to the results of the compact model. The model parameters are listed
in Tab. B.2 and Tab. B.4 in Appendix B. It can be seen that the coplanar transistors show
an overall higher small-signal gain owing to their higher transconductances. Furthermore, the
dependence of the small-signal gain on the overlap asymmetry is much less pronounced than
for the staggered transistors. Before the small-signal gains for both transistor architectures
saturate at higher frequencies, they follow approximately trends of —20dB/dec [42, 107, 116].
This is because the gate electrode (as can be seen in Fig. 7.32) is coupled to the other terminals

only through the capacitances Cgs and Cgq.

Comparing the trends of the small signal gain ho1 of the staggered transistors and the coplanar
transistors (Figs. 7.45 and 7.46), it can clearly be observed that the staggered transistors
are much more sensitive to an asymmetry in the gate-to-contact overlap lengths. Except
for the two staggered transistors with the shortest Lov,gs, they all exhibit a rather constant
transconductance. Thus, when observing the analytical equation for ha; (Eq. (7.37)), the
transconductance g, cannot be the parameter that explains the differences in the curves with
varying overlap asymmetry. Rather, the capacitances and especially their extrinsic parts vary
between the two architectures (staggered and coplanar) and have a different dependence on the
gate-to-contact overlap lengths. In the following, the contributions of the extrinsic capacitances

to the observed results will be investigated in more detail.
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Analysis of the source side

First, the focus will be put on the source side of the transistors. At the applied gate-source
voltage of Vgs = —3V, the transistors are operated in the on-state. Consequently, at the
source end of the channel, a high density Q.. of accumulated quasi-mobile holes is present.
Independent of whether the coplanar or the staggered architecture is observed, the charge

density Qu,s is found everywhere in the fringe regions next to the electrodes. In Fig. 7.47, this
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Figure 7.47.: Cutplane of a two-finger coplanar OTFT. This picture is the same as Fig. 4.7
and it is repeated here for better readability of the work. This picture was published in
ref. [55].
is emphasized by the red/cyan-hashed region. Everywhere in this region, the charge density
Qs is present. According to the DC model [36], the density of quasi-mobile charges at the

source end can be approximated in case of a strong accumulation by the following equation:
Q:ns = Céiel (Vgs - VTO) . (746)

The consequence from this simple equation is that the charge density is proportional to the
dielectric capacitance CJ;. In dependence on the transistor architecture, there are differences

in the gate-to-contact overlap regions, as already explained in Chap. 4:

e In coplanar (BC) transistors, the gate-to-contact overlap regions behave like simple
parallel-plate capacitors with a capacitance of Nang - Weontact + Lov,Gs - Cc'jiel at the source
side. Thus, the extrinsic charges at the source side are a composition of the fringe charges
in the cyan/red-hashed area in Fig. 7.47 and these charges in the overlap capacitor.
According to Eq. (7.46), the charge density Qs is proportional to CJ;,, just as the
gate-to-source overlap capacitance. As a consequence, the extrinsic charges in coplanar

transistors are entirely proportional to Cl;;.

o In staggered (TC) transistors, the gate-to-contact-overlap regions consist of a stack of the
organic semiconductor and the gate dielectric. If the organic semiconductor is operated in

depletion, the overlap regions can be regarded as a series connection of capacitors. If, by
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contrast, the organic semiconductor is operated in accumulation (such as it is in this case),
the voltage drop across the series connection is limited (see Fig. 4.9) and the accumulation
of charge carriers sets on. Under strong accumulation, again Eq. (7.46) is valid. As
a consequence, the gate-to-source overlap capacitance is proportional to Cl;., as well.
Equally as for the coplanar transistors, the fringe charges in the cyan/red-hashed area
in Fig. 7.47 have to be added to the overlap charges. Since these charges are proportional
to Qms and therefore also proportional to Cj;.;, the same conclusion as for the coplanar
transistors can be drawn: The extrinsic charges in staggered transistors are entirely

proportional to Cl;e;.

Wcont act
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Figure 7.48.: (a) Sketch of a metal-insulator-metal (MIM) structure including fringe regions.
An equivalent structure is found in coplanar transistors in a cutplane in the source/drain
regions. (b) Sketch of a metal-insulator-semiconductor-metal (MISM) structure including
fringing regions. An equivalent structure is found in staggered transistors in a cutplane in

the source/drain regions. These pictures were published in ref. [55].

This leads to the interesting conclusion that the gate-to-source overlap capacitances of the
two architectures will have the same values if the organic semiconductor is operated in strong
accumulation. This assumption can be verified by a TCAD simulation of the gate-to-contact-
overlap region. For a coplanar transistor, this can be modeled as a metal-insulator-metal
(MIM) region including fringe regions, see Fig. 7.48(a). For a staggered transistor, the gate-to-
source overlap region is modeled as a metal-insulator-semiconductor-metal (MISM) region, also
including fringe regions, see Fig. 7.48(b). In Fig. 7.49, the results of a quasistatic capacitance
simulation of the MIM and the MISM structures in TCAD are shown. Since the work function
of the gold electrode interfacing the organic semiconductor is aligned with the HOMO of the
organic semiconductor, negative voltages have to be applied in order to enter the accumulation
regime. It can be seen that at small absolute values of the voltage, the capacitances of the
two structures are quite different. This will be important for the analysis of the drain side of
the transistors in the next section. At a high absolute voltage, the capacitances of the two
structures converge to the same value. This is in agreement with the theoretical analysis of the

gate-to-contact overlap region of the source side.
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Figure 7.49.: Quasistatic capacitance-voltage characteristics of the MIM and MISM struc-
tures as a result of a TCAD Sentaurus simulation. The dimensions are: Leo, = 10pm,

Woyl = 10pm, tco = 40nm, tgie] = 5.3nm, tosc = 25nm. In depletion, both structures
show different capacitances but in accumulation, both converge to the same value, as predicted.
This figure was published in ref. [55].
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Figure 7.50.: Quasistatic gate-source capacitance (Cgs) in staggered and coplanar OTFTs
calculated using the compact model and plotted against the measured gate-to-source overlap
length (Lov,gs). For each Loy gs, the quasistatic gate-source capacitance (Cgs) of the stag-
gered TFTs is nearly identical to that of the coplanar TFTs despite the differences in the device
architecture. This figure was published in ref. [55].

These thoughts can be further proven by observing the quasistatic capacitances of the transistors.
Since no quasistatic capacitance measurements are available, only the results of the compact
model can be shown. In the quasistatic case, the entire fringe and channel regions are taken into

account for the capacitance calculation. Figure 7.50 depicts the quasistatic capacitance Cygs as

calculated by the compact model versus the measured gate-to-source overlap length Loy as. It
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can be seen that despite the differences in the device architecture, the capacitance is nearly the
same for both structures. As explained before, the extrinsic capacitances are dominant in these
transistors due to their much larger gate-to-contact overlap lengths in comparison to the intrinsic
channel length. Consequently, a comparison of the overlap capacitances is sufficient for a proper
evaluation of the capacitances of both architectures. If the capacitance Cygs is the same for both

transistor architectures, the capacitance Cgq at the drain needs to be investigated in more detail.

Analysis of the drain side

Having discussed the capacitance Cygs for both transistor architectures, now the capacitance Cgq
at the drain side needs to be investigated. In the chosen operation point (Ves = Vas = —3V),
the gate-drain voltage Vg4 is zero and the organic semiconductor is operated in depletion. As a
consequence, no accumulation charges are present (Q;,q converges to zero) at the drain end of
the channel and in the fringe regions next to the drain electrodes. Thus, in the yellow/red-
hashed region in Fig. 7.47, no notable amount of charges is present. Furthermore, since in the
chosen operation point the transistor is operated in the saturation regime of operation, the
intrinsic channel charges are not under control of the drain terminal. Therefore, only extrinsic
capacitances are measurable at the drain terminal at this operation point. Again, the two

structures (coplanar and staggered) are regarded separately:

e In a coplanar transistor, only the gate-to-drain overlap capacitance is of importance. The
gate dielectric capacitance is the only capacitance measurable in this operation point.

The capacitance Cgq is thus defined by Cgqa = Néng - Weontact * Lov,aD * Clel-

e In a staggered transistor, the gate-to-drain overlap capacitance is the only important
contributor to the gate-drain capacitance, too. Since the organic semiconductor is depleted,
it behaves as an insulator with a dielectric constant €y osc. The gate-to-drain-overlap
capacitance is then in principle a series connection of the gate dielectric and the depleted
organic semiconductor. Connecting two capacitances in a series, the overall capacitance
of that series connection is smaller than any of the single capacitances. Consequently, Cgq

is smaller in staggered transistors than in coplanar transistors in that operation point.

These claims can be verified by observing Fig. 7.49. It can be seen that for voltages close
to zero, the MIM structure indeed shows a notably higher absolute value of the capacitance
than the MISM structure. Please recall that the MIM structure is equivalent to the gate-to-
contact-overlap region of a coplanar transistor whereas the MISM structure represents that of
a staggered transistor. Furthermore, in Fig. 7.51, the quasistatic gate-drain capacitance Cgq is
plotted for all of the coplanar and staggered transistors under investigation. It can be seen
that the staggered transistors show an overall smaller and less Lov,gp-dependent Cgq. This

proves the assumptions.
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Figure 7.51.: Quasistatic gate-drain capacitance (Cgq) in staggered and coplanar TFTs calcu-
lated using the compact model and plotted against the measured gate-to-drain overlap length

(Lov,gD)- It can be seen that Cgq is quite different in both architectures. This figure was pub-
lished in ref. [55].

Further discussion

The analysis of the capacitances at the source and at the drain side of the transistors has

revealed that the capacitance at the drain side is the reason for the different behavior of the

measured small-signal gain h2; of the two different transistor architectures. In Fig. 7.52, the

measured small-signal parameter Y11 of the OTFT with the smallest Lov,gs for each transistor

architecture is depicted. Yi; is defined as the quotient of the small-signal gate current divided
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Figure 7.52.: Measured small-signal admittance Y11 of the TFT with the smallest Loy, ags of
each architecture showing the difference in the overall capacitance. This figure was published in

ref. [55].
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by the small-signal gate-source voltage. From the circuit analysis of the circuit depicted

in Fig. 7.32, it can be shown that Y71 depends only on the capacitances:

Yy = & = j21f (Cas + Cia) - (7.47)

gs

vqs=0

Thus, an overall larger absolute value of Y11 can be interpreted as a higher sum of the capaci-
tances Cgs and Cgq. The discussion so far has shown that while the gate-source capacitances
C,s are equal for the staggered and coplanar transistors, the gate-drain capacitances Cgq are
overall larger in the coplanar transistors. This is in agreement with the observation of Y71
in Fig. 7.52 where it becomes visible that the sum of Cg and Cgq is higher for a coplanar

transistor than for a staggered transistor with same geometrical dimensions.

Based on the evaluation that coplanar transistors show an overall larger sum of the capacitances
Cys and Cgq, there might be drawn the conclusion that they will show an overall worse small-
signal amplification behavior than otherwise equivalent staggered transistors. However, the
measured small-signal gains ho1 of the coplanar transistors are better than those of the staggered
transistors, as depicted in Figs. 7.45 and 7.46. The reason for this is that the transconductance of
the coplanar transistors is much higher than that of their staggered counterparts. Furthermore,
one might come to the conclusion that by decreasing the gate-to-source overlap length Loy, as,
the small-signal amplification capabilities can be increased a lot, especially with regard to
the staggered transistors. However, the staggered transistors have a strong dependence of the
charge injection on the transfer length and thus also on Lov,cs [59]. Consequently, a brutal
down-scaling of Lov,gs in staggered transistors will lead to a worse transconductance, thus
negating any benefits from the reduction of the capacitance Cys. As can be seen in Fig. 7.46,
the coplanar transistors show a much weaker dependence of he; on the asymmetry of the
gate-to-contact overlaps. The benefit of this transistor architecture is that the injection occurs
only at the corner where the source electrode and the organic semiconductor are interfacing
and hence, a shortening of Loy gs does not lead to a worse transconductance. Thus, it can be
concluded that despite their larger gate-to-contact overlap capacitances the coplanar transistors

have a better overall small-signal amplification behavior.

7.4.4 Parameter Extraction

In this section, the extraction procedure for the fitting parameters will be explained based on
the measurements presented above. The model for the current gain h2: employs several fitting
parameters. The difficulty of determining meaningful values for these parameters is that they
are interdependent, i.e. the parameters do not have influence only on an isolated region of the
curve but they all change the entire curve. However, there is a useful procedure of determining
a set of parameters that leads to a good agreement. The basic requirement is that before the
AC fitting a proper DC fitting has been determined.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

7.4. High-Frequency Investigation of Short-Channel Transistors 197

7.4.4.1 Staggered Transistors

1. Determining First Guesses for Ks¢ and K,

Here, the extraction of the fitting parameters will be described at the example of the staggered
transistor with Lov,gs = 5.41um and Lov,ep = 5.2 pm. The starting point is to turn off the
models for the frequency-dependent change in the channel widths for the fringe regions and the
channel regions (and overlap regions in staggered transistors). This can be achieved by setting
Cscale,low, Cscale,highs Cscale2,low, and Cscale2,high all to a value of 1. As a consequence, Cscale
and Cscale2 are always 1 for the entire range of frequencies. Furthermore, the short-channel AC

model is set to an initial state by setting Kgt = 1 and K, = 1. Based on this, the trend of the
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Figure 7.53.: First step of the fitting procedure for the small-signal current gain hoj. The
measurements of the staggered OTFT with Lo,,gs = 5.4pm and Loy, ap = 5.2 pm (dotted blue
line) are shown in comparison to the initial model state where Kgy = 1 and K; = 1 (solid black
line) and the model where Kgt = 0.9 and K, = 0.44 (solid cyan-colored line).

modeled h2; is compared to the measurements which is depicted in Fig. 7.53. The next step is
to set the two model parameters Kg¢ and K, to values smaller than 1. In principle, the values
for these fitting parameters could be determined from quasistatic capacitance measurements but
these are not available. Here, the parameter K, has a much greater influence on the resulting
curves than the parameter Kg¢. It is recommended to set the parameters to such values that
the modeled ha1 nearly agrees with the measurements at the beginning of the "linear" piece
of the curve. In principle, Kgy and K, could be chosen so that the modeled curve has larger
values but as it will become clear in the further fitting progress, it is reasonable to tune the
model curve in such a way that it underestimates the measured values since in the other fitting

steps the curve will be shifted up again.
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2. Determining the Parameters of Cscale
The next step is to activate the function Cscale by setting Cscale,nigh = 0. Effectively, Cscale
changes the fringe width that is taken into account for the capacitance calculation. The function

Clscale has the two fitting parameters 7Tscale and pscale- The parameter 7scale mainly influences
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Figure 7.54.: Second step of the fitting procedure for the small-signal current gain ha1. The
measurements of the staggered OTFT with Loy,gs = 5.4pm and Loy.gp = 5.2 pm (dotted
blue line) are shown in comparison to the compact model where Kgy = 0.9 and K, = 0.44 for
different values of the fitting parameter 7gcale (solid lines). The parameter pgcale is set to 1.

the magnitude of the curve for the lower frequencies and the parameter pscale can change the
curvature. Thus, it is recommended to first set pscale = 1 and manually tune the parameter
Tscale- 1IN Fig. 7.54, the compact model is shown in comparison to the measured hso; for different
values of Tscale With a constant pscale of 1. It can be seen that setting 7Tscale = 1 X 1077 s leads
to a good agreement in the linear region of the measurement data. However, similarly as in
step 1, it is recommended to fit the model in such a way that the compact model slightly
underestimates the measurements since the next modeling steps will shift the curve up again.
Since the curvature is sufficiently well captured pscale can keep the value of 1. As can be seen
in Fig. 7.54, the model incorporating the function Cscale is only able to tune the curves in the
medium-frequency range. However, for high frequencies, the model curves all converge to the
same value. This is the observation leading to the claim that in the high-frequency regime

additional effects have to be taken into account which is accomplished by the function Cscale2.

3. Determining the Parameters of Cscale2

In this step, the function Cscale2 is activated, as well. Similarly as the other function (Cscale),
Cscale2 also has a time constant (7scale2) and an exponent (pscale2). The difficulty in deter-
mining parameter sets for Cscale and Cecale2 is that also Cscale2 has a small influence on the
medium-frequency regime, although its main purpose is to find a proper description of the

high-frequency regime. The parameter Tscale2 is set to an arbitrary value smaller than 7scale
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since it is assumed that the decay of the intrinsic channel width and the width in which charges
in the overlap regions start to behave slowly is a little smaller and later than the decay of the
fringe width. As a first experiment, the parameter pscaie2 can be set to 1. In Fig. 7.55, the
compact model is compared to the measurements where different values for the exponent pscale2
are assumed. It can be seen that a value of pscale2 = 1 does not perfectly represent the curvature
of the measurements in the high-frequency regime. Setting a value of pscale2 = 2.5 leads to
a better agreement. However, it can be seen that now, the compact model generally overes-
timates the measurements a little bit. Thus, a last refinement of the model has to be performed.

30
o5 | staggered

----- Meas.
— Model pscalez = 1
20 Model pgcale2 = 2.5

15
10

|ho1|[dB]

1 10 102
fIMHz]

Figure 7.55.: Third step of the fitting procedure for the small-signal current gain ha1. The
measurements of the staggered OTFT with Loy, gs = 5.4um and Ley,gp = 5.2 pm (dotted
blue line) are shown in comparison to the compact model where K5y = 0.9 and K, = 0.44
for different values of the fitting parameter pgcale2 (solid lines). The parameters of the other
models are: Tscale = 0.4 X 10778, Pscale = 1, Tecalez = 0.3 X 10~ 7s.

4. Refinements

In order to shift the model curve depicted in Fig. 7.55 down, there are several options such
as tuning K, Tscale OF Tscale2. Here, it is decided to use the parameter Tscale2. Setting this
parameter to a smaller value shifts the curve down. The final result is shown in Fig. 7.56.
There is a good agreement between the measured and the modeled curve. However, the
agreement is not perfect for very high frequencies. In order to properly model this regime of
operation, further model extensions would be required. However, it has to be highlighted that
the model has a good agreement in the region where |ha1| is greater than zero. This is actually
the frequency range in which a transistor will be operated in an electric circuit. Operating
the transistor at frequencies well above the transit frequency (i.e. the frequency, where |h21|
becomes one) means using it in a regime where the drain current response is smaller than the
capacitive gate charging current. It can be doubted whether such an operation point is useful

from a practical point of view.
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Figure 7.56.: Fourth and final step of the fitting procedure for the small-signal current gain
h21. The measurements of the staggered OTFT with Loy, gs = 5.4pm and Loy gp = 5.2um
(dotted blue line) are shown in comparison to the final fitting of the compact model where
Kgy = 0.9, Ky = 0.44, Tocale = 0.4 x 10-7 S, Pscale = 1, Tscale2 = 0.17 X 1077 s, and pscale2 = 2.5
(solid black line).

7.4.4.2 Coplanar Transistors

The parameter extraction is in principle independent of the transistor architecture. However,
staggered and coplanar transistors behave differently under high-frequency conditions. In
ref. [55], it has been shown that coplanar transistors show a more textbook-like behavior owing
to their overlap-independent transconductance and the higher simplicity of the gate-to-contact
overlap regions. Nevertheless, in this section, the parameter extraction process for the ha;

model is presented in brief.

1. Determining First Guesses for Kt and K,

Exactly as for the staggered transistors, the first step is to determine meaningful values for
the parameters Kt and K,. This is accomplished by setting Kgt and K, to such values that
the modeled h2; curve agrees with the measurements at a low frequency where the measured

curves start to behave somehow linearly. This first fitting step is shown in Fig. 7.57.

2. Determining the Parameters of Cscale

The determination of the parameters of the scaling function Cscale starts by setting the exponent
Pscale t0 1 and then trying different time constants Tscale. As can be seen in Fig. 7.58, setting the
time constant alone does not lead to a good reproduction of the curvature of the measured ha;
curve in the linear regime. Therefore, in contrast to the staggered transistors, the parameter
Pscale Needs to be tuned. In Fig. 7.59, the compact model is shown in comparison to the

measurements again but here, an exponent of pscale = 50 is chosen. It can be seen that there
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Figure 7.57.: First step of the fitting procedure for the small-signal current gain hoj. The
measurements of the coplanar OTFT with Loy gs = 7.4um and Loy.gp = 3um (dotted red
line) are shown in comparison to the initial model state where Kgy = 1 and K, = 1 (solid black
line) and the model, where Kz = 1 and K, = 0 (solid magenta-colored line).

coplanar, = | || |77 Meas.
—— Model Tgeale = 1 X 10735

—— Model Tyea1e =1 x 10765
—— Model Tgcate =1 x 10~ 7 s

|ho1|[dB]

1 10 102
FIMHZ]

Figure 7.58.: Second step of the fitting procedure for the small-signal current gain ha;. The
measurements of the coplanar OTFT with Loy gs = 7.4nm and Loy gp = 3num (dotted red
line) are shown in comparison to the compact model where Kgy = 1 and K; = 0 for different
values of the fitting parameter 7gcale (solid lines). The parameter pgcale is set to 1.
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Figure 7.59.: Second step of the fitting procedure for the small-signal current gain ha1. The
measurements of the coplanar OTFT with Loy,gs = 7.4pm and Loy,gp = 3num (dotted red
line) are shown in comparison to the compact model where Kgty = 1 and Ky = 0, Tscale =
0.045 x 10~ 75, and pgcale = 50 (solid black line). Even without the usage of the function Cycale2,
the agreement is already very good.

is already a very good agreement between the model and the measurement. The model now
accurately represents the slightly non-linear behavior of the hoi curve at low and medium
frequencies. At this stage, the fitting of the model could already stop due to the good agreement.
It has to be mentioned that activating the function Cscale2 only has a very small influence
on the final curves. The reason is that the gate-to-contact overlap capacitances in coplanar
transistors are simpler than in staggered transistors and just consist of parasitic parallel-plate
capacitors which are not subject to a frequency dependence in the frequency regime observed
here. Therefore, in coplanar transistors, the function Cscale2 only has an influence on the

intrinsic channel charges which are minor in comparison to the overlap charges.

3. and 4. Determining the Parameters of Cscale2 and Fine Tuning

Although the fitting of the coplanar transistors can already be regarded as sufficient, the function
Cscale2 can be activated. Due to the small influence, however, it is not worth investigation
the differences for various parameters of this function. For the staggered transistors, special
emphasis has been put on the fact that the time constant of the function Cscale2 should be
greater than that of Cscale. However, due to the minor influence of the function Cscale2 in the
context of coplanar transistors, this condition is not regarded as necessary. In Fig. 7.60, the
final fitting of the BC transistor is shown. A further fine tuning is not necessary in this case.
The exponent pscale2 is chosen to match that of the TC transistors and the time constant Tscale2
is arbitrarily chosen. It can be seen that there is hardly any difference between the fittings

shown in Figs. 7.59 and 7.60. This emphasizes the small influence of Cscale2 on the results.
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Figure 7.60.: Final steps of the fitting procedure for the small-signal current gain h21. The
measurements of the coplanar OTFT with Loy gs = 7.4um and Loy,gp = 3um (dotted red
line) are shown in comparison to the compact model where Kgt = 1 and Ky = 0, Tgcale =
0.045 x 10778, pecale = 50, Tscalez = 0.5 X 10775, and pgcatez = 2.5 (solid black line).

7.5 Temperature Effects

7.5.1 General Information

This section contains an investigation of temperature effects. Staggered OTFTs were fabricated
according to the same process as described in Sec. 7.4. The source/drain electrodes consist of
22 nm thick gold located on top of a 20 nm thick layer of 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-
f]thieno[3,2-b]thiophene (DPh-DNTT). The gate electrode consists of a 25 nm thick layer of
aluminum and the hybrid gate dielectric consists of aluminum oxide and a self-assembled
monolayer of n-tetradecylphosphonic acid with a total thickness of approx. 7nm. Transistors

in the single-finger layout with different channel lengths were fabricated.

P 27°C ) 50°C ) 40°C PT0TC FEIRE 50-C PR

Figure 7.61.: Temperature profile of the measurement setup. The temperatures are set in the

order as depicted here.
For the electrical measurements, the fully fabricated substrate was placed on a close-loop
controlled Peltier element which allowed for the setting of temperatures. Different temperatures
as depicted in Fig. 7.61 were used. As can be seen, the temperatures were not swept linearly
but according to a temperature profile with several temperature jumps in different directions.
The reason for choosing such a temperature profile is that there has to be a distinction between
temperature-dependent effects and degradation effects. If in the observed results any trends

with the temperature are visible, there is a higher probability that these trends are really due
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to temperature effects. After setting a new temperature, several transistors were measured
meaning that every transistor was exposed to the set temperature for a time of approx. one
hour. DC transfer and output characteristics were measured using an Agilent B1500A device
parameter analyzer. During the transfer curves, the gate-source voltage was swept in both
directions, i.e. from Vg =0V to —3V and back to 0 V. The probing station was covered by a
black cloth in order to prevent light influences. Due to charge trapping effects, the transfer
curves exhibit a small hysteresis between the forward and the backward sweep and the transfer
curves are not perfectly consistent with the output curves. In order to reduce these effects, the
transfer curves were recorded three times and only the results of the backward sweep of the
last sweep were evaluated. The output curves were also swept three times but for the analysis

of the temperature effects, only the transfer curves are taken into account.
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Figure 7.62.: Measured transfer characteristics of a staggered OTFT at different temper-
atures as indicated by the legend. The drain-source voltage is Vqs = —3 V. The transistor
has a channel length of L;, = 100 pm and a symmetric gate-to-contact overlap length of

LOV,GS = Lov,GD = Lov =50 pm.

Figure 7.62 shows the measured transfer characteristics of one transistor of the population at
different temperatures. The backward sweeps of the curves at a large absolute value of Vg5 are
shown. It can be seen that the temperature has a notable influence on the curves. In general,
at higher temperatures, the sub-threshold swing becomes less steep. Furthermore, a shift in
the threshold voltage becomes visible. The behavior of the transistor at the two temperature
points 80°C and 90 °C, however, does not agree with the the observed trends. While the
threshold voltage monotonically shifts towards zero for temperatures increasing in the range
27°C < T < 70°C it jumps forward and backward at the two highest temperatures. This
behavior was observed in the whole population of the transistors. However, in the range of
27°C < T < 70°C, the transistors show a quite predictable behavior. Possible problems at the
higher temperatures might be due to the convection of the air at the surface of the substrate or

due to reversible short-term or mid-term degradation effects which might be more pronounced
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at higher temperatures. These degradation effects can be assumed to be reversible because
the curves show a predictable behavior at a temperature of 60°C which was set after one
hour of temperature stress at 90 °C. Possible changes during the 90 °C phase must have been
reversed. The measurement setup and possible physical explanations for this behavior have to
be part of future work. In order to come to plausible closed-form solutions for the temperature
dependence of the model parameters, only the temperature range of 27°C < T < 70°C is

evaluated in the following.

The influence of the temperature on the parameters of the compact DC model is investigated.
For each temperature, the compact model is fitted to the backward sweep of the last transfer
curve. The compact model is fitted to simultaneously agree with the transfer curves in the
linear regime (Vgs = —0.1V) and in the saturation regime (Vgs = —3V). It turned out that
the threshold voltage (Vro), the low-field mobility (), and the sub-threshold swing (Sobs) are
the model parameters which can capture the temperature effects. For each temperature, these
three parameters are adapted in order to agree with the measured transfer curves using the

following procedure:

1. The sub-threshold swing is calculated by probing the current I; and I at two gate-source
voltages Vgs1 and Vg2 in the sub-threshold regime of operation. The swing is then
calculated as Smeas = |Vas2 — Vas1|/(1g(I2) — lg(11)), where lg is the logarithm to base 10.

The extracted swing is set as the model parameter Sobs.

2. The threshold voltage is tuned so that the compact model and the measured curves agree

in the sub-threshold regime of operation.

3. The low-field mobility « is tuned so that the curves agree at high absolute values of V.

The power-law-mobility exponent [ is set to a constant value. Since the transfer curves
all exhibit a similar curvature at the different temperatures, it is not necessary to model 3

temperature dependent.

In principle, it is imaginable that also other parameters of the transistors exhibit changes.
The contact resistances, for example, may also change in dependence on the temperature.
However, it is difficult to distinguish between the different parameters that may vary. For
example, the change in the magnitude of the on-state current might be captured in the compact
model either by a change in the mobility or in the contact resistance. Since the transistors
under investigation in this section have very large gate-to-contact overlap lengths (20 pm and
50 pm) the contact resistances are very small. Thus, it is decided to capture the effect of the
temperature-dependent change in terms of a mobility change. However, as will be shown by

means of a TLM analysis, the contact resistance also exhibits changes with the temperature.
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7.5.2 Modeling of the Temperature Dependence

Temperature Dependence of the Threshold Voltage
According to ref. [36], the threshold voltage has a dependence on the trap densities and the

temperature:

Viro = Vis + Es/(2¢) + th/,maX/Céicl — OszTT In <Cm> (7.48)
where Vj, is the flatband voltage, E, is the band gap of the organic semiconductor, ¢ is the
elementary charge, N{ ... is the density of deep bulk and interface states which are filled in
accumulation, Cj; is the gate dielectric capacitance per gate area, « is the slope degradation
factor, kp is the Boltzmann constant, dy, is the thickness of the accumulation channel, and Ngt
is a fitting parameter representing the equivalent shallow trap density, i.e. the density of states
that can be occupied by quasi-mobile charges. Since this equation has many unknown values
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Figure 7.63.: Threshold voltage of a staggered OTFT. The values extracted from the back-
ward sweep of the measured curves (blue line with circles) are compared to the modeled values
(red line with crosses). Equation (7.49) is used as the model with the following parameter val-
ues: Ay = 2.3 and By = 1e7. The value for « is calculated at a temperature of T' = 27°C. The
transistor has a channel length of L¢, = 100 pm and a symmetric gate-to-contact overlap length
of LOV,GS = Lov,GD = Loy = 50 pm.
and since in the derivation presented in ref. [36] some inaccurate assumptions are made, the
threshold voltage cannot be calculated analytically. However, the above-presented equation
can be used in order to derive an expression for the temperature dependence of the transistors.
By summing up the unknown values in constants A, and By, the threshold voltage can be

expressed in a simplified form as:

kT B,
=A,—a——In|[ ———|. A4
Viro ! . n (akBT/q) (7.49)
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In Fig. 7.63, the extracted threshold voltage is shown in comparison to the model equation
where A, and B, are treated as fitting parameters. With this procedure, it is possible to
reproduce the measured change of the threshold voltage well. It has to be pointed out that the
change in the threshold voltage is only small but obviously not negligible.

Temperature Dependence of the Sub-Threshold Swing

The sub-threshold swing is degraded as traps are present in the bandgap of the semiconductor
or at the interface between semiconductor and gate dielectric. In ref. [36], this is reflected by
the temperature-independent slope degradation factor o. The following equation relates the
sub-threshold swing to the slope degradation factor [36]:

kT

Sobs = a1In(10) (7.50)
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Figure 7.64.: Sub-threshold swing of a staggered OTFT. The values extracted from the
backward sweep of the measured curves (blue line with circles) are compared to the mod-
eled values (red line with crosses). Equation (7.52) is used as the model. The transistor
has a channel length of L, = 100pm and a symmetric gate-to-contact overlap length of
LQV,GS = Lov,GD = Loy = 50 pm.

Accordingly, if the sub-threshold swing at "= 27 °C = 300K is known, it can be related to the

swing at another temperature:
SDCW _ TI’ICW

S300 300K

where the temperature Thew has to be entered in units of Kelvin. Rearranging this equation for

(7.51)

the new sub-threshold swing leads to:

TDEW
300K"

Snew - 5300 (752)
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This equation is used as a very simple approach to calculate the swing based on the knowledge
of the swing at T = 27°C = 300K. As can be seen in Fig. 7.64, this simple model has an

acceptable agreement with the sub-threshold swing extracted from the measurements.

Temperature dependence of the mobility

The low-field mobility of the compact model needs to be changed in order to fit the compact
model to the different transfer curves. In the literature, it has been reported that the power-law
exponent can as well be modeled as temperature-dependent [117] but a change in the power-law
exponent changes the curvature of the transfer curves. However, the curvature does not need to
be changed in this case. It is sufficient to change the low-field mobility k. In order to capture
the influence of the temperature on the low-field mobility, the Arrhenius mobility law is used
which reads as follows [118]:

Ea
K = [LArrh €XD (— kBT> , (7.53)

where piarrh is the mobility at very high temperatures and FE, is the activation energy. With
the temperature increasing, the value of the exponential function converges to unity. Thus,
K converges to parrn which can be imagined as the mobility in the fully activated case. This
simple model is used in order to capture the temperature dependence of the mobility. As can be

seen in Fig. 7.65, the model is able to capture the extracted low-field mobility with acceptable

accuracy.
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Figure 7.65.: Low-field mobility of a staggered OTFT. The values extracted from the back-
ward sweep of the measured curves (blue line with circles) are compared to the modeled values
(red line with crosses). Equation (7.53) is used as the model with the following parameters:
UArrh = 4.9 cm2V~P~15-1 and E, = 8meV. The transistor has a channel length of Lo, =
100 pm and a symmetric gate-to-contact overlap length of Loy gs = Lov,ap = Lov = 50 pm.
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7.5.3 Investigation of the Contact Resistance

The transistors under investigation in this section only have small contact resistances in compar-
ison to the intrinsic channel resistances. The reason is that the gate-to-contact overlap lengths
are long (20 pm and 50 pm) so that the injection in the source region does not become limited.
However, although it is only of small magnitude, it is worth investigating the temperature
dependence of the contact resistance. A common method for the separation of the contact
resistance and the channel resistance is the transmission-line method (TLM) [17]. This method
was also used for the transistors presented in Sec. 7.4. Here, some more details about the TLM

analysis will be presented.

For the TLM method, the transistor is assumed to consist of a series connection of an inner
transistor and contact resistances. The contact resistance R¢ is defined as the sum of all source
and drain contact resistances. The resistance of the intrinsic transistor channel is assumed
to be proportional to the channel length Ly [17] which is in agreement with the DC current
equation (Eq. (2.21)) where I4s is inversely proportional to Len. In order to separate the contact
resistances from the channel resistances, a set of transistors with equal gate-to-contact overlap
lengths but different channel lengths is fabricated. The transistor for which the temperature-

dependent modeling of some model parameters is presented above is part of this set of transistors.

For each transistor, transfer curves at a low drain-source voltage (Vas = —0.1 V) are measured
at different temperatures in the order as depicted in Fig. 7.61. For each temperature, the TLM

analysis is conducted by the following procedure:

1. For each transistor with the different channel lengths, the threshold voltage is determined
at each of the measured temperatures. This is achieved by applying a tangent in a very
linearly shaped region of the transfer curve and then extrapolating it to the Vgs-axis. The

voltage at which the intersection occurs is Vg + 0.5 - Vg [5].

2. For each temperature, the current of each transistor is probed at various gate-overdrive
voltages. The gate-overdrive voltage is defined as the amount by which V,s extends the
threshold voltage: Voar = Vgs — Vro. At each Viar, the resistance between drain and
source of the transistor comprising contact resistances is calculated and normalized with
respect to the channel width W, sp. This resistance is denoted as RW and is calculated
as RW = (Vas/1las) - Wen,sp. It contains the influence of the contact resistances and of

the intrinsic transistor channel.

3. For each temperature and each gate-overdrive voltage, the contact resistance can now
be calculated by performing a linear regression for the RW values versus the channel
length and extrapolating this regression function towards L¢, = Opum. A device without
a channel does not have a channel resistance and hence, the only resistance remaining is

the contact resistance. Of course, a transistor without a channel cannot be fabricated.
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However, the extrapolation of the RW values towards L¢, = 0 pm estimates the resistance
that such a theoretical device would have. By assuming that all the transistors have
the same contact resistances, the regression thus leads to the width-normalized contact

resistance RcW.

4. The width-normalized contact resistance RcW is probed at a fixed gate-overdrive voltage

for different temperatures.

For a fixed Vodr, the width-normalized resistances RW as mentioned in point 2.) can be plotted
for the various transistors with the different channel lengths. This is shown in Fig. 7.66 where
RW is plotted for a set of transistors with Lov,gs = Lov,ap = 20 pm at three arbitrarily chosen
gate-overdrive voltages. Here, the results at T' = 27 °C are shown. The linear functions are the
regression functions through the different RW values. As predicted, the total resistance of the
series connection consisting of the transistor and the contact resistance is decreasing at smaller

channel lengths.
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Figure 7.66.: RW plotted against the channel length for the transistors with a symmetric

gate-to-contact overlap length of Loy gs = Lov,ap = 20 pm. The resistances RW are shown for

three arbitrarily chosen gate-overdrive voltages Voqr = Vgs — Vrg at a temperature of 7' = 27°C.
Figure 7.67 depicts the width-normalized contact resistances RcW versus the gate-overdrive
voltage at a fixed temperature of T' = 27 °C as mentioned in point 3.). It can be seen that the
contact resistance is not constant but varies with the applied voltages. This is in accordance
with the findings in ref. [47] that the contact resistances are a non-linear function of the voltages

due to the effect of the Schottky barrier lowering.

In order to visualize the influence of the temperature on the contact resistances, RcW is plotted
against the temperature at a fixed gate-overdrive voltage as mentioned in point 4.). In Fig. 7.68,
the results of the transistors with a gate-to-contact overlap length of Loy gs = Lov,gp = 20 pm

and with Lov,gs = Lov,ap = 50 pm are depicted. It becomes visible that the transistors with the
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longer gate-to-contact overlap length have an overall smaller contact resistance. Furthermore,
the curves of both transistor sets show the general trend that with higher temperature the
contact resistance is decreasing. However, the contact resistance at T' = 60 °C does not agree
with the other data points. This behavior is attributed to the order in which the temperatures
are swept. The temperature profile is defined as depicted in Fig. 7.61. It can be seen that prior
to measuring the transistors at 7' = 60 °C, a high temperature of T = 90°C is applied. The
observable trend in the RcW curves leads to the assumption that at the application of this
high temperature, a mid-term degradation effect must have changed the contact resistance.

This has to be subject to future research.
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Figure 7.67.: RcW plotted against the gate-overdrive voltage Voqr = Vgs — Vg at a tem-
perature of T' = 27 °C for the transistors with a symmetric gate-to-contact overlap length of
Lov,cs = Lov,gp = 20 pm.
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Figure 7.68.: RcW plotted against the temperature at a fixed gate-overdrive voltage of
Voar = Vgs — Vo = —1.3V for the transistors with a symmetric gate-to-contact overlap
length of Loyv.as = Lov,ap = 20 pm (blue squares) and with Loy.as = Lov,gp = 50 pm (red
circles).
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CHAPTER 8

State of the Art

There already exists a variety of compact models that include a description of the capacitive
behavior of OTFTs. Furthermore, there also exist models describing the low-frequency noise in
OTFTs. In this section, a summary of some models found in the literature will be given. All of
the capacitance models are based on an underlying DC compact model which will briefly be
described as well.

8.1 Capacitance

8.1.1 Model by Castro-Carranza

Castro-Carranza et al. developed a compact model for the capacitances in OTFTs [109, 119]
which will be described in the following. The underlying DC compact model is based on the
unified model and parameter extraction method (UMEM) [120] which defines a parameter-based
compact model. The compact model uses empirical fitting parameters for the calculation of
effective gate-overdrive and effective drain-source voltages. The drain-source current consists
of a two-piece expression where the sub-threshold and the above-threshold components are
calculated separately and then merged into a combined equation by a transition function. The

current equation is valid for the linear and the saturation regime of operation.

The capacitances are calculated following a similar approach as it is done in this work: the
total gate charge is defined as the integral over the mobile charge per gate area from the source

to the drain, comparable to Eq. (4.1). The mobile charge per gate area is expressed as
Qin = Céliel : (‘/Odr - V) 5 (81)

where CJ;, is the gate dielectric capacitance per gate area, Voa, is the gate-overdrive voltage,
and V is the channel voltage. The voltage Vo, is in principle the difference of Vs — Vrg. How-

ever, in order to avoid numerical problems in the sub-threshold regime, an empirical function
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prevents Voar from becoming negative. The above-defined equation for the mobile charges is in
principle equivalent with the expression defined in ref. [36] which is, however, an approximation
only valid in the above-threshold regime. Even if V,q, is prevented from becoming negative
in the compact model, the value that is yielded for Q., is no longer valid. Similarly as in the
compact model presented in this thesis, Castro-Carranza et al. substitute the variable z in the
charge integral by making use of the drift-diffusion differential, see Eq. (4.5). Based on this, a
closed-form equation for the total charges in the channel is yielded. Using the Ward-Dutton
partitioning scheme [65], the charges are attributed to a certain degree to belong to the drain
and the source terminals of the transistor. The charge equations are analytically derived with
respect to the terminal voltages which leads to the capacitances. Since the resulting charge
equations are based on Eq. (8.1) which is only valid in the above-threshold regime they are
also valid only in this regime. For this purpose, in ref. [109], a capacitance for the depletion
(sub-threshold) region of operation is defined. Similarly as for the DC current model, the
two capacitances for the sub-threshold regime and the above-threshold regime are merged by

an empirical fitting function. This leads again to an equation valid in for all regimes of operation.

In addition to the intrinsic channel charges, the model also includes a very basic description of
the extrinsic gate-to-contact-overlap charges for coplanar OTFTs, similar as in Egs. (4.23) and
(4.24). However, charges in fringe regions are not accounted for. The model is only valid for
transistors comprising negligible contact resistances since a voltage drop across contact elements
is not considered. The charge conservation, however, is ensured since the model does not treat
the capacitances as lumped elements. In this regard, the capacitance model can be denoted as

a charge-based model but the underlying DC model is not charge-based, as explained above.

When it comes to high-frequency operation, the charges cannot follow the applied voltages
and non-quasistatic effects become important. These non-quasistatic effects are taken into
account in ref. [109] by the definition of a frequency-dependent decay of the dielectric constant
of the gate insulator. This equation served as the inspiration for the scaling function Cscale
in Eq. (7.39). A reasonable agreement with the measured total gate capacitance of OTFTs is

achieved.

The main features of the model are summed up in the following:

e No charge-based model
e Closed-form description

e Continuous model but only with the help of transition functions for different operation

regimes

e Overlap charges for coplanar transistors are included
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e Overlap charges for staggered transistors are not included

o Voltage drop at contact elements is not considered and thus, only long-channel transistors

are accurately modeled
e The charges are conserved
o Fringe effects from layout perspective are not accounted for

o Non-quasistatic effects are not considered

8.1.2 Model by Marinov and Deen

Marinov and Deen developed a comprehensive compact model for the quasistatic DC and AC
characterization of OTFTs [66]. The model uses the DC description derived in refs. [121, 122].
This model has similarities with the model by Castro-Carranza et al. [109, 119] in the regard
that both are parameter-based models. The Marinov-Deen model is a charge-drift dependent
model that also uses effective overdrive voltages. The overdrive voltages are defined by a
fitting function that provides a smooth transition from the sub-threshold to the above-threshold
regime. Furthermore, the model contains a power-law mobility that is exponentially dependent
on the gate-overdrive voltage. In contrast to the DC model developed in the TH Mittelhessen
group [36] where the power-law mobility is dependent on Qs and thus on the gate-source
voltage, the power-law mobility in the Marinov-Deen model is changing along the channel in

dependence of the channel potential.

The intrinsic channel capacitances are calculated following the same basic concept as in the work
by Castro-Carranza et al. [109, 119] and in the model presented in this thesis: again, the charge
integral like in Eq. (4.1) is used and the Ward-Dutton partitioning scheme [65] is employed.
Afterwards, the variable x is again replaced making use of the drift-diffusion model so that
the integration is performed over the voltages rather than the position in the channel. As a
result, the total charges associated with the gate, drain and source are yielded. The resulting
equations have some similarities with the equations derived in this work but since the underlying
DC compact model is a parameter-based model and since the power-law mobility behaves

different from the power-law mobility in the model developed in this thesis, there are differences.

The Marinov-Deen model is not charge-based since it is a parameter-based drift-model but
since the total charges are correctly calculated and the simple Meyer model is not used the

total charges are conserved.

The gate-to-contact overlap capacitances are only accounted for in coplanar transistors in a
similar manner as in Egs. (4.23) and (4.24) in the work presented in this thesis. However, with

an extension presented by Scheinert et al., the overlap capacitances in staggered transistors
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can be calculated, as well [61]. Furthermore, the Marinov-Deen model does not include fringe
capacitances from the layout perspective as they appear in the transistor architecture under
investigation in this work. In the Marinov-Deen model, there is also an inclusion of extrinsic
capacitances denoted as fringe capacitances which originate from a capacitance on the back of
the TFT film. Scheinert et al. proposed a numerical inclusion of the fringe capacitance in the
transistors fabricated at the Max Planck Institute for Solid State Research by simply defining

a multiplication factor for the charges [61]. Non-quasistatic effects are not captured by the model.

The main features of the model are summed up in the following:
e No charge-based model
¢ Closed-form description

¢ Continuous model but only with the help of a transition function calculating the effective

overdrive voltages from the deep sub-threshold regime to the above-threshold regime
e Overlap charges for coplanar transistors are included

e Overlap charges for staggered transistors are not included but an extension of the model

has been proposed [61]

o Voltage drop at contact elements is considered and thus, transistors with shorter channels

could in principle be modeled
e The charges are conserved

o Fringe effects from layout perspective are not accounted for with regard to the structures

under investigation in this work

o Non-quasistatic effects are not considered

8.1.3 Model by Valletta

Valletta et al. developed a compact model following a quite different approach from what has
been presented so far. In ref. [18], a model for the complete description of the DC and AC

behavior of OTFTs is proposed, even valid for the high-frequency regime of operation.

The DC description incorporates the special properties of an inversely-operated Schottky barrier
at the source-to-semiconductor junction. The compact model treats an OTFT as a series
connection of an ideal TFT (i.e. a TFT following the gradual channel approximation) and an
inversely-operated Schottky diode at the source. As a consequence of the voltage drop across

the Schottky barrier, the ideal transistor has reduced voltages. In Fig. 8.1, the equivalent
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circuit that the model is based on is shown. For the inner transistor, the current is formulated

based on the outer terminal voltages and the contact voltage drop Vis:
ItrT ideal = f (Vgs, Vas, Ves) - (8.2)

The current flowing through the inversely-operated Schottky diode is expressed based on the
well-known Schottky-diode relationship including the effect of the Schottky barrier lowering [18]:

Tiode = —1Ip - exp [(‘(;;)a} . (exp { (77(113:;)] - 1) , (8.3)

where «, Vi, and 7 are fitting parameters that must not be mistaken with the fitting parameters

of the compact models presented in this thesis. The reverse saturation current o of the diode

is expressed as [18]:

Vs \°
fo=tw- (72) (8.9

where Ipo and 3 are fitting parameters and Vpo has a constant value of 1V in order to ensure a
unitless value in the parentheses. Since both the diode current and the current of the ideal
TFT are dependent on the voltage Vs, there is no closed-form solution for the current flowing
through the series connection consisting of the Schottky diode and the TFT. The condition
is that the diode current (lgiode) has to equal the current flowing through the transistor
(ITFT,idea1). Valletta et al. thus have the voltage Vis numerically computed by the SPICE
simulator. Afterwards, Vs is inserted either in the transistor or in the diode equation which
then leads to the DC current. Due to the lack of a closed-form description of the DC behavior,

the model can be denoted as an implicit model.

S

| Ves
g

G o—‘{ OTFT
D

Figure 8.1.: Equivalent circuit that the implicitly-defined model by Valletta et al. is based
on [18]. The transistor is assumed as a series connection of an ideal TFT and a reversely-
operated Schottky diode at the source.

For the small-signal AC model, Valletta et al. use the transmission-line approach [64] that is
also discussed in Chap. 7.2. In ref. [64], the channel of a transistor is treated as a distributed
RC' transmission line and the complex impedance of this transmission line is expressed in

dependence on the voltage-dependent channel conductance. This approach is also used in the

literature in order to characterize the non-quasistatic behavior of OTFTs [40, 123].



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

218 8. State of the Art

Since the DC model by Valletta et al. is only implicitly defined, there is no closed-form
solution for the channel conductance. Therefore, the channel conductance is calculated for an
ideal TFT which is then inserted into the transmission-line equation. Thus, the important
properties of the reversely-operated Schottky barrier are neglected at this stage. Valletta
et al. now use the transmission line model to calculate the impedance in several regions of
the transistor. The contact resistances are then included in a numerical way by defining the
conductance G¢ and the capacitance C. of the metal-to-semiconductor junctions as fitting
parameters. Finally, the total admittance between the gate and the source contact (Ygs) and
between the gate contact and the drain contact (Yza) are obtained by summing up all the single
admittances that contribute to it. This eventually leads to the capacitances Cgs and Cgq. Since
the model is based on an admittance which is dependent on the frequency the capacitances
are also automatically dependent on the frequency. Therefore, the non-quasistatic behavior
can be captured. However, the drawback is that the capacitances are assumed to be reciprocal

which leads to the problem of charge-non-conservation which also occurs in the Meyer model [38].

Extrinsic capacitances are also taken into account in this model. In principle, the structure
under investigation is a multi-finger OTFT in the staggered architecture. However, the exact
layout is different from the transistors under investigation in this thesis. Valletta et al. include
the gate-to-contact overlap capacitances which they calculate as for a coplanar TFT even if
the layout is staggered. Therefore, the model will produce inaccurate results if the overlap
capacitances dominate over the intrinsic channel capacitances. Fringe capacitances that occur

in the used layout are included in the model.

The main features of the model are summed up in the following:

e No charge-based model
e No closed-form description

¢ Continuous model but only with the help of a transition function calculating the effective

overdrive voltages from the deep sub-threshold regime to the above-threshold regime
e Overlap charges for coplanar transistors are included
e Overlap charges for staggered transistors are not included

e Voltage drop at contact elements is considered by defining the contact admittance as a

fitting parameter
o The charges are not conserved since the capacitances are reciprocal

o Fringe effects from layout perspective are taken into account but they differ from the

layout investigated in this thesis

e Non-quasistatic effects are considered
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8.1.4 Model by Torricelli

Torricelli et al. proposed a compact model for the DC and quasistatic capacitances in OTFTs [69].
The variable-range-hopping theory as mentioned in Chap. 1 serves as the basis for this model.
The conductivity of the organic semiconductor is expressed based on the density of accumulated
charges and the drain current is obtained by an integration over this conductivity. The density
of accumulated quasi-mobile charges is expressed in terms of the surface potential which is the
electrostatic potential in the organic semiconductor close to the interface with the gate insulator.
Performing several substitutions, the drain current is expressed based on the charge densities at
the source and the drain end of the channel. In this regard, the model by Torricelli et al. [69]
is comparable to the DC compact model of the TH Mittelhessen group [36]. However, the
difference is that Torricelli et al. use a different way for the calculation of the charge densities
at the source/drain end of the channel. For the calculation of these charge densities, the surface
potential at the source/drain end is needed explicitly. However, the surface potential is an
implicit function which cannot be solved analytically. In order to overcome this deficiency, a
case distinction is performed and the surface potential is approximated by simple expressions
in dependence on the regime of operation. However, the potential can only be approximated
accurately if the transistor is operated in the above-threshold regime. Thus, the model does

not provide a description for the full range of possible bias conditions.

For the calculation of the quasistatic capacitances, the model follows in principle the same
approach as the compact model developed in this thesis: the charges are yielded by an in-
tegration over the charge density per gate area along the channel. Equally as in the model
presented in this work, the drift-diffusion differential like in Eq. (4.5) is used. A change in the
gate potential is then linked to the change in the accumulated charge density which leads to
nearly the same differential as in ref. [36]. Consequently, the derivation of the total charges
according to Torricelli et al. is very similar to the model that was developed in this thesis. The
total charges associated with the source and the drain terminals are yielded by applying the
Ward-Dutton partitioning scheme [65]. In this approach, the charges are conserved properly.
The capacitances are calculated explicitly by deriving the charges with respect to the terminal
potentials. However, the model does not contain any contributions to the capacitances by

extrinsic factors such as gate-to-contact overlap regions or fringe effects.

The capacitance model does not include frequency-dependent effects so that it is not suitable
for a non-quasistatic operation. However, Valletta et al. extended the model by Torricelli et
al. so that it can be used in a large-signal analysis [103, 104]. There, the current continuity
equation is used and discretized by a spline collocation which finally leads to a system of

ordinary differential equations which can numerically solved in the SPICE simulator.
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The main features of the model are summed up in the following:

e Charge-based model

e Closed-form description only by approximation of the surface potential in different

operation regimes

o If the closed-form description is used, the model may show a discontinuous behavior at

the transition between the linear and the saturation regime of operation

e Overlap charges for coplanar transistors are not included but in the large-signal extension

in [103, 104], overlap charges for simple gate-to-contact overlap regions are accounted for
e Overlap charges for staggered transistors are not included
e Voltage drop at contact elements is not considered
e The charges are conserved

o Fringe effects from layout perspective are not taken into account but in the extension
in [103, 104] they are included

» Non-quasistatic effects not considered but are contained in the extension [103, 104]

8.1.5 Model by Colalongo

L. Colalongo proposed a model denoted as the symmetric quadrature method [30]. This model
has similarities with the compact model by Torricelli et al. [69] in the regard that both use
the variable-range-hopping model as the basis. The model by Colalongo expresses the charge
density per gate area as an integral function of the surface potential which is, however, not
analytically solvable. An approximation is performed so that this function can be evaluated in
a closed form. However, the difficulty is that the surface potential is an implicit function of the

applied terminal voltages. Thus, it is solved numerically and approximated by a function.

Observing the plot of the charge density versus the surface potential, the following observation
is made in ref. [30]: The charge density is not a linear function of the surface potential but
resembles a quadratic function. Therefore, the charge density is modeled as a quadratic function
the center of with is at the so-called surface potential midpoint which is the average of the
surface potential at the source end and the drain end of the channel. The parameters of
the quadratic function are defined by forcing the function to have the same function values
at the source end, the drain end and the mid-point as the full numerical solution of the
charge-density function versus the surface potential. After the approximations are performed,
the drift-diffusion model is used and the quadratic approximation of the charge density versus

the surface potential is incorporated. This leads to a continuous model for the drain current.
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For the derivation of a quasistatic capacitance model, the well-known charge integrals incorpo-
rating the Ward-Dutton partitioning scheme [65] are used as in Eqgs. (4.2) and (4.3) in this work.
However, the substitution of the integration variable z is performed slightly differently. Again
adapting the drift-diffusion model, a differential linking a change in the position in the channel
to the surface potential is obtained which is then substituted in the charge integrals. During
the integration, the charge density per gate area is evaluated at the source and the drain end of
the channel, and also at the above-mentioned channel-potential midpoint. Therefore, the final
results of this model are equations for the total charges in dependence on the charge densities
per gate area. In this regard, the model by Colalongo has similarities with the approach that
is followed in this thesis. Since the surface potential at the source/drain end is known in
the model, the overlap charges in staggered transistors can be included properly. However,

non-quasistatic effects are not accounted for.

The main features of the model are summed up in the following:

¢ Model based on the surface potential

¢ Closed-form description only by approximation of the surface potential and also by an

approximation of the relation between the charge density and the surface potential

¢ Continuous model valid for all regimes of operation from sub-threshold to above-threshold

including linear and saturation regimes

e Overlap charges for coplanar transistors are not included but since the more-complicated
staggered transistors are accounted for the coplanar counterparts could easily be added

as well

e Overlap charges for staggered transistors are included by making use of the surface

potential in the gate-to-contact overlap region
o Voltage drop at contact elements is not considered
e The charges are conserved
o Fringe effects from layout perspective are not taken into account

o Non-quasistatic effects are not considered
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8.1.6 Other Approaches

In this section, additional approaches are briefly reviewed.

Wang et al. proposed a surface-potential-based compact model for the description of the
DC behavior and the quasistatic capacitances in OTFTs [31]. A Gaussian density of states
is assumed and the Gaussian law linking the electric field and the charges is applied. This
leads to an implicit function for the surface potential. In order to come to a closed-form
solution, the surface potential is approximated for the two extreme cases of a very strong and a
very weak accumulation and the two approximation functions are connected in a transition
function. Incorporating a power-law mobility and the drift-diffusion model, an expression for
the drain current is yielded which depends on the terminal voltages and the surface potential.
The total charges in the transistor are again calculated based on the three charge integrals
as in Egs. (4.1), (4.2) and (4.3) in this work. The integration variable z is substituted so

that the integration is performed over the surface potential. Finally, the total charges are yielded.

Li et al. proposed a compact model based on the percolation theory [32]. The model is
based on the approximation of the density of states by a sum of two exponential functions
representing deep tail states and states in the higher concentration. The percolation theory
combines the carrier concentration and the conductivity of the channel. Applying the gradual
channel approximation and using a power-law mobility, closed-form expressions for the drain
current are obtained. However, the model is only capable of calculating the sub-threshold
current and the current in the linear regime of operation. The saturation regime is not covered.
Furthermore, the sub-threshold and the linear current have to be combined by a transition
function since no one-piece expression can be defined. Finally, the total charges associated
with the gate, the drain, and the source terminals are obtained again by the integrals as in Egs.
(4.1), (4.2) and (4.3) in this work. The drift-diffusion model is used and the integration variable
is changed from z to the voltage. The Ward-Dutton partitioning scheme [65] is used and finally,

voltage-based charge equations valid only in the linear regime of operation are yielded.

Both above-mentioned models [31, 32] do not contain extrinsic charges such as the gate-to-

contact overlap charges. Fringe effects and non-quasistatic effects are not contained.

In ref. [98], another model is proposed. There, the basic starting point is the assumption of
two superposed exponential density-of-states functions describing the states in which charge
carriers behave as immobile or mobile charges, respectively. Introducing a surface potential,
the amount of charge can be calculated. The voltage-dependent Poole-Frenkel mobility is used
and making use of the drift-diffusion model, the drain current can be calculated. The effect
of a non-linear contact resistances due to the Schottky barriers is taken into account as well.

However, no closed-form solution for the model is given. Rather, the transistor is treated as
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a macro model consisting of an inner transistor and parasitic contact elements, which has
to be solved numerically, e.g. by a circuit solver. Furthermore, the DC model is dependent
on the surface potentials at the drain and the source end of the channel. No closed-form
calculation method for the surface potential is presented. The model in ref. [98] also contains a
description of the quasistatic capacitances. Similarly as for most of the models reviewed here,
the charges are calculated based on the charge integrals as in Eqgs. (4.1), (4.2) and (4.3). The
integration variable is replaced by the surface potential. The advantage of this model is that
the influence of the contact resistances is taken into account since the numerical solution of the
series connection of an inner transistor and contact elements correctly calculates the surface
potential at the source and the drain end of the channel. However, as explained before, the

model does not contain a closed-form description.

8.2 Models for the Low-Frequency Noise

There exists a variety of literature where the noise in OTFTs is investigated or modeled.
However, the difficulty is that due to the huge diversity in the methods of fabricating OTFTs,
there are many different types of noise behavior and it is thus unlikely that a model can be
developed that is generally valid for all types of OTFTs [84].

8.2.1 General Investigation of Noise Models

Marinov and Deen presented a comprehensive literature summary of various models describing
the noise behavior of OTFTs [84]. In this section, some of the most important points and other
pieces of literature will be reviewed. To start with, it can be said that due to the variety in
OTFTs and their fabrication methods, there are different types of noise which these devices
exhibit. Comprehensive compact models for the low-frequency noise in OTFTs can hardly
be found in the literature. Often, the standard models for Hooge mobility fluctuations or
charge-carrier number fluctuations as described in MOSFETs are used with small modifications
in order to describe the measured noise of fabricated OTFTs [76, 82, 83, 124-127]. Han et al.
developed a full comprehensive model for the noise originating from carrier-number fluctuations
in pentacene-based OTFTs [85]. This model will be described in more detail because it has
many similarities with the approach pursued in this thesis. There exists another approach which
has been described in ref. [128]. There, the noise is described by a tunneling of charge carriers
between the mono-layers of the semiconductor. This model only works if the semiconductor can
really be assumed as a homogeneous film consisting of several monolayers. Marinov and Deen
developed a numerical model for the description of low-frequency noise due to the variable-range

hopping in OTFTs. This model will briefly be reviewed, as well.
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8.2.2 Model by Han

Han et al. proposed an analytical, closed form model for the low-frequency noise in pentacene-
based OTFTs [85]. Carrier generation-recombination processes are chosen as the origin for
the noise. Han et al. describe that in OTFTs there may occur the phenomenon that the
low-frequency noise does not follow a 1/f trend when plotted against the frequency, but more
a 1/f? trend. They attribute this behavior to the fact that charge carriers can be trapped not
only in the gate dielectric but also in the organic semiconductor. These two noise components

show a different behavior with respect to the frequency:

e When carriers get trapped in or released from traps located in the gate dielectric, the

resulting noise spectrum exhibits the typical 1/f trend.

e When carriers get trapped in or released from traps located in the organic semiconductor,

the resulting noise spectrum shows a 1/f2 behavior.

Combining the two noise components is a novelty and it enables the capturing of different slopes
in the noise spectrum without the necessity of the definition of an empirical fitting parameter
as the exponent of the frequency. The model incorporates physics-based fitting parameters
such as the density of traps in the gate dielectric and the organic semiconductor and the decay

times of the traps.

The model, however, is not charge-based and depends on the total number of carriers in the
channel as calculated for the simple MOSFET model. Thus, the model is only applicable to
OTFTs exhibiting low contact resistances. Anyway, the authors achieve a good agreement
between the model and measured OTFTs comprising pentacene as the organic semiconductor
and different gate dielectrics. The model is only suitable if the noise origin in the transistors
under investigation is the trapping and de-trapping of charge carriers. In case that the bulk

mobility fluctuations are dominant, a different approach needs to be pursued.

8.2.3 Model by Marinov and Deen

Marinov and Deen proposed a numerical model describing the noise in OTFTs based on the
VRH theory [129] according to which the current conduction in OTFTs occurs by a hopping of
charge carriers between localized states. The interesting fact about the noise model proposed
by Marinov and Deen is that it takes into account the noise originating from the distribution

of the different hopping times.

The model can be denoted as a modeling scheme since it allows the inclusion of different
types of noise such as mobility fluctuations and the fluctuation of the charge-carrier number.
Depending on the type of noise, the distribution of the hopping times varies. The noise model

itself is based on the empirical Hooge model which originally only describes the fluctuation
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of the bulk mobility. However, due to the different distributions of the hopping times, the
model can reproduce different types of noise. The model is no closed-form model but needs the

numerical simulation e.g. in a finite-element simulator.
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CHAPTER 9

Conclusion

In this thesis, an existing charge-based DC compact model has been extended to describe the
quasistatic charges in the channel and the low-frequency flicker noise in OTFTs. The basic
channel-charge model performs an integration over the density of accumulated quasi-mobile
charges. By means of several substitutions, the integral is solvable and the total amount of
charges is dependent on the density of quasi-mobile accumulated charges at the source and the
drain end of the channel. Applying a charge-partitioning scheme, the charges can be separated
into a portion belonging to the source and the drain terminal. The intrinsic channel charges
are independent of the transistor architecture (staggered or coplanar) and are valid only for the
case that no remarkable contact resistances in comparison to the intrinsic channel resistance

are present.

In addition to the intrinsic charges, the charge model also accounts for extrinsic gate-to-
contact-overlap charges and fringe charges. In dependence on the transistor architecture,
closed-form equations for the overlap charges are derived. Furthermore, the model is extended
by a description for the charges in three-dimensional transistors with parasitic fringe regions.
Combining the total channel charges and the extrinsic components leads to the first model state
valid for the total charges in long-channel transistors in either the staggered or the coplanar
device architecture. A verification of the model by means of capacitance measurements and

finite-element simulations has been presented.

It is shown that the compact model without further modifications is also capable of reproducing
the frequency-dependent signal-amplification gain of differential amplifiers. By implementing
the model into the module-description language Verilog-A and reconstructing the circuit of the
differential amplifier, a frequency dependence of the channel charges is implicitly accounted for

by the interconnection of several transistors in the circuit.
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Furthermore, it is shown that under the presence of contact resistances the distribution of the
accumulated quasi-mobile charges is altered. A semi-empirical model has been introduced that
can calculate the voltage drops over the contact resistances and can correctly alter the density
of accumulated charges. In addition, a modification to the charge partitioning scheme is intro-
duced which allows the attribution of more charges to the drain terminal. Incorporating these
extensions, the model is capable of reproducing the simulation results of OTFTs comprising

large Schottky barriers at the electrode-to-semiconductor junctions.

The compact model is then extended by a description of non-quasistatic effects which play
a key role in OTFTs. For transistors comprising large channel lengths and negligibly small
contact resistances, the channel-segmentation method is utilized by interconnecting a finite
number of transistors with shorter channel lengths which taken as a whole represent one
transistor. The interconnection of several transistors in such a transmission line is a macro
model that automatically accounts for the frequency-dependent charging and discharging of
channel capacitances through adjacent channel elements. Using this approach, the measured
complex admittance of a long-channel transistor can excellently be reproduced. Furthermore,
the model shows a very good agreement when compared to transient simulations of long-channel

transistors in Sentaurus TCAD.

If the contact resistances are large in comparison to the intrinsic channel charges, the channel-
segmentation model does not provide a proper description of the transistors. The contact
resistances usually play a role in transistors comprising small channel lengths. The transistors
under investigation in this work usually have comparatively large gate-to-contact overlap regions
which are inevitable in the fabrication process. Therefore, the capacitive effects of short-channel
transistors are often dominated by their gate-to-contact overlap regions while the intrinsic
channel charge is only of minor importance. For the proper capturing of this property in
OTF'Ts, an empirical model is proposed describing the frequency dependence of the charges by
means of frequency-dependent scaling functions. It is found that special emphasis has to be
put on the charges in fringe regions since they respond to the applied signals much slower than
charges in the center of the channel. The model is fitted to the measured small-signal-current

gain ho; which has been measured for coplanar as well as staggered transistors.

As an addition to the work on the capacitances, some effects of the temperature on the DC char-

acteristics are shown and equations are proposed to capture the influence on the basic DC model.

Besides the modeling of quasistatic and non-quasistatic charges in the OTFTs, a charge-based
compact model describing the low-frequency noise in OTFTs is presented. Following a stan-
dard procedure also valid for MOSFETS, equations describing two different types of noise are
presented: the bulk mobility fluctuations according to the Hooge model and the fluctuations

originating from the trapping and de-trapping of charge carriers according to the Mc Worther
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model extended by the correlated mobility fluctuations according to the Ghibaudo model. The
latter model is verified by noise measurements on OTFTs and the bulk mobility fluctuation

model is verified by means of a TCAD simulation.

There are several open points that have to be addressed in the future:

e For the verification of the quasistatic capacitances, only measurements of a staggered
long-channel OTFT were available. Since the capacitances of short-channel OTFTs
are small they are difficult to measure. There are no such measurements available and
therefore, the short-channel capacitance model was only verified by means of a TCAD

simulation. A further verification based on measurements is desirable.

¢ The short-channel capacitance model explicitly needs the frequency of an applied signal as
a parameter. Therefore, it is not suitable for the implementation into a circuit simulator

such as Cadence Virtuoso where the AC frequency is applied during a sweep.

e The noise model could only be verified on a small data basis. Retrieving good results
from a noise analysis is a complicated task and thus the noise model should be verified in

the future by means of further measurements.

o The definition of fitting parameters is inevitable for a correct reproduction of measured
or simulated results. However, some fitting parameters used in the model are not based
on the device physics and rather play the role of empirical fitting parameters. The model
could be improved by formulating different equations that are even more dependent on

the device physics.

e The influence of the temperature on the device behavior was only investigated with special
focus on the basic DC model. An investigation of the influence of the temperature on the

dynamic behavior of the transistors should be performed in the future.

Despite the open points, it can be concluded that the compact model developed in this work
provides a comprehensive description of OTFTs that is able to capture many effects. A
good agreement with respect to different scenarios (e.g. capacitance measurements, admit-
tance measurements of long-channel transistors, simulations of simple circuits, high-frequency
measurements of short-channel transistors) is achievable with only a small number of fitting

parameters.
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APPENDIX A

Equation package

The solution of the three charge integrals in Egs. (4.1), (4.2), and (4.3) is:

Q _ _Wch,G : WCh,eff * Heff Q;ﬁd _ 11318 + Qg]d‘/thd _ stmhd (A 1)
T Ias 3C'éliel 3C(Iiie1 2 2 . .
_ WCh,G : Wc2h,eff ) Mgff de ms igs ;r51d de 2 ~2 ‘/':2 i
Qd T Igs . LCh CéQiel B 15C</i2iel B 1OCé2iel 3 B 6
_SQ:ﬁd‘/th& _ 5Qiﬁs‘/thd + de ins + de ms‘/tha + Q;ng;ns‘/thd (A 2)
SC(/iicl 24Ocllicl 2 4ct/iicl 3Ccllicl . .
Q _ Wch,G . Wch,eff * Meft: Wch,eff © Meff . Qf‘d + ;r51$ _ di ;IQlS
: Ta: Lo \1008, T T5CZ,  6C%,
13 1,2 ~ 2 -2 14 - 14 N
_‘_de‘/tha Qms‘/t + 3de‘/th06 5Qms‘/tha _ deQms tha
3 6 8C a1 24C%; ., 2
_de ms‘/tha _ Q;gd ms‘/tha + Q:rzxdd‘/th + /rgd _ Qgsd‘/th _ ;gs (A 3)
4Céie1 3C’éiel 2 3C(Iiiel 2 3Céiel .
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The solution of the charge integrals (Egs. (7.27) and (7.28)) incorporating the new partitioning

scheme is as follows:

Ou = ~ Weng - Wenett - pest (1 —v) - Weneft - pet ] Q3 1Qrms _ o _ Qina
Ids LCh : Ids C(,lzlel 15Cé2iel 1OC’(IIQiel
CQBVAE  QBVAA  3QU.Vad  5QUViG | QRuQusViad
3 6 8Cial 24C%; ., 2
+de ms‘/tha 4 QﬁdQ;ﬂb‘/thd VQ:IQ‘Idd‘/th + VQixB]d _ VQirQAsd‘/th _ VQgs (A 4)
4C(llie1 3Cé1iel 2 3C((/liel 2 3Cvéiel .
Q _ WC}“G . Wch,eff © eff - (1 - V) Wch,eff * Meff . 1151(1 + 11515 de ms
’ Ids LCh : Ids 100({12&1 150(’1%61 Cé{?el
Q 2 ~2 =+ 5’15‘4%)652 + 3Qigd‘/thd 5Q;ﬁs‘/tha deQms‘/t2 i
3 6 8Cial 24C% 0 2
de ms‘/tha Q;rgle;ns‘/thd + Qﬁdd‘/th + Q;gd _ Qgsd‘/th _ ;gs (A 5)
4C¢’iiel 3Céiel 2 3Cc’1iel 2 3Cclliel '
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APPENDIX B

Additions to the Small-Signal Analysis

B.1 Literature Summary of High-Frequency Organic TFTs

In Tab. B.1, a literature summary of organic TFTs with a measured unity-current-gain transit

frequency of at least 3.5 MHz is shown.
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Table B.1.: Literature summary of organic TFTs with a measured transit frequency of at
least 3.5 MHz. This table was published in ref. [55].

ref. fr Jeff Ves V1o L Lovcs | Lovcd Clia comment
M | fem?/v)l | V] | V] | [om] | [am] | [wm] | [0F/cm?]
[130] 160 0.62 40 0 1.2 0.21 0.13 8.54 n-chan.
[59] 45 1.9 7 1 15 1 1 130 p-chan.
[131] 40 n/a 8.6 n/a 0.2 n/a n/a n/a vertical
OPBT
[132] 38 4.2 15 | 3 | 15 2 2 36 p-chan.
[88] 27.7 2.22 20 9 2 2.5 25 29 n-chan.
[89] 24 2 -15 0 1.4 2.7 2.7 8 p-chan.
[89] 22 1.58 -12 0 1.2 2.3 2.3 8 p-chan.
[43] 21 27 3| 1| o6 17 8.3 700 p-chan.
[133] 20 1.11 20 8.6 2 1 1 20 n-chan.
[134] 20 0.4 20 | o 25 0.5 05 24 p-chan.
[135] 20 0.44 -15 0 0.8 n/a n/a 23 vertical
transist.
[108] 20 0.82 30 0 1.75 3 3 6 n-chan.
[13] 20 2.7 -10 -5 3 2.25 2.25 80 p-chan.
[136] 19 2.5 -10 0 2 1 3 77 p-chan.
[107] 19 1 12 1 1.2 2.3 2.3 27 n-chan.
137 | 14.4 0.3 7 | o5 1 1.7 1.7 39 n-chan.
[88] 11.4 0.73 -20 -4 2 2.5 2.5 20 p-chan.
[138] 10.4 2.2 -3 -0.7 0.85 5 5 700 p-chan.
[139] 9.7 n/a -8.2 -3 0.4 n/a n/a 50 vertical
transis.
[40] | 6.7 2 3 | 12| 06 5 5 700 p-chan.
[141] 4.9 0.11 30 5 1.8 3 3 10 n-chan.
[142] 43 0.58 20 5) 6 4.5 4.5 27.5 n-chan.
[1ie] | 41 05 3| 2| 1 1 9 700 p-chan.
[42] 37 0.5 3 | 12| 06 5 5 700 p-chan.
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B.2 TLM Measurements

In this section, some background information about the transmission-line-measurement (TLM)
analysis of the staggered transistors presented in Sec. 7.4 is given. A transistor can be regarded
as the sum of a channel-length independent, Ohmic contact resistance (Rc), and an intrinsic
transistor comprising a channel resistance [17]. If transistors with different channel lengths but
otherwise equal geometry parameters and materials are fabricated, the channel resistance can be
separated from the contact resistance. In Fig. B.1, the total width-normalized resistance of the
transmission lines consisting of the contact resistance and the intrinsic transistor are depicted
for different gate-overdrive voltages. The gate-overdrive voltage is defined as Vs — Virg. The
resistance RW is calculated by I4s/Vas. The linear functions are regression functions. If the
linear regression functions are extrapolated to a channel length of 0 pm, the result is the contact
resistance since then, the transmission line does not contain any intrinsic channel. In Fig. B.2,
the resulting width-normalized contact resistance RcW is plotted versus the gate-overdrive
voltage. Based on the contact resistance and by assuming the standard MOSFET equation for
the linear regime of operation, the mobility of the intrinsic carrier-channel can be extracted.

This is shown in Fig. B.3 where the mobility is plotted versus the gate-overdrive voltage.

0-8 T T T T T
o7 | B Ves— Vi = -1V
A Vg — Vi = —1.52V
06| - o Vs — Vg = -2V
B 05 | XK= Vg — Vipg = —2.44V
S 04 F
=03k
E .
X 02
01f 1
0.0 k="

_0‘1 1 1 1 1

Vis = —0.1V
4 5 6 7 8 9 10 11

Figure B.1.: Measured width-normalized resistance of the transmission line consisting of a
transistor and a contact resistance at different gate-overdrive voltages and at a fixed Vy4 of
—0.1V. The resistance is plotted versus the channel length. This picture was published in
ref. [55].
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200 T T T T T

160 .

—.140

£ o®

o 120 E

=100 .

5 80 | .
60 .
40 + .

0 1 1 1 1 1 1 1
-24  -22 -20 -1.8 -16 -14 -1.2 -1.0

Ves — Vo[ V]

Figure B.2.: Extracted width-normalized contact resistance of the transmission line consisting
of a transistor and a contact resistance at different gate-overdrive voltages and at a fixed Vg of
—0.1V. This is a result of the extrapolated regression functions shown in Fig. B.1. The contact
resistance is plotted versus the channel length. This picture was published in ref. [55].

34 | Vgg=—-0.1V .

20 1 1 1 1 1 1 1
-24 -22 -20 -18 -16 -14 -12 -1.0

Ves — Vro[V]

Figure B.3.: Extracted mobility of the transmission line at different gate-overdrive voltages
and at a fixed Vys of —0.1 V. The mobility is plotted versus the channel length. This picture
was published in ref. [55].
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B.3 Fitting Parameters of the Transistors

In this section, the fitting parameters of the transistors verified in Sec. 7.4 are shown. All
transistors are fitted by a shared basic parameter set that is equal for all transistors of one
technology. These parameters are depicted in Tab. B.2 for the staggered (TC) and coplanar
(BC) transistors. Afterwards, the single transistors of each technology are fitted to the measured
DC transfer and output characteristics and to the measured small-signal gain he; by a subset
of variable parameters. In Tab. B.3, the parameters used for the staggered (TC) transistors are
shown and in Tab. B.4, the specific fitting parameters used for the coplanar (BC) transistors
are shown. It shall be emphasized that the coplanar transistor with Lov,gs = 6.5 pm is an
outlier for which a much lower low-field mobility of £ = 0.7cm? V™' s™! has been assumed. The
channel lengths of the transistors were measured but in a range of F50 nm they are regarded as
fitting parameters for the compact model. For the fitting of the non-linear injection model [47],
in principle, the initial height of the Schottky barrier ($po) as defined in Fig. 2.3 is needed.
This Schottky barrier is defined by the band diagram of the transistor. However, the exact
work functions of the materials at the junctions are not known and an exact determination
of @pp is not essential for the correct reproduction of measured DC curves. Therefore, ®p¢
is also regarded as a fitting parameter. Since no quasistatic capacitance measurements are
available the short-channel capacitance fitting parameters Ky and K, cannot be determined for
each transistors. Rather, the values of these two parameters are treated as fitting parameters
in order to provide a good fitting of the measured small-signal gain h2;. For the staggered

transistors, a transfer length of Lt = 1.16 pm and a sheet resistance of Rsheet = 58002 is used.
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Table B.2.: Basic fitting parameters for staggered (TC) and coplanar (BC). This table was
published in ref. [55].

Parameter Staggered Coplanar
Ciia[nF cm 2] 500 500
Klem2V—A—1s71 1.1 2.1
Bl-] 0.4 05
AV 0.07 0.07
Neing[—] 4 4
Weontact [tm] 25 25
dfing [1m] 20 20
Woyi [1m] 30 30
Dgo[eV] 0.4 0.4
n[=] 0.9855 1.3047
0[-] 1.7 1
A [nm] - 5
dg[nm] - 3.2187
Wsat [—] 0.63 1.3
Cscale,high [—] 0 0
Cscalelow[—] 1 1
Dscale[—] 1 50
Tscale [S] 0.4 x 1077 variable
Cicale2 high[—] 0 0
Ciscalez low[—] 1 1
Dscale2[—] 25 25
Tscale[s] variable 0.5 x 10~7
Kiie[—] 0.9 1
K. [—] variable 0
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Table B.3.: Specific fitting parameters for the staggered (TC) transistors along with the
measured gate-to-contact overlap lengths. This table was published in ref. [55].

Loves | Loved Lep Sobs V1o it K, Tscale2
[1m] [bm] | [um] | [mV/dec] | [V] -1 | [-] [s]
9.2 1.4 0.69 250 -0.87 | 06 | 007 | 0.04-10"7
8.4 2.4 0.67 240 -0.87 | 06 | 0.07 | 0.063-10"7
7.4 3.4 0.67 240 -0.88 | 06 | 0.15 | 0.08-107
6.4 4.2 0.66 230 09 | 06 | 027 | 0.12-1077
5.4 5.2 0.67 230 -092 | 06 | 0.44 | 0.17-1077
45 6.0 0.66 230 092 | 06 | 055 | 02-1077
3.5 7.0 0.66 230 093 | 06 | 07 | 0.25-1077
1.9 8.5 0.67 230 -1 036 | 095 | 0.3-107
0.9 9.6 0.68 230 -1 026 | 0.95 | 0.45.10"7

Table B.4.: Specific fitting parameters for the coplanar (BC) transistors along with the mea-
sured gate-to-contact overlap lengths. This table was published in ref. [55].

Loves | Lov,cD Lcn Sobs Vro Reontact Ofit Tscale
[nm] [bm] | [am] | [mV/dec] (V] (€] (-] [s]

9.4 0.8 0.67 72 -0.69 630 0.65 | 0.037-1077
8.4 1.9 0.64 71 -0.7 540 0.65 | 0.04-10""
7.4 3.0 0.66 70 -0.7 580 0.65 | 0.045-1077
6.5 4.0 0.66 80 -0.67 560 0.65 | 0.032-1077
5.8 47 0.66 71 -0.7 640 0.65 | 0.055-10"7
438 5.7 0.66 71 -0.71 590 0.65 | 0.06-10""
3.6 6.8 0.69 72 -0.7 730 045 | 0.11-10""
2.8 7.6 0.63 71 -0.69 530 045 | 0.11-1077
1.7 8.6 0.63 71 -0.69 470 0.45 0.1-1077
0.8 9.7 0.66 71 -0.68 500 0.3 0.27-1077




UNIVERSITAT ROVIRA I VIRGILI

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

240 B. Additions to the Small-Signal Analysis




UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

Bibliography

[1] J. E. Lilienfeld, “Method and apparatus for controlling electric currents, US patent
1745175,” 1926.

[2] W. Shockley, M. Sparks, and G. K. Teal, “p—n junction transistors,” vol. 83, pp. 151-162,
1951.

[3] J. S. Kilby, “Invention of the integrated circuit,” IEEE Transactions on electron devices,
vol. 23, no. 7, pp. 648-654, 1976.

[4] D. Kahng, “Electric field controlled semiconductor device, US patent 3102230,” 1960.

[5] A. Kloes, Nanoelektronik: Bauelemente der Zukunft. Miinchen: Carl Hanser Verlag
GmbH Co KG, 2018.

[6] F. M. Wanlass and C. T. Sah, “Nanowatt logic using field-effect metal-oxide semiconductor

)

triodes,” in Semiconductor devices: pioneering papers, pp. 637638, World Scientific,

1991.

[7] F. Faggin, M. E. Hoff, S. Mazor, and M. Shima, “The history of the 4004,” IEEE Micro,
vol. 16, no. 6, pp. 10-20, 1996.

[8] F. Horst, A. Farokhnejad, Q.-T. Zhao, B. Iiiiguez, and A. Kloes, “2-D physics-based
compact DC modeling of double-gate tunnel-FETs,” IEEE Transactions on Electron
Devices, vol. 66, no. 1, pp. 132-138, 2019.

[9] A.F. Paterson, S. Singh, K. J. Fallon, T. Hodsden, Y. Han, B. C. Schroeder, H. Bronstein,
M. Heeney, I. McCulloch, and T. D. Anthopoulos, “Recent progress in high-mobility
organic transistors: a reality check,” Advanced Materials, vol. 30, no. 36, p. 1801079,
2018.

[10] H. P. Latscha, U. Kazmaier, and H. Klein, Organische Chemie: Chemie-Basiswissen I1.
Springer-Lehrbuch, Berlin, Heidelberg: Springer Spektrum, 7. Aufl. 2016 ed., 2016.

241



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

242 Bibliography

[11] M. Noda, N. Kobayashi, M. Katsuhara, A. Yumoto, S. Ushikura, R. Yasuda, N. Hirali,
G. Yukawa, 1. Yagi, K. Nomoto, and T. Urabe, “An OTFT-driven rollable OLED display,”
Journal of the Society for Information Display, vol. 19, no. 4, pp. 316-322, 2011.

[12] D. Raiteri, P. van Lieshout, A. van Roermund, and E. Cantatore, “Positive-feedback
level shifter logic for large-area electronics,” IEEE Journal of Solid-State Circuits, vol. 49,
no. 2, pp. 524-535, 2014.

[13] A. Yamamura, S. Watanabe, M. Uno, M. Mitani, C. Mitsui, J. Tsurumi, N. Isahaya,
Y. Kanaoka, T. Okamoto, and J. Takeya, “Wafer-scale, layer-controlled organic single
crystals for high-speed circuit operation,” Science Advances, vol. 4, no. 2, p. eaao5758,
2018.

[14] U. Zschieschang and H. Klauk, “Organic transistors on paper: a brief review,” J. Mater.
Chem. C, vol. 7, pp. 5522-5533, 2019.

[15] Y. Xu, H. Sun, W. Li, Y.-F. Lin, F. Balestra, G. Ghibaudo, and Y.-Y. Noh, “Exploring the
charge transport in conjugated polymers,” Advanced Materials, vol. 29, no. 41, p. 1702729,
2017.

[16] J. W. Borchert, R. T. Weitz, S. Ludwigs, and H. Klauk, “A critical outlook for the pursuit
of lower contact resistance in organic transistors,” Advanced Materials, vol. 34, no. 2,
p- 2104075, 2021.

[17] J. W. Borchert, B. Peng, F. Letzkus, J. N. Burghartz, P. K. L. Chan, K. Zojer, S. Ludwigs,
and H. Klauk, “Small contact resistance and high-frequency operation of flexible low-
voltage inverted coplanar organic transistors,” Nature Communications, vol. 10, no. 1119,
2019.

[18] A. Valletta, M. Rapisarda, S. Calvi, G. Fortunato, M. Frasca, G. Maira, A. Ciccazzo, and
L. Mariucci, “A DC and small signal AC model for organic thin film transistors including
contact effects and non quasi static regime,” Organic FElectronics, vol. 41, pp. 345-354,
2017.

[19] F. Ante, F. Letzkus, J. Butschke, U. Zschieschang, K. Kern, J. N. Burghartz, and H. Klauk,
“Submicron low-voltage organic transistors and circuits enabled by high-resolution silicon
stencil masks,” in 2010 International Electron Devices Meeting, pp. 21.6.1-21.6.4, 2010.

[20] G. Schweicher, G. D’Avino, M. T. Ruggiero, D. J. Harkin, K. Broch, D. Venkateshvaran,
G. Liu, A. Richard, C. Ruzié, J. Armstrong, A. R. Kennedy, K. Shankland, K. Takimiya,
Y. H. Geerts, J. A. Zeitler, S. Fratini, and H. Sirringhaus, “Chasing the ’killer’ phonon
mode for the rational design of low-disorder, high-mobility molecular semiconductors,”
Advanced Materials, vol. 31, no. 43, p. 1902407, 2019.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

Bibliography 243

[21] B. Peng, Z. Wang, and P. K. L. Chan, “A simulation-assisted solution-processing method
for a large-area, high-performance C10-DNTT organic semiconductor crystal,” J. Mater.
Chem. C, vol. 4, pp. 8628-8633, 2016.

[22] M. D. Lechner, Finfiihrung in die Quantenchemie. Springer, 2017.

S
=)

Synopsys Inc., QuantumATK @Q-2019.12 Documentation. Synopsys Inc., 2019. Version
Q-2019.12.

[24] G. Knizia, “Intrinsic atomic orbitals: an unbiased bridge between quantum theory
and chemical concepts,” Journal of Chemical Theory and Computation, vol. 9, no. 11,
pp- 4834-4843, 2013. PMID: 26583402.

[25

F. Thuselt, Physik der Halbleiterbauelemente. Springer, 2011.

[26] J. Puigdollers, A. Marsal, S. Cheylan, C. Voz, and R. Alcubilla, “Density-of-states in
pentacene from the electrical characteristics of thin-film transistors,” Organic Electronics,
vol. 11, no. 8, pp. 1333-1337, 2010.

[27] M. Geiger, L. Schwarz, U. Zschieschang, D. Manske, J. Pflaum, J. Weis, H. Klauk, and
R. T. Weitz, “Quantitative analysis of the density of trap states in semiconductors by
electrical transport measurements on low-voltage field-effect transistors,” Phys. Rewv.
Applied, vol. 10, p. 044023, 2018.

[28] S. Jung, Y. Lee, A. Plews, A. Nejim, Y. Bonnassieux, and G. Horowitz, “Effect of
Gaussian disorder on power-law contact resistance and mobility in organic field-effect
transistors,” IEEE Transactions on Electron Devices, vol. 68, no. 1, pp. 307-310, 2021.

[29] C. Liu, K. Huang, W.-T. Park, M. Li, T. Yang, X. Liu, L. Liang, T. Minari, and Y.-Y. Noh,
“A unified understanding of charge transport in organic semiconductors: the importance
of attenuated delocalization for the carriers,” Mater. Horiz., vol. 4, pp. 608-618, 2017.

[30

L. Colalongo, “SQM-OTFT: a compact model of organic thin-film transistors based on
the symmetric quadrature of the accumulation charge considering both deep and tail
states,” Organic Electronics, vol. 32, pp. 70 — 77, 2016.

31

L. Wang, N. Lu, L. Li, Z. Ji, W. Banerjee, and M. Liu, “Compact model for organic thin-
film transistor with Gaussian density of states,” AIP Advances, vol. 5, no. 4, p. 047123,
2015.

[32] L. Li, H. Marien, J. Genoe, M. Steyaert, and P. Heremans, “Compact model for organic
thin-film transistor,” IEEFE Electron Device Letters, vol. 31, pp. 210 — 212, 04 2010.

[33] S. Jung, C.-H. Kim, Y. Bonnassieux, and G. Horowitz, “Injection barrier at metal/organic
semiconductor junctions with a Gaussian density-of-states,” Journal of Physics D: Applied
Physics, vol. 48, no. 39, p. 395103, 2015.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

244 Bibliography

[34] R. Rodel, Contact resistance effects in organic n-channel thin-film transistors. PhD thesis,
Faculté des sciences de base laboratoire de science a 1’échelle nanométrique programme

docotral en physique, Ecole Polytechnique Fédérale de Lausanne, Switzerland, 2016.

[35] H. Chung and Y. Diao, “Polymorphism as an emerging design strategy for high perfor-
mance organic electronics,” J. Mater. Chem. C, vol. 4, pp. 3915-3933, 2016.

[36] F. Hain, M. Graef, B. Iiiiguez, and A. Kloes, “Charge based, continuous compact model
for the channel current in organic thin-film transistors for all regions of operation,”

Solid-State Electronics, vol. 133, pp. 17 — 24, 2017.

[37] N.Li, W. Deng, W. Wu, Z. Luo, and J. Huang, “A mobility model considering temperature
and contact resistance in organic thin-film transistors,” IEEE Journal of the Electron
Devices Society, vol. 8, pp. 189-194, 2020.

[38] N. Arora, MOSFET Modeling for VLSI Simulation. World Scientific, 2007.

[39] C. Enz and E. Vittoz, Charge-Based MOS Transistor Modeling: the EKV Model for
Low-Power and RF IC Design. John Wiley, New York, 08 2006.

[40

T. Zaki, S. Scheinert, I. Hérselmann, R. Rodel, F. Letzkus, H. Richter, U. Zschieschang,
H. Klauk, and J. N. Burghartz, “Accurate capacitance modeling and characterization of
organic thin-film transistors,” IEEE Transactions on Electron Devices, vol. 61, pp. 98—104,
Jan 2014.

[41

A. Valletta, M. Rapisarda, S. Calvi, G. Fortunato, S. Jacob, V. Fischer, M. Benwadih,
J. Bablet, I. Chartier, R. Coppard, and L. Mariucci, “Modeling of capacitance charac-
teristics of printed p-type organic thin-film transistors,” IEEE Transactions on Electron
Devwices, vol. 61, no. 12, pp. 4120-4127, 2014.

[42] T. Zaki, R. Rodel, F. Letzkus, H. Richter, U. Zschieschang, H. Klauk, and J. N. Burghartz,
“S-parameter characterization of submicrometer low-voltage organic thin-film transistors,”

IEEFE Electron Device Letters, vol. 34, no. 4, pp. 520-522, 2013.

[43] J. W. Borchert, U. Zschieschang, F. Letzkus, M. Giorgio, R. T. Weitz, M. Caironi,
J. N. Burghartz, S. Ludwigs, and H. Klauk, “Flexible low-voltage high-frequency organic

thin-film transistors,” Science Advances, vol. 6, no. 21, p. eaaz5156, 2020.

[44] E. Furlani, H. Jee, H. Oh, A. Baev, and P. Prasad, “Laser writing of multiscale chiral

polymer metamaterials,” Advances in OptoFElectronics, vol. 2012, 2012.

[45] C. Roemer, G. Darbandy, M. Schwarz, J. Trommer, A. Heinzig, T. Mikolajick, W. M.
Weber, B. Iniguez, and A. Kloes, “Uniform DC compact model for schottky barrier and
reconfigurable field-effect transistors,” in 2021 IEEFE Latin America Electron Devices
Conference (LAEDC), pp. 1-4, 2021.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

Bibliography 245

[46] S. M. Sze and K. K. Ng, Physics of semiconductor devices. John Wiley & Sons, 3 ed.,
2006.

[47] J. Pruefer, J. Leise, A. Nikolaou, J. W. Borchert, G. Darbandy, H. Klauk, B. Iii{guez,
T. Gneiting, and A. Kloes, “Compact modeling of nonlinear contact effects in short-
channel coplanar and staggered organic thin-film transistors,” IEEE Transactions on
Electron Devices, vol. 68, no. 8, pp. 3843-3850, 2021.

[48] C.-H. Kim, D. Tondelier, B. Geffroy, Y. Bonnassieux, and G. Horowitz, “Operating
mechanism of the organic metal-semiconductor field-effect transistor (OMESFET),” The
European Physical Journal Applied Physics, vol. 56, p. 34105, 12 2011.

[49] H. C. d. Graaff and F. M. Klaassen, Compact transistor modelling for circuit design.

Computational Microelectronics, Vienna: Springer-Verlag, 1990.
[50] Synopsys Inc., TCAD Sentaurus Device User Guide. 2019. Version Q-2019.12.
[51] S. K. Saha, Compact Models for Integrated Circuit Design. Taylor & Francis, 2015.

[52] R. P. Jindal, “Compact noise models for MOSFETS,” IEEE Transactions on Electron
Deuwices, vol. 53, pp. 2051-2061, Sept 2006.

[53] J. Pruefer, J. Leise, G. Darbandy, A. Nikolaou, H. Klauk, J. W. Borchert, B. Ififguez,
T. Gneiting, and A. Kloes, “Compact modeling of short-channel effects in staggered
organic thin-film transistors,” IEEFE Transactions on Electron Devices, vol. 67, no. 11,
pp- 5082-5090, 2020.

[54] J. Leise, J. Pruefer, G. Darbandy, M. Seifaei, Y. Manoli, H. Klauk, U. Zschieschang,
B. Iniguez, and A. Kloes, “Charge-based compact modeling of capacitances in staggered
multi-finger OTFTs,” IEEE Journal of the Electron Devices Society, pp. 396406, 2020.

[55] J. Leise, J. Pruefer, G. Darbandy, A. Nikolaou, M. Giorgio, M. Caironi, U. Zschieschang,
H. Klauk, A. Kloes, B. Iniguez, and J. W. Borchert, “Flexible megahertz organic transis-
tors and the critical role of the device geometry on their dynamic performance,” Journal
of Applied Physics, vol. 130, no. 12, p. 125501, 2021.

[56] G. Horowitz, M. E. Hajlaoui, and R. Hajlaoui, “Temperature and gate voltage dependence
of hole mobility in polycrystalline oligothiophene thin film transistors,” Journal of Applied
Physics, vol. 87, no. 9, pp. 4456-4463, 2000.

[67] M. Estrada, I. Mejia, A. Cerdeira, J. Pallares, L. Marsal, and B. Iiiguez, “Mobility
model for compact device modeling of OTFTs made with different materials,” Solid-State
Electronics, vol. 52, no. 5, pp. 787 — 794, 2008.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

246 Bibliography

[58] A. Benor and D. Knipp, “Contact effects in organic thin film transistors with printed
electrodes,” Organic FElectronics, vol. 9, no. 2, pp. 209 — 219, 2008.

[59] T. Sawada, A. Yamamura, M. Sasaki, K. Takahira, T. Okamoto, S. Watanabe, and
J. Takeya, “Correlation between the static and dynamic responses of organic single-

crystal field-effect transistors,” Nature Communications, vol. 11, p. 4839, 2020.

[60] K. Pei, M. Chen, Z. Zhou, H. Li, and P. K. L. Chan, “Overestimation of carrier mobility in
organic thin film transistors due to unaccounted fringe currents,” ACS Applied Electronic
Materials, vol. 1, no. 3, pp. 379-388, 2019.

[61] S. Scheinert, T. Zaki, R. Rodel, I. Hérselmann, H. Klauk, and J. N. Burghartz, “Numeri-
cal analysis of capacitance compact models for organic thin-film transistors,” Organic
Electronics, vol. 15, no. 7, pp. 1503 — 1508, 2014.

[62] H. M. Dipu Kabir, Z. Ahmed, R. Kariyadan, L. Zhang, and M. Chan, “Modeling of
fringe current for semiconductor-extended organic TFTs,” in 2016 IEEE International
Conference on Electron Devices and Solid-State Circuits (EDSSC), pp. 177-180, 2016.

[63] D. M. Taylor, E. R. Patchett, A. Williams, Z. Ding, H. E. Assender, J. J. Morrison, and
S. G. Yeates, “Fabrication and simulation of organic transistors and functional circuits,”
Chemical Physics, vol. 456, pp. 85-92, 2015. 13th International Conference “Electrical
and Related Properties of Organic Solids”.

[64] D. W. Greve and V. R. Hay, “Interpretation of capacitance-voltage characteristics of
polycrystalline silicon thin-film transistors,” Journal of Applied Physics, vol. 61, no. 3,
pp- 1176-1180, 1987.

[65] D.E. Ward and R. W. Dutton, “A charge-oriented model for MOS transistor capacitances,”
IEEE Journal of Solid-State Circuits, vol. 13, pp. 703-708, Oct 1978.

[66] O. Marinov and M. J. Deen, “Quasistatic compact modelling of organic thin-film transis-
tors,” Organic Electronics, vol. 14, no. 1, pp. 295 — 311, 2013.

[67] J. Leise, J. Pruefer, G. Darbandy, and A. Kloes, “Charge-based compact modeling of
capacitances in staggered OTFTs,” in 2019 Latin American Electron Devices Conference
(LAEDC), vol. 1, pp. 1-4, Feb 2019.

[68] T. Holtij, Analytical Compact Modeling of Nanoscale Multiple-Gate MOSFETs. PhD thesis,
Department of Electronic, Electrical and Automatic Control Engineering, Universitat

Rovira I Virgili, Tarragona, Spain, 2014.

[69] F. Torricelli, Z. M. Kovacs-Vajna, and L. Colalongo, “A charge-based OTFT model for
circuit simulation,” IEEE Transactions on Electron Devices, vol. 56, pp. 20-30, Jan 2009.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

Bibliography 247

[70] Cadence Design Systems Inc. , Virtuoso® Analog Design Environment. 2019. Version
1C6.1.8-64b.500.6.

[71] Mathworks, Inc., Matlab. 2020. Version R2020a.

[72] W. Cochran, J. Cooley, D. Favin, H. Helms, R. Kaenel, W. Lang, G. Maling, D. Nelson,
C. Rader, and P. Welch, “What is the fast Fourier transform?,” Proceedings of the IEEE,
vol. 55, no. 10, pp. 1664-1674, 1967.

[73] E. O. Brigham and R. E. Morrow, “The fast Fourier transform,” IEEE Spectrum, vol. 4,
no. 12, pp. 63-70, 1967.

[74] P. Stoica, R. L. Moses, et al., Spectral analysis of signals. Pearson Prentice Hall Upper
Saddle River, NJ, 2005.

[75] 1. Hafez, G. Ghibaudo, and F. Balestra, “A study of flicker noise in MOS transistors
operated at room and liquid helium temperatures,” Solid-State Electronics, vol. 33, no. 12,
pp- 1525 — 1529, 1990.

[76] W. E. Muhea, K. Romanjek, X. Mescot, C. G. Theodorou, M. Charbonneau, F. Mohamed,
G. Ghibaudo, and B. Iniguez, “1/f noise analysis in high mobility polymer-based OTFTs
with non-fluorinated dielectric,” Applied Physics Letters, vol. 114, no. 24, p. 243301, 2019.

[77

G. Ghibaudo, O. Roux, C. Nguyen-Duc, F. Balestra, and J. Brini, “Improved analysis of
low frequency noise in field-effect MOS transistors,” physica status solidi (a), 1991.

[78] K. K. Hung, P. K. Ko, C. Hu, and Y. C. Cheng, “A physics-based MOSFET noise model
for circuit simulators,” IEEE Transactions on Electron Devices, vol. 37, pp. 1323-1333,
May 1990.

[79

S. Christensson, I. Lundstrém, and C. Svensson, “Low frequency noise in mos transis-
tors—I theory,” Solid-State Electronics, vol. 11, no. 9, pp. 797 — 812, 1968.

[80] C. A. Dimitriadis, J. Brini, G. Kamarinos, and G. Ghibaudo, “Characterization of
low-pressure chemical vapor deposited polycrystalline silicon thin-film transistors by low-
frequency noise measurements,” Japanese Journal of Applied Physics, vol. 37, pp. 72-77,
jan 1998.

[81] M. J. Deen, S. L. Rumyantsev, D. Landheer, and D.-X. Xu, “Low-frequency noise in
cadmium-selenide thin-film transistors,” Applied Physics Letters, vol. 77, no. 14, pp. 2234—
2236, 2000.

[82] G. Giusi, O. Giordano, G. Scandurra, S. Calvi, G. Fortunato, M. Rapisarda, L. Mariucci,
and C. Ciofi, “Evidence of correlated mobility fluctuations in p-type organic thin-film
transistors,” IEEE Electron Device Letters, vol. 36, no. 4, pp. 390-392, 2015.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

248 Bibliography

[83] S. Watanabe, H. Sugawara, R. Hiusermann, B. Bliille, A. Yamamura, T. Okamoto, and
J. Takeya, “Remarkably low flicker noise in solution-processed organic single crystal

transistors,” Communications Physics, vol. 1, no. 1, pp. 1-8, 2018.

[84] O. Marinov and M. Deen, “Low-frequency noise in organic transistors,” in 2015 Interna-
tional conference on noise and fluctuations (ICNF), pp. 1-6, 06 2015.

[85] C.Y. Han, L. X. Qian, C. H. Leung, C. M. Che, and P. T. Lai, “A low-frequency noise
model with carrier generation-recombination process for pentacene organic thin-film
transistor,” Journal of Applied Physics, vol. 114, no. 4, p. 044503, 2013.

86

Wolfram Research, Inc., “Wolfram|alpha.” Champaign, IL, 2021.
[87] J. E. Meyer, “MOS models and circuit simulation,” RCA Rev. 82, pp. 42-63, 1971.

[88] M. Kitamura and Y. Arakawa, “High current-gain cutoff frequencies above 10 MHz
in n-channel C60 and p-channel pentacene thin-film transistors,” Japanese Journal of
Applied Physics, vol. 50, no. 152, p. 01BCO01, 2011.

[89] B. Passarella, A. D. Scaccabarozzi, M. Giorgio, A. Perinot, S. M. Barbier, J. Martin, and
M. Caironi, “Direct-writing of organic field-effect transistors on plastic achieving 22 MHz

transition frequency,” Flexible and Printed Electronics, vol. 5, no. 3, p. 034001, 2020.

[90] G. Darbandy, C. Roemer, J. Leise, J. Pruefer, J. W. Borchert, H. Klauk, and A. Kloes,
“Characterization of the charge-trap dynamics in organic thin-film transistors,” in 2019
MIXDES - 26th International Conference "Mized Design of Integrated Circuits and
Systems", pp. 76-80, June 2019.

[91] B. Ihiguez, R. Picos, D. Veksler, A. Koudymov, M. S. Shur, T. Ytterdal, and W. Jackson,
“Universal compact model for long- and short-channel thin-film transistors,” Solid-State
Electronics, vol. 52, no. 3, pp. 400-405, 2008. Special Issue: Papers Selected from the 3rd
International TFT Conference - ITC’07.

[92] M. Seifaei, D. D. Dorigo, D. Ingvar Fleig, M. Kuhl, U. Zschieschang, H. Klauk, and
Y. Manoli, “Stable, self-biased and high-gain organic amplifiers with reduced parameter
variation effect,” in 2018 IEEE Asian Solid-State Circuits Conference (A-SSCC), pp. 119—
122, Nov 2018.

[93] C. H. Park and J.-H. Lee, “Formulas of 1/f noise in Schottky barrier diodes under reverse
bias,” Solid-State Electronics, vol. 69, pp. 85 — 88, 2012.

[94] Y. Xu, T. Minari, K. Tsukagoshi, R. Gwoziecki, R. Coppard, F. Balestra, J. A. Chroboczek,
and G. Ghibaudo, “Extraction of low-frequency noise in contact resistance of organic
field-effect transistors,” Applied Physics Letters, vol. 97, no. 3, p. 033503, 2010.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

Bibliography 249

[95] D. Dosev, T. Ytterdal, J. Pallares, L. Marsal, and B. Iiiguez, “DC SPICE model for
nanocrystalline and microcrystalline silicon TFTs,” IEEE Transactions on Electron
Devices, vol. 49, no. 11, pp. 1979-1984, 2002.

[96] D. Dosev, B. Iniguez, L. F. Marsal, J. Pallares, and T. Ytterdal, “Device simulations
of nanocrystalline silicon thin-film transistors,” Solid-State Electronics, vol. 47, no. 11,
pp- 1917-1920, 2003.

[97] S. L. Rumyantsev, S. H. Jin, M. S. Shur, and M.-S. Park, “Low frequency noise in
amorphous silicon thin film transistors with SiNx gate dielectric,” Journal of Applied
Physics, vol. 105, no. 12, p. 124504, 2009.

[98] J. Lee, J. T. Jang, J. Jang, J. Kim, J. W. Chung, S.-J. Choi, D. M. Kim, K. R. Kim,
and D. H. Kim, “Density-of-states-based physical model for ink-jet printed thiophene
polymeric TFTs,” IEEE Transactions on Electron Devices, vol. 67, no. 1, pp. 283-288,
2020.

[99] M. J. Deen and S. Rumyantsev, “Low frequency noise in CdSe thin film transistors,”
in Noise In Physical Systems And 1/F Fluctuations: ICNF 2001, pp. 257-262, World
Scientific, 2001.

[100] J. R. Burns, “Large-signal transit-time effects in the MOS transistor,” RCA Review,
vol. 30, no. 1, 1969.

[101

L. Dunn, B. Cobb, D. Reddy, and A. Dodabalapur, “Dynamic characterization of charge
transport in organic and polymer transistors,” Applied Physics A, 2009.

[102

D. Tu, L. Kergoat, X. Crispin, M. Berggren, and R. Forchheimer, “Transient analysis of
electrolyte-gated organic field-effect transistors,” in Organic Field-Effect Transistors X1
(Z. Bao and I. McCulloch, eds.), vol. 8478, pp. 25 — 33, International Society for Optics
and Photonics, SPIE, 2012.

[103

A. Valletta, M. Rapisarda, S. Calvi, L. Mariucci, and G. Fortunato, “A large signal
non quasi static compact model for printed organic thin film transistors,” in 2016 46th
European Solid-State Device Research Conference (ESSDERC), pp. 460-463, 2016.

[104

A. Valletta, M. Rapisarda, S. Calvi, L. Mariucci, and G. Fortunato, “A large signal non
quasi static model of printed organic TFTs and simulation of CMOS circuits,” in 2017
European Conference on Circuit Theory and Design (ECCTD), pp. 1-4, Sep. 2017.

(105

J. Leise, J. Pruefer, A. Nikolaou, G. Darbandy, H. Klauk, B. Iniguez, and A. Kloes,
“Macromodel for AC and transient simulations of organic thin-film transistor circuits
including nonquasistatic effects,” IEEE Transactions on Electron Devices, vol. 67, no. 11,
pp. 46724676, 2020.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

250 Bibliography

[106] U. Probst, Leistungselektronik fir Bachelors: Grundlagen und praktische Anwendungen.
Carl Hanser Verlag GmbH Co KG, 2015.

[107] M. Giorgio and M. Caironi, “Radio-frequency polymer field-effect transistors characterized
by s-parameters,” IEEE Electron Device Letters, vol. 40, no. 6, pp. 953-956, 2019.

[108] A. Perinot, P. Kshirsagar, M. A. Malvindi, P. P. Pompa, R. Fiammengo, and M. Caironi,
“Direct-written polymer field-effect transistors operating at 20 MHz,” Scientific Reports,
vol. 6, no. 38941, 2016.

[109] A. Castro-Carranza, M. Estrada, A. Cerdeira, J. Nolasco, J. Sanchez, L. Marsal, B. Iniguez,
and J. Pallares, “Compact capacitance model for OTFTs at low and medium frequencies,”
IEEFE Transactions on Electron Dewvices, vol. 61, pp. 638-642, 02 2014.

[110] M. Estrada, F. Ulloa, M. Avila, J. Sédnchez, A. Cerdeira, A. Castro-Carranza, B. Iiiiguez,
L. F. Marsal, and J. Pallarés, “Frequency and voltage dependence of the capacitance of
MIS structures fabricated with polymeric materials,” IEEE Transactions on Electron
Devices, vol. 60, no. 6, pp. 2057-2063, 2013.

[111] M. J. Kang, E. Miyazaki, I. Osaka, K. Takimiya, and A. Nakao, “Diphenyl derivatives of
dinaphtho|[2,3-b:2’,3’-f]thieno[3,2-b]thiophene: organic semiconductors for thermally stable
thin-film transistors,” ACS Applied Materials € Interfaces, vol. 5, no. 7, pp. 2331-2336,
2013. PMID: 23410846.

[112] R. Mavaddat, Network scattering parameters. World Scientific, 1996.

[113] D. A. Frickey, “Conversions between s, z, y, h, abcd, and t parameters which are valid
for complex source and load impedances,” IEEE Transactions on Microwave Theory and
Techniques, vol. 42, no. 2, pp. 205211, 1994.

[114] S. Luan and G. W. Neudeck, “An experimental study of the source/drain parasitic
resistance effects in amorphous silicon thin film transistors,” Journal of Applied Physics,
vol. 72, no. 2, pp. 766-772, 1992.

[115] F. Ante, D. Kailblein, T. Zaki, U. Zschieschang, K. Takimiya, M. Ikeda, T. Sekitani,
T. Someya, J. N. Burghartz, K. Kern, and H. Klauk, “Contact resistance and megahertz

operation of aggressively scaled organic transistors,” Small, vol. 8, no. 1, pp. 73-79, 2012.

[116] T. Zaki, R. Rodel, F. Letzkus, H. Richter, U. Zschieschang, H. Klauk, and J. N. Burghartz,
“AC characterization of organic thin-film transistors with asymmetric gate-to-source and

gate-to-drain overlaps,” Organic Electronics, vol. 14, no. 5, pp. 1318 — 1322, 2013.

[117] H. Cortes-Ordonez, C. Haddad, X. Mescot, K. Romanjek, G. Ghibaudo, M. Estrada,

A. Cerdeira, and B. Iniguez, “Parameter extraction and compact modeling of OTFTs from



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

Bibliography 251

150 K to 350 K,” IEEFE Transactions on FElectron Devices, vol. 67, no. 12, pp. 56855692,
2020.

[118] S. Logan, “The origin and status of the Arrhenius equation,” Journal of Chemical
FEducation, vol. 59, no. 4, p. 279, 1982.

[119] A. Castro-Carranza, M. Estrada, J. C. Nolasco, A. Cerdeira, L. F. Marsal, B. Iniguez,
and J. Pallares, “Organic thin-film transistor bias-dependent capacitance compact model

in accumulation regime,” IET Circuits, Devices Systems, vol. 6, pp. 130-135, March 2012.

[120] M. Estrada, A. Cerdeira, J. Puigdollers, L. Reséndiz, J. Pallares, L. F. Marsal, C. Voz,
and B. Iniguez, “Accurate modeling and parameter extraction method for organic TFTs,”
Solid-State Electronics, vol. 49, no. 6, pp. 1009-1016, 2005.

[121] O. Marinov, M. J. Deen, U. Zschieschang, and H. Klauk, “Organic thin-film transistors:
Part I; compact DC modeling,” IEEE Transactions on Electron Devices, vol. 56, pp. 2952—
2961, Dec 2009.

[122] M. J. Deen, O. Marinov, U. Zschieschang, and H. Klauk, “Organic thin-film transistors:
Part II—parameter extraction,” IEEE Transactions on Electron Devices, vol. 56, no. 12,
pp- 2962-2968, 2009.

[123] K. Kim and Y. Kim, “Intrinsic capacitance characteristics of top-contact organic thin-film
transistors,” IEEE Transactions on Electron Devices, vol. 57, pp. 2344 — 2347, 10 2010.

[124] H. Kang, L. Jagannathan, and V. Subramanian, “Measurement, analysis, and modeling
of 1/f noise in pentacene thin film transistors,” Applied Physics Letters, vol. 99, no. 6,
p- 062106, 2011.

[125] M. Kondo, T. Uemura, F. Ishiwari, T. Kajitani, Y. Shoji, M. Morita, N. Namba, Y. Inoue,
Y. Noda, T. Araki, T. Fukushima, and T. Sekitani, “Ultralow-noise organic transistors
based on polymeric gate dielectrics with self-assembled modifiers,” ACS Applied Materials
& Interfaces, vol. 11, no. 44, pp. 41561-41569, 2019. PMID: 31594305.

[126] P. V. Necliudov, S. L. Rumyantsev, M. S. Shur, D. J. Gundlach, and T. N. Jackson, “1/f
noise in pentacene organic thin film transistors,” Journal of Applied Physics, vol. 88,
no. 9, pp. 5395-5399, 2000.

[127] L. K. J. Vandamme, R. Feyaerts, G. Trefdn, and C. Detcheverry, “1/f noise in pentacene
and poly-thienylene vinylene thin film transistors,” Journal of Applied Physics, vol. 91,
no. 2, pp. 719-723, 2002.

[128] X. Xie, D. Sarkar, W. Liu, J. Kang, O. Marinov, M. J. Deen, and K. Banerjee, “Low-
frequency noise in bilayer MoS2 transistor,” ACS Nano, vol. 8, no. 6, pp. 5633-5640,
2014. PMID: 24708223.



UNIVERSITAT ROVIRA I VIRGILT

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise

252 Bibliography

[129] O. Marinov and M. J. Deen, “Flicker noise due to variable range hopping in organic

)

thin-film transistors,” in 2011 21st International Conference on Noise and Fluctuations,

pp- 287-290, June 2011.

[130] A. Perinot, M. Giorgio, V. Mattoli, D. Natali, and M. Caironi, “Organic electronics picks
up the pace: Mask-less, solution processed organic transistors operating at 160 MHz,”
Advanced Science, vol. 8, no. 4, p. 2001098, 2021.

[131] B. Kheradmand-Boroujeni, M. P. Klinger, A. Fischer, H. Kleemann, K. Leo, and
F. Ellinger, “A pulse-biasing small-signal measurement technique enabling 40 MHz

operation of vertical organic transistors,” Scientific Reports, vol. 8, p. 7643, 2018.

[132] A. Yamamura, T. Sakon, K. Takahira, T. Wakimoto, M. Sasaki, T. Okamoto, S. Watanabe,
and J. Takeya, “High-speed organic single-crystal transistor responding to very high
frequency band,” Advanced Functional Materials, vol. 30, no. 11, p. 1909501, 2020.

[133] M. Kitamura and Y. Arakawa, “Current-gain cutoff frequencies above 10 MHz for organic
thin-film transistors with high mobility and low parasitic capacitance,” Applied Physics
Letters, vol. 95, no. 2, p. 023503, 2009.

[134] T. Uemura, T. Matsumoto, K. Miyake, M. Uno, S. Ohnishi, T. Kato, M. Katayama,
S. Shinamura, M. Hamada, M.-J. Kang, K. Takimiya, C. Mitsui, T. Okamoto, and
J. Takeya, “Split-gate organic field-effect transistors for high-speed operation,” Advanced
Materials, vol. 26, no. 19, pp. 2983-2988, 2014.

[135] M. Uno, B.-S. Cha, Y. Kanaoka, and J. Takeya, “High-speed organic transistors with
three-dimensional organic channels and organic rectifiers based on them operating above
20 MHz,” Organic Electronics, vol. 20, pp. 119-124, 2015.

[136] K. Nakayama, M. Uno, T. Uemura, N. Namba, Y. Kanaoka, T. Kato, M. Katayama,
C. Mitsui, T. Okamoto, and J. Takeya, “High-mobility organic transistors with wet-etch-
patterned top electrodes: a novel patterning method for fine-pitch integration of organic
devices,” Advanced Materials Interfaces, vol. 1, no. 5, p. 1300124, 2014.

[137] A. Perinot and M. Caironi, “Accessing MHz operation at 2 V with field-effect transistors
based on printed polymers on plastic,” Advanced Science, vol. 6, no. 4, p. 1801566, 2019.

[138] U. Zschieschang, J. W. Borchert, M. Giorgio, M. Caironi, F. Letzkus, J. N. Burghartz,
U. Waizmann, J. Weis, S. Ludwigs, and H. Klauk, “Roadmap to gigahertz organic
transistors,” Advanced Functional Materials, vol. 30, no. 20, p. 1903812, 2020.

[139] H. Kleemann, G. Schwartz, S. Zott, M. Baumann, and M. Furno, “Megahertz operation
of vertical organic transistors for ultra-high resolution active-matrix display,” Flexible
and Printed Electronics, vol. 5, no. 1, p. 014009, 2020.



UNIVERSITAT ROVIRA I VIRGILI
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM

TRANSISTORS
Jakob Simon Leise

Bibliography 253

[140] J. W. Borchert, U. Zschieschang, F. Letzkus, M. Giorgio, M. Caironi, J. N. Burghartz,
S. Ludwigs, and H. Klauk, “Record static and dynamic performance of flexible organic
thin-film transistors,” in 2018 IEEE International Electron Devices Meeting (IEDM),
pp. 38.4.1-38.4.4, 2018.

[141] S. G. Bucella, A. Perinot, and M. Caironi, “All polymer FETs direct-written on flexible
substrates achieving MHz operation regime,” IFEE Transactions on Electron Devices,
vol. 64, no. 5, pp. 1960-1967, 2017.

[142] S. Kumagai, S. Watanabe, H. Ishii, N. Isahaya, A. Yamamura, T. Wakimoto, H. Sato,
A. Yamano, T. Okamoto, and J. Takeya, “Coherent electron transport in air-stable,
printed single-crystal organic semiconductor and application to megahertz transistors,”
Advanced Materials, vol. 32, no. 50, p. 2003245, 2020.



UNIVERSITAT ROVIRA I VIRGILI

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise



UNIVERSITAT ROVIRA I VIRGILI

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise



UNIVERSITAT ROVIRA I VIRGILI

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise



UNIVERSITAT ROVIRA I VIRGILI

CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
TRANSISTORS

Jakob Simon Leise



UNIVERSITAT ROVIRA I VIRGILI
CHARGE-BASED COMPACT MODELING OF CAPACITANCES AND LOW-FREQUENCY NOISE IN ORGANIC THIN-FILM
EEN

TRANSISTORS
AN || I}..{I I\ I\

Jakob Simon Leise
FORSCHUNG AN TECHNISCHE HOCHSCHULE MITTELHESSEN
FACHHOCHSCHULEN

‘SPONSORED BY THE

$ Federal Ministry
of Education

and Research

UNIVERSITAT
ROVIRA i VIRGILI



	List of Publications
	List of Symbols
	List of Acronyms
	1 Introduction
	1.1 General Introduction
	1.2 Organization
	1.3 Organic Chemistry
	1.3.1 Atomic orbitals
	1.3.2 Chemical bonds
	1.3.3 Carbon
	1.3.4 Organic semiconductors

	1.4 Organic Transistors
	1.4.1 Architectures and Fabrication
	1.4.2 Electronic Operation Principle

	1.5 Outline

	2 Charge-Based DC Model
	2.1 Simple DC Model
	2.2 Workfunction Mismatch
	2.3 Fringe Effects
	2.4 Compensation of the Threshold-Voltage Shift and a Slope Change
	2.4.1 Introduction
	2.4.2 De-Coupling of the Sub-Threshold Swing from the Power-Law Mobility
	2.4.3 De-Coupling of the Threshold Voltage from the Power-Law Mobility


	3 Charges and Capacitances
	3.1 Comparison to a Water System
	3.2 Intrinsic Charges in Transistors
	3.2.1 Introductory Information
	3.2.2 The Meyer Model
	3.2.3 Charge-Based Capacitance Models

	3.3 Extrinsic Charges

	4 Modeling of the Total Charges
	4.1 Intrinsic Charges
	4.2 Extrinsic Charges
	4.2.1 Coplanar Transistors
	4.2.2 Staggered Transistors


	5 Modeling of Low-Frequency Noise
	5.1 Introduction
	5.2 Flicker Noise
	5.2.1 Mobility Fluctuations
	5.2.2 Charge-Carrier Number Fluctuations

	5.3 Determining the Dominant Noise Mechanism
	5.4 Compact Modeling of the Noise
	5.4.1 Normalization of the DC Model
	5.4.2 Preparational Steps for the Noise Model
	5.4.3 Modeling of Carrier Number Fluctuations
	5.4.4 Modeling of Bulk Mobility Fluctuations


	6 Model Verification and Discussion
	6.1 Introductory Information
	6.2 Fringe Current Model
	6.3 Quasistatic Capacitances
	6.3.1 Introductory Information
	6.3.2 Staggered Transistors
	6.3.2.1 TCAD Simulations
	6.3.2.2 Capacitance Measurements
	6.3.2.3 Differential Amplifiers

	6.3.3 Coplanar Transistors
	6.3.3.1 TCAD Simulations


	6.4 Low-Frequency Noise
	6.4.1 Transistors Fabricated at CEA-LITEN
	6.4.2 Transistors Fabricated at the MPI
	6.4.3 TCAD Simulation


	7 Model Extensions
	7.1 Introductory Information
	7.2 Channel Segmentation
	7.2.1 Modeling
	7.2.2 Implementation in Verilog-A
	7.2.3 Verification
	7.2.3.1 AC Measurements
	7.2.3.2 AC TCAD Simulation
	7.2.3.3 Transient TCAD Simulation


	7.3 Capacitances in Short-Channel Transistors
	7.3.1 Observations Based on TCAD
	7.3.2 Derivation of the Model Equations
	7.3.2.1 Influence of the Contact Resistances
	7.3.2.2 Re-Engineering of the Charge-Partitioning Scheme

	7.3.3 Parameter Extraction

	7.4 High-Frequency Investigation of Short-Channel Transistors
	7.4.1 Basic discussion
	7.4.2 Modeling
	7.4.3 Verification
	7.4.4 Parameter Extraction
	7.4.4.1 Staggered Transistors
	7.4.4.2 Coplanar Transistors


	7.5 Temperature Effects
	7.5.1 General Information
	7.5.2 Modeling of the Temperature Dependence
	7.5.3 Investigation of the Contact Resistance


	8 State of the Art
	8.1 Capacitance
	8.1.1 Model by Castro-Carranza
	8.1.2 Model by Marinov and Deen
	8.1.3 Model by Valletta
	8.1.4 Model by Torricelli
	8.1.5 Model by Colalongo
	8.1.6 Other Approaches

	8.2 Models for the Low-Frequency Noise
	8.2.1 General Investigation of Noise Models
	8.2.2 Model by Han
	8.2.3 Model by Marinov and Deen


	9 Conclusion
	A Equation package
	B Additions to the Small-Signal Analysis
	B.1 Literature Summary of High-Frequency Organic TFTs
	B.2 TLM Measurements
	B.3 Fitting Parameters of the Transistors

	Bibliography



