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CHAPTER 1

Introduction

The history of semiconductor electronics goes back to the beginning of the 19th century when
Thomas Johann Seebeck discovered the thermoelectric effect in 1821 [1]. The transformation of
heat to electrical power gives remarkable opportunities for monitoring thermoelectric effects or
convert waste heat of power plants to electric energy, which are still state of the art. Afterwards,
numerous semiconductor effects were observed, such as the dependence of silver sufide on the
temperature by Michael Faraday in 1833 [2], the photovoltaic effect by Alexandre Edmond
Becquerel in 1839 and the light sensitivity by Willoughby Smith in 1873 [3]. These inventions
paved the way for modern components of renewable energy sources. In 1874, Ferdinand Braun
discovered that the conductance of a point-contact semiconductor is asymmetrical, which
corresponds to the current behaviour of a diode. In spite of the knowledge about the huge
potential of semiconductors in these decades, the consumer electronics as radios and televisions
were designed widely based on thermionic diodes and amplifying vacuum tubes (triodes) until
the 1970s, which were invented by John Ambrose Fleming in 1904 and Lee de Forest in 1906,
respectively [4]. During this time, the triode ushered the way to develop and manufacture
electronic computers which, however, were mainly applied to solve linear equations [5]. The
first idea of a field-effect transistor (FET) was patented by Julius Edgar Lilienfeld in 1925 [6].
However, it was not until 27 years later when the first junction-FET was presented by Dacey
and Ross in 1953 [7]. Meanwhile, the first point-contact (bipolar) transistor was invented by
William Shockley in 1951 [8]. In the 1960s, semiconductor electronics were subject to intense
research and new concepts such as the doping of semiconductors were presented, which enabled
to manufacture n-type and p-type transistors. Thus, in 1958, the first integrated circuit (IC)
was developed made of two bipolar transistors, which is nowadays known as two-transistor
trigger (Schmitt trigger), by Jack Kilby of Texas Instruments [9]. Since then the number of
components in IC’s doubled each year and lead to an exponential growth of computation power.
This law was stated in 1965 by intel co-founder Gordon E. Moore and is known as Moore’s law
[10] [11].
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1.1 Introduction to Organic Electronics

The research of organic electronics gained importance when Hideki Shirakawa increased suc-
cessfully the conductivity of oxidized and iodine-doped polyacetylene in 1977 [12]. In the
following decades, several organic semiconductor compounds were presented with improved
electrical properties. Their solubility enables to process organic electronics as thin-film devices
by inkjet printing or roll-to-roll processing at relatively low temperatures. Thereby, the device
is fabricated on a non-conducting substrate on which the materials of the device are deposited
as thin layers on top of each other. The idea of a thin-film transistor (TFT) was patented by
John Wallmark of Radio Corporation of America (RCA) in 1957.

In the last decades, organic electronics have become promising candidates for the possible
application in novel low-cost electronics. Due to the TFT concept, different substrate materials
such as glass, plastic foils or paper [13] can be applied, which makes them potentially useful
for active-matrix displays and sensor arrays [14] [15]. Therefore, to improve the dynamic [16]
[17] [18] and static [19], [20] performance of the TFTs, a more aggressive downscaling of the
channel length is performed [21]. As a consequence, various physical effects gain influence on
the current-voltage characteristics in organic TFTs with short channel lengths, which are also
known from crystalline metal-oxide-semiconductor field-effect transistors (MOSFETs) [22] [23]:
the degradation of the subthreshold swing, the dependence of the threshold voltage on the
channel length (threshold voltage roll-off) and the drain-source voltage (drain-induced barrier
lowering effect). These arise from the increased electrostatic influence of the source and the drain
contacts on the surface-potential barrier along the channel in the semiconductor layer. Moreover,
the charge-carrier injection and ejection over the Schottky barriers at the metal/semiconductor
interfaces of the source and the drain contacts, respectively, limit the drain-source current
of the transistor [23]. Thus, a non-linear current behaviour can be observed in the linear
regime of the output characteristics. In general, the design of an IC requires time-efficient and
precise simulations before the processing of a prototype. An accurate method is provided by
technology computer-aided design (TCAD) software as mixed-mode simulations. Thereby, a
circuit is computed numerically using SPICE-like (Simulation Program with Integrated Circuit
Emphasis) simulation [24], where the device physics of each element are solved numerically
by the finite-elements method. Unfortunately, this method is very time-consuming and is
only suitable for simple circuits, which require precise physics-based simulations. However, as
circuits become more complicated, the computing time increases significantly and an alternative
method to compute each element is required. The so-called compact models are an effective
approach to describe the component with sufficient accuracy while significantly reducing the
computational effort.

In general, a compact model describes the behaviour of the device with only a few simple
equations in order to reduce the computing time to a viable magnitude [25]. In the optimal case,
the models are scalable with regard to as many device parameters as possible, which can be best

achieved by models that are based on physical effects. Thereby, such a physics-based compact
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model is determined by the general device structure, the properties of the applied materials,
the geometrical dimensions (e.g., thicknesses of the contacts, channel length, semiconductor
thickness, gate-dielectric thickness, etc.), the bias conditions (potential at the gate, the source
and the drain electrodes), and the temperature. If an engineer designs an integrated circuit, the
interests are not in detailed device physics, but rather in accurate and time-efficient simulations
of the circuit as a whole. Unfortunately, in most cases a more accurate compact model leads
to a more time-consuming model and vice versa. Thus, a compromise between both must be
found. Therefore, the number of numerical iterations must be kept as small as possible. Finally,
the model equations must be capable to be embedded in established simulations tools, for
instance, SPICE simulators [25].

1.2 The Thesis Structure

After the introduction, Chapter 2 describes the relevant organic chemistry to understand the
differences in physics between crystalline and organic semiconductors (Section 2.1). Next,
Section 2.2 deals with the organic TF'T in general: the possible geometries, the applied materials,
the manufacturing process and the working principle. Furthermore, the relevant device physics
of the contacts are described in detail. Finally, in Section 2.3, the physical effects of the organic
TFT with regard to the channel length, which are modelled in this dissertation in Chapter 5
and Chapter 6, are summarized and described.

Chapter 3 deals with mathematical basics and introduces firstly Poisson’s and Laplace’s
equation, and then, the potential theory in complex coordinate systems. Furthermore, the
decomposition strategy, the conformal mapping technique and the Schwarz-Christoffel transfor-
mation are explained, which are useful to define two-dimensional potential problems and solve
Poisson’s or Laplace’s equation.

The model derivation and verification are based on a generic charge-based compact dc
model, which is summarized in Chapter 4. This provides expressions for the charge densities
at the channel ends of the source and the drain contacts, which are utilized to derive the
Schottky-barrier model of the source contact. Furthermore, the charge-based dc model is
enhanced with the models derived in this dissertation and verified by measured and simulated
current-voltage characteristics of staggered and coplanar TFTs with regard to the channel
length.

In Chapter 5, analytical and physics-based equations are derived of the influence of the
Schottky barriers at the source and the drain contacts on the current-voltage characteristics.
Therefore, the source barrier is modelled as an equivalent field-dependent contact resistance,
which can be implemented as a resistance in series with the intrinsic organic TFT. In case of
the drain barrier, an expression for the voltage drop across the barrier is derived, which can be
incorporated into the drain-source voltage of any arbitrary compact dc model.

The short-channel effects (threshold voltage roll-off, subthreshold swing degradation and

DIBL (drain-induced barrier lowering)) are modelled in Chapter 6. Therefore, potential solutions
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of Laplace’s equation of both the coplanar and staggered TFT geometries are derived. This
serves as a basis to define the models describing the short-channel effects. Finally, methods are
presented to implement them into the threshold voltage and the subthreshold swing parameters
of a compact dc model.

Chapter 7 begins with the verification of the surface potentials of the staggered and
coplanar structures which are applied to define the short-channel models by TCAD simulations.
Subsequently, the short-channel effects are extracted from TCAD simulations with regard to
the channel length and compared to the short-channel model equations. Furthermore, the
Schottky-barrier and short-channel models are incorporated into the generic compact dc model
that is verified with respect to measured current-voltage characteristics of staggered TFTs and
coplanar TFTs with regard to the channel length. Finally, the Verilog-A model of the enhanced
compact dc model is applied in complementary metal-oxide-semiconductor (CMOS) inverter
circuits consisting of staggered TFTs with different channel lengths, which are compared to
mixed-mode simulations performed using the simulator Atlas.

Chapter 8 concludes and reflects the dissertation. Furthermore, the models are discussed.
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CHAPTER 2

Device Physics

2.1 Organic Chemistry

In this chapter, the chemical basics with regard to organic materials are explained and how
these are described mathematically. Furthermore, the organic semiconductor is introduced in

Section 2.1.3 and compared to crystalline semiconductors.

2.1.1 Atomic Orbitals and Multi-Electron Atoms

All fundamental states of matter (gas, solid, liquid and plasma) are composed of neutral or
ionized atoms. The nucleus of an atom consists of protons, the number of which defines the
atomic number of an atom, and neutrons. An electrically neutral atom has the same amount
of electrons around the nucleus as protons, which is defined as atomic number that is uniquely
related to a specific chemical element. The distribution of the orbiting electrons around the
nucleus is described by the electron configuration (EC), where each electron is assigned to
a particular atomic orbital. In physics, these atomic orbitals are called stationary states of
standing waves if the interaction between the electrons is neglected. Such a quantum-mechanical
system is described mathematically by the general time-independent Schrédinger’s equation
[26]:

E.v=H.v, (2.1)

where ¥ is the wave function and H is the Hamilton operator, which corresponds to the total
energy of the system and is observable. The energetic values of E are known as eigenvalues. In
mathematics, the wave function ¥ is called an eigenfunction of the Hamilton operator H with
the scalar eigenvalues E. The only atom for which the Schrodinger equation has been solved is

the hydrogen atom, the particular Schrodinger equation of which is [27]

2 2
E.w_< ¢, _n v2>¢/. (2.2)

dmeor  2Myed
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Here, q is the elementary charge, £¢ is the vacuum permittivity, £ is the reduced Planck constant,
V is the nabla operator, r is the radial distance of the electron to the nucleus and myq is the
reduced mass of the proton mass m, and electron mass me:

MeMp

mred - .
Me + My

(2.3)

The equation must be solved to obtain the wave functions or atomic orbitals, respectively,
which can be derived by separation of variables and expressed in spherical polar coordinates
[27):

W tom = Rni(r) - Yim (0,0), (2.4)

where R, ;(r) are the radial functions and the angular functions Y; ., (¢,p) are spherical
harmonics with the principal, azimuthal, and magnetic quantum numbers n, [ and m. In order
to describe the quantum state of an electron completely, the spin of an electron can assume
two values, which are s = 1/2 and s = —1/2. This leads to a fourth quantum number, the spin.

They can take following values [27]:

n=123,..00
1=0,1,2,..,n—1

m=-l,—(—-1),...,0,..., (1 =1),1
s=-1/2,41/2

The probability of an electron located in any specific region is given by ¥2. Table 2.1 illustrates
the possible quantum number configurations. The maximum value which the magnetic quantum
number m can assume is Mmaz = 20 + 1.

In chemistry, Niels Bohr and Ernest Rutherford have introduced a semi-classical atomic
model consisting of a positively-charged nucleus surrounded by electrons with a certain energy
level and distance from the nucleus, which both are determined by the principal quantum
number n [27]. The maximum number of electrons belonging to a specific radius and energy level
depending on n are limited. In 1916, Arnold Sommerfeld has enhanced the Rutherford-Bohr
model by introducing the second quantum number [ (azimuthal) and the third quantum number
m (magnetic) leading to a shell terminology or atomic orbital theory [28]. A specific set of
values for n, | and m defines an atomic orbital and its orientation in space. A maximum
of two electrons can be present within an orbital according to the Pauli exclusion principle,
which states that one energetic state can be occupied by two electrons with opposite spins [27].
Orbitals with the same azimuthal quantum number [ are called subshells and their maximum
amount of orbitals are calculated by mmaes = 20 + 1.

The possible subshells are listed in Table 2.2 summarizing their historical names and letters,
their maximum number of orbitals and the respective electrons per subshell. The electron

shells defined by the principal quantum numbers n consist of one or more subshells according
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Table 2.1: Possible quantum number configurations of the solutions in Equation (2.4)

n | m

1 0 0

2 0

2 1 -1,0,1

3 0 0

3 1 -1,0,1

3 2 -2-1,0,1,2

4 0 O

4 1 -1,0,1

4 2 -2-1,0,1,2

4 3 -3,-2,-1,0,1,2,3
5 0 0

5 1 -1,0,1

5 2 -2-1,0,1,2

5 3 -3-2,-1,0,1,2,3
5 4 -4,-3,-2,-1,0,1,2,3,4

Table 2.2: Historical letters and names of the azimuthal quantum numbers (subshells).

Azimuthal Number [ Historical Letter Historical Name Amount of Orbitals 7,42 Electrons per Subshell

0 s sharp 1 2
1 p principal 3 6
2 d diffuse 5 10
3 f fundamental 7 14
4 g 9 18

to the possible quantum number configurations in Table 2.1.

A common illustration of atomic orbitals is to separate the angular functions Y; ., (3J,p)
and the probability function ¥? of a solution for particular quantum numbers n, [ and m
separated from each other [26]. Figure 2.1 shows the wave function of the electron shell for
n =1 consisting of a single subshell s (I = 0) and the corresponding atomic orbital 1s.

Whereas the s-orbital has a radial orientation depending on the radius r, the subshell p
(I = 1) consists of three orbitals (mmaee = 3) with different orientations in x-, y- and z-direction
as illustrated in Fig. 2.2 with the help of the angular functions of each orbital.

Unfortunately, the Schrédinger equation has not been solved yet for multi-electron atoms.
Nevertheless, the electron states of such atoms can be described empirically by the hydrogen
orbitals when considering the dependency of the principal quantum numbers n on the orbitals
[26]. Therefore, Friedrich Hund has formulated rules to determine the ground state of an

arbitrary multi-electron atom [27]. Thereby, the atomic orbitals of a subshell with the lowest
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(a) Angular function of Yy o (1s) (b) Probability function le,o,o

Figure 2.1: (a) Angular and (b) probability function of an atomic orbital for the quantum
numbers n =1, | = 0 (subshell s) and m = 0 of a hydrogen atom.

(a) py-Orbital, Y1,-1 (b) p,-Orbital, Y10 (¢) pyx-Orbital, Y7 1

Figure 2.2: Angular functions of the atomic orbitals for the quantum numbers n = 1 and
1 =1 (subshell p) with the respective orientation in space determined by m = —1 (a), m =0 (b)
and m =1 (c).

energy level are occupied one by one by electrons of parallel spin. After each orbital within
a subshell is occupied by an electron, the double occupation occurs. The ground state of an

atom is obtained when allocating all electrons to the orbitals.

2.1.2 Molecular Orbital Theory

Most organic substances applied in organic transistors are molecules, which are chemical
compounds of two or more atoms bonded by covalent bonds, or polymers, which are composed
of many molecules. In organic materials, the occurring covalent bonds can be reduced to o- and
7w-bonds, where in both electron pairs are formed between different atoms. The strongest type
of covalent bonds ¢ is rotationally symmetric to the bond axis and emerges when two atomic
orbitals overlap in head-on fashion between two nuclei [29]. When allocating the nuclei onto
the z-axis, o-bonds arise between following atomic orbitals: s+ s, s + p. and p, + p.. In case
of two lateral overlapping atomic p- or d-orbitals a m-bond emerges that is symmetrical and
perpendicular to the bond axis [29]. m-bonds are only formed in combination with a o-bond

in a double or triple bond. Whereas single atoms are described by atomic orbitals, molecules



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELLING OF SHORT-CHANNEL EFFECTS IN ORGANIC THIN-FILM TRANSISTORS
Priifer Jakob Markus

2.1 Organic Chemistry 9

are characterized by orbitals in the molecular orbital (MO) theory. The overlapping atomic
orbitals, e.g. a o-bond, of the participating atoms are superposed by the linear combination of
the atomic orbitals (LCAO) method to describe the molecule orbitals by the resulting bonding
o- and antibonding o*-orbital [27]. Figure 2.3 illustrates this method qualitatively by a MO
diagram where two hydrogen atoms, H, and Hy, and their atomic orbitals form a hydrogen

molecule H2 with the corresponding molecule orbitals o and o*. The electrons of both hydrogen
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Figure 2.3: Molecular orbital (MO) diagram of a hydrogen molecule.

atoms occupy the energetically lower o-orbital. Here, o is the highest occupied molecular
orbital (HOMO) and o™ is the lowest unoccupied molecular orbital (LUMO).

2.1.3 Organic Semiconductors

Organic chemistry deals with the study about compounds of carbon in covalent bondings.
Carbon belongs to group 14 and row 2 in the periodic table. Thus, the atomic s-orbitals of the
first (n = 1) and the second (n = 2) electron shell are occupied with two electrons, respectively,
and the two remaining electrons belong to different p-orbitals in the second electron shell. The
electron configuration can be written as: 15%2s22p? [30]. Between two carbon atoms can occur
single (ethane), double (ethylene) or triple (acetylene) bonds [31]. The bond order refer to
the number of electron pairs between both atoms and in a simplified way one can say the
greater the order, the stronger the bond. In case of organic semiconductors, molecules or
polymers in which the corresponding atoms are linked by double or triple bonds are desired,
since those materials contain m-bonds in which charges are only very weakly bound so that they
can contribute to an electric current conduction. Figure 2.4 visualises the relevant double and
triple bondings in molecules for ethylene C2 H4 and acetylene C2 H2 by showing their structure
and the composition of their orbitals.

However, ethane, ethylene and acetylene are gases and cannot be used for solid-state
electronics. Nowadays, most organic semiconductors are derivatives of benzene, an oil that is
composed of six carbon atoms arranged in a planar ring. Figure 2.5 visualises the molecular
geometry of benzene and its six o-orbitals and three m-orbitals. Each distance between a carbon

atoms pair (139.7 pm) and the inner angle of an atom (120°) are equal and such a geometry
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CH, c-bond n-bond
(a) Ethylene molecule CoHy

@z*&+ +

CH, o-bond n-bond n-bond
(b) Acetylene molecule C>Ho

Figure 2.4: Molecular geometries of (a) ethylene and (b) acetylene and a visualisation of their
molecular orbital composition (computed and plotted by IboView). Both molecules consist of a
o-bond (red) and in case of (a) ethylene a single m-bond whereas (b) acetylene is composed of
two m-bonds.

(a) Geometry (b) o-orbitals (c) m-orbitals

Figure 2.5: (a) Molecular geometry, (b) o-orbitals between the carbon atoms and (c) -
orbitals of benzene computed and plotted by IboView.

is called in chemistry a resonance structure [26]. The electrons within strong o-orbitals are
called localized while delocalized electrons are located within the m-orbitals, which can be seen
as delocalized clouds of electrons. According to the molecular orbital theory, bonding 7- and
antibonding 7*-orbitals emerge with a certain energy level gap between them. Figure 2.6 shows
the electron configuration of the m-orbitals in a benzene molecule, where the bonding-orbitals
7 are fully occupied and the antibonding-orbitals 7* are unoccupied. The same applies to the

o-orbitals, the energy levels of which are much lower or greater compared to the m-orbitals. The

*
™
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Figure 2.6: Qualitative illustration of the electron configuration in the m-orbitals of a benzene
molecule.
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dotted line illustrates the intrinsic Fermi level Er; of the molecule according to the Fermi-Dirac
distribution, which gives the probability if an orbital is occupied by an electron or not [32]. For
an energy level of Er;, the probability is 50 % and is increased or decreased for energy levels
below or above of Er;, respectively.

Theoretically, the energy diagram of a benzene molecule in Fig. 2.6 can be considered with
regard to the electron configuration qualitatively as a semiconductor and described in terms of
a band-like structure [33] [32]. The orbitals at the HOMO level (7) and below as well as the
orbitals at the LUMO level (7*) and above correspond to the valence band and conduction
band, and the energy difference between them is regarded similarly as the band gap energy of

a crystalline semiconductor.

CH3(CHz)4CH3

F OO0

(a) P3HT (b) Pentacene (c) DNTT

J

S OO C1oH21 S OO
A\
s
CqoH21 S
(d) C1o-DNTT (e) DPh-DNTT

Figure 2.7: Chemical structures of the five organic semiconductors P3HT [34], pentacene [35],
DNTT [36], C1o-DNTT [37] and DPh-DNTT [38].

Figure 2.7 shows the chemical structures of popular organic semiconductors used in p-type
short-channel thin-film transistors, which are all derivatives of a benzene molecule [39] [40]
[21]. The number of 7 orbitals in an organic semiconductor is directly related to the charge
transport in terms of an increased charge-carrier mobility [41]. Thus, an increase of the number
of 7 orbitals follows an increase of the charge-carrier mobility of the respective semiconductor.
Additionally, the HOMO-LUMO energy gap is reduced by the increased number of carbon
atoms [30] (table 2.3). This is of utmost importance, when selecting a semiconductor for a
transistor since this makes it possible to design a device with a low threshold voltage, which in
turn leads to low power consumption and fast switching speed. Besides the enhanced electrical
properties, the semiconductors are improved in terms of air [42] and temperature [43] stability.

When processing a layer of an organic semiconductor, the adjacent molecules or polymers
interact with each other which affects the energy levels of the 7 and 7* orbitals [41]. Below the
HOMO level and above the LUMO level, certain orbital distributions arise similar to the density
of states (DOS) in inorganic semiconductors. Figure 2.8(a) shows the Gaussian-distributed
DOS that occurs in organic semiconductor layers in comparison to Fig. 2.8(b) that illustrates a
typical DOS in a crystalline silicon. In quite disordered layers additional orbitals arise within

the bandgap, which do not contribute to the charge transport but have an electrostatic influence
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(a) Gaussian DOS in organic semiconductors
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Figure 2.8: Quantitative illustration of the (a) Gaussian DOS that is formed in organic semi-
conductor layers compared to (b) the DOS in a crystalline silicon.

and are known as traps.

The energetic splitting of the energy levels for the HOMO and LUMO levels differs because
of the interaction of adjacent chains or molecules within the semiconductor layer [41]. The
width of the valence band (HOMO) in organic semiconductors is greater than the energy levels
in the conduction band (LUMO), which leads to a greater hole than an electron mobility. Thus,
the organic materials in Fig. 2.7 are p-type semiconductors and their energy gap as well as

typical hole mobilities extracted from organic transistors are listed in Tab. 2.3.

Table 2.3: HOMO-LUMO energy gaps and hole mobilities extracted from organic transistors
of the mostly used organic semiconductors.

Semiconductor Energy gap [eV] Hole mobility [C","SZ]
Poly(3-hexylthiophene) (P3HT) 2.06V [44] 0.12 [45]
Pentacene 2.1eV [30] 1...1.5 [46]
Dinaphtho[2,3-b:2",3"-f]thieno[3,2-b]thiophene (DNTT) 3.38¢V [47] 2...3 [48]
DPh-DNTT 3.26V [49] 2.4 [48]
C10-DNTT 3.06V [37] 4 [48]

2.2 Organic Thin-Film Transistors

This chapter is intended to provide a brief insight into organic TFTs, which begins in Section 2.2.1
with the possible TFT architectures, the methods of the manufacturing process of TFTs, and
the typically materials applied. Subsequently, the general principle of the organic TFT and
its electrical characterization is explained in Section 2.2.2. Finally, the relevant device physics

with regard to the source and the drain contacts are summarized in Section 2.2.3, which serve



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELLING OF SHORT-CHANNEL EFFECTS IN ORGANIC THIN-FILM TRANSISTORS
Priifer Jakob Markus

2.2 Organic Thin-Film Transistors 13

as basis to derive the models in this dissertation.

2.2.1 Architecture, Materials and Processing

In the process of manufacturing thin-film transistors several layers are deposited ontop of each
other on an insulating substrate, such as glass or flexible polyethylene naphthalate (PEN). The
following layers are part of each TFT: gate, semiconductor, dielectric and the contacts source
and drain. Several processing techniques are well-known and applied to deposit these layers,
but the main goal is to achieve a reliable manufacturing process using solution-based inkjet
printing or roll-to-roll processing and preferably consisting only of organic materials. However,
the low inkjet-printing resolution restricts the possible structure dimensions and high-speed
roll-to-roll printing machines are not capable of um-scale registration [50]. Thus, the channel
length of the fabricated organic transistors are nowadays mostly longer than one micrometer.
Other methods to achieve smaller geometries are deposition by spin-coating, evaporation or
sputtering [40] [21] and patterning the structure by stencil lithography [21] or photolithography
including e.g. wet etching. Thin-film transistors processed by such methods consists usually of
organic and inorganic materials. Here, the source and drain contact materials in p-type organic
TFTs are usually made of a noble metal as gold, which has a work function about 5¢eV [40].
The HOMO level of the most organic p-type semiconductors (Table 2.3) are similarly high,
which leads to a small energy barrier at the interface between the contact and semiconductor.
As a result, the charge carrier injection over the barrier is increased and hence, the contact
resistance is reduced. Further, the injection characteristics can be enhanced by a treatment
with a self-assembled monolayer (SAM) at the contact/semiconductor interfaces [51]. In case of
the gate material, a good adhesion is of utmost importance to enable an appropriate patterning
to the substrate and gate dielectric and here, the most notable inorganic materials are silicon
and aluminium [52]. The work function of the gate material affects the voltage that has to
be applied to turn on the transistor (threshold voltage). Thermally-grown silicon oxides [53]
and/or plasma-grown aluminium oxide are used as gate-dielectric materials, which can be
enhanced by self-assembled monolayer such as an alkylphosphonic acid [21]. Especially in
organic TFTs made of small molecules, the morphology at the SAM/Semiconductor interface,
where the charge-carrier channel arises, is improved.

Regardless of the methods used to deposit the material layers, thin-film transistors can
be separated into four architectures with certain advantages and disadvantages, which are
depicted in Fig. 2.9. The coplanar structures (a,b) are more sensitive to the energy barrier at
the contact/semiconductor interfaces due to the small area of charge-carrier injection or ejection
and thus, their resistance is often larger than the contact resistance in staggered structures
(c,d) [54]. In both staggered structures, the charge carriers are injected through the whole
overlap area between the source and gate contact, whereby the injection current increases
in the proximity to the charge-carrier channel. On the other hand, the charge carriers must

overcome the intrinsic semiconductor thickness to reach the accumulation channel along the



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELLING OF SHORT-CHANNEL EFFECTS IN ORGANIC THIN-FILM TRANSISTORS
Priifer Jakob Markus

14 2 Device Physics

Dielectric

Substrate
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Figure 2.9: Cross sections of thin-film transistors in (a,b) coplanar and (c,d) staggered archi-
tecture that can be distinguished in top-gate (a,c) and bottom-gate (b,d).

gate-dielectric/semiconductor interface. In case of small molecules, the inverted structures (b,d)
are more beneficial since they form a much smoother gate-dielectric/semiconductor interface
[54] in order to reduce the contact resistance, whereas the top-gate configurations (a,c) are

more suitable for organic TF'Ts made of polymers.

2.2.2 Operation Principle

As depicted in Fig. 2.9, the organic thin-film transistor is a metal-insulator-semiconductor
field-effect transistor (MISFET). In such a device, a perpendicular electric field to the gate
electrode is induced from the gate electrode by applying a voltage between the gate and source
contacts Vgys, which penetrates the gate dielectric and causes a bending of the LUMO and
HOMO level at the gate-dielectric/semiconductor interface. If a positive gate-source voltage is
applied, the LUMO level and the Fermi level are getting close to each other and consequently,
the probability that electrons occupy molecular orbitals above the LUMO level is increased. In
contrast to n-type organic transistors, if a p-type transistor is biased with a negative gate-source
voltage, the HOMO level is getting close to the Fermi level and thus, the probability of holes that
occupy the molecular orbitals below the HOMO level is increased. In both cases, a conducting
channel emerges at the gate-dielectric/semiconductor interface in the form of accumulated
charge carriers. Figure 2.10 illustrates three operation points with different gate-source voltages
and the corresponding band diagrams according to the band theory along a cutline at the
channel center from the gate towards the semiconductor. Here, the source contact is connected
to ground. For simplification, the voltage drop across the gate-dielectric Vg;e: is neglected and
the intrinsic Fermi level of the organic semiconductor is assumed to be in the middle between
the HOMO and LUMO level as in undoped semiconductors. Aluminium with a work function
of @4, = 4.1V is chosen as the gate material and DNTT is applied as the semiconductor, the
HOMO-LUMO energy gap of which is Fy = 3.38¢eV and its HOMO level is 5.19eV. As a result,
the bands are bended in Fig. 2.10(a) at equilibrium slightly towards the vacuum level. The
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Figure 2.10: Band diagrams for three operation points at Vgs =0V, Vgs = Vi and Vs = Vi

necessary gate-source voltage to flatten the bands of the HOMO and LUMO level is called
flat-band voltage Vy, and is positive in case of this material configuration (Fig. 2.10(b)). In
Fig. 2.10(c) a sufficiently high gate-source voltage is applied to bend the HOMO level close to
the Fermi level, which accumulates holes at the gate-dielectric/semiconductor interface and
creates a conducting channel. If a drain-source voltage Vs is applied at this operation point, a
significant current I4s from the source to the drain contact can flow through the conducting
channel. The static electrical behaviour of a transistor is characterized typically by the current
I4s and its dependency on the applied Vg, and V. Figure 2.11 shows the measured current-
voltage characteristics of a coplanar organic TFT fabricated as in Fig. 2.9(b). The source/drain
and gate contacts are made of gold and aluminium with thicknesses of t., = 30 nm, respectively,
and DPh-DNTT is deposited as semiconductor layer with a thickness of tsc = 30 nm, which
results in a p-type device. The gate dielectric consists of a oxygen-plasma-grown layer of
aluminium oxide and an n-tetradecylphosphonic acid self-assembled monolayer with a total

thickness of approximately tq;e; = 8 nm. The transfer curves in Fig. 2.11(a) are conducted for
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(a) Transfer characteristics (b) Output characteristics

Figure 2.11: Static current-voltage characteristics of a coplanar organic TFT with a channel
length and width of 60 pm and 200 pm fabricated in the bottom-gate bottom-contact architec-
ture.

constant drain-source voltages Vys and can be divided into a sub-threshold regime (off-state)

and an above-threshold regime (on-state), which are separated by the threshold voltage Vr.
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The organic TFT is operated in the sub-threshold regime if the gate-source voltage Vi, is
below the threshold voltage V7 in absolute terms. There, no accumulation channel exists
and thus, the drain-source current Iy, is quite low. As soon as Vs becomes larger than Vr,
a conducting channel arises and I4s increases significantly. It is common practice to record
at least two transfer curves of which one is conducted in the linear regime and the second
in the saturation regime in order to characterize the electrical behaviour of the transistor
sufficiently. In addition to the transfer characteristics, the output curves are conducted for
constant gate-source voltages Vys. The linear regime can be assigned to quite low drain-source
voltages Vys, where I4s increases linearly depending on Vgs, and reach the transition to the
saturation regime at an operation point of Vgs = Vg sat = Vys — V. Above Vi sat, the
drain-source current is saturated and independent of Vys.

In the subthreshold regime of the transfer characteristics in Fig. 2.11(a) a hysteresis effect
can be seen, where the forward curve exhibits a larger I4s compared to the backward curve
or in other words: the threshold voltage is shifted. This effect can be observed especially at
organic TFT with disordered layers and can be attributed to charge-carrier injection from gate
electrode to the gate dielectric, polarization of the gate dielectric and mobile charges getting

trapped or detrapped at the gate-dielectric semiconductor interface [55] [56].

2.2.3 Metal-Semiconductor Contacts

As mentioned in section 2.2.1 and 2.2.2, the source and drain contacts are made of a metal
like gold, which are connected directly to the semiconductor. Thereby, an energetic barrier is
formed at the metal-semiconductor interfaces [23] and such a barrier is well-known as Schottky
barrier that is firstly modelled by Walter Schottky in 1938. Figure 2.12 shows band diagrams
of four systems consisting of a metal and an n-doped crystalline semiconductor with a gap
between them at ideal conditions. The gap lengths are decreasing from figure to figure in order
to illustrate the formation of a Schottky barrier and its corresponding height ®go. Here, ®,, is
the metal work function, x is the semiconductor electron affinity, and E. as well as E, are the
conduction and valence band edge, respectively.

In (a) both materials are in separated systems, but in (b) they are connected in one system
with a quite long gap length of §. In (c), the gap § is decreased to a thin layer and in (d)
both materials are eventually connected to each other. In contrast to Fig. 2.12 where the
semiconductor is n-doped and the Fermi level is thus not located in the middle of the band
gap, it is assumed in organic TFTs in the middle between the HOMO and LUMO level [57]
[47]. Nevertheless, the calculation of the barrier height ?pg = ¢(® — x) remains the same
for organic and inorganic Schottky barriers. Since the current-contributing charge carrier
must overcome the barrier, a smaller barrier is desirable to increase the transistor current.
Nevertheless, a barrier cannot be completely avoided and this is also not desired in organic
TFTs, since otherwise the leakage current would increase in the off-state of the transistor [58].

As mentioned, a barrier as in Fig. 2.12(d) is formed under ideal conditions, but in the
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Figure 2.12: Energy band diagrams of a metal and an n-doped semiconductor with different
gaps ¢ between them at ideal conditions. The gap is infinitely thick in (a), very thick in (b),
thin in (¢) and zero in (d) [23].

presence of an electric field the potential profile is affected by image charges. This effect is
known as Schottky-barrier lowering, image-force lowering or image-force-induced lowering effect

and is illustrated in Fig. 2.13. When considering a charge carrier located in the semiconductor
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Figure 2.13: Energy band diagram of a metal and an n-doped semiconductor interface, which
illustrates the formation of a Schottky barrier with the influence of image charges on the bar-

rier shape (Schottky barrier lowering effect) [23].
at a distance of z from the interface, then an "image charge" is induced on the metal surface.
Both charges are attracted to each other by a force that is equivalent to a force between an

electron and an positive charge separated by a distance of 2x, which leads thus as a result to
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an electric field [23]:
P T ___ , (2.9)
drese(2x)? 16mega?

where ¢ is the elementary charge and ¢ is the vacuum permittivity. The total potential energy
in Fig. 2.13 is given by [23]

2
q
PE(x) = ————— — q|Eint|z. 2.10
(@) = ~ gt — dlBuntle (210)
Here, E;in: is the electric field at the metal/semiconductor interface. In order to obtain the
position of the maximum potential energy mq.. and the barrier lowering Adp at this position,

the condition dPE(z)/dz = 0 must be applied that leads to following expressions:

q
=,/ 2.11
Tmaz 1671'551;|Eint| > ( )

4| Eint]
Adp = | —. 2.12
s Amese ( )
As a result, the effective barrier at the interfaces source/semiconductor and drain/semiconductor
are obtained by
q| Eint|

which is mainly determining the current injection and ejection at the source/semiconductor and
drain/semiconductor interfaces, respectively. The current injection at the source contact takes
place through thermionic field emission from the source or tunnelling across the energetic barrier.
The latter becomes the dominant mechanism only in highly-doped organic semiconductors
at low electric fields and very low or high temperatures [59]. However, in organic TFTs with
undoped semiconductors at room temperature a quite large depletion region due to small charge
densities leads to a more dominant charge-carrier injection by the thermionic field emission.

The current density across a metal-semiconductor interface in terms of thermionic emission is

Iy = Irp - (exp (qg’) - 1), (2.14)

where Vi, is the applied voltage across the Schottky barrier between the metal and the

given by [22]

semiconductor, and Irg is the thermionic field emission current [22]:
Irg = A*T? exp (f—) . (2.15)

If a positive potential is applied at the metal contact (Vs > 0), the conduction band of the
semiconductor is bended in Fig. 2.13 upwards. At a certain applied potential the energy level

of the conduction band is equal to the initial barrier height ®p¢ that result in an electron
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flow from the semiconductor towards the metal. In contrast to this forward-operated Schottky
barrier, a negative potential (Vs < 0) is possible as well, which bends the conduction bands
downwards and thus, an electron transport from semiconductor towards the metal is blocked
by the barrier. However, a certain amount of electrons is able to overcome the barrier from the
metal to the semiconductor, the current of which is determined by the thermionic emission
(Equation (2.15)). Due to the decreased Vi, the barrier thickness becomes thinner and its
height is reduced by the Schottky barrier lowering effect. Here, the Schottky barrier is operated
in reverse mode. Finally, the barrier height @5 determines mostly the contact resistance of a
organic TFT and is additionally depending on the electric field across the contact.

Figure 2.14 shows band diagrams of a p-type organic TFT for an unbiased (black) and
biased (red) operation point illustrating the barrier lowering effect at the source/semiconductor

interface. Here, the drain-source and gate-source voltages are increased (red lines) that increase

the electric field at the barrier and thus results in an increase in the barrier lowering A®p.
LUMO Wvgs <0V, V<0V

LUMO —
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Figure 2.14: Band diagrams of a p-type organic TFT at the source/semiconductor interface,
which illustrates the formed energetic barrier and its lowering due to image charges. The tran-
sistor is once unbiased (black) and once biased (red).

2.3 Short-Channel Effects in Organic TFTs

There are a variety of physical effects which are referred to as short-channel effects like the
Poole-Frenkel field-dependent mobility and space-charge-limited current effects [60], but this
work focuses on effects which are also well-known in silicon-based MOSFETs, such as the
subthreshold slope degradation, the threshold voltage roll-off and the drain-induced barrier
lowering (DIBL) effect [22]. Furthermore, the non-linear injection and ejection effects at the
source and the drain contacts, which are gaining importance when shortening the channel
length, will be investigated. A quantitative definition of a channel length range of transistors
attributed to the term "short-channel devices', is very difficult, especially in case of the contact
effects. Here, organic TFTs fabricated in coplanar architecture are much more sensitive and
show an influence on the current-voltage characteristics for quite long channel lengths of 20 pm
[61] or 30 um [62], whereas these influences can be seen typically in staggered organic TFTs
for channel lengths below 5pm [63]. Finally, especially in case of the influence of the contact

resistance no general statement can be made, since the channel resistance and its order in
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comparison to the contact resistances matters as well.

2.3.1 Contact Effects

As discussed in Section 2.2.2, the drain-source current is determined mainly by the accumulation
channel along the gate-dielectric/semiconductor interface that is controlled by the gate-source
voltage. The channel resistance between the source and drain contacts strongly depend on
the channel length and the intrinsic charge-carrier mobility of the semiconductor. In order to
enhance the current-voltage characteristics of the transistor, the channel length can be reduced
or the mobility can be increased to improve the device performance by reducing the channel
resistance. This is legit when considering relatively long-channel-length devices where the
contact resistances can be neglected, since they are much smaller than the channel resistance.
However, when the channel resistance approaches the same order of magnitude as the contacts,
the total resistance must be calculated as a sum of both of them. With a continuous downscaling
of the channel length, a point is reached, where the device performance is dominated by the
charge-carrier injection and ejection across the contacts and not any more by the channel
resistance. Figure 2.15 shows the current-voltage characteristics of organic TFTs with channel
lengths of 1 pm and 10.5 pm in order to illustrate the impact of the contact resistances on the
current-voltage characteristics, especially the drain-source current in the linear regime of the
output curves. Whereas the output characteristics of the organic TFT with a channel length
of 10.5 pm shows a quite typical linear slope of the drain-source current in the linear regime,
the current of the organic TFT with a channel length of 1 pm exhibits a non-linear behaviour
in the linear regime. Here, the drain-source current is limited by the metal/semiconductor
interfaces at the contacts. As mentioned in Section 2.2.3, the contact resistances are mainly
determined by the barrier height of the metal/semiconductor interfaces, which are calculated
by the mismatch between the work functions of the metals and the organic semiconductor.
Although a low barrier is intended to decrease the contact resistance and to improve the device
performance, a small barrier is also desired in order to reduce the off current and enhance thus
the on/off ratio of the transistor [58]. However, the actual barrier height can only be influenced
partly by the chosen materials and the fabrication process of the organic TFT, which is why
the influence of the contacts must always be taken into account for transistors with relatively

short channel lengths.

2.3.2 Threshold Voltage Roll-Off

The gate voltage at which the transistor is turned on, the threshold voltage Vr, is a parameter
that is affected by several physical effects depending on the transistor principle and structure.
In silicon-based MOSFETs the threshold voltage can be shifted by low substrate doping or a
thin gate-dielectric thickness [23]. Due to processing challenges a certain trap density in the
gate dielectric or at the gate-dielectric/semiconductor interface emerges that causes a threshold

voltage shift in MOSFETS [32] as well as in organic transistors [57]. In addition, a shift caused
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Figure 2.15: Static current-voltage characteristics of a coplanar organic TF'T with a channel
length of 10.5 pm and 1 pm fabricated in the bottom-gate bottom-contact architecture.
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by the channel length can be observed for particularly short structures, which is known as
threshold voltage roll-off [22]. This is illustrated in Fig. 2.16(a) that shows semi-logarithmic

transfer characteristics of coplanar organic TFTs simulated in the Sentaurus device simulator

with channel lengths between 0.1 pm and 0.5 pm. The threshold voltage roll-off AVr rouofy is

determined by the change of Vpr with regard to a relatively long-channel-length device, where

no short-channel effect occurs. One can clearly observe in Fig. 2.16(a) that the transfer curves
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are shifted along the Vgs-axis depending on the channel length, but a precise extraction of
AVr roti—ofs is complicated, since additionally, the slope of the drain-source current differs
in the short-channel devices. This effect, the subthreshold swing degradation, is discussed

in Section 2.3.4. When considering an organic TFT with a relatively short channel length,
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Figure 2.16: (a) Transfer characteristics and (b) the electrostatic potential along the gate-
dielectric/semiconductor interface of simulated coplanar organic TFTs (in the Sentaurus device
simulator) with channel lengths between 0.1 pm and 0.5 pm.

the electric fields induced at the source/drain junctions overlap with the field by the gate
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electrode, which results in a decreasing influence of the gate field on the accumulation channel
[22]. A different point of view is the electrostatic potential within the semiconductor along the
channel region, where an energetic potential barrier is formed between the source and drain
contact. In order to turn on the transistor, a gate-source voltage must be applied to reduce the
barrier and increase the charge carriers, which can overcome the barrier. Figure 2.16(b) shows
the electrostatic potential along the gate-dielectric/semiconductor interface at Vgs = 0V and
flat-band conditions (Vgs = V) of the same organic TFTs as in Fig. 2.16(a). Here, the channel
region begins for all devices at ., = 0.01 pm. The shape of the electrostatic potential of the
organic TFT with a channel length of 0.5 pm has a barrier, where the potential saturates at 0V,
but when decreasing the channel length to 0.1 pm, the maximum of the electrostatic potential
is about —0.5V. Thus, a much lower gate-source voltage is required to turn on the transistor.
The best approach to model the threshold voltage roll-off is to solve Poisson’s equation of the
desired transistor architecture and extract the barrier maximum along the channel from source

to drain contact, which is always located in the center of the channel.

2.3.3 Drain-Induced Barrier Lowering

In contrast to the threshold voltage roll-off in Section 2.3.2, where quite low drain-source voltages
Vas < 0.1V are considered, the DIBL effect describes the impact of greater Vs on the threshold
voltage Vr. On the one hand, the shift can be explained by a linearly distributed channel
thickness from source to drain caused by a Vys # 0V resulting in a reduced charge-control by
Vgys [22]. Figure 2.17 show the semi-logarithmic transfer characteristics of a coplanar organic
p-type TFT with a channel length of L., = 0.1 pm simulated in Sentaurus Device Simulator.
The curve at Vgs = —0.1V is the same as in Fig. 2.16(a) and one can see that an increase
of the drain-source voltage to Vgs = —1.5V shifts the transfer curve similar to the threshold
voltage roll-off effect. The DIBL effect can be also explained by the potential barrier between
the source and drain contacts, where the increased electrostatic influence of the drain contact
due to Vg reduces the barrier as illustrated in Fig. 2.17(b). Here, the electrostatic potential
through the organic semiconductor is shown of simulated organic p-type TFTs with channel
lengths between 0.1 pm and 0.5 pm at flat-band conditions for Vgs = 0V and Vi = —1.5V.
The potential at the barrier maximum of the relatively long-channel-length devices saturates at
0V due to flat-band conditions for both operation points, V4s = 0V and V45 = —1.5V, but
shortening the channel length results in reduction of the barrier maximum. On the one hand,
the threshold voltage roll-off effect causes a barrier reduction of the maximum potential at
Vas = 0V (blue) in the organic TFT with a channel length of Lo, = 0.1 pm. On the other
hand, the increase of the drain-source voltage to Vgs = —1.5V (red) causes additionally a
lowering of the barrier by the DIBL effect. Whereas the barrier maximum is always located at
the threshold voltage roll-off effect in the center of the channel, the maximum is shifted by the
DIBL effect slightly towards the source contact.
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Figure 2.17: Static current-voltage characteristics of a coplanar organic TF'T with a channel
length and width of 60 pm and 200 pm fabricated in bottom-gate bottom-contact architecture.

2.3.4 Subthreshold Slope Degradation

If a transistor is operated in the subthreshold region at Vs < Vr then no charge carriers are
accumulated along the gate-dielectric/semiconductor interface and thus, the drain-source current
is almost zero when considering the transfer characteristics in linear scale as in Fig. 2.11(a).

However, when examining the semi-logarithmic scale an exponential increase of the drain-source
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current can be seen, which is independent of the drain-source voltage at ideal conditions and
modelled in MOSFETSs [23] as well as organic TFTs [57] by
dV, kT

S=-—2_ =1In(10)— 2.16

dlog(jds) n( ) q 047 ( )

where S is known as subthreshold swing, k& is the Boltzmann constant and T is the temperature.

Here, the parameter o captures all physical effects causing a degradation of the subthreshold

swing. For MOSFET devices « is determined by calculating the diffusion current and thereby

considering the electron-density gradient in the channel [23], which leads to

Caiet + Cp
o= —.

2.17
Cuiel ( )

Here, Cp and Cly;.; are the depletion-layer and gate-dielectric capacitances, respectively. In
organic transistors traps within the HOMO-LUMO energy gap play a more central role than
in inorganic transistors. If organic TFTs are manufactured with smaller geometries, i.e. also
short channel lengths, the accuracy of the morphology suffers due to the increased fabrication
requirements, which increases the number of traps in the channel region. If a transistor is turned
on by an increased gate-source voltage, these traps must be occupied firstly in order to emerge
an accumulation channel. This can result in a threshold voltage shift, as already mentioned in
Section 2.3.2, or by a larger subthreshold swing. Thereby, a change in the gate-source voltage
leads to a slightly smaller change in the Fermi level towards the HOMO or LUMO level and
thus, the slope of the diffusion current in the subthreshold regime is degraded.

However, the channel length of an organic TFT has also a direct impact on the subthreshold
swing due to the electrostatic influence of the source and drain electrodes on the energetic
potential barrier between these electrodes. In Equation (2.16), the subthreshold swing is
calculated by extracting the change of log(14s) depending on Vs from the transfer characteristics
of a transistor. But, the swing can be also determined by the change of the potential barrier

maximum @ pot,maz depending on Vs [64]:

kT dV,
S =In(10)— —=—. 2.18
( ) q dQPot,maz ( )
Here, the a change in Vs causes a lowering of the barrier height @ pot,maz along the channel
which in turn increases I4s. If the derivative of Vs with respect to @pot,max increases, the

subthreshold swing increases as well, and vice versa.
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CHAPTER 3

Mathematical Basics

This chapter deals with the relevant mathematical basics which are required to derive the
physics-based compact models with regard to the channel length and the Schottky barriers at
the source and the drain contacts. Therefore, Poisson’s and Laplace’s equations are introduced
in Section 3.1 and a corresponding decomposition strategy in Section 3.2, which is useful to
simplify potential problems. In this dissertation, the complex potential theory (Section 3.3)
is applied to solve the two-dimensional potential problems of the TFT geometries. Finally,
the Schwarz-Christoffel transformation is introduced, which enables to solve more complicated

two-dimensional geometries like the TFT structures.

3.1 Poisson’s and Laplace's Equation

Poisson’s equation is a second-order elliptic partial differential equation, which is utilized in
theoretical physics to calculate the potential caused by electric charges. The general equation
is [65]

AP = f, (3.1)

where @ and f are real or complex-valued functions and A describes the Laplace operator, e.g.
in Cartesian coordinates: 52 o2 o2

A=omt a5 T o (32)
In case of an electrostatic problem, the inhomogeneous Poisson’s equation is applied and written
as [66]:

AD(z,y,z) = —W, (3.3)

where @(z,y,z) is the potential solution and p(x,y,z) is the space charge within an region of
interest of an electrostatic problem in three-dimensional Cartesian coordinates. The permittivity
of the region of interest is given by . Poisson’s equation is related in a divergence relationship

to Gauss’s law, which describes the relation between electric charges and the resulting electric

27
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field [66]:

VE(z,y,2) = —AD(z,y,2) = @, (3.4)

where V describes the Nabla operator:
0
V=—+_—+ (3.5)

The specific homogeneous case where the region of interest is free of space charges is called
Laplace’s equation [66]:
AP(z,y,z) = 0. (3.6)

In general, Poisson’s and Laplace’s equation have an infinite number of solutions. In case of
Laplace’s equation, the solutions must be twofold differentiable which makes them to so-called
harmonic functions, which hold the superposition principle [65]. To obtain a particular solution
of a specific electrostatic problem, the boundary conditions must be specified for the region of
interest. Basically, the boundary conditions are distinguished between the Dirichlet and the

Neumann condition [65]:

1. Dirichlet condition: A solution ¢ and harmonic function is wanted within a region of
interest R with predetermined values ®r at the edge of the region of interest R. The

problem is -if at all- clearly solvable.

2. Neumann condition: A solution ¢ and harmonic function is wanted within a region of
interest R with predetermined normal derivative 9%/as|g at the edge of the region of

interest R. The problem is -if at all- clearly solvable expect for one single constant.

The boundaries of an electrostatic problem are not constrained to one type of condition. Mixed
conditions, where one part of the boundary is defined by the Dirichlet condition and the

remaining parts by the Neumann condition, are also possible.

3.2 Decomposition Strategy

The essential properties of Poisson’s equation are given by the linearity of the Laplace operator
A [65]:
A(adﬁ =+ b@z) = aAP; + bAQSQ, (37)

where @; and @5 are different solutions of Poisson’s equation, and a,b € R. This allows a

superposition of the solutions with different space charge densities p1 and p2[65]:

A@y + @) = -T2 —:p27 (3.8)

which is only valid for p; # p2. However, the difference of two solutions for p1 = p2 leads to a
Laplace equation[65]:

APy — &) = —g =0. (3.9)
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Here it becomes clear that several Laplace solutions can be superposed. In general, the solution
of the Poisson equation & can be decomposed into a solution of Laplace’s equation &, and a

particular solution of the Poisson equation @, [65]:

AD = A(Dy +P,) = —g, (3.10)

ADL =0, Ad, = —g. (3.11)

In certain electrostatic problems, the influence of space charges can be simplified to a one-
dimensional function which corresponds to the particular Poisson equation @,. Thus, solving
the Laplace differential equation is sufficient to solve the general Poisson equation of the
problem. When applying the decomposition strategy to an electrostatic problem, the boundary

conditions of the Laplacian solution ¢ must be transformed with the particular solution of @,:

b, =D — D, (3.12)

3.3 Complex Potential Theory

The complex potential theory deals with two-dimensional electrostatic problems where the
boundaries and their conditions are defined in complex coordinate systems as complex functions
f(z) with a complex variable z = 4 jy. Any complex function can be written as a combination

of two real functions, where one of them is multiplied by the imaginary number j:

f(z) = [z + jy) = w = u(z,y) + ju(z,y). (3.13)

Here, the real and imaginary parts are defined by the inter-related real functions u(z,y) and
v(z,y). The complex function is also a complex number w = u + jv. A complex function
maps all points within a region of interest R in z plane to a region of interest R* in w plane.
The Cauchy-Riemann differential equations are sufficient conditions for any complex function

f(z) = w to be regular or analytic [66]:

ou_ov ou__ov o
oxr Oy Jy ox

The real and imaginary parts of a complex analytic or regular function (v and v in equa-
tion (3.13)) are both harmonic functions and fulfil the criteria of Laplace’s equation, which
makes them to solutions of potential problems. Differentiating the Cauchy-Riemann differential

equation with respect to x or y, and eliminating the mixed derivatives leads to

@_2@)_2 ov _ﬂ_2<@>_2 L) _ 0w gy
0x2  Ox \0x/) 0Ox \dy) Oxdy Oy \Ox/) 0Oy oy )  oy? ’



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELLING OF SHORT-CHANNEL EFFECTS IN ORGANIC THIN-FILM TRANSISTORS

Priifer Jakob Markus

30 3 Mathematical Basics

and
&v_ 0 (v _2(@)_ﬂ_ﬁ O _ﬁ(_@)__& (3.16)
oy2 Oy \dy) Oy \ox) Oxdy Ox\Oy) 9ox\ 0x) 0z’ ’
which proofs the twofold differentiability of f(z):

u  0*u v 9%
— + == =0 — + — =0. 3.17
0x2  Oy? T 922 + oy? (3.17)

The families of curves of a complex function f(z) = u + jv for a constant u or v are mutually

orthogonal. This is revealed by division of both Cauchy-Riemann equations (3.14):

Ou/dx _ Ov/dy
ou/doy ~ Ov/ox’ (3.18)

Thus, complex functions are appropriate to solve two-dimensional electrostatic problems

and, therefore, the complex potential theory defines the following complex potential function P:
P=o(zy)+j=(zy), (3.19)

where the real part @ is the potential function and the imaginary part = describes the field
lines of the potential field. A schematic of the families of curves of a complex potential function

and their mutual orthogonality is illustrated in Figure 3.1. The complex electric field in the

A EA @, @,

£-5,
\ S = Oy

=y
b=,

D=9, =

X o
(a) z-plane: z = x + jy (b) w-plane: P =& + j=

Figure 3.1: Curves of a complex potential function P(z) = ®(z,y) + j=(z,y) in the z and w
plane for constant real part ¢ and imaginary part =, respectively. The families of curves are
mutual orthogonally to each other.

z-plane follows by partially differentiating the potential @ as in equation (3.4):

E:Ez+jEy:—8—¢— 00

et 2
or oy (3.20)

Here, E, and E, are the electric field strength in the z-plane in « and y direction.
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3.4 Conformal Mapping

In case of a mathematical function, the angles and orientation of which are preserved is called
conformal map, conformal transformation, angle-preserving transformation or biholomorphic
map. More formally, an analytic function w = f(z) = u(x,y) + jv(z,y) with z = x + jy is
conformal within a region R where its derivatives are nonzero, and their angles as well as
orientation are invariant. The special attributes of conformal functions make them extremely
useful to solve complicate two-dimensional electrostatic problems. These kinds of problems
can be solved by conformal functions that map the complicated geometry to a much simpler

geometry, where the Poisson equation is much easier to be solved.

3.4.1 Conformal Mapping of a Potential

An electrostatic problem defined in a complex z-plane with z = x + jy has a complex potential
solution P(z) = &(z,y) + j=(x,y) as introduced in Section 3.3. A conformal map w = f(z) of

the region of interest in the z-plane leads to a complex potential solution in w-plane:

P(w) = &(u,0) + j = (u,v). (3.21)
Here, the functions for the potential ¢ and electric flux = are both harmonic. The Laplacian
potential solution is invariant to conformal mapping [66] or in other words, the potential of a
regular point Py in the origin electrostatic problem ®(zo,y0) and in the w-plane ®(uo,v0) is
equal. This becomes more clear when Equation (3.13) is considered, which allows to define
u = f(z,y) and v = f(z,y). The electric field in the w-plane can be calculated according to
equation (3.4) as

= : ob 0P dpP
E“’_E“+JE”_6u]8v_<dw) (3.22)

and can be transformed into the original geometry in the z-plane by [66]
= op b dp dP dw
E.=F,+jEy=——7——j—=—(—]=—— - —]. 3.23
a5y or Jay (dz) <dw dz) ( )
Thus, the absolute value of the electric field vector of each point in the w-plane can be
transformed by the direct geometric transformation ratio by [66]

dw
|E.| = |Eul - ‘E . (3.24)

In case of an electrostatic problem with space charges within a region of interest, the functions

of the space charges for the z and w plane are related to each other by [66]

’ (3.25)

dw
P(z) = P(w) * e
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3.4.2 Schwarz-Christoffel Transformation

The Schwarz-Christoffel transformation is a technique which allows to derive conformal map of
arbitrary closed polygon and its enclosed area. The boundaries with all vertices are mapped
onto the horizontal axis and the enclosed area to the upper half of the complex plane. The
general concept is illustrated in Figure 3.2, where the boundaries and vertices of the polygon
in the z-plane are mapped onto the horizontal u-axis in the w-plane. The enclosed region of

interest of the polygon R is mapped to the upper half of the w-plane. The general relation of

JyA oy =Ty, JVA
0 F2A”

R R*
®

© 0000 o

X

a >

(a) z-plane (b) w-plane

Figure 3.2: The Schwarz-Christoffel transformation provides a general mapping function

z = f(w) of an arbitrary polygon with any number of vertices in the z-plane, of which the
boundaries are mapped onto the horizontal u-axis in w-plane. The enclosed region of interest R
in the z-plane is mapped to the upper half of the w-plane.

both planes is defined by the differential of the mapping function z = f(w) [66]:

dz —ay /7 —ag/7 —ap /T - —o /T

qp = O (w—w) - (w —ws) o (w —w,) 701'11(1”_%) , (3.26)
where n is the number of vertices, w; is the position of the vertex ¢ in w-plane and «; is the
respective angle change in the counter-clockwise sense at this vertex in z-plane, whereby the
direction must be chosen such that the region to be transformed is located to the left with
respect to the direction of travel along the vertices as illustrated in Figure 3.2(a). The vertices

in the z-plane z; = f(w;) are given. The conformal mapping function is obtained by integration:
z = f(w) =Ch -/H(w—wi)_o""/wdw—i—Cz. (3.27)
i=1

Here, the constant C5 defines the origin of the z-plane. Whether the mapping function of a
particular polygon is solvable is determined by the complexity of the polygon and the number
of vertices, three of which can be chosen freely in the w-plane [66]. A vertex at w; = oo in the

w-plane is located infinitely far away from the origin and disappears in the mapping integral
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[66], which can simplify the integral in equation (3.27) by choosing the right vertex. The
boundaries of a polygon that lead to a vertex k£ which is infinitely far away from the origin of
the coordinate are parallel to each other, e.g. point 1 in Figure 3.2(a). The angle change of
such a vertex is ax = 7 and the corresponding term in the integral (w — wk)_‘l’c/7T is infinity,

and thus z; = co. The distance between those parallel boundaries is given by [66]:

2 — 2 = —jmCy - I_I(w;C —w) T (3.28)
ki

This equation can be simplified by choosing such a vertex in the w-plane to wr = +o00 as point
1 in Figure 3.2(b) [66]:
25 — 2, = jwCh. (3.29)

In order to solve the mapping function, the equations (3.28) and (3.29) are used to determine
the unknown constants. The total number of constants in the mapping integral is the sum of
the amount of vertices N plus the integration constants Cy and Ca [66]. Three of them can
be chosen freely, but the remaining N — 1 must be solved by independent, e.g. geometrical,

relations.

3.5 Potential Solution of a Geometry with Two Electrodes

As mentioned at the beginning of this section, the conformal mapping techniques are used to
make complicate potential problems analytically solvable. One method is to use the potential
solution of another geometry, which is similar to the geometry of the complicated potential
problem. Figure 3.3 shows a geometry in a complex w-plane coordinate system consisting of
two electrodes, potentials of which are &, and @2, and are separated by a gap of 2a between
them.

-a a

Figure 3.3: A geometry of two electrodes with a gap between them in a complex coordinate
system w = u + jv [66].

If &3 > &1, then the potential solution is given by [66]

P(w) = ®(z,y) + j=(z,y) = P1 — j@acosh (%) . (3.30)
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According to Equation (3.4), the electric field solution is obtained by differentiating:

E(w) = _dl;(ﬂw) _ % % (3.31)

This potential problem and the corresponding solutions for the potential and electric field

are of great importance in Chapter 5 and 6 to derive analytical compact equations for the

short-channel as well as the contact effects.
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CHAPTER 4

Generic Charge-Based Compact DC Model

In this chapter, a generic charge-based compact dc model is summarized, which is presented in
[57]. This model is valid for organic transistor with relatively long channel lengths and serves
as a basis to derive the model equations in this dissertation and further, to verify the models
to current-voltage characteristics of measured and simulated organic TFTs. In Section 4.1 and
4.2, equations for the charge densities at the channel end of the source and the drain contacts
are derived, which enable to calculate the drain-source current of an organic transistor in terms
of the drift-diffusion theory of free carriers. In the Sections 4.3 to 4.6, compact models of
parasitic effects are presented, such as the channel-length modulation, the contact resistance, the

dependence of the charge-carrier mobility on the gate voltage, and the trap-related hysteresis.

4.1 Trap-Based Modelling

A common approach to describe the current-voltage characteristics for the entire range of
applicable voltages of a transistor is to model the subthreshold and above-threshold regimes
independently of each other [67] [68]. The transition of both equations is then linked by an
empirical mathematical function that applies the threshold voltage as a fitting parameter to
determine the transition position. A physical meaning with regard to traps and states along
the most leaky path for the charge carriers is typically missing. In [57], a compact dc model for
organic transistor is presented that derives charge densities at the source and the drain end of
the channel based on a Gaussian-distributed density of states within the organic semiconductor.
Those charge densities enable to calculate the current-voltage characteristics with a single
continuous equation valid in all regions of operation. The Gaussian-distributed density of states

DOSGauss in [57] depending on the energy E is defined as

N E — Ep)?
DOSGauss(E) - 7t0 €Xp (_(20)> ) (41)
2mopos 20p0s

35
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where Ngio corresponds to the total states, Fp is the mean value, and opos is the standard
deviation of the distribution. Figure 4.1 illustrates the density-of-states distribution applied
E 4

shallow traps

Ep [ — s
LUMO =
E, —
deep bulk and
/ interface states
B o lotthe e e s

Figure 4.1: Gaussian-distributed density of states of the semiconductor in organic TFTs

assumed in [57]. Here, E, separates two characteristic regimes: shallow traps (E > E,), and

deep bulk and interface states (E < Ey).
in [57] to the organic semiconductor and defines the regimes above E,,, where the states are
called shallow traps, and below E,, where the deep bulk and interface states belong.

The mobile charge-carrier densities located in shallow traps at a particular location along

the channel at the gate-dielectric/semiconductor interface can be calculated by the integral of
the product of the Gaussian DOS and the Fermi-Dirac statistic function f.(E) over the energy:

Qi = qten / DOSGauss(E) - fe(E)dE. (4.2)
B,
Here, t.p is the channel thickness of the accumulation or inversion channel, respectively, which

can be reduced to a few monolayers at which the induced charge is uniformly distributed [69].

In [57], the Fermi-Dirac statistic is approximated by the Boltzmann statistic equation, which

B, — Vop) — E, /2
Q' ~ qtonNss exp <Q( VkT) o ) (4.3)

results in

Here, N is the equivalent shallow trap density, Ve is the voltage drop along the channel, and
&, is the channel midgap potential in the accumulated channel. The charge carriers below E,

(tail states), which are illustrated in Fig. 4.1 as deep bulk and interfaces states, are defined as

Qi = a(gNiPc + Ny), (4.4)
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where Ny, is the amount of states per gate area filled at #. = 0V and N; is the density of deep
traps in the organic semiconductor per energy and gate area. The charge carriers occupying the
tail states @Q; do not contribute to the drain-source current, but affect the subthreshold swing
and the voltage at which the transistor turns on due to their influence on the electrostatic
potential. In [57], the voltage drops Viier,s and Vg;er,a across the gate dielectric at the source
end and the drain end of the channel, respectively, are related to the channel midgap potential

at the respective source ®@. s and drain @, q end:
Vdiel,s/d = V;;s/d - Vfb - Qsc,s/d- (45)

Then, Vgje,s/a can be also expressed by the mobile charge le,s/d and the tail state ngs/d

densities at the respective source or drain channel end:

Q"m,,s/d + Q;,s/d

Céliel =
Viiet,s/d

(4.6)
In this equation, the charges at the dielectric/semiconductor interface (accumulated mobile and
trapped charges within the channel) are equal to the charges at the opposite side (dielectric/gate-
electrode interface). Equation (4.5) inserted into (4.6) and rearranged leads to following Poisson

equation:

Q;n,s/d + Qé,s/d
Ct’iiel C(/liel

Vgsya = Vo + Pepsja + (4.7)

Finally, from this Poisson equation the mobile charge-carrier densities in shallow traps at the
source @, s and drain Q;n’d end of the channel can be derived [57]:
Voo Ve — Ba _  Nimas
qtctht gs/d fb 2q q C:/iiel (4 8)
— . eX . .
CliorkT/q P arkT/q

kT
Qrnsja = aT?CZiiel - LW

Here, LW is the first branch of the Lambert W function, ar captures the electrostatic influence
of the tail states on the subthreshold swing [57] by

i\
Céiel

ar =1+ (4.9)

and Ny 4, defines the number of tail states within the HOMO-LUMO energy gap of the

organic semiconductor:

! E !
Ny maz = Nt’?g + Ny,. (4.10)

The expressions for the charge densities at the source and the drain end of the channel enable

to calculate the drain-source current of an organic transistor in terms of the drift-diffusion
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theory of free carriers by quasi-free charge-carriers in the well-known form [25]:

kT Q'Im s = ern d ;’i s = frgL d
las = poWen | — - . : . : . 4.11
’ poten < q Len - 2LcnCyey ( )

Here, o is a constant charge-carrier mobility of the semiconductor. The first summand of this
equation dominates the drain-source current in the subthreshold (diffusion current), but can be
neglected in the above-threshold (drift current) regime and vice versa. The Equations (4.8)
and (4.11) combined lead to a continuous model for the transistor current valid in all operation
regimes without a fitting parameter for the threshold voltage, but depending on the Gaussian-
distributed DOS.

4.2 Threshold Voltage Modelling Approach

The benefit of the compact dc model in Section 4.1 is a close link to physical parameters in
terms of traps within the organic semiconductor, which enables to extract those parameters of
fabricated organic transistors using the model to fit the measured current-voltage characteristic.
However, the procedure to fit the model is more challenging compared to a model with the
threshold voltage and the subthreshold swing as input parameters due to the mutual influence
of N{y, N{ and N; on the current behaviour. To simplify this process for a circuit designer, the
charge-based model is reformulated in order to obtain equations for the charges at the source
and the drain end of the channel not depending on the trap densities, but on the threshold
voltage and the subthreshold swing. Therefore, [57] simplifies the densities of quasi mobile
charges at the source and the drain end of the channel Q;, ;4 (Equation (4.8)) in the on state
of the transistor at Vys &~ 0 by [57]

Qmsja = Caiet(Vgs — Vo). (4.12)

In this operation regime, the first branch of the Lambert W function can be expressed
approximately as [57]
LW {z} ~ In(z) — In(In(z)) = In(x) (4.13)

for z >> 1. Thus, Equation (4.12) can be rearranged with respect to the threshold voltage Vo
[57):
Né,maz kT qtctht

—ar—In| ————~—
Clier ’ q arCy,,kT/q

E
Viro = Vip + 2—;’ +q (4.14)
In the charge-based model, the density of deep traps N{ (Equation (4.9)) determines ar and
thus, the subthreshold swing of the transistor. A direct implementation of the subthreshold

swing is obtained by following expression [57]:

kT
S = ln(lO)jaT. (4.15)
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Here, ar is calculated depending on the subthreshold swing. Finally, the pre-factors in
Equation (4.8) can be rearranged and adapted in order to obtain an expression for the charge
densities at the source and the drain end of the channel depending on the threshold voltage
Vro and the subthreshold swing S:

(4.16)

/ S Vysya — Vro
Qm,s/d - mcdiel LW{exp _

S/In(10)

Equations (4.16) and (4.20) combined lead again to a compact and continuous expression for
the drain-source current, but here with a close link to the well-known electrical parameters:
threshold voltage and subthreshold swing. This implementation enables a circuit designer to
extract Vro and S from the transfer characteristics and apply those directly in the compact dc

model.

4.3 Channel Lenght Modulation

In theory, the drain-source current /4 in a transistors saturates in the saturation regime of the
output characteristics (|Vas| >> |Vys — Vir|). However, in transistors with quite short channel
lengths, a non-ideal output conductance effect occurs in the form of a slight dependency of
the drain-source current on the drain-source voltage. This effect is known as channel length
modulation (CLM) that is already known from silicon-based MOSFETs [23]. In [70], it is
proposed to multiply the drain-source current 145 by a factor of (1 + A (Vas — Vias,sat)) in order
to capture the non-ideal asymptotic behaviour in the saturation regime. Here, )\ is a saturation
coefficient that controls the intensity of the non-ideal effects and Vgs s+ is suggested to be
modelled as Vis,sat = Vgs — Vro, which can be also described in the on state in terms of

Equation (4.8) by the charge-carrier density Q,, , [57]:

QI

m,s
7 .

Cdiel

Vys — Vro = (4.17)
However, Equation (4.17) affects incorrectly the drain-source current also in the linear regime
of the output characteristics. Therefore, we introduce an enhanced modelling approach, where
Vis,sat is replaced by Vg o, that can be seen physically as the voltage drop between the source

end of the channel and the pinch-off point:

Q'Im s = Qi’n d
Visg = ————. 4.18
e Ctliiel ( )
Here, the approximate trend of Vs . = f(V4s) can be divided in two regimes:
tends to Vys for Vs < Vs — V4
Vis.o & ¢ do = Tos T HTO (4.19)

tends to Vys — Vo for Vas > Vgs — Vo .
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The improved modelling of the CLM effect in [70] [57] does not affect the current in the linear
regime of the output characteristics, but captures the non-ideal output conductance in the
saturation regime in the same quality as in [70]. Finally, the compact dc model including the

non-ideal output conductance effect can be written as

kT leszfmd ;)?lsiQ{rng
1, s — c. . : - : : - (1 A s — s.x)) - 4.2
oo = oW (A1 D S ) AV V). (420)

4.4 Constant Contact Resistance Model

In transistors with quite long channel lengths in which the channel resistance dominates the
drain-source current, the contact resistances at the source and the drain contacts can be
neglected. However, the downscaling of the channel length in organic TFTs to improve the
overall performance leads to an increased influence of the current injection and ejection on
the overall current-voltage behaviour. In [71], a first-order model approach is presented in
which the resistances are assumed to be Ohmic. Therefore, the well-known first-order current

equation for MOSFETs in the linear regime of the output characteristics is applied:

We Vs
" CaietVas - (Vgs — Vo — —2 ) . (4.21)
Lch 2

lis = po

To model a contact resistance in series to the intrinsic transistor, the drain-source voltage Vs

must be replaced by Vis — I4s Re, which leads to following equation:

W,
Lis = po—LClier (Vas — LasRe) - (Vgs — Vro —

Vds Ids Rc )
Lch '

+7

; 5 (4.22)

If the transistor is operated in the subthreshold regime, the drain-source current is limited
only by the diffusion current, in which the contact resistance can be neglected. Therefore,
the modelling of the contact resistances can be limited to the on state, where Vg — Vr is
significantly larger than Vi, /2 — (I4sR.)/2. Thus, the latter expression can be neglected and

Equation (4.22) can be rearranged to

Wch
lis =~ CaietVas (Vys — V- . 4.23
¥ Len + WenpioCair Re (Vs —VTO)’“‘O dietVas (Vg T0) (4.23)

This expression can be rearranged and adapted with regard to the pre-factors of Equations (4.21)
and (4.23):
_ Lch
Heft = Ho Len + poWenCaierRe(Vgs — V)

(4.24)

Finally, this effective charge-carrier mobility pess, which incorporates the influence of an
ohmic contact resistance, can be implemented in any arbitrary compact dc model that pro-
vides the charge-carrier mobility as an input parameter. In case of the first order MOSFET
Equation (4.21), e.g., the parameter puo must be replaced by pefy.

However, in case of this model certain inaccuracies must be considered. Figure 4.2 compares
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the compact current model including the resistance model (red) with a numerical solution (blue)
of a circuit consisting of an intrinsic transistor and a constant contact resistance R. = 1 M(2 at

the drain contact in series. Here, it can be observed in general that the model (red) overestimates

2

— L, =0.1 plm, numeric | Vis=-3.0V
—— L., = 0.1 um, model
=== L., = 1 um, numeric
—== L., = 1 um, model

1+ o ————— ]
-

=

o S B o S
-

-
-

— Iy [”A]

00 1 2 3

—Ves [V

Figure 4.2: Output characteristics of organic TFTs with channel lengths of 0.1 pm (solid lines)

and 1pm (dashed lines) at V3 = —3V and a constant contact resistance R. = 1 M£. Once,

R is captured as a separate element in series with the intrinsic TFT (blue lines) and once

Equation (4.24) is implemented into the compact dc model (red lines).
the influence of the contact resistance in both TFTs with channel lengths of 1 um (dashed lines)
and 0.1 pm (solid lines), which results in a much lower drain-source current compared to the
numerical calculation (blue). Furthermore, the model inaccuracies increase with decreasing
values for the drain-source voltages Vs, which can be attributed to the model derivation that
is based on the MOSFET current equation in the linear regime. In the saturation regime
(|Vas| >> |V4s — Vr|), the deviation between the model and the numerical solution saturates.
Finally, the total accuracy of the current-voltage characteristics can be improved by decreasing
R, during the fitting procedure in order to compensate the deviation. However, if this model is
applied to extract parameters from current-voltage characteristics, it must be considered that
the extracted resistance R, is lower as the resistance of the actual transistor.

Further, it can be observed in Fig. 4.2 that the deviation in the TFT with a shorter channel
length (solid lines) is larger then in the long-channel-length TFT (dashed line). Thus, the
contact resistance R. must be additionally decreased when shortening the channel length
of the transistor to obtain a good agreement between the model and the data. However, a
channel-length-independent contact resistance R. in organic TFTs is a fundamental assumption
of the transmission line method. This is a commonly used technique to determine the constant

contact resistance of several devices with different channel lengths. As a consequence, if the
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model is applied in a compact current model to fit organic TFTs with several channel lengths a
channel-length-dependency of R. must be expected, which is caused by the inaccuracy of the
resistance model.

In coplanar TFTs, the charge carriers are injected and ejected at the source and the drain
contacts, respectively, through a thickness of a few monolayers equal to the accumulation
channel thickness. Here, the resistance R. in Equation (4.23) corresponds to a plain ohmic
value.

However, in staggered TFTs, the injection and ejection occurs through the entire met-
al/semiconductor interfaces which belong to the overlap regions between the source/drain
contacts and the gate electrode (Fig. 2.9(d)). Here, the injection and ejection density along the
interfaces are not constant. The current injection and ejection is the highest at the source and
the drain ends of the channel and decreases significantly with increasing distance. The length
along the contacts at which most of the current is flowing from the metal to the semiconductor

or vice versa is called transfer length Ly and is defined as [72]

LT =V pc/Rsh7 (425)

where p. is the specific contact resistivity and R is the sheet resistance of the semiconductor
layer [72]. Both can be determined by the transfer length method and the resistance of one
contact is defined as [72]

P L)
Rc,stag = LTWch coth (LT . (426)

Here, Wep, is the width of the contact/semiconductor interface and L. is the contact length.
The total resistance, consisting of the drain and the source contact, of a staggered TFT can
also be expressed only by Rs, and Ly when Equation (4.25) is rearranged and inserted into
Equation (4.26) [73]:

RspL
Rc,Stag =2 ;; r coth (

ch

Lot Lm) ) (4.27)

Lt
The parameter L., is an additional length that extends the contact length L., which must be
taken into account in staggered TFT with quite short channel lengths. These exhibit a slight
longer contact length, which is caused by fringing regions that contribute to the charge transfer

at the edge of the overlap region [73].

4.5 Power-Law Mobility Model

In crystalline semiconductors, the electron and hole field-effect mobilities are constant except
for large electric fields [32] [74]. However, in amorphous and organic transistors, a dependency
of the gate voltage on the mobility can be observed [74] [75]. A common empirical power-law

model to describe the mobility dependence with the gate voltage is given by

wpt = ko (Vgs — VTO)B (4.28)



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELLING OF SHORT-CHANNEL EFFECTS IN ORGANIC THIN-FILM TRANSISTORS
Priifer Jakob Markus

4.5 Power-Law Mobility Model 43

Here, ko and 8 are empirical fitting parameter of the model. The power-law mobility model
tpr can be implemented in any arbitrary compact dc model. In case of the charge-based dc
model, the field-effect mobility po must be replaced with pup;.

Unfortunately, if the charge-based dc model with the power-law model computes current-
voltage characteristics for 8 > 0, the observed subthreshold swing and threshold voltage in
the transfer characteristics differ to the model parameters S and Vro (Equation (4.16)). An
increase of 3 leads to a decreased observed subthreshold swing S,,s and an increased observed
threshold voltage. If the compact dc model is applied to fit current-voltage characteristics, the
model parameters S and Vo can compensate the undesired influence of 8 on the observed
subthreshold swing and the observed threshold voltage to obtain a good agreement between the
model and the data. However, the model cannot be applied to determine the threshold voltage
or the subthreshold swing of fabricated transistors by fitting the model to the corresponding
measured current-voltage characteristics.

In [76], a de-coupling between the subthreshold swing and the threshold voltage to the
power-law mobility model is presented. As a result, expressions are derived that link the
observed subthreshold swing and threshold voltage with the parameters in the current model S
and Vro. Those can be used in order to compensate the undesired influence of 5. For this, the

focus was placed on the subthreshold regime, where Equation (4.16) can be reduced to

/ S / Lgs/d LTO
Q — . [k —— 4.2
m,s/d,OF F 1n(10) Cdlel €xXp < S/ln(lO) ( 9)

and the drain-source current in Equation (4.20) to

kT ;n s - '/m
'Q s,orF — Q ,d,OFF>. (4.30)

las,orr = poWen, (
q Lch
If Equation (4.29) is inserted into Equation (4.30) and log,, (las,0rF) is differentiated with
respect to Vs, the subthreshold slope is obtained:

dlog,o (las,orr) _ B+1
Vs TS

(4.31)

The inverse subthreshold slope (subthreshold swing) defines the relation between the observed
subthreshold swing Sops in the current-voltage characteristics and the subthreshold swing S in

the compact dc model:
dVys S

dlog,, (Ias,0FF) - B+1

A similar approach is done to derive a compensation expression for the threshold voltage shift

Sops = (4.32)

caused by the power-law model, which leads to

B
Vi = hf(olbg) In <(/3 + 1)+ (15(“{’5)) ) . (4.33)
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If the power-law mobility model is applied in combination with the charge-based dc model, the

equations for the mobile charge densities Q/m’s ,sq must be modified by

+ 1 So s
Q:’n,s/d = %C&iel 'LW{GXP

Vysya — Vro — Vir pi } (4.34)

(8 + 1)Sops/In(10)

Here, the parameters Sops and Vg correspond to the values that can be extracted from the
current-voltage characteristics. A change of 8 does not result in a change of the subthreshold

swing or threshold voltage any more.

4.6 Trap-related Hysteresis Effect

In the processing of organic thin-film transistors, whether by stencil lithography, roll-to-roll or
inkjet printing, a Gaussian-distributed density-of-states reaching into the HOMO-LUMO energy
gap or additional traps within the gap are almost inevitable. A steady state is difficult to define
in organic TFTs, since most of them exhibit dynamic trap-related effects causing a hysteresis
in the transfer characteristics [55]. Such a hysteresis can be described to a first approximation
as threshold-voltage shift between two transfer curves. However, steady state measurements of
fabricated organic TFTs with a pronounced hysteresis can be obtained by recording several
transfer curves one after the other. The impact of the hysteresis on the transfer characteristics
will be reduced from sweep to sweep. This technique fills the empty traps so that in the second
or third sweep, the hysteresis effect is significantly reduced. However, this technique cannot
guarantee the complete elimination of a hysteresis in all types of organic TFTs and thus, some
measurements of fabricated organic TFTs exhibit a hysteresis effect that is not captured by the
charge-based compact dc model yet.

Hence, the influence of the trap-related hysteresis is accounted by an empirical approach
that was already applied in [77] and [78]. Therefore, the dynamic trapping effects are modelled
as drain-dependent threshold voltage shift:

AVhys - Vds . fhys (435)

Here, frys is a fitting parameter depending on the sweep time during the measurement of the
transfer characteristics and on the filling of the traps at the current operation point. The
empirical model is based on the assumption that the hysteresis effect affects only the threshold
voltage and does not change the general shape of the transfer characteristics. To implement the
hysteresis model into the compact dc model, the threshold voltage Vo must be subtracted by

AVyys depending on whether the power-law mobility model (Section 4.5) is deactivated or not.
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Modelling of Contact Effects

In this chapter, the contact effects summarized in Section 2.3.1 are modelled by analytical
closed-form equations. Therefore, the non-linear current behaviour in the linear regime of
the output characteristics is attributed to the current-limiting impact of the charge-carrier
injection and ejection through the source/semiconductor and semiconductor/drain interfaces,
respectively. The Schottky barriers that are formed at those interfaces are described as diodes.
The model approach in this work focuses on organic TFT comprising undoped semiconductors
operated at room temperature and thus, the current injection and ejection is dominated by

thermionic emission (Section 2.2.3).

5.1 Modelling of the Schottky Barrier at the Source Contact

In this section, the Schottky barrier at the source contact of both a coplanar and staggered
architecture is modelled in an electric circuit consisting of the intrinsic transistor T;,: and the
corresponding Schottky diode in series Dy as shown in Fig. 5.1. Here, D, operates in reverse
OVy

A\
g [ s
o—||-— Ty | Vas
\'*

v
ZS Dy \ Vibss

gs
oV,

Figure 5.1: Equivalent circuit of a total n-type organic TFT with a short channel length
consisting of a not-negligible Schottky barrier at the source contact, and the intrinsic TFT.
©2021, IEEE

mode at which the charge carriers must overcome the barrier from the source contact to the

semiconductor layer. The impact of the Schottky barrier is greatest in the linear regime of

45
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the output characteristics at low drain-source voltages. There, the barrier resistance is larger
then the channel resistance and thus, the drain-source current is limited by the barrier. Its
height is sensitive to the electric field due to the Schottky barrier lowering effect (Section 2.2.3).
An increase of the drain-source voltage follows an increase of the electric field, which in turn
reduces the barrier height and vice versa. The same applies to the gate-source voltage. To
determine the actual barrier height and thus, the current-limiting impact of the barrier on
the drain-source current, this section begins to solve Poisson’s equation in order to derive an
analytical expression for the electric field at the barrier. Subsequently, the current injection is
calculated in terms of thermionic emission. At the end of this section, an equivalent expression
for the field-dependent resistance of the barrier is defined, which can be implemented in any
arbitrary compact dc model that is capable to capture the contact resistance. Otherwise, the

constant resistance model summarized in Section 4.4 can be applied.

5.1.1 Decomposition of Poisson's Equation

To simplify the derivation of the solution of Poisson’s equation, a decomposition strategy is
applied (Section 3.2) that leads to a less complicated Poisson’s equation, which consists of
a two-dimensional solution ¢ of the Laplacian differential equation and an one-dimensional

particular solution @, that describes the space charges within the accumulation channel:

Ad(ay) = =L = Ap(wy) + ABpa(y) (5.1)
with
Ap(ry) =0 and Ay (ay) = ~L2Y), (5.2)

where ¢ is the permittivity within the boundaries of the potential problem, and p(y) is the space
charge distribution perpendicular to the gate electrode. Thus, the influence of the space charges
@4 (y) within the region of inter est and the solution of the Laplacian differential equation
»(z,y) can be determined separately. To keep Poisson’s equation consistent, as described in
Section 3.2, a transformation of the boundary conditions of the Laplacian two-dimensional

solution ¢ must be performed in order to fulfill the criteria of the decomposition strategy:

w(x,y) = P(z,y) — Ppa(y)- (5.3)

In Section 5.1.2, an expression for the distribution of the space charges p(x,y) will be defined,
and the Laplacian differential equation Ap(z,y) = 0 will be solved in Section 5.1.4 for both the

coplanar and staggered architecture, respectively.

5.1.2 Particular Solution of the Space Charges

The decomposition of Poisson’s equation in Section 5.1.1 has led to two differential equations:

the Laplacian differential equation and a particular differential equation. In this section,
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the solution of the particular differential equation A®p,(y) = —p(y)/e is determined, which
describes the influence of the space charges on the electrostatics of the potential problem.
According to Fig. 2.15(a), the impact of the Schottky barriers at the contacts on the current-
voltage characteristics is most pronounced in the linear regime of the output characteristics. The
charge distribution for low Vs of a coplanar TFT with quite large Schottky barrier operated
in the on state (|Vgs > Vr|) is shown in Fig. 5.2. According to Ohm’s law, Vs distributes
over D, and R.; depending on their resistances. Since, the large barrier height leads to a
much larger resistance of D than R.;, the majority of the drain-source voltage drops over
D, and the voltage drop across R is almost zero. Consequently, the charge density in the
accumulation channel from the drain end of the channel up to the barrier at the source end

of the channel is almost homogeneously distributed. Hence, the solution of the particular

VS Fj s Ij _Vd
S D
X G

7
When resistance of the barrier D, >> R,
—> Charge density at Vi = V4

Figure 5.2: Cross section of a simplified coplanar organic TFT at low Vg, values to illustrate
an approximately constant charge density distribution along the gate-dielectric/semiconductor
interface.

differential equation (@,,) depends only on the coordinate y and not z in both the coplanar
and staggered architecture.

If the channel thickness ¢. is assumed to be a few monolayers thick [69] and no space
charges are expected within the gate dielectric, thus, $pq(y) can be reduced to the space charges
within the accumulation channel. Since, the generic compact dc model in Chapter 4 provides
an expression for the charge density at the source and the drain end of the channel (Q), , /s)s

®pq(y) can be defined as

Q;n,d/céliel fory=0
Ppa(y) = § Qrna/cdict * (taier —y)  for 0 <y < taser - (5.4)
0 for y > taie

Here, tgie; is the gate-dielectric thickness, €4:e; is the permittivity of the gate dielectric, and
Cliel = €diel[tdiel 1S the unit-area gate-dielectric capacitance. The space charges in the
accumulation channel along the gate-dielectric/semiconductor interface are modelled as a line
charge and because of the charge-free gate dielectric, the electrostatic potential from the gate

electrode through the dielectric depends linearly on y.
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In Section 5.1.3, the boundary conditions of the potential problem will be defined in which
@4 (y) will be incorporated to fulfil the criteria of the decomposition of Poisson’s equation.

5.1.3 Boundary Conditions

The boundary condition of an electrode, e.g. the source contact, depends on the applied voltage
and the built-in voltage Vj;. In general, V4; defines the voltage of the potential difference across
a junction of two materials at equilibrium condition without an external applied voltage. In case
of a pn-junction, the built-in voltage depends on the doping concentrations of both regions. In
contrast, at metal-semiconductor interfaces, the work function difference between the metal and
the semiconductor determine the built-in voltage as illustrated in the band diagram of Fig. 2.12.
The organic semiconductors that are applied in short-channel TFTs are typically undoped and
thus, under equilibrium conditions the work function of the semiconductor correspond to the
intrinsic Fermi level, which is assumed to be in the center of the HOMO-LUMO energy gap.

Therefore, the built-in potentials at the source and drain contacts are defined as
Eg

where E is the difference between the energy of the LUMO and HOMO of the semiconductor,
and &, /4 is the work function of the source or drain metal, respectively. In case of the gate
electrode, the flat-band voltage is determined by the work function @, 4 of the gate material

in comparison to the band diagram of the semiconductor:

Eg
Vfb = dsm,g — [ LUMO + Z . (56)

Finally, the boundary conditions for the drain, source and gate electrodes can be defined with

Equations (5.5) and (5.6), and the one-dimensional particular solution @,,(y) (Section 5.1.2) as

D =Vs — Vi, (56.7)
D = Vg — Vi, (5.8)
©g = Vg - Vfb - Q;n,d/céliel' (5-9)

The voltage drop Q;md /Cl;e1 is a consequence of the decomposition strategy in Section 5.1.1
and can be considered as a charge layer in the calculation of the potential problem which shields

a part of the gate potential from the barrier.

5.1.4 Electric Field at the Schottky Barrier

After a solution of the one-dimensional particular differential equation has been defined in

Section 5.1.2 and implemented into the boundary conditions in Section 5.1.3, in this section,
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analytical expressions for the electric field at the Schottky barrier of both the coplanar and the
staggered TFT architecture are derived.

In case of the coplanar TFT, a conformal map of the source-sided half of the coplanar TFT is
derived, which links the map with a much simpler geometry in an equivalent coordinate system.
In combination with an adapted potential solution of this simpler geometry, an expression for
the electric field of a coplanar TFT is derived. This map is further used to obtain a solution
of the two-dimensional Laplacian differential equation. Therefore, the coplanar architecture
is simplified to the source-sided half of the TFT (Fig. 5.3) and the drain end is treated here

to be infinitely far away from the origin of coordinates. According to homogeneous Laplace’s

©

1y A z-plane

Source

Dy X

Figure 5.3: Source-sided half of the coplanar TFT architecture and the definition of the
potential problem that is solved with the help of the Schwarz-Christoffel transformation [78].
©2021, IEEE

differential equation (A = 0), the region of interest (hatched area) of the potential problem
has to be homogeneously. However, the permittivities of both the semiconductor and the gate

dielectric are commonly different and thus, to obtain a homogeneous region of interest, the

gate-dielectric thickness t4;.; is scaled:
taiel = tdiel - Esc/Edicl- (5.10)

In this approximation, the electric field lines through the gate dielectric are assumed to be
perpendicular to the gate electrode. This approach can be applied despite certain inaccuracies,
because of a much thinner gate-dielectric thickness t4;; than the channel length L., [79}.
Furthermore, in Fig. 5.3, the source and the gate boundaries are located once between
points 1”7 and 3 and between points 1’ and 2, respectively. Here, point 1 is infinitely far away
from the origin of the coordinate, which leads to a contact thickness ., that is infinitely thick.
However, tq, is actually finite in real coplanar TFTs and thus, the horizontal source/ambient
interface at the top of the contact has a certain electrostatic impact, but this is most pronounced

in the channel region. In this approach, the electric field at the barrier is calculated along
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the source/semiconductor interface (x = 0), where the impact of the contact thickness can
be neglected. The largest current injection density from the source to the semiconductor
layer occurs at y = f4ic;, but with increasing y > fgse; the current injection density decreases.
Here, the inhomogeneous current injection along the source/semiconductor interface makes an
accurate definition of the barrier position impossible. Therefore, a representative barrier position
is introduced (point 4), which can be adjusted by dp that corresponds to the distance between
point 3 (y = fdiel) and point 4 (y = faiet + dp). Finally, the position of the representative
barrier must be fitted with dp along the source/semiconductor interface. Furthermore, the
overlap region between the gate and the source electrodes is neglected in the potential problem,

however, this region affects only the dynamic behaviour of the TFT.

jv A w-plane

v e
ug® -1 1 g U

Figure 5.4: A geometry in which the source and the gate electrodes are located onto the
u-axis with a gap between them, and the region of interest is located above the u-axis [78].
©2021, IEEE

As next, the conformal mapping technique is applied to obtain a mathematical function
linking the geometry in the z-plane (Fig. 5.3) with a simpler geometry in a different coordinate
system in the w-plane (Fig. 5.4). Thereby, the boundary of the potential problem is transformed
from the z-plane (z = = + jy) to the w-plane (w = u + jv) onto the u-axis and the region of
interest is located above the horizontal axis of the w-plane [66]. In case of a conformal map, the
potential solutions of both geometries are linked to each other, which enables to calculate the
potential in the w-plane of a specific point ws and subsequently, determining the corresponding
specific point in the z-plane z; at which the potential is equal as in ws. For the derivation
of this complex map, the locations and changes of the angles of the boundary vertices in the
z-plane are required. In case of Fig. 5.3, the geometry consists of two vertices at point 3 with
a relative angle change of w/2 and point 1 that is infinitely far away from the origin of the
coordinate system and has an angle change of 3w /2. Thus, the general derivative of this specific
potential problem dz/dw can be written according to the Schwarz-Christoffel transformation
(Section 3.4.2) as

dz 1

i —_— 11
dw G w—1 (5 )
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with the constant C:. Here, only one factor appears in Equation (5.11) despite two vertices
along the boundary of the potential problem in the z-plane. However, point 1 is located in
both planes infinitely far away from the origin of the coordinate that leads to a factor of
1 (Section 3.4.2). According to the Schwarz-Christoffel transformation, three points can be
located freely in the w-plane on the u-axis, which correspond to the boundary of the region of
interest. These are chosen to obtain a geometry in the w-plane that is similar to the geometry in
Section 3.5, the potential solution of which is given. The indefinite mapping function z = f(w)

is obtained by integration over w:
z = f(w) =2C1vw — 14 Cy, (5.12)

with the constant Cs, which has to be determined by geometrical relation between both
geometries. To simplify the calculation of C7 and Cs, point 2 and point 3 are located in the
w-plane at w = 1 and w = —1, respectively. Then, Cs is solved by equating the coordinate of

point 2 in the z-plane (z2 = 0) and the indefinite mapping function at w = 1:
22 = 2C1v/1 —1+4 C2 =0 , which leads to C2 = 0. (5.13)

To determine the unknown constant C, the distance between point 2 and point 3 in both

coordinate systems are equated:

zZ2 — 23 = 201\/11)2 —1-— 201\/1U3 -1
—jlagiet = —2C1V/ -2

'Ediel
Ci = . 5.14
W) (5:14)

Finally, the mapping function z = f(w) is obtained that links the region of interest and its

boundaries in the z-plane (Fig. 5.3) to the geometry in the w-plane (Fig. 5.4):

idiel
z= w—1, 5.15
Y LE (515)

and the inverse function w = f~'(z) is

2
¥4

w=1+2 ——. (5.16)
diel

As next, an expression for the electric field at point 4 is derived. Therefore, Laplace’s
equation is solved in the w-plane by adapting the potential solution of the geometry in Section 3.5

(Fig. 3.3). For convenience, the complex potential solution is stated here again:
Dy — P
P(w) = &) — j%acosh (%) . (5.17)

Both geometries consist of two electrodes located at the horizontal axis with gaps between
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them. The origins of the coordinate are located in the center of these gaps. Firstly, the length
of the gaps in both geometries (Fig. 5.4 and Fig. 5.4) are equated, which lead to a = 1. Then,
the boundary conditions of the gate and the source electrodes (4 and ®@;) of the geometry
in Fig. 5.4 can be assigned to @1 and @, in Fig. 3.3, respectively, which lead to the complex
potential solution of the geometry in the w-plane (Fig. 5.4):

by — D
Py =&, + j—2—— cosh™"(w). (5.18)
s

The electric field in the w-plane is obtained by differentiation according to the Gaussian law

(Equation (3.4)):
P, . B, — &,

Tdw T M rvo—ivor1

To obtain the electric field in the z-plane, the absolute value of F,, must be transformed

By = (5.19)

according to the Schwarz-Christoffel transformation (Equation (3.24)) by multiplication with

the absolute reciprocal derivative of the mapping function (Equation (5.11)):

_2V2 B, -
S

dw
E.|=|Ew|l|—|= 2
1Bxl = 1Bul |2 ‘ (5.20)

Here, the absolute electric field in the z-plane can be calculated at a specific point in the
w-plane w = u + jv. To obtain an expression for electric field in the z-plane depending on a

coordinate in the z-plane, the inverse mapping function (Equation (5.16)) is substituted:

|E.| = |- '%‘/5 : Py — . (5.21)

tdiel 22
my/14+2- = 4+1
2.
diel

The position of the representative barrier in the z-plane is defined as

za = j(taier + dB). (5.22)

Finally, Equation (5.22) is inserted into (5.21) and rearranged, which lead to an expression for

the electric field at the Schottky barrier at the source contact in a coplanar TFT:
2 b, — P,

Espcopl = =+ —F————.
e v/ 2dBtaie + d%

In case of the staggered TFT, the Schwarz-Christoffel transformation is not required to solve

(5.23)

Laplace’s equation of the potential problem. Figure 5.5 shows the cross section of the source-side
half of a staggered TFT. Here, the source/semiconductor interface, where the current injection
occurs, is parallel to the gate electrode and region in between correspond to the overlap region.
If the drain contact is neglected, the electric field lines in the overlap region are perpendicular

to both electrodes. Thus, the injection density along the source/semiconductor interface can be
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assumed as homogenous. Therefore, the electrostatic potential in this region is independently

yA

Figure 5.5: Cross section of the source-side half of a staggered organic TFT [78]. ©2021,
IEEE
of  and can be modelled as a parallel-plate capacitor. Finally, electric field over the Schottky

barrier at the source/semiconductor interface is calculated by

b, — D,

—_—. 5.24
tsc + tdiel ( )

Esb,stag -

Ultimately, Esp copt and Egp stag enable to calculate the lowering of the Schottky barrier
height at the source contact in a coplanar and a staggered TFT, respectively, due to image
charges (Schottky barrier lowering effect). In Section 5.1.5, Esp copt and Esp, stag Will be applied

to calculate the thermionic current injection over the Schottky barrier.

5.1.5 Current Calculation and Model Implementation

The approach in this chapter (Fig. 5.1) models the Schottky barrier and the intrinsic TFT as
separated elements in an electrical circuit in series. Here, the Schottky diode is operated in

reverse direction and its current equation is given by

Isb,s - 7Is,s : (eXP <_g;:;—lj,s) - 1>7 (525)

where Vg s is the voltage drop across the barrier, 6 is the non-ideality factor of the diode, and
I s is the reverse bias saturation current. The reverse-bias saturation current or thermionic
emission current I s, respectively, is given by

(5.26)

Lo = WenLing A"T® exp (“I(%OMB)> .

nkT

Here, 7 is the non-ideality factor of the thermionic emission current and A* = 120 A/(cm?K?)
is the effective Richardson constant. In case of a staggered architecture, the injection length
Lin; is equal to the characteristic transfer length Lt [80] (Equation (4.25)), and for a coplanar

architecture, Li,; corresponds to the accumulation-channel thickness t.,. The parameter ®po
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is the initial energetic barrier at the source/semiconductor interface, which is defined by the
mismatch of the metal work function of the source material ®,, s and the HOMO or LUMO
level for a p-type or n-type transistor, respectively:

n-type: ®po = ®,, — LUMO, (5.27)
p-type: @0 = ., — HOMO. (5.28)

The corresponding lowering of the barrier height A¢p due to image charges (Fig. 2.13) is

qub,stch/copl
App = | ———— 2
b8 =1/ e (5.29)

with the permittivity of the semiconductor £s. and the electric field over the barrier Esp, which

calculated by

is derived separately for the coplanar and the staggered architecture in Section 5.1.4.

As discussed in Section 5.1.2, the impact of the Schottky barrier is most pronounced in the
linear regime of the output characteristics, where the drain-source current of the transistor is
dominated by the barrier height. If the transistor is operated at low drain-source voltages, the
actual barrier height is still large and the majority of the drain-source voltage Vus drops across
the barrier through which the drain-source current is not controlled by the channel resistance.
Thus, the voltage drop across the barrier in the linear regime of the output characteristics is
modelled approximately by Vip,s = Vgs. With increasing |Vys| the barrier height is lowered and
hence, the current injection increases. Here, Vys drops partially along the channel until the
saturation regime is reached (|Vas| > |Vys — Vir|). If the transistor is operated in the saturation
regime, the voltage drop across the barrier and the accumulation channel saturates to Vys — Vr
and the parenthesised term in Equation (5.25) converges to 1. Here, the channel resistance
gains more influence on the current behaviour and thus, the gate potential begins to control the
drain-source current. A further increase of the drain-source voltage Vys larger than Vg, — Vi
does not drop across the barrier or the channel, but drops between the drain contact and the
pinch-off point, where the channel begins. Therefore, Vi s can be equated in the saturation
regime to the saturation voltage Vys — V. For this, the charge-based current model provides a

one-piece expression valid in the linear and saturation regime:

Q/m,s - Q{m,d

Vsb,s = C’
diel

(5.30)
In the linear regime of the output characteristics, this expression follows the voltage Vys and
saturates to Vg, — V7 as soon as Vs reaches this value. Finally, an equivalent and non-linear
bias-dependent resistance for the Schottky barrier at the source/semiconductor interface can

be defined:
Vvsb,s

(=)

Rap,s = (5.31)
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The compact dc model in Chapter 4 applies the constant contact resistance model in
Section 4.4. The non-linear field-dependent resistance R, s is implemented in series to the

constant resistance R. and then, R, is replaced in Equation (4.24) by

Rc,totu,l =R.+ Rsb,s- (532)

5.2 Modelling of the Schottky Barrier at the Drain Contact

In this section, a compact-modelling scheme based on the current-voltage characteristics of a
barrier-less TFT is derived to define an expression for the voltage drop across the Schottky
barrier at the drain contact. In contrast to the source contact, the Schottky diode is operated

in forward direction as illustrated in Fig. 5.6.

OVq
Ids
SZ Dy \ Vibd
\Y
g = ,
o—||~ Tine | Vos
\'*
Vg
OV,

Figure 5.6: Equivalent circuits of a total n-type organic TFT with a short channel length
consisting of an not-negligible Schottky barrier at the drain contact, and the intrinsic TFT.
©2021, IEEE

Thus, the charge carriers are ejected through the semiconductor/drain interface. The current

ejection through the Schottky diode at the drain contact can be expressed by thermionic emission

(Section 2.2.3) as
Isp,a=1Is,a- (eXp (%;;:;’ﬁ) - 1) (5.33)

with the reverse bias saturation current I 4:

* @
Is.qa = WenLin A T2 exp (— an?()) . (5.34)

Here, the Schottky barrier lowering effect due to image charges is not relevant and thus, the
I, q is constant in all operation regimes. The values of the parameters L;y;, Wep, 6 and n are
equal with regard to the source-barrier Equations (5.25) and (5.26). This is caused by the
symmetrical layout of the TFT structures with respect to a cutline in the center of the channel.

Figure 5.6 shows the modelling approach in the form of an electrical circuit, where the
Schottky diode at the drain contact is operated in series with the intrinsic organic TFT. The

drain diode does not affect the inner gate-source voltage V;, of the intrinsic transistor and
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thus, Vs = Vgs. However, the inner drain-source voltage Vy, is reduced by the voltage drop
across the drain diode Vg, 4. In a generic forward-biased diode, the current is limited below
the forward voltage Vp significantly. A change of the voltage drop across the diode does not
notably increase the diode current. However, when the diode voltage is larger than Vr, the
current increases exponentially. If the diode is applied in a circuit with a series resistance, a
further increase of the supply voltage does not lead to an increase of the voltage drop across the
diode, but over the series resistance. In such a case, the diode voltage saturates. If we transfer
these thoughts about the characteristics of a diode to the modelling approach of the Schottky
diode at the drain contact of an organic TFT, the influence of the drain barrier can be as well
separated into two regimes: below and above VF. Since the voltage drop across the drain diode
depends only on the drain-source voltage Vs, we can distinguish between two cases: Vgs < Vg
and Vgs > Vr. In the first case (Vas < Vr), the drain barrier limits the current, however, in
the second case (Vs > Vp), the current-limiting effect disappear exponentially at a certain

drain-source voltage.

20
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Figure 5.7: Output and transfer characteristics of TCAD simulations of organic staggered
TFTs with barrier heights at the drain contact of 5 = 0V, &5 = 0.39V and &5 = 0.59V.
©2021, IEEE
Figure 5.7 shows the transfer characteristics of TCAD simulations of staggered organic
TFTs with barrier heights of 0V, 0.39V and 0.59V, which show in the off state an equal
subthreshold swing and threshold voltage for each organic TFT. Thus, the impact of the drain

barrier can be reduced to the above-threshold regime. There, the curves at Vs = —3V lie on
top of each other, but for a quite low drain-source voltage of V45 = —0.1V the current differs
significantly.

A better impression can be obtained in the output characteristics (Figure 5.8), where the

impact of the drain barrier can seen clearly in the linear regime. The drain-source current of
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Figure 5.8: Output and transfer characteristics of TCAD simulations of organic staggered
TFTs with barrier heights at the drain contact of 5 =0V, &5 =0.39V and &5 = 0.59V [78].
©2021, IEEE

each organic TFT is equal at Vgs = —4V for the output curves at Vygs = —2.1V and Vg3 = —3 V.
In this operation regime, Vs is much greater than the forward voltage of the diode Vr which
results in a saturated voltage drop across the barrier (Vip,q). Thus, in the saturation regime,
the current of a barrier-less TFT Igs ., can be used to calculate the voltage drop across the

drain barrier. Therefore, the diode Equation (5.33) is equated to Igs,pi:

VS‘ sa
Taspr = Isa - (eXp (qel};dT't,) - 1). (5.35)

which can be rearranged to

I
Vibaar = O°L 1y < 2y 1>. (5.36)
q Is,d

Here, 45,11 is calculated by the compact dc model at Vgs =5 - (Vys — V) to assure that the
transistor is operated in the deep saturation regime. In Fig. 5.8, it seems that Vi, 4 saturates to
Visb,d,5a¢ at the equal drain-source voltage Vg, as the drain-source current I;,. However, Vi 4
saturates at much larger Vys. Therefore, a saturation condition Vs v, ,—sat is introduced that

defines at which drain-source voltage V4 saturates to Vsp, a,sat:
Vds,Vsbdfsat = Wsat * (‘/g.s - VT)7 (537)

with an additional empirical parameter wsqt. In case of the compact dc model in Chapter 4,

the saturation condition of the drain-source current Vys sat = Vgs — Vr can be as well expressed
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by the charge densities (Equation (4.17)):

Q/
Vys — Vr = :n’s. (5.38)
Cdiel
If Vs is zero, consequently Vip g and I4s are also zero. To cover all positive meaningful
values for Vs, an expression for Vi 4 in the regime between Vs =0V and Vas = Vas, v, —sat

is required. Here, the voltage drop across the barrier is modelled as linear function of Vys:

!
Vib,d,sat v Visb,d,sat * Caier
= Vds

Wsat * (vas - VT) Wsat * Q'lm,s (539)

Visb,d,tin = Vas

Although this approach is strongly simplified, however, the major impact of the drain barrier
is to shift the output curves along the Vys-axis, which is achieved sufficiently by a linear
function of Vys. Despite of the mutual influence of both the source and the drain barrier in
the linear regime, the source barrier dominates the non-linear current-limiting effect. Thus,
certain inaccuracies of the drain-barrier model in the linear regime can be accepted. Further, an
organic TFT with a drain barrier, but no source barrier, is highly unlikely due to the symmetric
TFT architecture that leads to similar barriers during the processing.

Finally, the voltage drop across the drain barrier (Vg 4) with respect to the drain-source

voltage Vgs can be defined for all meaningful values as

0 for Vgs =0
Vsb d satCél' 1 wSatQ;'n s
Vg ————2= for0< Vygs < ———=
Veb,a = V' Wsat Qs ds /Clliiel (5.40)
Wsat R
Vsb,d,sat for Vds > C,ims
diel

To avoid numerical problems and discontinuities, especially in case of a derivative of I4s with
regard to Vs or Vg, respectively, a smoothing function as in [81] is applied. Thus, Ve, 4 can

be given in an analytical closed-form by

‘/sb,d :C(l — %ln (A(l + eXp(l - g))) )7 (541)

_ Vibdsar
Wsat * Q/m,s/c(,ﬁel ’
B =In(1+exp(A)), C = Vi,dsat-

$:Vds' A:5,

Here, parameter A adjusts the shape of the transition and has values ranging between 5 and
10. The parameter C defines the voltage at which the smoothing function saturates and
x is the mathematical function below the saturation point, which corresponds to Vsp d,1in
(Equation (5.39)).

Ultimately, Vi 4 can be implemented into the bias conditions of any arbitrary compact dc
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model by replacing Vg with
Vds,new = Vas — Vsb,d~

(5.42)
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CHAPTER 6

Modelling of Short Channel Effects

In this chapter, analytical physics-based equations are derived in closed form, which describe
the following short-channel effects in staggered and coplanar TFTs: the subthreshold swing
degradation (Section 2.3.4), the threshold voltage roll-off effect (Section 2.3.2), and the DIBL
effect (Section 2.3.3). In the first section, the geometries of the coplanar and the staggered
architectures are simplified in order to achieve problems, which describe the real structures
sufficiently and are solvable at the same time (Section 6.1). Therefore, in both the coplanar
and the staggered architecture, the axis of symmetry in the centre of the channel is utilized
to decompose the boundary conditions of the original potential problem into two separated
problems: the even and the odd mode. In both modes, the condition along the axis of symmetry
is defined electrostatically. This enables to reduce the potential problem to one half of the TFT,
which is sufficient to obtain a solution for the entire region of interest of the TFT. For both
structures, the source-side half of the TFT is mapped by the Schwarz-Christoffel transformation
to a simpler geometry in an equivalent coordinate system (similar as in Chapter 5). Subsequently,
an existing potential solution of a similar potential problem in the simpler geometry is modified
in order to obtain potential solutions for each mode of both the coplanar and the staggered
structure. Finally, the general relations between the electrostatic potential in a transistor
and the short-channel effects are used to derive model equations for the short-channel effects
(Section 6.5). In Section 6.6, the most leaky path of the current through the semiconductor is
investigated in both structures in order to make the physical relation of the fitting parameters of
each model more comprehensible. The last section deals with the implementation of the model
equations into the generic long-channel dc model in Chapter 4, which can also be implemented

into any arbitrary compact dc model.

6.1 Definition and Simplification of the Potential Problems

In this section, the real coplanar and staggered structures (Fig. 6.1(a) and Fig. 6.2(a)) are

simplified to obtain solvable problems, which describe the electrostatic behaviour of the real

61
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geometries sufficiently. Figure 6.1(a) shows a cross section of a staggered TFT, which illustrates

the layer morphology in a real TFT.

Organic Semiconductor smnn 2 | | 4 tﬁa.
L X Py Organic Semiconductor G
) \ v o w ol DRielectric Ldigl
g q)g
Substrate: Flexible PEN Dielectric | l‘L—Ch'l
(a) Real staggered TFT (b) Simplified staggered TFT

Figure 6.1: Cross sections, which illustrate (a) the morphology of a real staggered TFT and
(b) the simplified geometry of a staggered TFT. The polygon (red lines) corresponds to the
boundary of the potential problem that encloses the region of interest.

In contrast, Fig. 6.1(b) shows the simplified staggered geometry. Here, the lateral edges of
each layer are assumed to be infinitely far away from the centre of the TFT. Furthermore, the
slanted edges of the source and the drain contacts are assumed to be vertical. The polygon
(red lines) corresponds to the boundary of the region of interest, which consists of the gate
dielectric and the semiconductor region. The dotted red lines indicate the boundaries that are
extended infinitely far away from the origin of coordinate system. This simplification leads to
an increase of the overlap region between the source/drain electrodes and the gate electrode.
However, the influence of this region can be reduced mostly to the dynamic behaviour of the
transistor and can be neglected for the electrostatics with regard to the short-channel effects.
The same applies to the region, where the source and the drain contacts are opposed to each
other. Finally, the potential problem defined for the staggered geometry as shown in Fig. 6.1(b)

is less complicated and leads to a solvable problem.

Organic Semiconductor . -
N p 10rganic
o, Qg LML @s [Semiconductor Pa | le
> \ v v e o Rielectric Laiel
g \ o,
Substrate: Flexible PEN Dielectric| ! Lo !
(a) Closed-domain problem. (b) Simplified boundaries.

Figure 6.2: Cross sections, which illustrate (a) the morphology of a real coplanar TFT and
(b) the simplified geometry of a coplanar TFT. The polygon (red lines) corresponds to the
boundary of the potential problem that encloses the region of interest.

In case of the coplanar TFT, a similar simplification is performed in Fig. 6.2. Figure 6.2(a)
shows a cross section of a real coplanar TFT, where the organic semiconductor layer is deposited
on top of the source and the drain contacts. Thus, the horizontal source/semiconductor and

drain/semiconductor interfaces have a certain electrostatic influence on the channel region in

the form of electric field lines. These are disregarded in the simplified geometry (Fig. 6.2(b)) in
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which the boundaries along the vertical edges of both contacts are infinitely long.
The boundaries connected to the gate, source, and drain electrodes in both potential

problems are defined as:

b, =V, — Vi, (6.1)
By = Vy— Vi, (6.2)
By =V, — Vpp. (6.3)

The corresponding built-in voltage V;; and flatband voltage Vi, are composed as follows:

Eg
Vi:dsms - sc a5 ] 6.4
b sd (X + Qq) (6.4)
By
Vis = @y o — [ xoe + =2 1. 6.5
b 9 (X + 2q> (6.5)

Despite the simplifications of the potential problems for the staggered and the coplanar
TFTs, they are still quite complicated. However, the symmetrical layout of both geometries
along a cutline in the centre of the channel (Fig. 6.3 and Fig. 6.4) enables to apply a specific
decomposition strategy, which separates the original potential problem into two separated
problems: the even and the odd mode. These differ from the original potential problem only
by their boundary conditions, but the geometries are identical. According to the principle of
superposition, which is valid for the Laplacian equation, the sum of both modes must lead to
the original potential problem. In this specific strategy, the boundary conditions of both modes
depend on the boundary conditions of the original potential problem (Equations (6.1), (6.2)
and (6.3)), These are given for the even mode by

b0 = @7 (6.6)
Bg. = M7 (6.7)

2
Dg.e =Py, (6.8)

and the odd mode by

st,o = @7 (69)
By, = TP (6.10)

2
Pg.0 = 0. (6.11)

The decomposed original problems of the staggered and the coplanar structures into two modes
are shown in Figure 6.3 and Fig. 6.4, respectively. In order to obtain solutions of the original

potential problems, the modes of each structure must be solved and superposed.
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(I)s,e = ,

_ 2+
(pde_ 2 4

q)d,o = (I)qu)d

Axis of symmetry  Axis of symmetry

/ @=0V) / E=0)
T,y =10 P
(a) Odd mode. (b) Even mode.

Figure 6.3: Decomposed (a) odd mode and (b) even mode of the original potential problem
of a staggered TFT. The electrostatic condition along the axis of symmetry is defined in (a) as

Dirichlet (0V) and in (b) as Neumann boundary (Ey, = 0).

In the odd mode, the axis of symmetry has a defined potential of 0V (Dirichlet boundary)
for all regimes of operation. In contrast, in the even mode, the equal potentials at the source
and the drain contacts lead to a defined normal vector of the electric field En = 0 (Neumann
boundary) along the axis of symmetry. These electrostatic conditions in both modes enable to
solve only one half of each mode, e.g. the hatched region, which are much easier problems to
solve. Finally, if a solution of one half of the coplanar or the staggered TFT is derived, the
respective other half of the TFT is obtained by mirroring the coordinate system and replacing

the boundary conditions of the source (®s,, or @s,) and the drain (P4, or Pgq.) contacts.

i AD=0V Pf/JEFO
[
B, = tes I‘I’d=o = et g = 2ty f@,, = 2ofPa
®,,=0 Dy =9,
(a) Odd mode. (b) Even mode.

Figure 6.4: (a) odd mode and (b) even mode of a coplanar TFT, which superposed lead
to the original potential problem. The electrostatic condition along the axis of symmetry is

defined in (a) as Dirichlet (0V) and in (b) as Neumann boundary (Ey, = 0).

According to Section 2.3, the short-channel effects can be observed in the subthreshold
regime of the output characteristics and thus, in an operation regime in which no accumulation
channel exists. Therefore, the space charges within the region of interest can be neglected
and hence, only Laplace’s equation must be solved. In order to fulfil the criteria of Laplace’s
equation and obtain a homogenous region of interest, the thickness of the gate dielectric is

stretched in the same way as in Equation (5.10):
tdiet = tdiel - Esc/Ediel- (6.12)

In Section 6.2, conformal maps of the source-side half of the coplanar and the staggered

TFTs will be derived by applying the Schwarz-Christoffel transformation. These complex
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mapping functions will be used in Section 6.3 to adapt an existing potential solution of a similar
geometry to obtain potential solutions of the source-side half of both structures.
6.2 Conformal Mapping Functions

In this section, the Schwarz-Christoffel transformation (Section 3.4.2) is applied to obtain
complex mapping functions, which link the geometry of the source-side half of the coplanar or
staggered TF'T, respectively, to a different and simpler geometry in which the corresponding

boundary is located on the horizontal axis and the region of interest is located above this axis.
® B
@___Source
@

&1 . : i 5
@ Gate = "X -1 1 p u

(a) zstag-plane. (b) wstag-plane.

Figure 6.5: (a) Source-side half of a staggered TFT in the zs¢qg-plane and (b) a simpler
geometry in the wstqg-plane. Both geometries are related to each other by a mapping function
Zstag = f[(Wstag) OF Wstag = f~(2stag), respectively [77]. ©2021, IEEE
In case of the staggered structure, Fig. 6.5 shows in (a), the source-side half of the staggered
TFT in the zstag-plane, and in (b), the simpler geometry in the wstqg-plane. Table 6.1
summarizes the angle changes and locations of the relevant vertices (a = 1,2, 3,...) along the

boundary in the zstag-plane and the corresponding coordinates in the ws¢qg-plane. Here, point

Table 6.1: Mapping table of all polygon vertices of the staggered structure in Fig. 6.5(a).

P2 P3 P4

. Lch N .

Zstag,i 0 07, - + (tdiet +tsc)d

Lch .
a; 1/2 1 —1/2
Wstag,i -1 1 4

2 is locate in the wstag-plane at wsiag = —1, and point 3’ and 3” collapse into a single point in
the wstag-plane at wstag = 1. In contrast, 1’ and 1”7 correspond to wstag = 00 and wstag = —00,

respectively. In case of point 1, the vertex is located in the zstag-plane and the wsiag-plane
infinitely far away from the origin of coordinate system and thus, it can be neglected.
The indefinite derivative of the mapping function is obtained by applying the values in

Tab. 6.1 according to the Schwarz-Christoffel transformation into the generic transformation
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equation (3.26):

dz Vw —-p
S T (w—w) " = Chtag . (6.13)
dwstag v Wstag + 1(wstag - 1)

(@)

The parameter p defines the location of point 4 in the wstag-plane (Fig. 6.5(b)) and C1 steg is a
scale and rotation factor of the mapping function. In order to obtain the mapping function
Zstag = f(Wstag) between both geometries in Fig. 6.5, Equation (6.13) is multiplied with dwstag

and then integrated over wsiag, which leads to
P—Wsta : —1 [ A/ Wstagt+1
V=P — 1\/¥ - sinh (ﬁ)
VWstag — P

V 1 - p\/ Wsta + 1
~C1,stag\/2 — 2p - tanh ™! e + Cb. (6.14)
\/5\/ Wstag — P

Zstag = f(wstag) - 2cl,stag

Here, C5 is the constant of integration, which can be determined by solving Equation (6.14) at

point 2 (zstag,2 = f(—1) = 0), which results in
Cy = 0. (6.15)

Since the point 1 in Fig. 6.5 is infinitely far away from the origin of the coordinate system in

both planes, the first unknown constant C stag can be determined by Equation (3.29) [66]:

fdiel + tse

- (6.16)

” ’ .
Zstag,1 — Rstag,1 — ]ﬂ_Cl,stag leads to Cl,stag = -

The parameter p can be determined by applying Equation (3.28) and point 3, which is infinitely
far away from the origin of the coordinate system in the z-plane, and fulfils thus the criteria to
apply this equation. Hence, the distance between 244,43 and 254, 3 can be calculated with the

values from Tab. 6.1:

" / _ : 72 —7Y4
Zstag,3 — Zstag,3 — —j7C1, stag(Wstag,3 — Wstag,2) (Wstag,3 — Wstag,4)

—Len/2 = —j7C1 stag(1+1)72(1 = p)*/2. (6.17)
Then, Equation (6.16) is inserted into Equation (6.17), and rearranged and solved for p:

L3, . ( Len€aiet >2 ©.18)
27r2012,stag \/i(tdielgsc + tscsdiel)

Finally, C1,stag, C2 and p have been determined and the mapping function zstag = f(Wstag)

p=1+

(Equation (6.13)) is solved completely for the source-side half of the staggered TFT.
Figure 6.6 shows the source-side half of the coplanar TFT in the zcopi-plane and the

corresponding simpler geometry in the weopi-plane, which are linked by the mapping function
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Lo O

0 :
@___Sour;>* _]y
@ 9 @ + ¥ <4 i)
Gate X -1 1 90p
(a) zcopi-plane. (b) weopi-plane.

Figure 6.6: (a) The source-side half of a coplanar TFT in the z.op;-plane, which is mapped
by the Schwarz-Christoffel transformation into (b) a simpler geometry in the w¢,p;-plane. The
conformal complex map Zcop; = f(Weopi) links both geometries.

Zeopt = [(wWeopt). The shape of the boundary polygon is quite similar as in Fig. 6.5(a). However,
the location of point 4 differs, which is at zcopi,a = —Len/2 + jfdiel. The vertices along the
boundary of the region of interest in the zcopi-plane and their angle changes as well as locations
are summarized in Tab. 6.2. Here, point 5 can be neglected because of its angle change of 27

in the zcopi-plane, which leads to a factor in the mapping function that tends to 1.

Table 6.2: Mapping table of all polygon vertices of the coplanar structure in Fig. 6.6(a).

P2 P3 P4
. Lch . .
Zcopl,i 0 7, 77"’ (tdiel)]
Lch
— =+ o0
Yi 1/2 1 —1/2
Weopl,i -1 1 P

Since the angle changes of the relevant vertices along the boundary in the zcopi-plane and
the zstag-plane are equal, the indefinite derivatives of the mapping functions are equal. Hence,

the mapping function of the source-side half of the coplanar TFT is given by:

1 V—p—-1
VWeopl — P
—1 Vlfp\/wcopl‘i’l
Cl,copl\/2—2p-tanh \/5\/7
wcopl —p

—W, . _ Weo 1
VP — Ty/Peert - sinh 1<7VP1+)

Zcopl = f(wcopl) =2 Cl,copl

(6.19)

Here, the parameter C> = 0 is not mentioned and p is given by (6.18). In contrast, the ratio

and scaling factor C1 copi is obtained by determining the distance between 1” and 1’:

tdiel

" / .
Zcopl,l - Zcopl,l = jﬂ'cl,copl leads to Cl,copl = — (620)
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Unfortunately, the inverse mapping functions weopr = fﬁl(zcopl) and Wstag = ffl(zstag) are
analytically not solvable. Thus, the location of point 5 in the weopi-plane (Weopt = ¢ = f(Zcopt,5))
can not be determined, but it will be required in Section 6.3. There, an existing potential
solution (Section 3.5) will be adapted to the conformal maps of both structures and thereby,

the corresponding value range of each boundary condition is of utmost importance.

6.3 Adapting a Potential Solution

In this section, the potential solution of the geometry in Fig. 3.3 is adapted to obtain potential
solutions of each mode of the source-side half for both the coplanar and the staggered structures.

For convenience, the potential solution is stated here again:

Macosh (E) . (6.21)
™

P(w) =&, —j "

The geometry of both modes are identical to the original potential problem, however, their
boundary conditions differ in each problem. This applies for the simplification of both the

coplanar and the staggered TFT. Table 6.3 summarizes the coordinates at which the source

Table 6.3: Value ranges of the gate and the source electrodes along the boundary of each
mode of each potential problem.

gate electrode source electrode
begin end begin end
staggered, odd-mode 1" (Wstag = —00) 3" (Wstag = 1) 4 (Weopt = p) 1" (Weopt = 00)
staggered, even-mode 1" (Wstag = —00) 2 (Wstag = —1) 4 (Weopt = D) 1" (Weopt = 00)
coplanar, odd-mode 1" (Weopt = —00) 3" (Weopt = 1) 5 (Weopt = q) 1" (Weopt = 00)
coplanar, even-mode 1" (Weopr = —00) 2 (Weopr = —1) 5 (Weopt = q) 1" (Weopr = 0)

and the gate electrodes begin and end for both modes (Fig. 6.3 and 6.4) and both structures
(Fig. 6.5 and 6.6) according to the corresponding mapping functions. Here, in case of the
odd mode, the gate electrode (P4, = 0V) and the condition along the axis of symmetry
(Pasym = 0V) are equal and thus, the gate electrode is extended with the value range of the
axis of symmetry. In contrast, in the even mode, the normal vector of the electric field along
the axis of symmetry is E, =0 and hence, the gate electrode ends at point 2 in the centre of
the channel in the case of the side-side half of the TFT.

The simpler geometry in Fig. 3.3 consists of two electrodes (@1 and @2), which are located
on the horizontal axis with a gap of 2a between them. In each mode of both structures, the
source and the gate electrodes correspond to the electrodes 1 (91) and 2 (P2), respectively. The
coefficient a is determined for each mode by the distance between the gate-electrode end and
the source-electrode begin in the corresponding w-plane. Then, the origin of the coordinate
system must be shifted along the u-axis to locate the origin in the centre of the gap. Therefore,

the coordinate w is replaced in Equation (6.21) by w + wsp, and wsp, is utilized to shift the
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origin.
Thus, the following expressions for ws;, and a can be defined to adapt the potential solution
in Equation (6.21) to the odd and the even mode of the staggered TFT:
p—1 p—1
Wsh,stag,o = 1+ Q& Qstago = T35 (622)
2 2
p—1 p+1

Wsh,stag,e = T, Astag,e = T (623)
Eventually, the potential solutions of both modes of the staggered structure are calculated,
which lead to:

Pstag,o(Wstag) = Ps,0 Jrj%acosh (2wsmg+p+1) 7 (6.24)
us p—1
45 - @S e 2'1,03 a + - 1
Pstag,e(wstag) =&, — ]%acosh (tpg_’_1p> . (6.25)

In case of the coplanar TFT, the respective expressions of ws, and a of both modes are
given by:
q—1 g—1
Wsh,copl,o = 1+ Ty Qcopl,o = T, (626)
q—1 q+1
Wsh,copl,e = T, Qcopl,e = T (627)

Finally, the potential solutions of both modes of the coplanar structure can be calculated:

‘QS o 2wCO + + 1
Pcopl,o(wcopl) = ¢s,o + J 71_7 acosh (;}l_f}) ’ (628)

(6.29)

b, — D 2 ~1
Propt.e(Weopt) = P — j%acosh (W) .

qg+1

Unfortunately, an expression of the location of point 5 in the w-plane (¢) is missing
(Section 6.2). The corresponding coordinate in the zcopi-plane of point 5 is at zeopi,s =
—% + jlgiet + teo, which depends on the contact thickness t.,. In real TFTs, t., can assume
values between 0 < t., < 0o, which corresponds to the value range between point 4 and point 3
along the boundary. The corresponding range of values in the w-plane is 1 < weopr < p. Hence,

with the help of a fitting parameter ¢., an empirical approach for ¢ can be defined:
q=p—qeo(p—1). (6.30)

Here, qco is limited to values between 0 (tco = 0) and 1 (tco = 00). This approach is not
accompanied with an imprecision of the final potential solution. In fact, if the inverse mapping

function for the coplanar structure was solved, the contact thickness would have to be used as a
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fitting parameter anyway in order to compensate the simplified boundaries of the contacts. As
a probe, the actual contact thickness tc, in the zcopi-plane depending on ¢c, can be determined
numerically using the mapping function (Equation (6.19)).

Finally, the potential solutions of Laplace’s equation of the source-side half of the staggered

and the coplanar TFTs in the w-plane are obtained by superposing both corresponding modes:

Pcopl (wcopl) - Pcopl,o(wcopl) + Pcopl,e(wcopl)y (631)
Pstag (wstag) = Pstag,o(wstag) + Pstag,e(wstag)- (632)

The drain-side half of each TFT can be calculated by mirroring the coordinate system on
the y-axis and replacing the boundary conditions of the source electrode @5 . and @5, by the
boundary conditions of the drain electrode @4 . and @4, respectively.

In Section 6.4, the potential solutions of both geometries in the w-plane will be applied to

obtain the surface potentials in the corresponding z-plane.

6.4 Surface Potential

The term surface potential with regard to field-effect transistors is referred to the potential
function at the gate-dielectric/semiconductor interface at which an inverse or accumulation
channel emerges, if the transistor is operated in the on state. The derived potential solutions
of the coplanar and the staggered TFTs in Section 6.3 are only valid for the corresponding
w-plane. To obtain surface potentials in the z-plane, an inverse mapping function is required,
which is unfortunately impossible to derive. However, the electric field along the gate electrode
in the z-plane can also be calculated by the solutions in the w-plane. If the potential profile
across the gate dielectric perpendicular to the gate electrode is assumed as a linear function,
the voltage drop between the gate electrode and the gate-dielectric/semiconductor interface can
be calculated utilizing the electric field at the gate electrode. This assumption is valid for TFTs
in which the gate-dielectric thickness is relatively thin compared to other device dimensions.
Since the boundary condition at the gate electrode is given, hence, the surface potential can
be determined by subtracting the voltage drop across the gate dielectric from the boundary
condition at the gate electrode.

According to the Gaussian law (Equation (3.4)), the electric field can be obtained by
differentiation of the potential solution. In case of the source-side half of the staggered TFT,
the potential solutions of the odd mode and the even mode in the wsiqg-plane (Equations (6.24)
and (6.25)) are differentiated:

g APasso _J ~ oo (6.33)
stag,w,o dwstag T \/wstag — 1\/wsmg —pP
dP, ; b, — dis,e
Estagw,e = — stag,e __J g (6.34)

dwstag N ; \/wstag + 1\/wstag - P
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The electric field in the weopi-plane of the source-side half of the coplanar TFT is obtained by
differentiation of Equations (6.28) and (6.29):

jo _ _chopl,o _ l - @S’o (635)
cophwo dWeopt T/ Weopl — 1/ Weopl — q

Ecopl w,e — 7dPCopl,e = l ¢9 _ @576 (636)
Y dwcopl T \/wcopl + 1\/wcopl —q

The absolute electric field vector in the z-plane and the w-plane are linked to each other according
to Equation (3.24) by a factor of the absolute reciprocal of the mapping function (6.13), which

is calculated for both the coplanar and the staggered structure by:

Y Weopl/stag + 1(wcapl/stag - 1) (6 37)
Cl,copl/stag\/ Weopl/stag — P

In order to obtain the perpendicular electric field at the gate electrode, the imaginary part

’ dwcopl/stag

dz

of the electric field of each mode in the corresponding w-plane is transformed according to
Equation (3.24), which leads to the following expressions for the electric field of the odd and

the even mode in the zgtq4-plane of the source-side half of the staggered TFT:

Wstag — 1 Wsta + 1
Estag,z,o = | — ¢s,o = ( ? )W 5 (638)
(tdiel + tsc)(wstag - p)\/ Wstag — 1
E (By — Pue) Wetag — 1 (6.39)
stagse = J oe (fdiel + tsc)(wstag - p) ’ '
and the source-side half of the coplanar TFT in the zcopi-plane:
\/wcol+1wcol—1
Ecopl,z,o = |- Qs,a = - ( ’ ) 5 (640)
tdiel \/wcopl - 1\/wcopl - p\/wcopl —q
Weopl — 1
Ecopl,z,e = (ng - és,e) = . (641)
taiel \/wcopl - p\/wcopl —q

For the calculation, the parameter C is inserted into Equation (6.37).

The total electric fields in the z.op/stag-planes for the coplanar and the staggered TFTs are
obtained by superposing the electric field of both modes. Finally, the surface potentials can be
calculated when the boundary condition at the gate electrode @, is subtracted by the voltage

drop across the gate dielectric:

¢5urf,stag = ¢g - (Estag,z,e + Estag,z,o) dpoia (642)
dssurf,copl = dsg - (Ecopl,z,e + Ecopl,z,o) dpoi~ (643)



UNIVERSITAT ROVIRA I VIRGILI
COMPACT DC MODELLING OF SHORT-CHANNEL EFFECTS IN ORGANIC THIN-FILM TRANSISTORS
Priifer Jakob Markus

72 6 Modelling of Short Channel Effects

Here, the voltage drop across the gate dielectric is calculated by a multiplication of the
corresponding total electric field and a fitting parameter dpo;, which defines the distance between
the gate electrode and the point of interest at which the potential is calculated perpendicular
to the gate electrode. To obtain the surface potential at the gate-dielectric/semiconductor
interface, dpo; corresponds to the gate-dielectric thickness taier. The values for Weopl O Wstag,
respectively, that are located along the gate boundary are at v = 0 and in the range of
—oo<u< —1.

The surface potentials derived in this section will be applied in Section 6.5 to define compact
model equations for the subthreshold swing degradation, the threshold voltage roll-off effect
and the DIBL effect.

6.5 Model Definition

In this section, the surface potentials for the coplanar and the staggered structures derived in
Section 6.4 are applied to define model equations for the subthreshold swing degradation, the
threshold-voltage roll-off effect and the DIBL effect.

6.5.1 Subthreshold Swing

If the current in the subthreshold regime of a transistor is limited to thermionic field-emission,

the subthreshold swing can be calculated by

kT
S = a7ln(10), (6.44)

where a can capture all types of subthreshold swing degradation effects. If an ideal transistor is
assumed without any swing degradation, the parameter « is 1. Then, the minimum subthreshold
swing at a room temperature of 7' = 300K is approximately S(T" = 300K) ~ 60mV /dec.
However, in case of TFTs with quite short channel lengths below 1num, the electrostatic
influence of the source and the drain contacts causes a change of the potential profile through
the semiconductor. Thereby, the maximum height of the potential barrier and the sensitivity
of the surface potential @, to the gate voltage V, are reduced. The latter is captured by

parameter agc:
v,

- désurf(wmbh)A
Here, wp,pn is the location of the maximum potential barrier along the surface potential in
the w-plane of the corresponding TFT structure (Equations (6.42) and (6.43)). In fact, this

position is shifted by a drain-source voltage from the middle of the channel (Vzs = 0V) towards

(6.45)

Asc

the source or drain contact (Vgs # 0V) depending on the sign of Vis. However, the derivation
of an analytical equation of the maximum barrier location wmpr = f(Vis, Leh, tdiel, tse) is t0o

complicated and not required. Figure 6.7 shows the surface potential of a staggered TFT
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Figure 6.7: The surface potential of a staggered organic TFT (Equation (6.42)) with L., =
100nm at Pyrf stag(—1) and at Py f stag(Wmpn) with respect to the drain-source voltage.

(Equation (6.42)) with a channel length of 100nm at w = —1 and at Wstag = Wstag,mbr With
respect to the drain-source voltage Vgs. The maximum barrier height wstag,mbn is computed
numerically. Here, it can be seen that an extraction in the centre of the channel at wsiog = —1
is sufficient for Vs > —1 V. Despite of an increase of the deviation between both curves below
Vas < —1V, the accuracy is still sufficient down to Vgs = —3 V. Since short-channel transistors
are typically operated at low voltages |Vas| < 3V, a calculation of the maximum potential
barrier in the centre of the channel (wstag,mbn = —1) is sufficient even for Vg, # 0V. The same
applies for the solution of the coplanar TFT.

Finally, the potential solution of the staggered TFT at wstag = —1 can be applied to
determine the parameter asc stag, which is calculated at an operation point of Vg5 = Vy, and
Vais = 0V and leads to

al (6.46)

Qsc,stag = , .

sted qurf(‘/gs - Vfb + d‘/g) — ¢Su7‘f(‘/gs = Vfb)
a = dVy
sc,stag — ,
— 2dpoi — 2dpoi
dv, — (2stPa + dV, _ P + P +Dy _ D
(55 ‘) (tagiet +tsc)(—=1 = p) (%5%) (faiel + tsc)(—1 —p)

(6.47)

which is inserted into Equation (6.44) and rearranged to obtain the channel-length-dependent
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subthreshold swing in staggered TFTs:

kT
Ssc,stag - = ! 7111(10) (648)
4(tdiel + tsc) q

1-— = o1
4(tdiel + tsc)Q + Lih P

(6.49)

In case of the coplanar TFT, the same procedure leads to following expressions of asc,copt

and the channel-length-dependent subthreshold swing:

1
Usc,copl = = s (650)
At djel
1- =~ = dpoi
\/4'%1'@1 + L2, \/4t5iel + L2, (1= geo)
kT In(10)
Ssc,copl - - = . (651)
q At djel
1 dpoi

VB LB+ 12, (- aco)
6.5.2 Threshold Voltage Roll-Off

In transistors with quite short channel lengths, the electrostatic influence of the source and
the drain contacts does not only affect the sensitivity of the maximum potential barrier to
the gate voltage (subthreshold swing degradation), but also the initial barrier height, which is
effectively reduced. Thereby, the transistor is turned on at a lower gate voltage, which results in
a threshold voltage shift with regard to the channel length of the transistor (threshold voltage
roll-off effect). In contrast, in TFTs with quite long channel lengths, the profile of the surface
potential in the centre of the channel is flat and its height is independent of the channel length.
The threshold voltage roll-off AVr ,ou0rs of a specific short-channel TFT is defined by the
potential difference at its maximum barrier height (Psurf,sc(Wmpn)) and the maximum barrier
height of a TFT with an infinitely long channel length (Pgurf,ic(wmpn)). Since the roll-off
effect does not depend on the drain-source voltage, an operation point at flat-band conditions
(Vg = Vi) and Vgs = 0V can be chosen to calculate AVr roii0ff. Thus, the maximum barrier
height is always located in the centre of the channel, which leads to wmsr = —1 in the w-plane
of the derived potential solutions of both the coplanar and the staggered TFTs in Section 6.4.
Eventually, the threshold voltage shift is calculated by:

AVT,TOlloff - I 1;,11’1)100 (stu'rf,lc(wmbh)) - sturf,sc(wmbh)- (652)

In case of the staggered surface potential solution (Equation (6.42)), the potential at the

maximum barrier height of a TFT with an infinitely long channel length lim  Psurf,ic(Wmbh)
Lep—o0
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at wmpn, = —1 can be written as:
D [} 2dpoi
lim Geurpic(—1) = lim ( o d) e 0.
L.p—o0 L. p—o0 2 B Lgh
(faser + o) { 1+ {1+ 5 7
,copl/stag
(6.53)

Here, parameter p (Equation (6.18)) of the mapping function is inserted into the surface
potential. The same applies to the potential at the maximum barrier height in a coplanar TFT.
Finally, the threshold voltage shift describing the roll-off effect in staggered TFTs can be

calculated:

4 f i + tsc
AVT,stag,'rolloff - _‘Dsu'rf,stag,sc(_l) = —Vopi—= ( dicl )

d o1y 6.54
4(tdiel + tsc)2 + Lgh v ( )

The same calculation with Equation (6.43) leads to the model equation of the threshold voltage
roll-off effect in coplanar TFTs:

M gsel
\/4£diel +L?, \/4 + L2, (1 = geo)

AVT,copl,rolloff = 7¢surf,copl,sc(71) = 7‘/bz dpoi~ (655)

6.5.3 Drain-induced Barrier Lowering

In contrast to the threshold voltage roll-off effect, which captures the dependence of the
threshold voltage on the channel length, the DIBL effect describes the influence of the drain-
source voltage Vys on the threshold voltage in short-channel transistors. Here, the increase of
the potential difference between the source and the drain contact, increases the electrostatic
influence of the contacts on the potential profile in the semiconductor layer as in the other
short-channel effects. Similar as in the threshold voltage roll-off effect, the maximum barrier
height is lowered and hence, a lower gate voltage is required to turn on the transistor. The
threshold voltage shift due to the DIBL effect is defined by the difference between the maximum
barrier heights of a TFT at a specific drain-source voltage Vgs and at Vgs = 0V. If a transistor
is operated at |Vys| > 0V, the maximum-barrier-height position is shifted from the centre of
the channel towards the source or the drain contact, respectively, depending on the sign of
Vas. However, numerical calculations in [82] and in Fig. 6.7 have shown that the accuracy
of a maximum-barrier height extraction in the centre of the channel even for |Vgs| > 0V is
sufficient.

Thus, the DIBL-caused threshold voltage shift is calculated with the potential solutions of
the coplanar and the staggered TFTs at wm,sn = —1 and an operation point at Vgs = Vyp,. In
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case of the staggered TFT, the following expression is calculated for AVprpr stag:

AVDIBL,stag = ¢surf,sta.g(vds) - ¢surf,stag(vds = 0V)7

2(tsc + fdiel)

= —Vias =
¢ 4(tsc + tdiel)2 + Lzh

dpoi7 (656)
In case of the coplanar TFT, the drain-voltage-dependent threshold voltage shift is calculated:

2 giel
AVprBrL,copt = — Vs ——= dpoi- (6.57)
3 \/4tdiel + L2, \/4 + L%, (1 = qeo) ’

6.6 Channel Location

The model equations defined in Section 6.5 provide a fitting parameter dp.;, which corresponds
to the distance between the gate electrode and the point of interest at which the potential
is calculated perpendicular to the gate electrode. The goal of each model is to extract the
potential at the most leaky path of the drain-source current. If the transistor is operated below
the threshold voltage, no accumulation channel exists at the gate-dielectric/semiconductor
interface. Here, the subthreshold diffusion current flows homogeneously through the entire
semiconductor layer. However, in short-channel organic TFTs, the depletion regions at the

source and the drain contacts cause a most leaky path at the ambient/semiconductor interface.

Sp——T—

----- Istag;,rglere:d, Vgls =-0.1V
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Figure 6.8: Simulated charge densities (TCAD simulations) along a cutline perpendicular to

the gate electrode in the centre of the channel of a staggered (red) and coplanar (black) TFT

at Vgs = —0.1V (dotted lines) and Vs = —1.5V (solid lines).

Figure 6.8 shows TCAD simulations of the charge densities along a cutline perpendicular to
the gate electrode in the centre of the channel of a p-type coplanar and a p-type staggered
TFT. Here, a gate-source voltage above the threshold voltage (Vys = —0.1V; dotted lines)
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and below the threshold voltage (Vs = —1.5V; solid lines) are shown. Both organic TFTs
have a threshold voltage of Vr &~ —1V. In the on state of both organic TFTs, the charge
densities are highest at a depth of 9nm, which corresponds to the gate-dielectric thickness
(gate-dielectric/semiconductor interface) of both TFTs. However, in the subthreshold regime,
the charge densities are largest at a depth equal to the sum of the gate-dielectric and the
semiconductor thicknesses of 34 nm (ambient/semiconductor interface). Thus, in order to
obtain correct results of the short-channel models, the potentials must be extracted at the
ambient/semiconductor interface, which corresponds to dpo; = taiei + tsc. However, a simple
increase of dp,; assumes a linear function of the potential profile perpendicular to the gate
electrode throughout the entire organic TFT. Despite of an increasing error with increasing
dpoi, the results in Chapter 7 show that this approximation is sufficient to extract the potentials
for the subthreshold swing model and the DIBL model. Unfortunately, the TCAD simulations
in Section 7.1 do not confirm these insights. There, the extraction of the threshold-voltage
roll-off effect from the simulated transfer characteristics of TFTs with various channel lengths
corresponds to the extraction of the maximum barrier height from the potential profile along

the gate-dielectric/semiconductor interface of the same TFTs.

6.7 Implementation into Current Model

The models derived in Section 6.5 provide equations that calculate the threshold shift of a
short-channel TFT depending on the drain-source voltage AVprpr (DIBL effect) and the
channel length AVr o075 (threshold voltage roll-off effect), and furthermore, the sensitivity of
the surface-potential barrier with respect to the gate voltage ac copi/stag (Subthreshold swing
degradation). In the generic long-channel dc model (Chapter 4), the charge densities at the
source and the drain end of the channel depend on the long-channel threshold voltage Vo and
the subthreshold swing S (Equation (4.16)). To implement the short-channel effects into the
compact dc model, these are replaced by expressions that incorporate the model equations. In
case of the threshold voltage, Vro must be replaced by:

Vr,se = Vro — AVr rotiops — AVpIBL- (6.58)

In case of the subthreshold swing degradation due to the channel length, S must be

substituted by
kT

Stotal = asc,copl/stags = asc,copl/stagalen(lo)' (659)
Here, the channel-length-dependent parameter cvsc, copi/stag is multiplied by S, which captures
only a subthreshold swing degradation due to surface traps within the HOMO-LUMO energy
gap in the semiconductor by ar. However, Sioiq1 describes the degradation due to both the
channel length and the surface traps. Furthermore, if the power-law mobility model (Section 4.5)

is applied, the channel-length-dependent parameter cvsc,copi/stag must be multiplied by Sops
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and not S in order to ensure a consistency between Siota; and the observed subthreshold swing

in the current-voltage characteristics.
This method of implementing the short-channel models can be applied to any arbitrary com-

pact dc model, which calculates the current by the threshold voltage Vro and the subthreshold

swing S.
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CHAPTER 7

Results and Verification

In this chapter, the short-channel model equations and the surface solutions, which serve as a
basis for the models, are verified by TCAD simulations. Furthermore, these models and the
models describing the Schottky barriers at the contacts are incorporated into the charge-based
dc model (Chapter 4) and verified by measurements of coplanar and staggered TFTs with regard
to the channel length. Finally, the Verilog-A model of the enhanced charge-based dc model,
which includes the models derived in this dissertation, is applied to simulate CMOS inverters
with regard to the channel lengths. These are compared to SPICE-like circuit simulations in

which the organic TFTs are computed by TCAD (mixed-mode simulations by Atlas).

7.1 Verification by TCAD Simulation Data

For the verification of the short-channel model equations, the transfer characteristics and the
electrostatic potential within the semiconductor layer of staggered and coplanar TFTs with
various channel lengths down to 0.1 pm are simulated using TCAD software. This section
begins by summarizing the model dimensions and materials and continues with the verification
of the surface potentials derived in Chapter 6 of both geometries. In case of the staggered TFT,
a cutline along the ambient/semiconductor interface is chosen to verify the surface potential
at different drain-source voltages. In contrast, the surface potential of the coplanar TFT
is computed at Vgs = 0V, however, at different cutlines which are distributed through the
semiconductor layer. Subsequently, the short-channel effects are extracted from the simulated
transfer characteristics and the electrostatic potential of each TFT with regard to the channel
length and these are compared with the short-channel model equations.

The geometries of the simulated staggered and coplanar TFTs are defined in Sentaurus
device (TCAD software) as illustrated in Fig. 7.1. The dimensions and material parameters are
chosen in both architectures with regard to the fabricated organic TFTs, which are applied
in Section 7.2 to verify the charge-based dc model, which is there extended by the models

derived in this dissertation. The source and the drain regions are both made of gold, and

79
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Figure 7.1: Schematic cross sections of (a) the staggered and (b) the coplanar TFTs and their
geometrical dimensions, which are simulated in Sentaurus with channel lengths down to 0.1 pm.

aluminium is applied as gate material. The gate dielectric has a thickness of tg4;e; = 9nm and
a measured unit-area capacitance of 700 nF/cm?, which results in a relative permittivity of
the dielectric of 8. In both structures, dinaphtho[2,3-b:2’,3’-f]thieno [3,2-b]thiophene (DNTT)
is applied as semiconductor and thus, the relative permittivity of 3 and the hole mobility
of upnrr = 3cm2/(Vs) is chosen. Here, upnrr is a constant mobility within the entire
semiconductor layer. Table 7.1 summarizes these device parameters that are equal in both

geometries.

Table 7.1: Model parameters and their values of the simulated staggered and coplanar TFTs.

Parameter  Value Unit
Work function of Gold P, gold 5.19 V]
Work function of Aluminium B wiwge Akl V]
Relative permittivity of the dielectric Ediel 8
Relative permittivity of the OSC EDNTT 3
Hole mobility of the OSC UWDNTT 3 [em2/(Vs)]
HOMO-LUMO energy gap E, 3.38 [eV]
Electron affinity XDNTT 1.81 V]
DOS distribution Gaussian
OSC density of states Naos 1x10%'em™3
Gaussian DOS shift Ey 0.1 V]
Gaussian DOS sigma opos 0.1 [eV]
Channel length L.y 0.1 to 100 [um]
Dielectric thickness tdiel 9 [nm]
OSC thickness tse 25 [nm]

The dimensions that differ in both geometries are summarized in Tab. 7.2. Here, the
staggered TF'Ts are simulated only with a single contact thickness of 40 nm, since the electrostatic
impact on the region in the centre of the channel can be neglected. However, in coplanar
TFTs the channel arises in the overlap region between the source and drain contacts and thus,

the influence of the contacts on the short-channel effects is larger. Therefore, coplanar TFTs
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with contact thicknesses of t., = 10nm and t., = 25nm are simulated and applied for the
verification. The air thickness and the overlap length were reduced for the simulations of the
coplanar TFTs with regard to convergence issues and in order to reduced the computation

time.

Table 7.2: Model parameters of the simulated staggered and coplanar TFTs, which differ
between these geometries.

Parameter  Value (staggered) Value (coplanar)  Unit

Contact thickness teo 40 10 and 25  [nm]
Air thickness tair 100 50 [nm]
Overlap length Loveriap 400 10 [nm]

7.1.1 Electrostatic Potential

The electrostatic potentials form the basis of all short-channel model equations and therefore,
the verification is presented firstly. According to the physical interpretations in Section 6.6, the
channel location within the semiconductor layer depends on the regime in which the organic
TFT is operated. As a consequence, the subthreshold-swing-degradation and the DIBL models
must be defined by the change of the maximum barrier height along the potential profile at the

ambient/semiconductor interface, which is shown in Fig. 7.2 as red dashed line. Here, the cross

X-axis range  Ambient
\ Z

Source h : Drain
- _———— @surf,stag

Organic Semiconductor dooi = Tier T+ tic

Gate

Figure 7.2: Schematic cross section of a simulated staggered TFT, which is applied for the
verification of the surface potential along the red dashed cutline in the highlighted x-axis-range
in Fig. 7.3.
section of a staggered TFT is shown, which illustrates the cutline at the ambient/semiconductor
interface. This corresponds to a point of interest of dpo; = taicr + tsc, when calculating the
potential profile by the corresponding surface potential model (Equation (6.42)).

Figure 7.3 shows the potential profile at the ambient/semiconductor interface of a simulated
staggered TFT comprising a channel length of 200 nm (blue circles) and the potential model
at dpoi = taiel + 24nm (red lines) under flat-band conditions (Vgs = V) and for Vis = 0V,
Vas = —0.1V, and —1.5V. Here, the model is in an excellent agreement with the simulated
potential profile in the centre of the channel region, which is located between x.;, = 0.41 pm
and z., = 0.61pm, although the potential function perpendicular to the gate electrode is
assumed to be linear through the entire device (gate dielectric and organic semiconductor) at

dpoi = taiel + 24 nm. However, the transitions from the channel region to the source/gate and
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Figure 7.3: Comparison @y stag With dpoi = tgier + 24nm and TCAD simulations of a
staggered organic TFT with L., = 200 nm for V; values of —0.1V, —1.5V and —3.0V.

drain/gate overlap regions show slight inaccuracies, but these regions are not relevant for the
short-channel effects. Furthermore, one can see that an increase of Vg5 lowers the maximum
barrier height in the centre of the channel, which is described sufficiently by the model.

The verification of the surface potential of the coplanar TFT is performed with the po-
tential profile at three different cutlines distributed over the semiconductor layer: at the
gate-dielectric/semiconductor interface (dpo; = fgiei), the ambient/semiconductor interface
(dpoi = taiel + tse), and in the centre of the semiconductor layer thickness (dpoi = aier + tsc/2).

Figure 7.4 shows a cross section of a coplanar TFT, which illustrates the locations of the

cutlines.

X-axis range

E} djsurf - f(dpoi)

Figure 7.4: Cross section of a coplanar organic TFT that illustrates the locations of the po-
tential cutlines and the x-axis range in Fig. 7.5.

The potential profiles are determined at Vys = Vyp and Vs = 0V, which corresponds to the
operation point at which the threshold-voltage roll-off model is defined. Further, according to
the analysis of the channel location, the threshold-voltage roll-off model must be extracted at
the maximum barrier height along the gate-dielectric/semiconductor interface (dpoi = fdier)-

Figure 7.5 shows the potential profiles along these cutlines of a simulated coplanar TFT with a
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channel length of 200 nm (blue circles) compared to the model (Equation 6.43).

0.0

-0.5

dpoi - fdiel

cI)surf,copl [V]

-1.0 | dpoi = lja’iel + tsc/z ]
dpoi = ldiel T sc
-1.5
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Figure 7.5: Comparison of @y, s, copr (Equation 6.43) at Vgs = Vi z}nd Vs = OY to TCAD
simulations~0f a coplanar organic TFT with L., = 200nm for dpoi = tdiel, dpoi = tdiel + tsc/2,
and dpoi = tdier + tsc-

Here, the channel region is located between z., = 0.4pm and z., = 0.6 pm. The model
is in good agreement with the simulated potential profiles for x-values between 0.45 pm and
0.55 um, but the regions close to the source and the drain contacts are modelled with insufficient
accuracy, which is similar as in the case of the potential solution of the staggered TFT. Here, one
must take into account that the potential is determined within the overlap region between the
source and the drain contacts. Here, the approximation of the surface potential perpendicular
to the gate electrode as a linear function leads to larger deviations. However, an accurate
solution is only required in the centre of the channel or close to the centre, since the maximum
barrier height is located there, which defines the short-channel model equations. Thus, both the
potential solutions of the coplanar and staggered TFTs are sufficient to define the short-channel

model equations.

7.1.2 Staggered Architecture

In this section, the short-channel model equations derived in Section 2.3 are verified by p-type
staggered TFTs with channel lengths between 0.1 pm and 100 pm simulated in Sentaurus device
(TCAD simulations). From these data, the threshold voltage, the subthreshold swing and the
DIBL are extracted of each TFT from the transfer characteristics and the electrostatic potential.
For this, two transfer curves are simulated at Vygs = —0.1V and Vgs = —1.5V and a gate-
source voltage range of —3V < Vg, < 0V. The potential profiles are extracted along cutlines

distributed over the semiconductor layer parallel to the gate-dielectric/semiconductor interface
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of each TFT as illustrated in Fig. 7.6. The model equations are computed at the corresponding
points of interest at which the cutlines are located: dpoi = taier + 0,5,10,15,20,24nm. In
general, the influence of the short-channel effects in these staggered TFTs can be reduced to

the channel-length regime below 1 pm.

dyoi = Tig + 24 nm

l dpoi = e

Figure 7.6: Schematic cross section of the staggered TFTs, of which the transfer characteris-
tics and the potential profiles along the highlighted cutlines were simulated.

In order to extract the subthreshold swing, the potential profiles are simulated at Vzs =0V
and for gate-source voltages of Vg, = Vi and Vys = Vy, — 0.05V. Thus, the swing can be
determined by the change of the gate voltage with respect to the change of the maximum
barrier height. The extraction from the transfer characteristics is computed numerically by an
algorithm, which determines the lowest subthreshold swing of the staggered TFT below the
threshold voltage.

—.—I Model, dpoi = !fdie[
—— Model, dpoi = Tgje; + 24 nm
----- TCAD, extracted from surface potential

O TCAD, extracted from transfer characteristics
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Figure 7.7: Subthreshold swing extracted from transfer characteristics and potential in
TCAD simulations. The results are compared to the subthreshold-swing-degradation model
with dpoi = tgier and dpoi = tgier + 24 nm.

Figure 7.7 shows the subthreshold swing of staggered TFTs with channel lengths ranging from
0.1um to 1 pm extracted from the TCAD-simulated transfer characteristics at Vgs = —0.1V
(black circles) and from the TCAD-simulated potential profiles at various values for dpo; (dotted
blue lines). The model (Equation (6.48)) is computed once at the gate-dielectric/semiconductor
interface (dpoi = tNdiel; green filled circles) and the ambient/semiconductor interface (dpoi =

tdier + 241nm; green filled triangles). The subthreshold swings of the TFTs with quite long
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channel lengths are dominated by the thermionic-emission current, which results in a swing
of & 60mV /dec at room-temperature of 300 K. The model equation, which is based on
the electrostatic potential profile, is in excellent agreement with the extraction of the swing
from the simulated potential profiles at the gate-dielectric/semiconductor (dpo; = taser) and
ambient /semiconductor (dpo; = taiel + 24 nm) interfaces. This confirms the sufficient accuracy
of the potential solution of the staggered structure to define the short-channel models. In
case of the subthreshold-swing extraction from the transfer characteristics, this is consistent
with the extraction from the potential profile at the ambient/semiconductor interface, which
validates the analysis of the channel location in Section 6.6. Finally, the model equation is in
very good agreement with both of them.

In order to determine the threshold-voltage roll-off AVr ou0f¢, the potential profiles are
simulated at V3s =0V and Vs = Vj, and subsequently, the maximum barrier height of each
potential profile of each TFT is extracted. In case of TFTs with quite long channel lengths
(Le¢n, > 1pm), the threshold-voltage does not change and thus, the maximum barrier height does
not change, either. This height of the barrier is applied as a reference and hence, AVr roi055 is
defined by the difference between the maximum barrier height of the corresponding TFT and
the height of the TFT with the longest channel length of 100 pm.

0.5 - . .

—e— Model, dpoi = Ediel
—&— Model, dpo; = tgies + 24 nm

04F | .een TCAD, extracted from surface potential
O TCAD, extracted from transfer characteristics |

03 .9 b

AVT,rolloff [V]

0.25 0.5 0.75 1.0
Lep [um]

Figure 7.8: Threshold-voltage roll-off extracted from transfer characteristics and electrostatic
potential of TCAD simulations compared to the model equation at dpo; = tgier and dpo; =
Ediel + 24 nm.

Figure 7.8 shows the threshold-voltage roll-off AVr o055 of staggered TFTs with channel
lengths ranging from 0.1 pm to 1 pm extracted from the TCAD-simulated transfer characteristics
at Vgs = —0.1V (black circles) with the gm/I4s method [83] and from the TCAD-simulated
potential profiles at various values for dpo; (dotted blue lines). The threshold-voltage roll-off

determined at the gate-dielectric/semiconductor interface shows the best agreement with the
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extraction from the transfer characteristics, despite of a slight underestimation. The model
(Equation 6.54) is computed once at the gate-dielectric/semiconductor interface (dpo; = fasel;
filled circles) and the ambient/semiconductor interface (dpo; = taier + 24 nm; filled triangles),
which both are in excellent agreement with the AV o055 extraction from the corresponding
TCAD-simulated potential profiles. Thus, these results validate that the derived surface
potential of the staggered TFT is sufficient to extract the threshold-voltage roll-off model
equation from it. Furthermore, the extraction from the transfer characteristics confirms the
expected location of the point of interest dpo; & faier for the threshold-voltage roll-off model
(Section 6.6).

The DIBL is once determined from the transfer characteristics of curves simulated at
Vas = —0.1V and V4 = —1.5V and once from the electrostatic potential in which the
staggered TFT is operated at Vys = Vyp for Vgs = 0V and Vygs = —1.5V. In case of the
extraction from the transfer characteristics, the constant current method is applied [22]. The
extraction from the potentials is obtained by the change of the maximum barrier height with

respect to the drain voltage.

200 T T T T T T T T
—e— Model, dpoi = Ediel
—— Model, dpoi = Tgie; + 24 nm
160F | ... TCAD, extracted from surface potential
O TCAD, extracted from transfer characteristics |
120 g T

Figure 7.9: DIBL extracted from transfer characteristics and electrostatic potential of TCAD
simulations compared to the DIBL model computed at dpo; = tgie; and dpoi = tgier + 24 nm.
Figure 7.9 shows the DIBL of staggered TFTs with channel lengths ranging from 0.1 pm to
1pm extracted from the TCAD-simulated transfer characteristics between Vi = —0.1V and
Vas = —1.5V (black circles) by the constant current method and from the TCAD-simulated
potential profiles at various values for dpo; (dotted blue lines). The DIBL extracted from the
potential profile at dpo; = fgie; + 24nm is nearly equivalent to the curve which corresponds
to the extraction from the transfer characteristics. Thus, in case of the DIBL model, the
maximum barrier height must be calculated at the ambient/semiconductor interface as expected

in Section 6.6. The model (Equation (6.56)) is calculated at the gate-dielectric/semiconductor
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interface (dpoi = Laier; filled circles) and the ambient /semiconductor interface (dpoi = taiel +
24 nm; filled triangles), which both are in good agreement with the extraction of the DIBL
from the corresponding potential profiles of the simulated staggered TFTs. Finally, the DIBL
model (dpo; = taier + 24 nm; filled triangles) is also in excellent agreement with the DIBL
extracted from the TCAD-simulated transfer characteristics despite the simplified extraction of

the maximum barrier height location in the centre of the channel.

7.1.3 Coplanar Architecture

In Section 7.1.2, the compact short-channel models of the staggered architecture were verified
to TCAD simulations of p-type staggered TFTs, whereof the effects are extracted from the
transfer characteristics and the electrostatic potential. The latter is extracted along different
cutlines, are distributed over the semiconductor layer in order to illustrate the scalability of the
model with regard to the fitting parameter dp,; through the device thickness. Additionally, the
comparison of the models and both extraction methods, from the transfer characteristics and
the potential profile, confirms that the analysis of the channel location (Section 6.6) is valid for
the subthreshold swing degradation and DIBL models. For these, an appropriate extraction
location is the semiconductor/ambient interface (dpo; = taiel + tsc) in the center of the channel.
The same conclusion is obtained for the short-channel models of the coplanar structure, if the
models are verified by TCAD simulations in the same way. Thus, the verification of the model
equations of the coplanar TFT will be performed with special emphasis on the thickness of the
source and the drain contacts. This can be neglected in staggered TFTs, but its impact is larger
in coplanar TFTs. Therefore, coplanar TFTs with channel lengths between 0.1 pm and 100 pm
are simulated with a contact thickness of t.o, = 10nm and t., = 25nm. The short-channel
effects are extracted by the same procedure as in Section 7.1.2 from the transfer characteristics
and the potential profile. In case of the latter, the subthreshold swing and DIBL models are
calculated by the potential profile along the ambient/semiconductor interface (dpo; = Laiel +itse),
whereas the threshold-voltage roll-off model is calculated at dpo; = Ediel, which corresponds to
the gate-dielectric/semiconductor interface.

For the verification, the contact-thickness-dependent fitting parameter g, (Equation 6.30
in Section 6.3) is not modified from model to model. However, with t., varying from 10 nm
and 25 nm, the parameter g., was set to gco = 0.055 and ¢., = 0.02, respectively

Figure 7.7 shows the subthreshold swing of coplanar TFTs with channel lengths ranging
from 0.1 pm to 1 pm with contact thicknesses of tco = 10nm (blue) and tco = 25nm (red). The
swing is extracted from the TCAD-simulated transfer characteristics at Vgs = —0.1V (circles)
and from the TCAD-simulated potential profile (dotted lines), and the model (Equation (6.51);
solid lines with triangles) is computed at the ambient /semiconductor interface (dpoi = taiel +tsc).
The degradation of the subthreshold swing is more pronounced in the organic TFTs with a larger
contact thickness of 25 nm, which is due to the increased electrostatic influence of the contacts

on the surface-potential barrier. In spite of a slight overestimation in the channel-length range
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Figure 7.10: Subthreshold swing extracted from the transfer characteristics (circles) and the
potential profile (dotted lines) at the ambient/semiconductor interface of TCAD-simulated
coplanar TFTs with contact thicknesses of tco = 10nm (blue) and tco = 25nm (red). The
results are compared to the model (solid lines with triangles) at dpo;i = fgjer + tsc. The TFTs
have a semiconductor thickness of ts. = 25 nm.

of 0.2um < L¢p < 0.4 pm, the model is in good agreement with both extraction methods, from
the transfer characteristics and the potential profile at the ambient/semiconductor interface,
for coplanar TFTs with t., = 10nm and t., = 25 nm.

Figure 7.11 shows the threshold voltage shift of coplanar TFTs with channel lengths ranging
from 0.1 pm to 1 pum with contact thicknesses of tco = 10nm (blue) and ¢co = 25 nm (red) with
regard to the TFT with the longest channel length of L., = 100 pm. The threshold voltage
is extracted from the TCAD-simulated transfer characteristics at Vgs = —0.1V (circles) and
from the TCAD-simulated potential profile (dotted lines) at the gate-dielectric/semiconductor
interface, and the model (Equation (6.51); solid lines with triangles) is therefore computed at
dpoi = taic;. Here, the model overestimates slightly the degradation of the subthreshold swing
for channel lengths close to ~ 0.25 pm. Nevertheless, the model is still in good agreement with
the TCAD simulations.

Figure 7.12 shows the DIBL of simulated coplanar TFTs with channel lengths between 0.1 pm
and 1pm extracted from the transfer characteristics between Vys = —0.1V and Vys = —1.5V
(circles) and from the potential profile (dotted lines), and the model (Equation (6.57); solid
lines with triangles) is computed at the ambient/semiconductor interface (dpoi = taiel + tsc)-
The red and blue lines correspond to the coplanar TFTs with a thickness of t., = 10 nm and
teo = 25nm, respectively. Both extraction methods, from transfer characteristics (circles)
and electrostatic potential (dotted lines), are nearly equivalent to each other. This confirms

the correct extraction of the DIBL from the potential profile at the ambient/semiconductor
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Figure 7.11: Threshold-voltage roll-off extracted from the transfer characteristics (circles)

and the potential profile (dotted lines) at the gate-dielectric/semiconductor interface of TCAD-
simulated coplanar TFTs with contact thicknesses of tco = 10 nm (blue) and tco = 25nm (red).

The results are compared to the model (solid lines with triangles) at dpo; = tgie;- The TFTs

have a semiconductor thickness of ts. = 25 nm.
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Figure 7.12: DIBL extracted from the transfer characteristics (circles) and the potential
profile (dotted lines) at the ambient/semiconductor interface of TCAD-simulated coplanar
TFTs with contact thicknesses of tco = 10nm (blue) and tco = 25nm (red). The results are

compared to the model (solid lines with triangles) at dpoi = tgier + tsc. The TFTs have a

semiconductor thickness of tsc = 25 nm.

interface. The best agreement between the model and both extraction methods is obtained at

dpoi = tgier + 0.6 - ts.. Here, dpo; must be decreased slightly in order to compensate a small
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overestimation of the model with regard to the TCAD simulations. This can be attributed
to a certain degree to the simplified potential problem of the coplanar TFT in which the
horizontal source/ambient and drain/ambient interfaces at the top of the coplanar TFT are
neglected. Furthermore, the potential perpendicular to the gate electrode through the entire
device thickness is assumed as a linear function. Nevertheless, a maximum barrier height
extraction at dpo; = taier + 0.6 - ts. leads to a sufficient agreement between the model and the
TCAD simulations of the coplanar TFTs with both the contact thicknesses of t., = 10 nm and
teo = 25 nm.

In general, the short-channel models are in good agreement with an equal value for gc,
and in case of the subthreshold swing degradation and the threshold-voltage roll-off models,
the maximum height of the surface-potential barrier is extracted at the expected interface.
Furthermore, the slight overestimation of the DIBL model can be compensated with a minor

decrease of dye; in order to obtain a good agreement with the TCAD simulations.

7.2 Verification with Measurement Data

In this section, the short-channel models (threshold-voltage roll-off, subthreshold swing and
DIBL) and the models of the Schottky barriers at the source and the drain contacts are verified by
measured current-voltage characteristics of fabricated coplanar (bottom-gate, bottom-contact)
and staggered (bottom-gate, top-contact) organic TFTs. These organic TFTs were fabricated
on flexible polyethylene naphthalate (PEN) substrates on which the materials (thin layers)
were patterned by the stencil lithography method using high-resolution silicon stencil masks
[21], [84], [19]. Firstly, in both geometries a thin layer of aluminium is deposited (gate contact)
by sublimation in vacuum. The gate dielectric consists of two layers: an aluminium oxide layer,
which was produced by exposing the substrate to an oxygen plasma and an alkylphosphonic
acid self-assembled monolayer (SAM), in which the substrate was immersed. The total thickness

of the gate dielectric is tgier = 9nm.

PFBT monolayer AlOx/SAM

Gate: Aluminum

Substrate: Flexible PEN |

Figure 7.13: Schematic cross section of an organic TFT fabricated in the coplanar architec-
ture [78]. ©2021, IEEE
Figure 7.13 shows a schematic cross section of a fabricated coplanar organic TFT and the
applied materials. In case of the coplanar architecture, the source and the drain contacts (gold)
were vacuum-deposited with a thickness of t., = 30nm and subsequently, the substrate is
treated with pentafluorobenzenethiol (PFBT) in order to form a SAM around the source/drain

contacts which assists in a better charge injection into the organic semiconductor. Finally,
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the small-molecule semiconductor 2,9-diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b|thiophene
(DPh-DNTT) was deposited by sublimation in vacuum with a nominal thickness of tsc = 20nm,
which can vary greatly [38]. For the verification, two substrates were fabricated with coplanar
TFTs comprising channel lengths once between 0.5 pm and 10 pm, and once between 1 pm and
10.5pm. The channel width (Wep) of the transistors on both substrates is 50 pm. The first
substrate with channel lengths down to 0.5 pym does not show a non-linearity of the current
behaviour in the linear regime of the output characteristics because of quite low Schottky
barrier heights at the source/drain contacts. However, these coplanar TFTs are applied to
verify the short-channel model equations. By contrast, the current of the TFTs on the second
substrate with channel lengths between 1 pm and 10.5 pm shows a superlinear behaviour in the
linear regime of the output characteristics. Thus, the second substrate with coplanar TFTs
is applied to verify the model equations of the Schottky barriers at the source and the drain
contacts. Such a discrepancy between two substrates, which are processed under identical
conditions, can happen due to process variability from substrate to substrate caused by minor
and uncontrollable differences during fabrication. These can be different pressures during the
evaporation of the gold contacts, a slight change in the humidity in the lab, differences in
solution processing (time or method) or slight differences in wait times between processing
steps.

Source DNIT Drain
Au v Au

Gate: Aluminum

| Substrate: Flexible PEN AlOx/SAM

Figure 7.14: Schematic cross section of an organic TF'T fabricated in the staggered architec-
ture [78]. ©2021, IEEE

In case of the staggered structure, the organic semiconductor dinaphtho[2,3-b:2’,3’-f]thieno|[3,2-
b]thiophene (DNTT) was vacuum-deposited with a nominal thickness (¢s.) of 25 nm and subse-
quently, the source and the drain contacts (gold) were vacuum-deposited without any further
treatment with a thickness of t., = 30nm. Figure 7.14 depicts the cross section of the
fabricated staggered TFTs with channel lengths ranging from 0.5 pm to 1 pm with a channel
width-to-length ratio of 15. The substrate with staggered TFTs is applied to verify both the
short-channel and the Schottky barrier models.

The verification in the following subsections will be performed by incorporating the short-
channel and the Schottky barrier models into the charge-based dc model (Section 4) and
comparing the model to the measurements of the introduced substrates. Thereby, the goal will
be to maximize the number of parameters whose values can be chosen independently of the
channel length in order to proof the good scalability of the model with regard to the channel
length.
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7.2.1 Coplanar Architecture: Short-Channel Models

In this section, the measurements of a substrate with coplanar TFTs comprising channel
lengths between 0.5 pm and 10 pm are compared with the charge-based dc model including the
short-channel and the Schottky-barrier models, which is denoted in the following as enhanced
compact dc model. These measurements do not exhibit a non-linearity in the linear regime of
the output characteristics and thus, only the short-channel models are verified with regard to
the channel length.

Figure 7.18 shows the measured current-voltage characteristics of coplanar TFTs with
channel lengths of 0.5 pm, 0.8 um and 10 pm (blue circles). The output curves (left column)
are conducted at Vys = =2V, Vo = —2.5V and Vs = —3V, and the transfer curves (right
column) at Vgs = —0.1V and Vgs = 3.0 V. The enhanced compact dc model (green solid lines)
shows an excellent agreement with the measured output and transfer characteristics of the
fabricated coplanar TFTs with channel lengths of 0.8 pm and 10 pm. But, in case of the TFT
with L., = 0.5 pm, the threshold voltage roll-off model overestimates the shift of Vi with regard
to the channel length. However, the threshold voltage of this TF'T is even larger than the Vi
of the TFTs with channel lengths of 0.8 pm and 10 pm, which is not reasonable. Nevertheless,
a general threshold voltage shift between the TFTs with channel lengths of 0.8 pm and 10 pm
can be seen. In contrast, the subthreshold swing degradation and the DIBL can be observed in
the transfer characteristics of each coplanar TFT. Here, both compact models (subthreshold

swing and DIBL) are in very good agreement with the measurements.

Table 7.3: Parameter values which are used to compute the enhanced compact dc model in

Fig. 7.18.

Parameter Value Unit
Long-channel threshold voltage Viro —1.02 \%
Long-channel subthreshold swing S 0.079 [V /dec]
Semiconductor thickness tse 17 [nm]
Initial Schottky barrier height PBo 0.15 V]
Accumulation channel thickness Linj 0.5 [nm]
Schottky barrier position dp 0.2 [nm]
Non-ideality parameter of the saturation current n 1.3 [1
Non-ideality parameter of the diode equation 0 9 []
Saturation voltage of the drain barrier Wsat 1 [1]
Point 5 in the w¢opi-plane 9co 0.999 []
Point of interest of swing model dpoi,swing tagiel + tse [nm]
Point of interest of Vi o110 ¢ model dpoi,rolloff  tdier + 0.7 - tsc [nm]
Point of interest of DIBL model dpoi,DIBL tagier +0.85 - ts.  [nm] [um]

Table 7.3 summarizes the parameter values, which are applied to compute the current-

voltage characteristics by the enhanced compact dc model. The enhanced compact dc model
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Figure 7.18: Current-voltage characteristics computed by the enhanced compact dc model
(green lines) compared to measurements of fabricated coplanar TFTs (blue circles) with channel
lengths 10 pm, 0.8 pm and 0.5 pm. The channel width of each TFT is W, = 50 pm.

is computed with activated Schottky-barrier models despite no non-linearity can be observed
in the linear regime of the output characteristics of the TFTs, however, the Schottky barriers

have a slight influence on the current behaviour. Thus, the Schottky-barrier models are also
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computed with a work function of @,, /4 = 5.04 V at the source and the drain contacts, which
leads to an initial barrier height of g9 = 0.15V. The short-channel models are calculated
at geo = 0.999, which corresponds to a contact thickness of 62.5nm < t., < 64.5nm in the
Zeopi-Plane of the surface potential solution and is twice of the nominal contact thickness
(30nm). This discrepancy can be attributed to the approximation in Section 6.1, where the
regions above the source/drain contacts (horizontal contact/ambient interfaces) are neglected in
order to make a solution of the potential problem possible. As a consequence, the electric field
lines beginning on the top of the contact/ambient interfaces are not captured in the modelling
approach. However, this electrostatic influence can be compensated by increasing the contact
thickness tco Or geo. In case of the subthreshold swing degradation model, the maximum barrier
height is calculated at the ambient/semiconductor interface as expected, however, the slight
overestimation of the DIBL model has to be compensated by a minor decrease of the point
of interest dpoi,prBr. The best agreement of the threshold voltage roll-off model with the
measured current-voltage characteristics of the TFTs with channel lengths of 0.8 ym and 10 pm
is obtained at dpoi,rolioff = taier + 0.7 - tse.

Finally, the short-channel and Schottky-barrier models enhance the charge-based dc model
(Chapter 4) through which the current-voltage characteristics of short-channel coplanar TFTs
can be reproduced by the model. However, the enhanced compact dc model does not capture
all occurring physical effects in organic TFTs with regard to channel length below 1pm. The
parameters of the enhanced compact dc model, which must be modified from transistor to

transistor are summarized in Table 7.4.

Table 7.4: Parameters of the enhanced charge-based dc model, which are modified with re-
spect to the channel length from transistor to transistor during the verification in Fig. 7.18.

Len Ko B p at ar R-Wen
Vgs = Vs = -3V

] [sz"’*} i [2] I (2em]
Vs—1

10.0 3.00 0.4 3.84 1.327 38.7
4.0 2.45 0.4 3.14 1.344 16.3
2.0 2.20 0.475 2.95 1.361 16
1.0 1.80 0.475 241 1.411 115
0.8 1.33 0.49 1.80 1.646 11.2
0.5 1.10 0.5 1.50 2.234 10.5

Here, the parameters ko and [ correspond to the power-law mobility model and must be
considered together, e.g. for a specific operation point of the organic TFT. If the hole mobility u
is calculated by the power-law model of each coplanar TFT at Vs = Vgs = —3V (column 4), u
takes on values between 1.5cm?/(Vs) and 3.84 cm?/(Vs). These values are consistent with the

extraction of the mobility in [38], in which the same substrate was investigated. The influence of
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tail states within the HOMO-LUMO energy gap of the organic semiconductor on the diffusion
current below the threshold voltage is captured by ar, which is increased from transistor to
transistor with shortening the channel length. These tail states (IV{) can be calculated with
Equation (4.9), which leads to trap densities ranging from 5.4 x 10*? /cm? (L., = 10m) to
2 x 10" /cm2 (Len, = 0.5nm) for the values of ar in Tab. 7.4. The relative increase of the
trap densities between the organic TFTs with the shortest and longest channel length by a
factor of 3.56 can be assigned to, e.g., disturbed morphology at the contact/semiconductor
interfaces. In spite of the simplified trap distribution model (Equation (4.9)), the values are in
the order of magnitude as expected for organic-semiconductor molecules [85]. In case of the
channel-width-normalized contact resistance, R.W,, decreases with shortening the channel
length of the TF'Ts. But, in real organic TFTs, the channel resistance R, is constant according
to the theory of the transmission line method. However, this discrepancy can be attributed to
the constant contact resistance model (Section 4.4), which exhibits an increasing inaccuracy
when assuming large contact resistances in short-channel transistors. To compensate this
deviation, the value of R. must be decreased in TFTs with relatively short channel lengths.
The same compensation of the contact resistance model by decreasing R. will be applied in the
verification of Sections 7.2.3 and 7.2.2.

7.2.2 Coplanar Architecture: Schottky-Barrier Models

In the previous section, measurements of current-voltage characteristics of coplanar TFTs are
applied for the verification, which are suitable to verify the short-channel models. But, the
current in the linear regime of the output characteristics does not shows a non-linearity or
super-linearity behaviour. This can be either because of low Schottky barriers at the source
and the drain contacts or due to a relatively large channel resistance. Thus, an appropriate
verification of the Schottky-barrier models can not be performed. Therefore, in order to verify
the Schottky-barrier models, a second substrate with coplanar TFTs is manufactured, the
current-voltage characteristics of which show a non-linear behaviour in the linear regime of
the output characteristics. These coplanar TFTs are suitable for a verification of the Schottky-
barrier models by comparing the current-voltage characteristics calculated by the enhanced
compact dc model to measured curves of the fabricated TFTs.

Figure 7.22 shows the measured current-voltage characteristics of coplanar DPh-DNTT
TFTs with channel lengths of 1 pm, 2.4 pm and 10.5 um (blue circles). The output curves (left
column) are conducted at Vgs = —2.5V, Vg = —3.0V, Vg = —3.5V and Vg = —4V, and
the transfer curves (right column) at Vgs = —0.1V and Vzs = 3.0 V. The model (green solid
lines) shows an excellent agreement with the measured current-voltage characteristics. The
channel width of the fabricated TFTs is equal and thus, a much larger drain-source current s
is observed in TFTs with shorter channel lengths. The TFT with the longest channel length
(Len, = 10.5nm) has a relatively large channel resistance and thus, the Schottky barriers at the

contacts does not dominate the current in the linear regime of the output characteristics. In
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Figure 7.22: Current-voltage characteristics computed by the enhanced compact dc model
(green lines) compared to measurements of fabricated coplanar TFTs (blue circles) with channel
lengths 10.5 pm, 2.4 pm and 1 pm. The channel width of each TFT is W, = 50 pm.

contrast, a current-limiting effect can be seen in this regime for the TFT with a channel length
of 2.4m because of the lower channel resistance. Finally, in case of the TFT with a channel

length of 1 pm, a super-linear behaviour can be seen clearly for low drain-source voltages in the
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output characteristics.

In case of the transfer characteristics, a DIBL-like threshold voltage shift can be observed
with respect to the drain-source voltage. However, this shift of the threshold voltage does not
depend on the channel length and a DIBL effect can be excluded in a TFT with a channel
length of 10.5 pm. Thus, this weak dependence of Vg, is possibly due to trapping and de-
trapping effects caused by traps within the accumulation channel [55]. Finally, the excellent
agreement with the measurements is obtained by a single channel-length-dependent parameter,
the channel-width-normalized contact resistance (Tab. 7.5), which demonstrates the good

scalability of the Schottky-barrier models with respect to the channel length.

Table 7.5: Channel-width-normalized contact resistance of the coplanar DPh-DNTT TFTs for
each channel length at which the compact current model provided the best fit to the measure-
ment results (see Figure 7.22).

Len [pm] 105 4.5 2.4 1.4 1.0
Rc.Wep [2em] 77.5 41 25 15.75 12.1

The significant and monotonic dependence of channel length on the channel resistance
R. can be attributed to the inaccuracies of the contact resistance model similar as in the
verification in Section 7.2.1. Table 7.6 summarizes the channel-length-independent parameters,

which are applied to compute the enhanced compact dc model

Table 7.6: Parameter values which are applied to compute the enhanced compact dc model in

Fig. 7.22.

Parameter  Value Unit
Long-channel threshold voltage Vro —1.12 V]
Long-channel subthreshold swing S 0.080 [V /dec]
Drain-source leakage resistance Ricakr 5 [TQ]
Pre-factor of the mobility model K 5 [chVf*/(vs—l)]
Exponent of the mobility model B 0.65 [1
Sweep time and trap-filling parameter o 0.025 1]
Initial Schottky barrier height P Bo 0.455 V]
Injection length g 2 [nm]
Schottky barrier position dp 1.92 [nm]
Non-ideality parameter of the saturation current n 1.85 []
Non-ideality parameter of the diode equation (4 5 [1
Saturation voltage of the drain barrier Wsat 5 [1

7.2.3 Staggered Architecture: Short-Channel and Schottky-Barrier Models

The short-channel and the Schottky-barrier models are verified separately in Section 7.2.1
and Section 7.2.2 by two different substrates, since in no substrate can all effects be observed

simultaneously. In contrast, the measured current-voltage characteristics of staggered TFTs
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show the influence of both the short-channel effects and the Schottky barriers at the contacts

on the current behaviour.
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Figure 7.26: Output and transfer characteristics of staggered DNTT TFTs with channel
lengths of 0.5 pm, 0.8 pm and 1 pm computed using by the enhanced compact dc model (green
lines) and, for comparison, obtained from measurements (blue circles).

Figure 7.26 shows the measured current-voltage characteristics of staggered DNTT TFTs
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with channel lengths of 0.5 pm, 0.8 pm and 1 pm (blue circles). The output curves (left column)
are conducted at Vg = —2.5V and Vs = —3.0V, and the transfer curves (right column) at
Vias = —0.1V and Vg5 = 3.0 V. The model (green solid lines) shows a good agreement with the
measured current-voltage characteristics, although these are very challenging to fit with their
very high off current. The deviation in the transfer characteristics below Vys < —2.5V can
be attributed to inconsistencies between the measured output and transfer characteristics. If
the channel length is the only parameter that changes from transistor to transistor and the
channel width-to-length ratio of 15 is considered, the current-voltage characteristics of the
staggered TFTs should be nearly equivalent. However, the decreasing drain-source current in
the saturation regime of the output characteristics can be observed from transistor to transistor
despite an equal y-axis range. This can be attributed to a decrease of the charge-carrier mobility
of the organic semiconductor with regard to the channel length. Finally, the enhanced compact
dc model is capable to reproduce the current-voltage characteristics in all regimes of operation.

The subthreshold swing and DIBL models are computed at dpoi = faier + tse, and the
threshold-voltage roll-off model at dpoi = taiel, as expected from the verification by TCAD

simulations in Section 7.1.

Table 7.7: The parameters of the compact current model modified from transistor to transis-
tor for each channel length during verification in Fig. 7.26 to obtain the best fit to the measure-

ments.
Len Ko B  at Ricak  RcWen  Wsat
Vys = Vas = =3V
2y/8
\Y4 2
[jum] em [ (=] (62 [@em] [
Vs—1
1.0 1.49 1.52 3.02 5000  117.15 11
0.8 1.47 1.57 3.06 400 102.82 9.5
0.6 1.08 1.42 2.10 10 85.28 4
0.5 0.66 1.00 1.06 8 83.20 3

Table 7.7 summarizes the model parameters, which have to be modified from transistor
to transistor. In contrast to the short-channel models, the generic modelling scheme of the
Schottky barrier at the drain contact exhibits a channel-length-dependent parameter wgsq:. A
value of wsqt greater than 1 means that the voltage drop across the drain barrier saturates for
larger drain-source voltages as the drain-source current of the organic TFT. Thus, a lower wsqt
for TFTs with shorter channel lengths indicates that the voltage drop across the drain barrier
saturates earlier in short-channel TFTs as in long-channel TFTs. The power-law mobility
model consisting of ko and 8 leads to charge-carrier mobilities at Vgs = Vys = —3V, which
correspond to similar staggered DNTT TFTs as in [86]. The significant increase of the leakage
current with decreasing the channel length requires an increase of Rjecqr. The decreasing
channel-width-normalized contact resistance R.W., can be attributed to the inaccuracies of the

contact resistance model (Section 4.4). The channel-length-independent parameters, which are
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applied by the enhanced compact dc model during the verification are summarized in Tab. 7.8.

Table 7.8: Model parameters, which are applied to calculate the current-voltage characteris-
tics by the enhanced compact dc model in Fig. 7.26.

Parameter  Value Unit
Long-channel threshold voltage Vro —1.31 [v]
Long-channel subthreshold swing S 0.090  [V/dec]
Sweep time and trap-filling parameter frys 0.02 1]
Characteristics transfer length Ly 2.6 [nm]
Initial Schottky barrier height Ppo 0.35 [Vl
Injection length Lgms 2.6 [m]
Schottky barrier position dp 1.92 [nm]
Non-ideality parameter of the saturation current n 0.66 []
Non-ideality parameter of the diode equation 0 3.5 [1]

7.3 Circuit Simulation

In this section, the enhanced compact dc model, which is based on the generic compact dc
model (Chapter 4) and extended by the short-channel and the Schottky-barrier models derived
in this dissertation, is applied in CMOS inverter circuits (Fig. 7.27(b)). Therefore, the inverters
are simulated once in a SPICE-like circuit simulation consisting of TCAD devices (mixed-mode
simulation computed by the software Atlas) and once in a SPICE simulation (computed by the

software Virtuoso) that applies the Verilog-A model of the enhanced compact dc model.

Vdd =5V

Loverla L h Loverla
| LI — _4 p-OTFT

Source Drain

¢ o ‘o)
Organic Semiconductor t“ lVin | n-OTFT lVout
DiSECHC T i
Gate i
(a) Cross section (b) Circuit

Figure 7.27: (a) Cross section of the staggered organic TFTs applied in the (b) circuit of the
CMOS inverter, which is simulated once in a SPICE-like circuit simulation consisting of TCAD
devices and once by the Verilog-A enhanced compact dc model applied in the software Virtuoso
(SPICE simulation).
The material parameters in both devices are chosen to obtain Schottky barriers at the
source and the drain contacts, which require the application of the Schottky-barrier models to
fit the enhanced compact dc model to the TCAD-simulated current-voltage characteristics of

the staggered TF'Ts. In order to reproduce the measurable non-linear behaviour in the output
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characteristics of organic TFTs, the Schottky barrier lowering effect is activated in the TCAD
simulations. Each inverter consists of a p-type and an n-type staggered organic TF'T, the cross
sections of the geometries of which are shown in Fig. 7.27(a).

The dimensions and material parameters of both devices are summarized in Tab. 7.10. Here,

Table 7.9: Dimensions and material parameters of the n-type and p-type organic TFTs ap-
plied in the simulated CMOS inverters in TCAD (mixed-mode simulations) and by the en-
hanced compact dc model.

Parameter  Value Unit
P-type organic TFT
Work function of the source and drain materials Dp, el 4.64 V]
Work function of the gate material DPong,p 3.925 V]
Electron affinity of the p-type OSC Xp 1.81 [V]
N-type organic TFT
Work function of the source and drain materials B o 4.64 V]
Work function of the gate material Do gim 5.355 V]
Electron affinity of the n-type OSC Xn 4.09 V]
Identical device parameters
Initial Schottky barrier height Do 0.55 [V]
HOMO-LUMO energy gap E, 3.38 [eV]
Channel length Le.n 0.3 to 10 [um]
Thickness of the gate dielectric taiel 5 [nm]
Thickness of the OSC tee 25 [nm]
Length of the gate-to-source/drain overlap Lovertap 2 [um]
Relative permittivity of the dielectric Ediel 4.08
Relative permittivity of the OSC €n/p 3
Electron/hole mobility of the OSC B 1 [em2/(Vs)]
Density of states Naos 1x 102 em—3

the work functions of the gate materials of the p-type and the n-type TFTs are modified to
obtain equal absolute threshold voltages. Furthermore, the electron affinities of both the p-type
and n-type semiconductors are adapted, which lead to initial Schottky barriers at the source
and the drain contacts of 0.55V.

Figure 7.28 shows the output voltage V,,: with respect to the input voltage V;, of CMOS
inverters consisting of staggered TFTs with channel lengths ranging from 0.3 pm to 10 pm
simulated in mixed-mode simulations (solid lines) and computed in SPICE simulations by the
Verilog-A model of the enhanced compact dc model (dashed lines). The bottom figure enlarges
the red rectangular polygon of the upper figure. In general, the enhanced compact dc model
slightly underestimates the output voltage Vo for a input voltage range of 1V < V;,, < 2.5V.
Nevertheless, the inaccuracies are quite small and the CMOS inverters computed by the
Verilog-A model are in good agreement with the TCAD-simulated inverters.

Table 7.10 summarizes the parameters, which are applied to compute the inverters by
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Figure 7.28: Comparison of the CMOS inverters computed by TCAD (solid lines) and the
Verilog-A (VA) model (dashed lines) with channel lengths from 10 pm down to 0.3 pm. The
bottom figure illustrates the red rectangle of the upper figure.

Table 7.10: Parameters of the enhanced compact dc model, which are applied to compute
the CMOS inverters consisting of staggered TFTs with channel lengths ranging from 0.3 pm to
10 pm (Fig. 7.28).

Parameter explanation Parameter  Value Unit
Long-channel threshold voltage Vro +1.08 [V]
Long-channel subthreshold swing S 0.06 [V/dec]
Sweep time and trap-filling parameter frys 0 1]
Characteristics transfer length Lt 12.5 [m]
Injection length Lin; 85 [nm]
Non-ideality parameter of the saturation current n 0.86 []
Non-ideality parameter of the diode equation 0 10 [1
Fitting parameter of the drain-barrier saturation voltage Wsat 30 []
Channel-width-normalized contact resistance R Wep 323 [kQ2em]

the Verilog-A model. These parameters are independent of the channel length, which shows
the good scalability of the model with regard to the channel length. Finally, this verification
indicates that the model is suitable to be applied in further SPICE simulations of CMOS

circuits, e.g. differential amplifiers or operational amplifiers.
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Conclusion

This dissertation presents compact analytical physics-based equations for the Schottky barriers at
the source/semiconductor and drain/semiconductor interfaces in staggered as well as coplanar
organic TFTs. Both barriers are modelled as Schottky diodes in series with the intrinsic
transistor. Furthermore, analytical and physics-based models of short-channel effects in
staggered and coplanar organic TFTs are derived, and which are the threshold voltage roll-off,
DIBL and subthreshold slope degradation. For each model an implementation method is
presented that can be applied in any arbitrary compact dc model.

In case of the source contact, the diode is operated in reverse direction and thus, the charge
carriers injected from the source region to the semiconductor layer have to overcome the barrier
when the TFT is operated in the on state. Here, the barrier height depends on the electric
field at the barrier location due to the Schottky barrier lowering effect caused by image charges.
To derive an equation for the electric field, Poisson’s equation is solved for both the coplanar
and staggered structure. In case of the coplanar TFT, a complex conformal map is derived by
applying the Schwarz-Christoffel transformation in order to solve the two-dimensional Poisson
equation. In contrast, the staggered TFT can be reduced to a one-dimensional problem, which
is modelled as parallel-plate capacitor. Subsequently, the current injection is calculated by
the well-known thermionic-emission diode equation and finally, an equivalent bias-dependent
resistance is defined that can be implemented into any arbitrary compact dc model.

In case of the drain contact, a generic compact modelling scheme was presented that
calculates the voltage drop across the barrier on the basis of the current of a barrier-less
transistor in the deep saturation regime. In this regime, the voltage drop across the drain
barrier saturates and thus, the current-voltage characteristics is not affected by the barrier
here. In the regime between Vg, = 0V and the drain-barrier-saturation voltage, the voltage
drop across the drain barrier is modelled as linear mathematical function. Additionally, the
saturation voltage for the drain barrier can be tuned by a fitting parameter. Finally, a smoothing
function is applied to avoid numerical problems and discontinuities and to summarize both

regimes in one compact equation. For verification purposes, the voltage drop is incorporated in

103
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the compact dc model into the drain-source voltage.

The models of the short-channel effects presented in Chapter 6 for coplanar and staggered
organic TFTs are based on two-dimensional potential solutions of Laplace’s differential equation.
From the potentials, the maximum barrier height along the most leaky path is extracted, which
serves as a basis for the models. Therefore, the potential problems of both TFT architectures
are decomposed into two separated potential problems: the even and the odd mode, which
superposed yield the actual potential problem. The boundary conditions are chosen in a way
to obtain a Dirichlet or Neumann boundary along the axis of symmetry (cutline perpendicular
to the gate electrode in the channel center). This enables to reduce the potential problems to
one half of the TFT of each mode, but nevertheless, the solution can be applied to calculate
the electrostatics of the entire TFTs. The Laplacian equation of these problems is solved with
the help of a conformal mapping function, which is derived by applying the Schwarz-Christoffel
transformation. Unfortunately, an inverse mapping function is not solvable analytically and
hence, the potential distribution perpendicular to the gate electrode is modelled approximately
as a linear mathematical function. Whereas the contact thickness can be modelled as infinitely
thick in the staggered potential solution, in contrast, the contact thickness must be captured in
the modelling approach of the coplanar TFT. However, an analytical implementation of .,
into the solution is only possible with an inverse mapping function. Nevertheless, an empirical
expression for the contact thickness in the w-plane of the mapping function is defined that
enables to incorporate the contact thickness by a fitting parameter ¢., that is linked directly
to the actual thickness of the contacts. Finally, the short-channel models are defined by the
change of the maximum barrier height along the most leaky path extracted from the potential
solutions caused by the channel length, the gate voltage and the drain voltage.

However, concerning the most leaky path, simulations of coplanar and staggered TFTs
in Sentaurus Device with channel lengths of 100 nm have shown that the most leaky path in
the subthreshold regime is not located along the gate-dielectric/semiconductor interface as
expected. The hole density through a cutline in the center of the channel perpendicular to
the gate electrode has revealed for both the coplanar and staggered structure that the density
is the greatest along the ambient/semiconductor interface, which is located in a distance of
tdaiel + tsc from the gate electrode. Since the models describing the subthreshold swing and
the DIBL are defined in this operation regime, the potential at the maximum-barrier-height
position must be extracted along the ambient/semiconductor interface. However, for the
calculation of the threshold voltage roll-off, the operating point around the threshold voltage
is more important, where charge carriers are already accumulated and form a channel at the
gate-dielectric/semiconductor interface, which is located in a distance of t4;e; from the gate
electrode. The location of the most leaky path is of utmost importance in order to obtain a
good agreement between the models and any reference data. Therefore, each model contains a
fitting parameter denoted as the point of interest dp,; that determines the location at which
the potential is extracted. Here, dpo; is the distance between the gate plane and the extraction

location of the potential in vertical direction from the gate plane.
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The model equations of the threshold voltage roll-off and DIBL are incorporated into the
threshold voltage of the generic compact dc model in Chapter 4. In case of the subthreshold
swing, the change of the potential at the maximum barrier height with respect to the change of
the gate voltage is determined (&) and incorporated into the subthreshold swing parameter
of the generic compact current model. These model equations can be implemented in the
same way in any arbitrary compact dc model that provides input parameters for the threshold
voltage and the subthreshold swing.

For the verification of the short-channel models, staggered TFTs are simulated in Sentaurus
device (TCAD simulations) with channel lengths ranging from L., = 0.1 pm to Lcp, = 10 pm.
The effects are extracted in each simulated TFT from the transfer characteristics and from the
electrostatic potential. In case of the latter, the potential along several cutlines is simulated
parallel to the gate-dielectric/semiconductor interface distributed over the entire semiconductor
thickness. These serve as basis to extract the short-channel effects at each cutline. Then,
the compact models are computed at the identical cutline positions and they are in good
agreement with the extraction from the electrostatic potential of the simulated staggered TFTs
despite the approximated linear modelling of the potential profile through the semiconductor in
perpendicular direction to the gate electrode. Subsequently, the subthreshold swing and DIBL
extracted from the transfer characteristics and the extraction from the electrostatic potential
at the ambient/semiconductor interface are almost identical. This confirms the analysis of the
most leaky path. The same applies to the extraction of the threshold voltage shift from the
potential along the gate-dielectric/semiconductor interface.

The short-channel models for the coplanar architecture are also verified by TCAD simulations
of coplanar TFTs with channel lengths ranging from L., = 0.1 pm to L., = 10 pm, but once
for a contact thickness of t., = 10 nm and once of t., = 25 nm. Here, the models are calculated
at the expected most leaky path of each short-channel effect and are in good agreement
with the extraction from TCAD simulations for both extraction methods: from the transfer
characteristics and the electrostatic potential. However, the DIBL model shows a slight
overestimation compared to TCAD simulations, but a decreasing of the point of interest dpoi
can compensate this deviation to obtain a good agreement with TCAD simulations.

Furthermore, for the verification with measurements, the compact dc model in Chapter 4
is extended by the models for the short-channel effects and the Schottky barriers. Then, a
substrate fabricated of coplanar TFTs with channel lengths ranging from 0.5 pm and 10 pm
is compared to the enhanced compact current model. However, these TFTs do not show a
non-linearity in the linear regime of the output characteristics and thus, the barrier height
at the contacts is quite low. Hence, only the short-channel models for the coplanar TFT can
be verified with this substrate and here, the simplified modelling of the contacts leads to an
increased contact thickness to compensate the missing electrostatic influence of the horizontal
interfaces at the top of the contacts. Moreover, the threshold voltage roll-off model must be
extracted at a point of interest dpo; that is unexpectedly large. However, the subthreshold swing

and DIBL models are extracted from the potential solution at the expected most leaky path.
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Finally, the enhanced compact current model is capable of reproducing the current-voltage
characteristics of the fabricated coplanar TFTs with good accuracy.

The second substrate is manufactured with staggered TFTs comprising channel lengths
ranging from 0.5 m to 1 um. Here, in the linear regime of the output characteristics of each
TFT a superlinear behaviour can be observed and in case of the transfer characteristics, the
curves show a threshold voltage shift and a degradation of the subthreshold swing. Thus, the
enhanced compact current model requires the short-channel models and the models for the
Schottky barriers to reproduce the current-voltage characteristics of the measurements. A good
agreement is obtained for an inital barrier height of ®pg = 0.35V at both contacts and the
short-channel models are extracted for expected values for dpo;.

The last substrate is processed with coplanar TFTs with quite long channel lengths ranging
from 1 pm to 10.5 pm. The transfer characteristics do not show any short-channel effects, but
these are verified with the first substrate. However, the output characteristics of each TFT
shows an influence of the Schottky barrier on the drain-source current in the linear regime.
This influence is increasing with shortening the channel length from transistor to transistor. A
good agreement between the enhanced current model and the measurements is obtained for an
initial barrier height of &g = 0.455V.

Finally, the verification with each substrate is obtained with equal model parameters for
each substrate. This indicates the excellent scalability with respect to the channel length of
the short-channel models and the Schottky barrier models. Furthermore, it is to say that the
models derived in this dissertation are not limited to organic TF'Ts, but can be applied to TFTs

in general with other inorganic semiconductors.
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