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Abstract

Plastic electronics based on organic thin-film transistors (OTFTs) pave the
way for cheap, flexible and large-area products. Over the past few years,
OTFTs have undergone remarkable progress in terms of reliability, perfor-
mance and scale of integration. This work takes advantage of high-resolution
silicon stencil masks to build air-stable complementary OTFTs using a low-
temperature fabrication process. Many factors contribute to the allure of
this technology; the masks exhibit excellent stiffness and stability, thus al-
lowing to pattern the OTFTs with submicrometer channel lengths and superb
device uniformity. Furthermore, the OTFTs employ an ultra-thin gate di-
electric that provides a sufficiently high capacitance of the order of 1 nF /cm?
to enable the transistors to operate at voltages as low as 3 V.

The critical challenges in this development are the subtle mechanisms
that govern the properties of the aggressively-scaled OTFTs. These mecha-
nisms, dictated by device physics, have to be described and implemented into
circuit design tools to ensure adequate simulation accuracy. This is particu-
larly beneficial to gain deeper insight into materials-related limitations. The
primary objective of this work is to bridge the gap between device modeling
and mixed-signal circuits by establishing an OTFT compact model, together
with realizing the world-fastest organic digital-to-analog converter (DAC).

A unified model that captures the essence in the static/dynamic behav-
ior of the OTFTs is derived. Approaches to incorporate the implicit bias-
dependent parasitic effects in the model are elucidated and accordingly a
reliable fit to experimental data of OTFTs with different dimensions is ob-
tained. It is demonstrated that the charge storage behavior in the intrinsic
OTFTs agrees very well with Meyer’s capacitance model. Moreover, the first
comprehensive study of the frequency response of OTFTs using S-parameter
characterization is presented. In view of the low supply voltage and air stabil-
ity, a record cutoff frequency of 3.7 MHz for a channel length of 0.6 pm and a
gate overlap of 5 pm is accomplished. Finally, a 6-bit current-steering DAC,
comprising as many as 129 OTFTs, is designed. The converter achieves a
thousand-fold faster update rate (100 kS/s) than prior state of the art.

Keywords

Cutoft frequency, device modeling, digital-to-analog converter, organic cir-
cuits, organic thin-film transistors, scattering parameters, stencil masks.






Kurzfassung

Schaltungen basierend auf organischen Diinnschichttransistoren (OTFTs)
ebnen den Weg fiir preiswerte, flexible und grofiflachige Anwendungen. In den
vergangenen Jahren haben OTFTs einen beachtlichen Schritt in Richtung
Zuverlassigkeit, Performance und Integration in komplexen Systemen vollzo-
gen. Die vorliegende Arbeit nutzt hochauflosende Silizium Stencil-Masken
zur Herstellung kurzkanaliger und luftstabiler komplementarer Niedervolt-
OTFTs. Viele Faktoren tragen zur Einzigartigkeit dieser Technologie bei,
begriindet durch die hervorragende Steifheit und Stabilitat der Stencil-
Masken. Dies ermoglicht Strukturen von OTFTs, welche eine hohe Gleich-
formigkeit aufweisen und Kanallangen im unteren pm-Bereich besitzen.

Die grofie Herausforderung sind die Mechanismen, die die Eigenschaften
stark skalierter OTFTs beherrschen und die in Design-Tools implementiert
werden miissen. Das Hauptaugenmerk dieser Arbeit liegt darauf, die Liicke
zwischen der Bauteilmodellierung und der Mixed-Signal-Schaltung zu
schlieflen. Ein statisch /dynamisches OTFT-Modell wurde eingefithrt und der
weltweit schnellste organische Digital-Analog-Wandler (DAC) hergestellt.

Losungen, die impliziten bias-abhéngigen parasitaren Effekte im Modell
mit einzubeziehen, werden aufgezeigt, und eine entsprechende zuverlassige
Ubereinstimmung mit experimentell gewonnenen Daten von OTFTs unter-
schiedlicher Dimension wird nachgewiesen. Es wird gezeigt, dass das Ladungs-
speicherungsverhalten in intrinsischen OTFTs sehr gut mit Meyers
Kapazitatsmodell iibereinstimmt. Dariiberhinaus wird die erste umfassende
Untersuchung des Frequenzverhaltens von OTFTs mittels S-Parameter-
Charakterisierung vorgestellt. Eine in Blick auf die niedrige Versorgungs-
spannung und die Luftstabilitdt rekordverdachtige Grenzfrequenz von 3,7
MHz bei einer Kanallinge von 0,6 pm und einer Gate-Uberlappung von
5 pm ist demonstriert. Schliesslich wird ein stromgesteuerter 6-Bit-DAC,
bestehend aus 129 OTFTs, entworfen. Der DAC erreicht eine tausendfache
Sample-Rate (100 kS/s) gegeniiber dem bisherigen Stand der Technik.

Schlagworter

Bauteilmodellierung, D/A-Wandler, Grenzfrequenz, organische Schaltung,
organische Diinnschichttransistoren, S-Parameter, Stencil-Masken.
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1

Motivation

The rapid evolution of semiconductor technology is fueled by an unending
demand for better performance and more functionality at reduced manu-
facturing costs [1]. A new generation of thin, flexible electronics based on
organic semiconductors arises [2]. The organic materials are all the more
appealing as they can be deposited over large areas at or near room tem-
perature, thus providing compatibility with a wide range of unconventional
substrates such as glass, plastic, fabric and paper. Furthermore, the ability
to process the organic materials from solution opens a plethora of alternative
high-throughput, low-cost patterning techniques that are adapted from the
graphic art printing industry [3]. These strengths are currently unfolding
in the production of organic thin-film transistors (OTFTs), light-emitting
diodes (OLEDs) and photovoltaic cells (OPVCs) [4]. The ensuing appli-
cations are manifold; they result in what some see as visually stimulating
objects, such as flexible displays, panel lighting and transparent solar cells,
and others see as a promotion to ubiquitous sensing in the form of low-end
radio-frequency identification, smart food packaging, electronic nose and skin
for robotics, and implantable or disposable health monitoring devices [5].

The field of flexible electronics is progressing quite dynamically and many
other candidate materials, such as metal oxides, graphene and carbon nano-
tubes, are coming into sight [6, 7]. Also monolithic silicon chips can already
be fabricated with a thickness of 20 pm and below, making them as flexible as
foils [8-11]. Organic materials, on the contrary, display a notable advantage
that they can be synthesized into seemingly limitless compound variations.
Hence, their properties, including electrical, optical, appearance, chemical
interactivity and biocompatibility, can be optimized depending on the target
application. The question is not which technology will win this development
race; instead, the aim should be to combine the best aspects of the different
technologies in a hetero-integrated system approach [2]. The global market
for printed, flexible and organic electronics reached $16.04 billion in 2013 and
is projected to cross $75 billion in 2023, as forecasted by IDTechEx [12]. This
is dominated by displays, while emerging integrated circuits and sensors are
much smaller segments though with a huge growth potential.

This work is devoted to the development of short-channel OTFTs, the
performance and matching of which rivals that of the low-voltage, air-stable
OTFTs reported to date. In cooperation with the Institute for Microelectron-
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ics Stuttgart (IMS CHIPS) and the Max Planck Institute for Solid-State Re-
search (MPI-SSR), a new OTFT fabrication process based on high-resolution
silicon stencil masks is established [13-17]. Figure 1.1 shows close-up micro-
graphs of a stencil mask and an OTF'T with a feature size of 0.6 pm, demon-
strating that submicrometer channels with a very smooth edge roughness is
feasible. This is, to the best of our knowledge, the shortest channel OTFT
fabricated so far through stencil mask lithography. The process intends not
only to provide a solution for fast individual OTFTs, but also to enable the
realization of large-scale organic mixed-signal integrated circuits that can
operate—for the first time—in the high kilohertz range.

In order to boost the combination of high-functionality and compactness,
the durability of the stencil masks has to be characterized. Moreover, the
downscaling of OTFTs tends to augment crucial non-ideal properties, which
have to be implemented in a device model for use in circuit simulation. For
example, the increasing impact of device parasitics in short-channel OTFTs
now hampers further progress towards the attained intrinsic performance. In
view of these aspects, this work targets the following four key objectives:

e Technology—Investigate the reliability of the silicon stencil masks
with respect to minimum dimensions, refurbishment, manufacturabil-
ity, defects and uniformity. This is to ensure proper yield and to further
push miniaturization and integration.

e Characterization—Carry out a comprehensive experimental study of
the static/dynamic response of the OTFTs using different methods. For
the first time, the cutoff frequency of stand-alone OTFTs is extracted
by means of scattering parameter measurements. The correspondence
between the different characterization techniques is elucidated and a
performance benchmark for the state-of-the-art OTFTs is presented.

e Modeling—Derive a unified static/dynamic compact model and a
small-signal equivalent circuit that describe accurately the intrinsic as
well as the extrinsic effects of the OTFTs. The model parameters are
physically justified; thus, they can be extracted from measurements in
a consistent and convenient way. Experimentally-validated recommen-
dations are also given to accomplish a breakthrough in the performance
of organic integrated circuits.

e Demonstrator—Design fast organic mixed-signal integrated circuits
to demonstrate the reproducibility and matching capability of the new
manufacturing process. This leads to the first successful realization of
organic current-steering digital-to-analog converters (DACs).

This work, therefore, offers a promising technology platform that extends the
favorable advancement of OTFTs and opens up the prospect of many novel
applications in fields ranging from communication and robotics to healthcare.



(b)

Figure 1.1 (a) Photograph of a silicon stencil mask used to pattern the source
and drain contacts of an OTFT. (b) Top-view photograph of an inverted-staggered
(bottom-gate, top-contacts) OTFT with a channel length of 0.6 pm fabricated on
a glass substrate. The organic semiconductor layer is transparent [18].

This thesis is organized in nine chapters, including this motivation. The
materials, devices and applications in organic electronics are broad. For
this reason, Chapter 2 gives a historical perspective and a general overview
of the field. Chapter 3 focuses on the architecture and operation princi-
ple of an OTFT. Making use of the gradual channel approximation, the
important electrical characteristics and extracted device parameters are de-
scribed. In addition, the outstanding air stability, uniformity and perfor-
mance (using ring oscillators) of the utilized low-voltage, inverted-staggered
OTFTs are illustrated. Chapter 4 presents the new OTFT fabrication pro-
cess, which employs silicon stencil masks for parallel patterning of submi-
crometer features without the need of chemicals or elevated temperatures.
Issues concerning mask pattern distortion and membrane deformation, and
methods to mitigate these effects, are also discussed. Chapter 5 is devoted
to the static characterization and modeling of the OTFT, primarily using
the transmission line method. The model takes into account not only the in-
trinsic steady-state behavior of the OTFT but also the boundary conditions
imposed by the device geometry, particularly the contact resistances which
are not necessarily linear. The charge storage dynamics of the OTFT are
analyzed by means of admittance characterization and compact modeling,
as explained in Chapter 6. Furthermore, a small-signal equivalent circuit is
built to describe the conduction mechanism and quantitatively evaluate the
parasitic impedance. Chapter 7 provides a study of the frequency response of
aggressively-scaled and asymmetric OTFTs using scattering parameter char-
acterization. Chapter 8 introduces the design, simulation and test results of
a 6-bit binary and a 3-bit unary current-steering DAC, comprising unipolar
and complementary OTFTs, respectively. Finally, in Chapter 9, conclusions
and an outlook to future work are presented.



2

Introduction to
Organic Electronics

Organic electronics is forming a new basis for low-cost microelectronic tech-
nology on thin, lightweight and mechanically flexible substrates. The purpose
of this chapter is to provide a general overview of the topic. The chapter de-
scribes the historical development of microelectronics starting from the evo-
lution of vacuum tubes until the rise of organic devices, namely transistors,
light-emitting diodes and photovoltaic cells. Emphasis is also made on recent
leading advances in terms of materials, devices and applications.

2.1 HISTORY

Integrated circuits are often said to be the most important invention of the
twentieth century. They have become ubiquitous in modern technology, find-
ing their way into nearly all industries available including telecommunica-
tions, automotive, consumer electronics and many others [1]. An integrated
circuit, also referred to as microchip, is a tiny electronic circuit in which all
the components, such as resistors, capacitors and transistors, are housed on
a single chip. Transistors, however, are the main building blocks of an elec-
tronic circuit; they are solid-state active devices, which act as switches or
amplifiers [19]. Early transistors were discrete and large in size (few square
centimeters), but the rapid pace of progress of integrated circuits has en-
abled packing of more than billion transistors onto a single chip (also with
few square centimeters of area).

Before transistors and microchips, the electronic circuits were based on
bulky devices and had to be painstakingly assembled piece by piece. The
main family of such bulky devices was vacuum tubes (also called thermionic
valves), which were used for rectification, amplification, switching or similar
processing of electrical signals (Fig. 2.1). It was German scientist Heinrich
Geissler who is credited with building the first vacuum tubes (also called
Geissler tubes; they were almost completely evacuated) in 1855. He also
noticed their strange glow of colored light when applying an electric field
across the vacuum between two electrodes in 1857 [20]. It was described
later that the colored light is caused by rays, called cathode rays, which are
carrying negative electric charges and hitting the air molecules inside the
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Figure 2.1 Historical development of the electronic devices from the introduc-
tion of vacuum tubes to the beginning of using of organic compounds in transistors,
light-emitting diodes and photovoltaic cells. The illustration is adapted from [22].

tube to produce light. It was only 40 years later, in 1897, that the nature
of the cathode rays was completely understood by the British physicist Sir
Joseph John Thomson; he used the vacuum tubes to calculate the mass of
the negative electric charges, which were suggested before to be particles
and observed later to have properties of both particles and waves, and finally
discovered the electron [21].

A series of subsequent configurations of the vacuum tube valves were es-
sential in building early computers and marked the beginning of the electron-
ics industry. German scientist Karl Ferdinand Braun invented in 1897 the
cathode ray tube (CRT), which was then used to realize screens for television
sets, oscilloscopes and radars [23]; British electrical engineer and physicist
Sir John Ambrose Fleming invented in 1904 the diode valve, which was used
for the rectification of electrical signals [24]; American engineer Lee de Forest
invented in 1906 the triode vacuum tube (also called Audion tube or triode),
which was used for the switching or amplification of electrical signals [25].
The vacuum tube valves, however, had many limitations; they were bulky,
fragile, rather slow, difficult to miniaturize, consumed too much energy and
produced too much heat [3]. For instance, the first general-purpose com-
puter that was built in 1946, the ENIAC (Electronic Numerical Integrator
And Computer), comprised more than 17 thousand vacuum tubes to perform
operations and calculations, weighed about 30 Tons and filled an entire room.
In addition, there was in average one tube of the ENIAC damaged every two
days [26].

The idea of replacing these thermionic valves with more promising and
reliable solid-state devices that are based on semiconducting materials can be
traced back to the late-1920s and early-1930s. Three patents are considered
as the foundation of the principles of solid-state devices those from American
(formerly Austro-Hungarian) physicist Julius Edgar Lilienfeld (Author of the
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two patents [27] and [28] filed in 1926 and 1928, respectively) and German
electrical engineer Oskar Heil (Author of the patent [29] filed in 1935). Both
described in their patents different variations of a method, aperture or de-
vice to control the flow of an electric current between two terminals of an
electronically active material by means of a third potential applied to an in-
sulated third terminal. Lilienfeld suggested in [28] that the active layer could
be either pure metallic such as copper (Cu), compound such as cuprous oxide
(Cug0), or preferably, a mixture of both. Although Cu,O is a semiconduc-
tor, there was absolutely no definite indication in his claims of this class of
solid materials or the necessity of using it for the active layer. Heil, on the
other hand, is believed to be the first one who stated clearly in his patent
that the active material should be made of thin layer of semiconductor such
as tellurium (Te) or cuprous oxide (Cup0) [30, 31]. He also described that
the semiconducting layer changes its resistance depending on the potential
applied at the controlling metal terminal.

The presented inventions of Lilienfeld and Heil only embody concepts
of solid-state devices as possible substitutes for the thermionic valves, with
no indication of any reduction to practice. This class of solid-state devices
was later named Field-Effect Transistors (FETSs), where the name transistor
is a shortened version of the original term transfer resistor, which conveys
the operation principal of the device. Subsequent to these key conceptual
inventions, many electronic device physicists and engineers pursued research
on realizing semiconductor replacements for the unreliable vacuum tubes.
More than a decade later, in 1947, the first successful semiconductor tran-
sistor was demonstrated [32-34]. This has marked the beginning of a series
of milestones, at which different device configurations and materials were
introduced. Four of the most important milestones are listed below:

e In 1947, American physicists Walter Brattain and John Bardeen demon-
strated the first transistor action in a germanium point-contact device
[34]. The transistor could amplify an input power up to 40 times [35],
but had delicate mechanical configuration and was difficult to manu-
facture in high volume with sufficient reliability.

e In 1948, American physicist William Shockley invented the concept of
Bipolar Junction Transistors (BJTs) [36, 37]. At that time, Shock-
ley was actually leading a solid-state physics group at Bell Labs that
included both Brattain and Bardeen. All the three scientists were
awarded the 1956 Nobel Prize in Physics for their invention. For about
three decades, the BJT was the main device of choice in the design
of discrete and integrated circuits. BJTs are nowadays mostly made
from silicon germanium (SiGe) and their use is often limited to very
high-speed applications such as radio-frequency circuits for wireless sys-
tems [1].
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e In 1959, South-Korean physicist Dawon Kahng and Egyptian engineer
Martin M. Atalla demonstrated the first Metal-Oxide-Semiconductor
Field-Effect Transistor (MOSFET), which had been long anticipated
by Lilienfeld and Heil [38-40]. The device is mainly constructed by a
stack of three layers: (i) silicon semiconductor as a base material, (ii)
thermally-grown native oxide as an insulator, and (iii) metallic gate
electrode as a controlling terminal. The MOSFET had largely super-
seded the BJT, owing to many favorable properties of silicon, especially
due to the controllable and stable surface oxide. With the extraordinary
progress and continued miniaturization of the silicon-based technology,
MOSFETSs became the dominant device used in integrated circuits and
electronics industry until today (with the exception of large-area ap-
plications).

e In 1961, American physicist Paul Weimer developed the first thin-film
transistor (TFT), which is a FET-like device similar to the ones pro-
posed by Lilienfeld and Heil [41-43]. The TFTs are fabricated on an
insulating substrate such as glass. In a typical process, TFT would
comprise polycrystalline or amorphous semiconducting materials (only
in some few cases crystalline semiconductors are used as well). For ex-
ample, Weimer used a semiconducting film of polycrystalline cadmium
sulfide (CdSe) in his first demonstration [41]. Unlike MOSFETs, TFTs
are supreme for large-area applications that do not require significantly
high speeds such as active-matrix liquid crystal displays (AM-LCDs).
The most common semiconducting material used today for TFTs is
hydrogenated amorphous silicon (a-Si:H), owing to its low fabrication
cost and easy processability [44].

Ever since, the evolution and development of the semiconductor tech-
nology have been following two main approaches, namely silicon monolithic
circuits and thin-film circuits. The advancement of both technologies has
been aiming of shrinking device geometries, increasing production through-
put and yield, improving circuit reliability and fault tolerance, minimizing
mismatch effects and reducing manufacturing costs. The rapid pace of in-
novation for both technologies has been pursuing certain trends [45]. For
example, one of the major trends that enabled the proliferation of silicon
monolithic circuits until they became omnipresent today in our daily life is
commonly known as Moore’s Law [46, 47]:

“Transistor density on integrated circuit
doubles about every two years.”
—Gordon Moore (1965; updated 1975)

Increasing the density of transistors on chip implies more speed, complex-
ity and functionality. Emerging applications, though, do require smarter
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integration by means of miniaturization (More Moore) as well as diversifica-
tion (More than Moore). In recent years, mechanically flexible electronics as
one of the approaches for diversification has caused a disruptive technology
evolution and gained prominent market attractiveness for new user-friendly
applications such as wearable devices, roll-screen displays and intelligent pa-
pers. This allows people as well as environment to interact with the complex
information, which are typically processed by the high-performance minia-
turized devices, in a more efficient and natural way:.

A thin silicon chip is a possible solution, one that takes advantage of the
crystalline silicon structure and leads to many high-speed flexible applica-
tions [8-11]. Nevertheless, an alternative solution is thin-film circuits that
are based on a completely different class of materials such as organic semicon-
ductors. Nowadays, organic materials are forming the basis of a new low-cost
microelectronic technology that can be fabricated on large-area and flexible
substrates such as polymer foils, papers or even fabrics. This is mainly owed
to their low-temperature manufacturability, also to their (thermo) mechani-
cal properties that makes them compatible with such kind of unconventional
substrates [3]. One can envisage processing of this kind of materials by print-
ing methods, which enables low-cost, high-volume and high-throughput pro-
duction [3]. The trend, however, for this large-area and flexible technology is
to reduce the cost per unit area, instead of increasing the number of functions
per unit area that is being followed by the crystalline silicon technology [45].
By combining both technologies in a so called hybrid system-in-foil (SiF),
one could actually take advantage of both worlds [9].

In fact, the first studies on the electrical activity of organic materials can
be traced back to the early twentieth century [48]. Anthracene was the first
organic compound in which photoconductivity was observed by Pochettino
in 1906 [49] and Volmer in 1913 [50]. Later in the 1950s and 1960s, the
potential use of organic materials as photoreceptors in imaging systems was
recognized [48, 51]. During the same time, electroluminescence in organic
compounds was observed by Bernanose et al. in 1955 by applying an alter-
nating current (AC) in air to compounds such as brilliant acridine orange E
[52] and by Pope et al. in 1963 by applying a direct current (DC) in vac-
uum to anthracene [53]. In spite of these handful preliminary reports and
principal demonstrations, the technological use of organic semiconductors
was still very limited due to several drawbacks. First, the reproducibility
and carrier mobility! in organic semiconductors were very low. Second, the
demonstrated devices were operating at extremely high voltages (e.g. 400 V)
as a consequence of the crystal thickness (in the micrometer to millimeter
range) and the difficulties to prepare stable, injection-efficient contacts to the
compounds [54]. Third, the poor control of material purity and structure

!The carrier mobility is a measure of how fast an electric charge is transmitted through a
material under an applied electric field and is mostly represented in units of cm?/Vs.
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ordering were also obstacles. Finally, the materials used so far did achieve
neither sufficient efficiency nor satisfying stability [54]. However, the research
and interest in this field were flourished in 1977 by the successful synthesis of
electrically conducting organic polymers through controlled halogen doping
[55]. This discovery by Alan G. MacDiarmid, Alan J. Heegar, Hideki Shi-
rakawa and co-workers was considered a major breakthrough, opened many
new and exciting applications and honored with the 2000 Nobel Prize in
Chemistry.

The first available organic materials were intractable, immobile, or even
insoluble [5]. Nevertheless, the rapid advancement of the materials and pro-
cessing has enabled the development of soluble organic compounds. Solu-
bility is a key prominent feature, one that opened the possibility for cheap
and high-volume production of printed electronics. Henceforth, the utiliza-
tion of organic materials by various electronic components has given them,
incontrovertibly, a place in the development of this theme [5]. Three com-
ponents that can be considered as the foundation of organic electronics are
organic photovoltaic cells (OPVCs), organic light-emitting diodes (OLEDs)
and organic thin-film transistors (OTFTSs):

First, the use of conjugated polymers, such as poly(sulphur nitride) and
polyacetylene, for the realization of OPVCs were firstly investigated in the
1980s; their power conversion efficiencies, however, were well below 0.1%
[48]. A major breakthrough came in 1986 when American physical chemist
Ching W. Tang discovered that a two-layer OPVC by bringing a donor and
an acceptor in one cell could dramatically improve the efficiency to 1% [56].
Subsequent developments of OPVCs achieved in early-2013 efficiency as high
as 12% according to recent announcements from the German company Heli-
atek [57].

Second, OLEDs in the form available today were firstly presented in 1987
by Ching W. Tang and Steven Van Slyke using a double layer structure of or-
ganic thin films (8-hydroxylquinoline aluminum Alqs and aromatic diamine)
[58]. Later, in 1990, the research on polymer electroluminescence culminated
in the first successful demonstration of green-yellow polymer-based OLED
using 100 nm thick film of poly(p-phenylene vinylene) as an active layer [59].
The improved efficiencies combined with increased shelf and operating life-
times, also superior material properties and manufacturing techniques, have
pushed OLEDs already to the market place in applications like OLED-based
lighting and displays. For example, the South-Korean company Samsung has
just recently launched in August 2013 the first 55 inch full high-definition?
(Full HD) OLED television with a curved panel (S9C series) [60].

Last, the debut of the field effect in organic semiconductors date back
to 1970 [61-64], yet the potential use of the OTFT (at that time mostly re-

2The full high-definition (Full HD) is implying a resolution of 1920x1080 (2.1 megapixel)
in a 16:9 aspect ratio.
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ferred to as metal-insulator-semiconductor field-effect transistor MISFET) as
an electronic device was only identified in 1983 when Ebisawa et al. reported
the first attempt to fabricate an OTFT that utilizes polyacetylene as an ac-
tive semiconducting layer [65]. From this point forward, several studies were
devoted to realize successful TFTs based on organic semiconductors such as
polyacetylene [65, 66], polythiophenes [67, 68] and metallophthalocyanines
[69, 70]. However, their carrier mobilities were very low in the range of 1074
to 1075 cm?/Vs. It was not until nearly seven years later, in 1990, that
the carrier mobility in organic semiconductors approached and even reached
that in amorphous silicon when Garnier et al. reported a carrier mobility as
high as 4.3x107! em?/Vs for TFTs that used evaporated hexathiophene as
an active material [71]. For comparison, the carrier mobilities in conventional
a-Si:H TFTs are in the range of 107! to 1 cm?/Vs. The performance and sta-
bility of OTFTs have continuously improved since then. Hence, some OTFT's
now compete with a-Si:H TFTs to enable revolutionary design possibilities in
new large-area and mechanically-flexible applications. The most compelling
application of OTFTs is backplanes for flexible active-matrix displays; ac-
cordingly, the German company Plastic Logic is currently manufacturing
ultra-thin and lightweight plastic displays that are able to bend, twist and
even roll-up like a piece of paper [72].

The field of organic electronics has been well-profiled and recognized
by several international awards bestowed upon great scholars and scientists
working on this subject. As mentioned above, the 2000 Novel Prize in Chem-
istry was awarded jointly to the Americans Alan G. MacDiarmid and Alan J.
Heegar, and the Japanese Hideki Shirakawa for their discovery and develop-
ment of conductive polymers [55]. Furthermore, the 2010 Millennium Tech-
nology Prize3 was awarded to the British Sir Richard Friend (as one of the
three laureates in that year) whose team discovered electroluminescent diodes
based on polymers (PLEDs) and greatly participated in the development of
OTFTs and OPVCs [59, 66]. In addition, the 2011 Deutscher Zukunftpreis®
(German Future Prize) was awarded to Karl Leo, Jan Blochwitz-Nimoth and
Martin Pfeiffer for their major contribution in the advancement of organic
functional materials and manufacturing techniques, especially for applica-
tions in lighting and photovoltaics [75-78]. Finally, it is worth mentioning
that despite all these advances, the field of organic electronics is still in its
infancy and there is still much room for improvement and much to be learned
and investigated.

3The Millennium Technology Prize is the world’s largest technology award. It is awarded
every two years by Technology Academy Finland, an independent foundation established
by Finnish industry and the Finnish state in partnership [73].

4The Deutscher Zukunftpreis (German Future Prize) is one of the most prestigious awards
conferred for science and innovation within Germany. It is awarded annually by the
Federal President of Germany [74].
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2.2 MATERIALS

Organic electronics have been promising on account of their low-cost, low-
temperature and fast manufacturability in addition to their compatibility
with various kinds of substrates that are thin, large in area, transparent or
mechanically flexible. In principle, organic electronics rely on electrically
active materials that are based on conjugated organic compounds whose
molecules contain carbon and hydrogen elements. A basic device, such as
an organic transistor, is generally comprised of a stack of conducting, semi-
conducting and insulating thin-film layers. There are many attempts to
realize all these layers solely from organic materials [79, 80]; however, they
are mostly combined with special inorganic thin-films in order to optimize
the device performance [81]. The structures and applications of the different
organic-based devices are given in Section 2.3, where the different fabrication
processes used to deposit and pattern the thin-film layers are discussed in
Section 4.1. In this section, an overview of the different organic as well as
inorganic materials is presented.

The materials are classified in this section as the following: (i) semicon-
ductors, (ii) conductors, (iii) dielectrics, (iv) passivation, and (v) substrates.
Each material in every class has its advantages and limitations, where often
the process conditions as well as the interplay of the material with other
layers have a large influence on the device performance [82]. Therefore, the
selection of the materials has to be carefully done to meet application and
technology parameters such as thermal, mechanical and optical properties.
For example, transparency is very important for the realization of solar pan-
els that are going to be mounted on building facades, but not for displays
that are designed for e-book readers. A summary of the key application and
technology parameters is listed below [82]:

e Electrical Performance—The performance (operation frequency, cur-
rent driving capability) of the devices depends on the carrier mobility
in the semiconductor, conductivity of the conductor and the dielectrical
behavior of the dielectric material.

e Resolution and Registration—The reliability and performance of the
devices depend on the lateral distance of the electrodes (pitch, or res-
olution) within the devices and the overlay accuracy (Registration)
between different patterned layers. In addition, scalability is necessary
to have a sustainable technology development.

e Environmental Stability—For the sustainability and proper lifetime of
the devices, the sensitivity of the materials to oxygen and moisture has
to be well considered. This depends also on the barrier properties of
the protective sealing layers (substrate and encapsulation).



12 2 Introduction to Organic Electronics

e Mechanics and Optics—The mechanical and optical properties include
thin form factors, flexibility, bending radius, conformability, weight,
transparency, color and appearance. Accordingly, the material, design
and process have to be carefully chosen.

e Process Parameters—The process parameters include throughput, tem-
perature and ambient conditions. For a reliable production, it is im-
portant to adjust the process parameters for the different employed
materials.

e Cost and Yield—High volume production is only possible when the pro-
cesses allow fabrication at an acceptable yield. This includes adjusted
materials, circuit designs as well as in-line quality control for low-cost
and low-requirement (e.g. disposable sensors) to high-cost and high-
performance (e.g. flexible OLED display) products.

Semiconductors

Organic semiconductors are traditionally classified as small molecules® or
polymers® [3]. Polymers often have excellent solubility, which makes them
amenable to mass printing processes such as flexographic and gravure print-
ing [81]. On the other hand, small molecules are usually deposited by vacuum
sublimation; nevertheless, recent advancements enabled some of the semicon-
ducting small-molecules to be processed in solution or dispersion [82], which
makes them no longer restricted to evaporation/sublimation processes.

The carrier mobility is commonly used as a figure of merit to charac-
terize the performance of materials, devices or fabrication methods. It is
found that the carrier mobility in organic semiconductors varies greatly de-
pending on the choice of material, its chemical purity and its microstructure,
also on the process conditions and the interface to other layers in the device
[3, 82]. For example, Fig. 2.2a illustrates the difference in the carrier mobil-
ity depending on the substrate temperature during deposition of the different
semiconducting small-molecules. Furthermore, amorphous films of solution-
processed semiconducting polymers usually have mobilities in the range of
1076 to 1073 ¢cm?/Vs [81]. However, the mobilities of certain semiconducting
polymers can be increased to about 1 cm?/Vs through molecular engineering
and also by inducing semicrystalline order through better control of the film
formation [83]. Small-molecule organic semiconductors, on the other hand,
are often forming polycrystalline films when deposited by vacuum sublima-
tion, which results in carrier mobilities as large as about 6 cm?/Vs [84].

5An organic small molecule is a compound containing carbon atoms that are bonded into
stable individual molecular unit.

6 An organic polymer is a compound with a molecular structure formed from many identical
organic small molecules bonded together.
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Figure 2.2 (a) Relationship between the carrier mobility in the transistor chan-
nel and the substrate temperature during the deposition of the organic semi-
conductor layer for five different small molecules: DNTT [85], pentacene [86],
diethyl-sexithiophene [87], PTCDI-CH2C3F7 [88], F1CuPc [89], PTCDI-(CN)o—
CH2C3sF7 [90] and PTCDI-CHyCgH4CF3 [91]. (b) Development of the carrier
mobility in organic transistors based on small molecules, polymers and single crys-
tals. The data is categorized according to the deposition process, material class
and type of injected carriers. The seven categories are the following (with reference
to the publications from which the highest carrier mobilities are extracted): single
crystals (p-channel [92]), vacuum-processed small molecules (p-channel [84] and
n-channel [88]), solution-processed small molecules (p-channel [93] and n-channel
[94, 95]) and solution-processed polymers (p-channel [83] and n-channel [96]). Both
graphs are adopted from [81].

Figure 2.2b depicts the development of the best reported field-effect mo-
bility of p- and n-channel OTFTs based on small-molecule and polymeric
semiconductors since 1984. The carrier mobility in organic semiconductors,
though still underperform that of the crystalline silicon, has improved dra-
matically until it approached and even surpassed that of the amorphous
silicon (a-Si). Unlike inorganic semiconductors, organic semiconductors are
not atomic solids but they are m-conjugated materials for which the charge
transport mechanism is based on hopping between the individual conjugated
molecules [5]. In this case, the mobility is mainly limited by trapping of
charges in localized states [81, 97]. As for inorganic media, in a different
manner, defaults such as traps, along with molecular and macromolecular
structural irregularities, have a crucial impact on the charge transport [5].

It is very important to note that organic semiconductors are usually un-
doped (intrinsic semiconductors) and the notions of p- and n-channel OTFTs
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do not imply the same meaning as for inorganic semiconductors. An n-
channel OTFT is one in which electrons are more easily injected than holes.
This has something to do with the matching of energy levels of the metal con-
tacts and the semiconductor employed by the transistor as further clarified
in the following chapter. The n-channel OTFTs are actually of special con-
cern as they suffer from more than tenfold lower carrier mobility than their
p-channel contenders (if in the same organic technology). In addition, they
are highly sensitive to ambient conditions, especially to oxygen and moisture
[98]. As a result, most organic-based circuits today make use of p-channel
designs only [99, 100].

Several research efforts are currently devoted to realize stable n-channel
OTFTs with relatively high carrier mobility as this enables the use of com-
plementary circuit topologies, which offer higher-robustness, lower power
consumption and larger noise-margin compared to unipolar circuits [101].
There are also other attempts to integrate the p-channel OTFTs with n-
channel TFTs that are based on metal-oxide semiconductors (e.g. amorphous
indium-gallium-zinc-oxide a-IGZO), as they can achieve electron mobilities
larger than 10 cm?/Vs [6, 102-104]. In general, the ongoing development
of organic semiconductors is not limited only to the performance measures,
but also extended to other essential issues such as lifetime in real-world envi-
ronmental conditions, matching over large areas, reproducibility, production
yield and operation voltage.

Conductors

The need for conductive traces in all electronic products is indispensable. As
each conducting material has its own properties, the choice of the material
strongly depends on the application. Conductive inks, which are typically
consisting of micron-seized conducting flake particles, organic resins, solvents
and rheology modifiers, are offering promising properties [82]. These com-
positions are compatible with a wide variety of substrates and are suitable
for low-cost and high-speed manufacturing techniques such as screen and
flexographic printing. For applications that demand highly conductive fea-
tures, silver inks that can have electrical conductivity as large as 10* S/cm
is a preferable choice [82]. Examples of mechanically flexible applications
that utilize printed silver inks are membrane touch switches, keyboards and
on-chip antennas. Another favorable choice for less demanding applications
is conductive carbon inks. In addition, some special compositions of carbon
inks can also be used as resistors or positive temperature coefficient (PTC)
heaters [82].

Moreover, some devices like OLEDs and OPVCs require not only me-
chanical flexibility and good conductivity, but also translucency or high
transparency for their metal electrodes. In this case, inorganic conduc-
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tors like indium tin oxide (ITO) or polymeric conductors like poly(3, 4-
ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) are possible
solutions [81, 82]. Meanwhile, these materials are used already for appli-
cations such as touch screens and electrochromic displays. An alternative
for ITO and PEDOT:PSS is a mesh of very thin (20-80 nm) and narrow
(15 nm) metal layers (e.g. silver or copper). Such a pattern with a spacing
of about 200 pm can achieve a transparency of about 65% over the entire
wavelength range from 400 to 900 nm. For comparison, the transparency of
an ITO film is ranging from about 60% to 85% for wavelengths from 400 to
900 nm, respectively [105].

For the OTFTs, material properties of the conducting layers, especially
for the source and drain contacts, are very critical as they affect significantly
the devices performance. The choice of the material in this case depends
on the architecture employed by the OTFT, i.e., the order of which the
device layers are deposited. The typical used materials are aluminum (Al) or
chromium (Cr) for the gate electrode, and gold (Au) for the source and drain
contacts [81]. For the design of an all-polymer OTFT, conductive polymers
such as polyaniline (PANI) or PEDOT:PSS are also suitable for the gate,
source and drain electrodes.

Dielectrics

Dielectrics are used in both active and passive devices such as OTFTs and
capacitors, respectively. The majority of OTFTs to date have used inorganic
dielectrics, mostly silicon oxide. In fact, the performance of the device de-
pends strongly on the quality, physical properties and chemical nature of the
insulator-semiconductor interface [3]. For instance, trapping states at the
mentioned interface immobilize the carrier charges in the channel and cor-
respondingly limit the performance [81, 98]. Significant improvements can
be achieved as demonstrated in literature just by inserting few nanometers
of organic single layer between the insulator and the semiconductor [106].
In order to take advantage of the complementary design features while not
increasing the production cost, the challenge is to ensure that the dielectric
material functions well with both p- and n-channel OTFTs.

Passivation

Passivation materials (encapsulation) are used to protect the devices against
environmental influences such as scratches and degradation due to the pres-
ence of the water, oxygen or light [82]. In some applications, the use of
encapsulation is highly necessary to ensure an adequate lifetime for the de-
vices. As an example, OTFTs that are developed for medical applications can
be encapsulated with poly(chloro-para-xylylene) (parylene) and gold layers
to protect them against water [107].
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Substrates

Finally, the substrate is the base material onto which the devices are man-
ufactured. Key material parameters for choosing the substrate material are:
optical transmittance, dimensional stability, surface smoothness, durability,
barrier capability, temperature tolerance and mechanical properties (bending
radius, deformation and hysteresis behavior) [82]. Nowadays, the majority of
applications are using glass (also thin and flexible glass) or stainless steel sub-
strates, also polymer substrates such as poly(ethylene terephthalate) (PET)
or poly(ethylene 2,6-naphthalate) (PEN). In addition, paper (cellulose) or
textile substrates are sometimes used.

2.3 DEVICES AND APPLICATIONS

Given the advances in chemicals and materials by international leading firms
like DuPont in the USA and Merck in Germany, organic electronics promise
real growth opportunities for developers in new innovative products, some
of which are already translated into commercial reality. The flexible and
large-area from factors as well as the potential low production costs of the
organic technology are key benefits over their bulk, or rigid, silicon and other
inorganic counterparts. The technology is versatile enough to be used in a
wide range of applications as discussed herein. The organic materials can be
combined to a number of active electronic components such as transistors,
light-emitting diodes, photovoltaic cells, various types of sensors, memories or
batteries, also passive devices such as conductive traces, antennas, resistors,
capacitors or inductors [82].

2.3.1 Organic Light-Emitting Diodes

The most established and largest sector within the organic electronics indus-
try, even by some margin, is OLEDs. Besides the display market, lighting
applications have emerged recently as more than a niche market for OLEDs
[108]. The basic device structure of an OLED is shown in Fig. 2.3a. The
structure comprises two organic semiconducting layers, which are sandwiched
by anode and cathode electrodes laying on a transparent substrate (e.g.
glass). Depending on the transparency of the anode and cathode electrodes,
the light is transmitted either from top, bottom or both directions of the
device. This basic device structure is called heterostructure OLED, or some-
times referred to as bilayer structure, which resembles a pn-junction and is
similar to the one used in the very first demonstration of an efficient electrolu-
minescence (EL) OLED based on organic thin-films that was built in 1987 by
Ching W. Tang and Steven Van Slyke of Eastman Kodak Co. [58]. In this
structure, the two organic semiconductors function as a hole-transporting
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Figure 2.3 Schematic cross section of basic organic-based devices. (a) Organic
Light-Emitting Diode (OLED). (b) Organic Photovoltaic Cell (OPVC). (¢) Or-
ganic Thin-Film Transistor (OTFT).

and light-emitting layers. To gain more insight about the exact role of the
organic semiconducting layers, the operation is explained in the following.

The LEDs, regardless whether organic or inorganic, are principally op-
erated by applying an external voltage across the pn-junction to accelerate
charge carriers of opposite polarities, namely electrons and holes, from the
cathode and anode contacts, respectively [109]. The carriers are driven to-
wards the so called recombination region, which is located at the space charge
region of the pn-junction and there the carriers form a neutral bound state,
or exciton. It is called a recombination region because this is where the
electrons recombine with the holes by falling into a lower energy level and
realising energy in the form of a photon. The wavelength (color) of the emit-
ted light depends on the bandgap energy of the materials forming the pn-
junction. The recombination region, where the luminescent molecular excited
states are generated, is typically very small in the single heterostructure LED
and it is located at the boundary between the two semiconductors. There-
fore, to increase the probability of electron-hole recombination and improve
the internal quantum efficiency” of the device, an additional third semicon-
ducting layer is exploited in a double heterostructure (O)LED. In this case,
the three (organic) semiconductors function as electron-transporting, light-
emitting and hole-transporting layers.

The organic semiconductors can be made of small-molecules or polymers.
Depending on the materials used, the devices differ mainly in three criteria,
namely fabrication technique and process controllability, operating voltage
and efficiency [109]. Small-molecule thin organic layers are mostly deposited
by vacuum evaporation or sublimation, while polymer layers are usually pro-
cessed in the liquid-state by spinning and solidification by heating. Control
of the thickness of the organic thin-films in a spin-on technique is relatively

"The internal quantum efficiency is the ratio of the number of emitted photons to the
number of injected carriers.
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harder than in vapor deposition. However, polymer-based OLEDs can usu-
ally operate at lower power than that of small-molecule-based OLEDs. This
is owed to the high conductivity of organic polymers. The operation supply
voltage of polymer-based OLEDs is in the range of 2-5 V, which is about
1-2 V less than that of small-molecule-based OLEDs. Furthermore, the ef-
ficiency of polymer-based OLEDs is typically higher than that of the small-
molecule-based OLEDs. Nevertheless, focusing now on one single process or
method would not be favorable, as the technologies are not mature enough
to determine the optimal method. Display as well as lighting industries are
currently focusing on different technical approaches for both solution- and
vacuum-processable organic materials to develop cost-effective OLEDs.

For many years, the LCDs has been the norm for the display industries
[108]. However, the growing number of laptops, mobile phones, televisions
and many other applications increase the demand for higher quality products.
In contrast to LCDs, the superior virtues of OLED displays are the thinnest-
ever form factor, deeper black levels when individual pixels switch off, and
high contrast ratio. The main problem that was setting back the OLEDs
for many years was the lifetime, yet it has continued to improve every year
reaching now a sufficient level to compete with LCDs. Meanwhile, Asian
companies such as Samsung and LG dominate the manufacturing of both
LCD and OLED flat panel displays.

Another core competence of OLEDs is the lighting industry. In general,
solid-state lightings (SSLs), including EL, LED and OLED lighting, are soon
replacing the conventional lighting techniques such as incandescent combus-
tion (candles and incandescent lamps) and gas discharge (fluorescent and
induction lamps). SSLs have been promising on account their superior en-
ergy efficiency, absence of hazardous metals, flexible form factors, durability
and their surface emission for design features. Exclusively, OLED lighting
offer prospects for a vast number of unique features; this includes mechani-
cal flexibility, large-area illumination, thinness of light-source, high efficacy
and variable colours (including translucent colors) [82]. European companies
like Philips and Osram are currently at the forefront in the development and
production of OLED lighting. Figure 2.4a shows an example of an OLED
lighting demonstration by Philips.

2.3.2 Organic Photovoltaic Cells

The other key component in organic electronics is photovoltaic cells. Today,
the majority of commercialized solar cell modules are made of inorganic ma-
terials such as silicon [108]. However, the interest in organic photovoltaics
is growing owing to the inherent capabilities offered by the materials; this
includes the compatibility with low-cost reel-to-reel manufacturing, possi-
bility to be fabricated on mechanically flexible substrates, less energy re-
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Figure 2.4 Organic-based applications. (a) Philips Lumiblade OLED lighting.
(b) Heliatek OPV film. (c) Plastic Logic e-paper with OTFT backplane. Photog-
raphy courtesy of Philips Lumiblade, Heliatek and Plastic Logic, respectively.

sources needed for production and reduced installation costs. The efficiency
and durability of printed or vacuum-deposited OPVCs on flexible plastic or
metal foils have been improving in recent years [108]. Rigid silicon will still
dominate the fixed grid, large-area applications for many years to come; this
is mainly because of the established and commercially proven production of
silicon. However, more cost-effective photovoltaic technologies open the pos-
sibility to integrate renewable solar power generation in everyday structures
and items. In addition, the mechanical flexibility enables to use OPVCs in
clothing, bags and awnings to power wearable and portable electronic devices
such as music players, mobile phones and tablets [108]. Moreover, the abil-
ity to fabricate OPVCs with customized transmission factors (transparency)
offer prospects to integrate solar films as energy harvesting components in
windows or building facades.

In principle, the progress and development of photovoltaic technology is
divided into three generations [108]. The first generation is confined to the
bulk, or rigid, silicon and other inorganic PVCs. This kind of PVCs typically
comprise thin wafers of single-crystal or polycrystalline silicon, patterned
with metallic electrodes and sandwiched between glass plates; these cells
have today a maximum efficiency greater than 20%, where the theoretical
maximum efficiency is about 30% [110]. The second generation is thin-film
PVCs, which are made by depositing thin layers of silicon (Si), cadmium
telluride (CdTe) or other materials on glass substrates using vacuum-coating
techniques; this kind of PVCs are potentially cheaper than bulk silicon PVCs
and have cell efficiencies in the range of 12% to 20%. Finally, the third
generation is the OPVCs, which are mainly targeted to be incorporated into
consumer electronic devices and they are expected to be even cheaper than
thin-film PVCs. The record efficiency of OPVCs, however, is 12% as recently
reported in January 2013 by Heliatek [57]. There are two types of PVCs
that belong to the class of organic photovoltaics, namely dye-sensitized solar
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cells (DSSCs) and organic photovoltaic cells (OPVCs). In fact, the DSSCs
mainly do not comprise organic materials with the exception of a thin film of
organic molecular dye. Nevertheless, the DSSCs production and applications
are similar to that of OPVCs. There is a mirror analogy between DSSCs,
OPVCs and double-, single-heterostructure OLEDs, respectively.

First, the DSSC is composed of the following five layers (from top to bot-
tom) [111]: (i) transparent top conductor with low series resistance, through
which the light can be penetrated; (ii) porous semiconducting layer of tita-
nium dioxide nano-particles, which is used solely for charge transport; (iii)
molecular dye that absorbs the light rays such as chlorophyll or porphyrin
organic materials; (iv) electrolyte solution based on iodide/triiodide redox
system, from which the electrons are recovered by the dye before decompo-
sition; and (v) base conducting substrate that serves also as a counter elec-
trode. The operation principle in this case is called artificial photosynthesis;
the light enters the cell through the transparent top conductor, striking the
dye at the surface of the semiconductor, where the charge separation takes
place. Only photons with enough energy, larger than the bandgap of the dye
material, are absorbed and are able to make the electrons in their excited
state. Excited electrons are then injected directly into the conduction band
of the semiconducting layer, through which they diffuse to the top-electrode
(anode) to power the load. Before the dye molecules are decomposed, the dye
recovers the lost electrons from the iodide in the electrolyte, oxidising it into
triiodide. This reaction takes place before the injected electrons recombine
to prevent short circuiting. Finally, the missing electrons needed to recover
the trioxide then diffuses from the counter electrode (cathode), from which
they are provided by the load.

Second, the structure and operation of OPVCs are similar to inorganic
solar cells, where the incoming light creates electron-hole exciton, at the in-
terface between the donor and acceptor. If a polymer donor is used, the
electron-hole pair will have a binding energy of 0.1-1.4 eV, which is in fact
larger than the few milli electron-volts provided in the case of inorganic mate-
rials [112]. By applying an electric field, ideally all excitons are separated into
electrons and holes that migrate to the corresponding electrodes, i.e., anode
and cathode contacts. Referring to Fig. 2.3b, the simplest configuration that
supports this kind of operation principal is the planar heterojunction (PHJ)
solar cells; in this case, the donor and acceptor are sandwiched between a
transparent anode (such as ITO) and a reflecting cathode (such as Al). How-
ever, the efficiency is limited here by the exciton diffusion length®, which is
about 3-10 nm in most organic semiconductors. Therefore, for a normal
organic thin-film thickness of about 100 nm, most of the excited electrons
recombine before reaching the electrode and the active region is only lim-

8The diffusion length is the distance over which the excitons travel from the donor to the
acceptor before undergoing recombination.



2.3 Devices and Applications 21

ited to a very thin region around the donor/acceptor interface, which is not
enough to capture a reasonable amount of incoming light. For this reason,
nano-structuring in bulk and ordered heterojunction (BHJ and OHJ) solar
cells is investigated by researchers to alleviate this limitation. A photograph
of an OPV film produced at Heliatek is shown in Fig. 2.4b.

The most promising organic-based PVC design, however, appear to be
the tandem cells, which stack several DSSCs or OPVCs [108]. The advantage
of this stacked configuration is to increase the power efficiency by means of
the following [112]: (i) reduction of the thermalization losses of high-energy
photos by stacking different absorbers; (ii) absorption of the entire spectrum
by optimising each subcell to one part of the solar light spectrum, and (iii)
compensation of the aforementioned problem of PHJ, i.e., the thin active
region, by stacking a large number of subcells.

2.3.3 Organic Thin-Film Transistors

Organic thin-film transistors (OTFTs) offer prospects for a vast number
of unique circuit applications in mechanically flexible, inexpensive, large-
area and biomedical electronics. In principal, OTFTs are metal-insulator-
semiconductor (MIS) field-effect transistors (FETs) in which the semiconduc-
tor is a conjugated organic material [81]. Figure 2.3c¢ shows a basic structure
of an OTFT; it is a three terminal device that consists of four thin-film layers
deposited on an insulating substrate, namely gate electrode, gate dielectric,
organic semiconductor and source/drain contacts. When a voltage is applied
between the gate and the semiconductor, a thin sheet of mobile charges is
created in the semiconductor in close vicinity of the semiconductor/dielec-
tric interface [81], i.e., a channel is created between the source and drain
contacts. This charge layer balances the charges of opposite polarity located
on the gate electrode. By tuning the applied gate voltage, the charge density
in the semiconductor channel is varied. Thus, the electric conductance of
this channel is accordingly modulated.

There are four different possible (O)TFEFT planar configurations that are
categorized according to the location of the gate and the source/drain con-
tacts relative to the semiconductor layer, namely coplanar, inverted coplanar,
staggered, inverted staggered structure [3, 30]. The transistor shown in Fig.
2.3c employs the inverted staggered (bottom-gate, top-contact) device struc-
ture. More details about the different device configuration are given in the
following chapter. There are many different fields and applications in which
the advantages of OTFTs can be exploited, but at this point, it is too early to
designate one as a killer application. It is worthwhile to mention that there
is a lot of movement and activity in this field through established and new
start-up companies to develop novel and previously unexpected applications.
Some of the major application areas of OTFTs are reviewed in the following.
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One of the most important applications of OTF T’ is radio-frequency iden-
tification (RFID) tags. They are frequency-coupled portable devices that are
used to identify, track, sort and detect items or persons; they can be used in
card authentication, ticketing, gaming and surveillance. Together with inte-
grated sensors (e.g. temperature sensor [113]), low-cost RFID labels can be
realized, which are able to monitor supply chains, ensuring for example that
temperature-sensitive medicines, vaccines and food products are kept cool
while being transported along extensive distribution network [108]. In an
RFID, the communication takes place between a reader and a transponder
(tag). The tag comprises a small chip and an antenna, where the antenna
is solely used to couple RF energy from the reader into the tag; there are
different coupling techniques, including backscatter, inductive and capacitive
coupling. Organic RFIDs are expected to be deployed at the item-level as a
smart replacement to barcodes. Using these tags for example in a supermar-
ket would save much time by allowing customers to walk a cart that is full of
goods past a scanner and the scanner would read all the items in the cart, cre-
ate a list of the merchandise and finally calculates the total amount of charge
in an instant; they could also be used to collect all the information about the
products in the store and generate an inventory within a few seconds.

There are basically two types of RFID tags, namely passive and active
tags. The passive tags do not employ an energy supply and they are merely
activated by the reader, while the active tags comprise a battery (to enable
larger reading distance) or sensors (to monitor data such as temperature).
Although, the cost of silicon-based RFIDs has dropped to just few cents, the
cost of assembly and packaging with the antenna and products is still high.
As a result, the use of silicon-based RFIDs is limited to small-scale volumes.
However, the potential ultra-low-cost production of printable OTFT-based
RFIDs together with the antenna on thin plastic or paper substrates opens
the possibility for individual item-level development. Companies like PolylC
in Germany and OrganicID in the USA are working on printed RFIDs based
on OTFTs, while others, such as Kovio in the USA, are developing printed
RFIDs based on silicon inks. At this time, the performance and capabilities
of printed organic-based RFID tags are lower than that of the silicon-based
ones in many aspects like memory size, data rate and reading distances;
however, the research is focusing now on the development of these aspects in
addition to minimising production costs.

Besides being used in RFID tags, printed memories are an attractive
application for OTFTs, which gained also market attention. They can be
used in various other devices that require information storage (e.g. games,
sound, video and smart cards). Since most printed applications nowadays do
not employ an integrated battery, non-volatile memories are generally used.
Depending on the application, either ROM (Read Only Memory), WORM
(Write Once Read Many memory) or NV-RAM (Non-Volatile Random Ac-



2.3 Devices and Applications 23

cess Memory) are used. The company Thin Film Electronics ASA in Norway
is an international front runner in the development and commercialization of
printed memory devices based on polymeric materials [114].

Another key application of OTFTs is backplanes for mechanically flexible
displays. Many flat panel displays are consisting of a matrix of pixels, formed
at the intersection of rows and columns, where each pixel is an LED that is
capable to emit light by being switched on or off [115]. Colored displays
are realized by positioning matrices of red, green and blue pixels very close
together. There are two ways to control the pixels and thus forming the
desired image, i.e., either passive or active matrix driver methods are used.
In a passive matrix, each row and each column of the display has its own
driver. In this case, each pixel should maintain its state until it can be
refreshed again. Passive drivers tend to be used only for simple and cheap
modules because the realization of such kind of drivers gets more difficult
when the current required to brighten a pixel increases and also when the area
of the display increases. Consequently, active-matrix displays are used in such
cases, where each pixel is efficiently addressed by incorporating a transistor
(typically TFTs are comprised) in series that provide control over the current
and hence the brightness of individual pixels. Therefore, smaller currents can
flow in this case through the control wires and the wires can be finer as a
result. This means that higher resolution is realizable. Furthermore, the
transistor is also capable of holding the current setting, keeping the pixel at
the required brightness until it receives another control signal.

This class of display drivers are currently being built by inorganic tran-
sistors (mostly using a-Si:H TFTs) on glass substrate, which forbid the capa-
bility of being mechanically flexible. Semiconductor materials such as conju-
gated organic compounds and metal oxides are being explored to enable the
flexibility. Sony has demonstrated, in 2008, a bendable OLED display that is
driven by OTFTs [116]; they have also proposed conceptual prototypes such
as a laptop with flexible OLED screen and a wrist wearable music player at
the 2009 CEATEC exhibition in Japan. Moreover, sony has announced in
2010 the first successful demonstration of an OLED panel that is capable
of reproducing moving images while being rolled-up around a cylinder with
a radius of only 4 mm [117]. These demonstrations are achieved by the in-
tegration of OLEDs and OTFTs on top of plastic films; these displays are
thin, light-weighted, bendable, foldable and they can be rolled-up or dropped
without being broken.

Besides backlit-LCD and LED flat panel displays that emit light, electr-
onic-paper (e-paper), also referred to as e-reader, is another technology that
imitates the appearance of ordinary ink on paper. The display elements
used by e-papers feature a memory function that enable continuous display
of the same image even if no current is driven. Furthermore, images can
be changed using very low currents. An example of such display elements
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is Electrophoretic cells?. These features open the possibility to develop the
backplane drivers for such kind of displays using OTFTs, which offer virtues
in manufacturing flexible, thin, light-weighted and large-area e-papers at low
production costs. The German company Plastic Logic is commercializing a
range of high-quality plastic e-papers, which are shatterproof daylight read-
able displays and extremely flexible with proven lifetimes. Figure 2.4¢ shows
one of their demonstrated displays that is driven by OTFTs. Just recently,
in September 2013, a start-up company popSLATE in the USA had joined
forces with Plastic Logic to create an always-on secondary screen display for
Apple iPhones [118]. Owing to the unique and novel features of these dis-
plays, they can be easily embedded into accessory cases of smartphones or
similar devices.

Likewise an OTFT-based active-matrix strategy can be used in large-area,
low-end and conformable array of sensors and/or actuators. Electronic-skin
(e-skin) that mimic the sensitivity of real skin is a good example [119, 120].
Considering the vast amount of pain receptors in a person’s skin and the
large surface area of the human’s body, active-matrix driver holds a great
advantage for such a sensor array. To gain more insight about the complexity,
the human skin has more than two million receptors, which is equivalent to
the number of pixels found in a typical high-definition television; moreover,
an average adult’s skin exceeds two square meters of surface area, which is
nearly as big as the largest flat-screen LCD television.

Researchers at the University of Tokyo demonstrated recently, in July
2013, the world’s lightest and thinnest flexible tactile sensor. This OTFT-
driven prototype has a thickness of 2 pm, which is about one-fifth the thick-
ness of plastic kitchen wrap, and comprises an array of 144 pixels over an area
of 48x48 mm? [121]. In addition, this sensor could stand repeatable bending,
be crumpled like a paper and accommodate stretching of up to 230%. It can
also work at high temperatures and aqueous environments (e.g. in saline solu-
tions), which enables the functionality of this sensor even inside the human’s
body. This is considered as a major breakthrough to successfully mimic the
sensitivity of a biological skin and opens up a wide range of new applications
in fields ranging from healthcare and biomedicine to welfare [122]. For ex-
ample, the same research group has used this ultrathin OTFT technology to
realize a 64 channel surface electromyogram (EMG) measurement sheet for
prosthetic hand control [123].

Other four examples of large-area sensors or actuators that could be
driven by OTFTs are the following. First, smart textile carpets or mats,
ones that are useful for safety or security purposes. For instance, they can be

9Electrophoretic cells are transparent microcapsules incorporating charged pigment parti-
cles. A matrix of these cells, sandwiched between two layers (top transparent electrode
and bottom patterned line-electrodes), is forming an electrophoretic display. Depending
on the individually applied electric field on each cell, or pixel, a visible image is displayed.
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deployed in patient rooms in hospitals to indicate a dangerous fall, heart at-
tack, stroke, or similar complications and accordingly warn the staff. Second,
flexible sheet image sensors or photodetectors as demonstrated by ISORG (a
start-up company in France) and Plastic Logic at the 2013 Printed Electron-
ics USA. They have developed the first fully-organic image sensor with an
area of 40x40 mm? and 8930 pixels, combining ISORG’s organic photodetec-
tors with Plastic Logic’'s OTFT backplanes [124]. Third, large-scale stress
sensors that could be placed on a randomly shaped body such as a surface of a
plane, allowing to detect micro-cracks soon enough during the flight. Finally,
a sheet of braille actuators, which can be felt and read by blind persons. The
same research group from the University of Tokyo has successfully developed
in 2005 an integrated circuit card (ICC) that features a mechanically flexible
braille display built in an OTFT technology [125].

Given the wide variety and novel features of organic semiconductors,
OTFTs have been also explored for chemical and biological sensors [126].
Unlike the silicon-based technology (Chemically Sensing Gate Field-Effect
Transistor ChemFET), OTFT-based sensors are promising on account of
their upside-down device structure, which makes the semiconductor in direct
contact with the analytes [127]. Examples of such parameters are the bulk
conductivity, channel conductivity, threshold voltage and field-effect mobil-
ity. On the other hand, sensing occurs in the silicon-based technology at
the gate or the gate/insulator interface and by indirect modulation of the
drain current through capacitive coupling. In principal, organic conjugated
compounds can perform weak chemical reactions with a variety of analytes,
including both vapor- and water-based analytes as demonstrated in [128] and
[129], respectively. Furthermore, it was shown in [128] that the response of
different organic semiconducting materials to different analytes is distinctive.
This facilitates the possibility to construct an electronic-nose (e-nose) with
which an analyte (odor) can be uniquely identified from a coded reception of
different organic semiconductors.

In addition, OTFT-based chemical and biological detectors are ideal for
cheap, mass-produced, flexible sensors that can be used in a range of new dis-
posable healthcare products. Using for example point-of-care (PoC) devices,
people could diagnose or monitor illness quite easily in private, much like
pregnancy tests and hygiene tests for life sciences and food handling applica-
tions. Companies and research facilities, such as Molecular Vision in the UK,
Acreo in Sweden and VTT Technical Research Center in Finland, do have
the vision to develop lab-on-a-chip technologies using organic semiconduc-
tors. This is to promote a more proactive approach to healthcare, with the
onus on prevention of diseases and early self-diagnosis [108]. However, such
a flexible system would require not only sensors but also circuits and other
electronic components; this is commonly known as a system-in-foil (SiF') as
discussed in the following.
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2.3.4 Systems-in-Foil

Systems-in-Foil (SiF) are an emerging new class of flexible electronic prod-
ucts in which complete systems are integrated in thin polymeric foils [8]. This
is achieved by combining sensors, displays, power sources (batteries or pho-
tovoltaics), circuits, discrete components and/or interconnect traces all in a
thin polymeric foil (or in some cases on the foil) to give a flexible end prod-
uct. Being very thin and easy to glue to other substrates or even integrated
into textiles, these systems can easily make arbitrary objects have smart in-
teractive surfaces. In addition, they can also be fitted to existing equipment
as retrofit sensors; for example, the power distribution of an equipment can
be monitored using an attached temperature sensor foil [130].

As mentioned above, disposable biosensor systems are one example of SiF
that could be used in different application areas such as point-of-care, food
safety, environmental monitoring and agriculture [131]. Acreo is currently
working on the realization of an all-printed biosensor system that includes
battery, sensor, display and electronics on a single foil. Another example of
SiF' could be a contactless user interface, combining optical sensors, LEDs
and flexible interconnects, as being developed by ISORG. Such a platform
can allow hand proximity detection, gesture recognition or linear control.
Furthermore, trading cards and board games could integrate RFIDs, displays
or buttons in a form of SiF to add more functionalities and user engagement
as well as authenticity when being susceptible to counterfeits [108].

Packaging is also a viable market for printed and organic electronics.
The main role of packaging is to protect, advertise and provide information
of its content, all at a cost commensurate with what is essentially a dispos-
able item [108]. Currently, packages use low-cost holograms, watermarks,
barcodes and safety labels as tools to indicate whether a product is real or
fake. However, the idea of using low-end, mass-produced, printed RFIDs,
sensors and optical feedback in a SiF could potentially provide new ways
for simultaneously branding, promoting and protecting the products. This
can only be feasible once the cost of printing such functional components be-
comes comparable to that of printing text and graphics on everyday packages,
but this will take several years to achieve. Consequently, several technology
start-ups and established suppliers of printing equipment are investing into
reel-to-reel, high-throughput manufacturing of organic semiconductors. Un-
til this technology comes to commercial reality, packaging companies, such as
Karl Knauer in Germany, are developing and producing for example simple
luminescent packaging [132].

Since lots of packaging and labels are made from paper-based materials
(cellulose), there is also much research activity in paper-based electronics.
For instance, a research group at the University of Cincinnati has been work-
ing on building circuits, displays and solar cells onto paper substrates [133].
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Others, at Harvard University and the University of Washington, are trying
to develop paper-based microfluidic devices as sensing elements. In addition,
some of the paper manufacturers, such as Felix Schoeller in Germany, are ac-
tive in this field; they are developing high-end coating techniques to produce
high-quality, smooth paper substrates for printed electronics.

2.4 SUMMARY

The electrical activity of organic materials has been explored since the twen-
tieth century. However, these materials remained with no significant tech-
nological use for many years mainly due to their very low reproducibility
and carrier mobility, poor control of material purity and structural ordering,
and process difficulties to prepare stable, injection-efficient contacts to the
compounds. This was only until 1977 when the research and interest in this
field were flourished by the successful synthesis of electrically conducting or-
ganic polymers through controlled halogen doping. Owing to the excellent
solubility of many organic polymers, they are amenable to mass printing pro-
cesses, which have been well established in the graphic art printing industry.
This groundbreaking discovery by MacDiarmid, Heegar and Shirakawa was
honored with the 2000 Nobel Prize in Chemistry. Henceforth, the utilization
of organic materials by various electronic components, including transistors,
light-emitting diodes and photovoltaic cells, has given them incontrovertibly
a place in the development of this theme.

Organic electronics pose nowadays a strategic challenge to the market
and they have shown lately a rapid progressive development towards higher
level of integration and better performance. The carrier mobility in organic
semiconductors, though still underperform that in the crystalline silicon and
is likely to retain this position in the foreseeable future, has improved dramat-
ically until it approached and even surpassed that in the amorphous silicon.
In principle, the organic materials have to be carefully exploited since pro-
cess conditions as well as the interplay with other layers (can be organic or
inorganic thin films) have a large influence on the device performance.

The organic technology is versatile enough to be used in a wide range
of new applications in fields ranging from healthcare to welfare, especially
when flexibility, transparency, large area and/or low cost are paramount.
Recent advances in organic materials have permitted a disruptive evolution
in nearly all electronic products such as displays, lighting, power sources,
sensors and integrated smart systems-in-foil. The following chapters are fo-
cusing on organic thin-film transistor (OTFT) fabrication, characterization,
modeling and circuits design.
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Organic Thin-Film Transistors

Organic thin-film transistors (OTFTs) are providing impetus in flexible, low-
cost and large-area integrated circuit applications. The choice of the OTFT
architecture has a considerable impact on the electrical performance, because
of differences in the charge injection mechanism, but often limitations exist
due to restrictions in processing methods or incompatibility of the materials
employed [3]. These issues are discussed herein, together with simplified
modeling equations and characteristic parameters to gain deeper insight of
the operation principle of the device. Furthermore, stability and performance
measures of the OTFTs used in this work are demonstrated.

3.1 ARCHITECTURE AND MATERIALS

OTFTs are three-terminal devices in which the semiconductor is a thin layer
of conjugated organic molecules. An OTFT is basically consisting of four lay-
ers, namely gate electrode, gate dielectric, semiconductor and source/drain
contacts, all deposited on an insulating substrate. The organic semicon-
ductor can either be small molecule or polymer. In this work, only small-
molecule organic semiconductors are considered. The other three TF'T lay-
ers can be either made of organic or inorganic materials [97]. For instance,
the source/drain contacts are usually made from a noble metal (e.g. gold
or palladium), but they can also be made from a conducting conjugated
polymer (e.g. PEDOT:PSS). Depending on the sequence in which the lay-
ers are deposited, four different TFT configurations can be distinguished
as shown in Fig. 3.1 [81]. The configurations are designated as coplanar
(top-gate, top-contact), inverted-coplanar (bottom-gate, bottom-contacts),
staggered (top-gate, bottom-contacts) and inverted-staggered (bottom-gate,
top-contact) TFTs. Besides these planar TFTs, there are also vertical TFTs
in which the critical dimension is a film thickness rather than a lateral dis-
tance [134-136]. However, we focus here only on the planar configurations.
It has been shown in literature by experiments [137] and simulations [138]
that coplanar OTFTs often have a larger contact resistance in comparison
to their staggered counterparts (note: this is similar for the inverted config-
urations as well). This is because the gate fields are partially shielded in the
coplanar OTFTs by the source and drain contacts, and thus, a channel is
induced only in the region between the contacts. As a result, the efficient
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Figure 3.1 Schematic cross section of the four TFT configurations, namely
coplanar (top-gate, top-contact), inverted-coplanar (bottom-gate, bottom-
contact), staggered (top-gate, bottom-contact) and inverted-staggered (bottom-
gate, top-contact) TFTs.

charge transfer between the contacts and the semiconductor is limited in this
case only to the narrow regions where the gate-induced channel touches the
contact edges [139]. In staggered OTFTs, however, the source and drain
contacts are located opposite to the gate dielectric; therefore, the channel
extends beyond the contact edges along the entire gate-overlap lengths. Con-
sequently, the area available for the charge transfer in staggered OTFTs is
larger than in coplanar OTFTs, which explains why the staggered OTFTs
often have a smaller contact resistance than the coplanar OTFTs.

In addition, the top-gate configurations (coplanar and staggered OTFT's)
are typically useful for polymer-based OTFTs but not for small-molecule-
based OTFTs. This is because thin films of small molecules often exhibit
a rough three-dimensional growth (in contrast to the smooth amorphous
films of spin-coated polymers), so that the dielectric/semiconductor interface
would be also rough, and thus, the carrier mobility would be low [97].

The inverted-staggered (bottom-gate, top-contact) configuration, which
benefits from a smooth dielectric/semiconductor interface and typically has
a small contact resistance, is therefore chosen for our OTFTs. This kind of
OTFTs can be fabricated by evaporation through shadow masks [140, 141],
by soft lamination [142, 143], by self-aligned printing [144, 145], or by sub-
femtoliter inkjet printing [146]. In this work, high-resolution silicon shadow
(stencil) masks are employed to fabricate OTFTs with submicrometer accu-
racy and superb device uniformity [13, 14, 139]. Moreover, the use of shadow
masks allow to pattern the source/drain contacts without the need of solvents
or elevated temperatures that might cause undesirable phase transition for
the high-mobility small-molecule organic semiconductors [13, 147, 148].
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Figure 3.2 Schematic cross section of the fabricated inverted-staggered (bottom-
gate, top-contact) OTFT, where L is the channel length and Loy is the gate-overlap
length [151].

The small-molecule organic semiconductors are deposited in vacuum by
sublimation through the silicon shadow masks to form well-ordered polycrys-
talline films [97]. In principle, the exact morphology and nucleation density
on the surface depends mainly on the substrate temperature, substrate sur-
face energy, surface roughness and deposition rate [97, 149]. As a result, an
elevated substrate temperature of about 60-100 °C is utilized during the de-
position to provide additional energy to the molecules, so that the diffusion
length on the surface increases and the number of nucleation centres reduces.
Furthermore, glass substrates Eagle?°? from Corning are used because of
their very smooth surface roughness of about 0.2 nm (root mean square)
[150], noting that this fabrication process is also compatible with mechani-
cally flexible substrates. The silicon shadow masks are manufactured at IMS
CHIPS, while the OTFTs are prepared at MPI-SSR. The fabrication process
is explained in detail in Chapter 4.

Figure 3.2 depicts the schematic cross section of the fabricated inverted-
staggered OTFT. The OTFT layers, namely 30-nm-thick aluminium gate, 11-
nm-thick organic semiconductor and 25-nm-thick gold source/drain contacts,
are deposited in vacuum through shadow masks. Prior to the semiconductor
deposition, a hybrid dielectric, which consists of an oxygen-plasma-grown
AlOy layer (3.6-nm thick) and a solution-processed self-assembled monolayer
(SAM) of n-tetradecylphoshonic acid (1.7-nm thick), is formed. This hybrid
dielectric features a high capacitance of the order of 1 pF/cm?, which allows
the OTFTs to operate at low supply voltages (< 3 V) [106, 152]. The organic
semiconductor  dinaphtho[2,3-b:2",3’-f|thieno[3,2-b|thiophene  (CyoH12Ss;
DNTT) is used for our p-channel OTFTs as it features high intrinsic mo-
bility, promising shelf-life and bias-stress stability, as well as little hystere-
sis behavior [106, 153]. As for the n-channel OTFTs, the air-stable organic
semiconductors hexadecafluorocopperphthalocyanine (F1CuPc) or N,N’-bis-
(heptafluorobutyl)-2,6-dichloro-1,4,5,8-naphthalene tetracarboxylic diimide
[NTCDI-Cl,-(CH2C3F7)s] are employed [13, 101]. The molecular structure
of the used organic materials are shown in Fig. 3.3.
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Figure 3.3 Molecular structure of the used organic materials. (a) The tetrade-
cylphosphonic acid with alkyl chain length of 14 carbon atoms [C14H29PO(OH)s]
self-assembled monolayer (C14-SAM), which is the second layer of the hybrid gate
dielectric. (b) The dinaphtho[2, 3-b:2’, 3’-f|thieno[3, 2-b]thiophene (DNTT), which
is the organic semiconductor used for p-channel OTFTs. (c) The hexadecaflu-
orocopperphthalocyanine (F14CuPc), which is the organic semiconductor used
for n-channel OTFTs. (d) The N,N’-bis-(heptafluorobutyl)-2,6-dichloro-1,4,5,8-
naphthalene tetracarboxylic diimide [NTCDI-CIy-(CHC3F7)2], which is the or-
ganic semiconductor used for n-channel OTFTs as an alternative to F1¢CuPc for
high-performance applications. All these materials are processed at MPI-SSR.

3.2 OPERATION PRINCIPLE

The OTFT is an insulated-gate field-effect transistor (IGFET) in which the
current flowing between the source and drain contacts—under the influence of
an applied drain-source voltage—is modulated by means of a variable voltage
applied between the gate and source electrodes. In other words, the resistance
of the semiconductor between the source and drain contacts is controlled by
the applied gate-source bias, noting that the gate electrode is capacitively
separated from the semiconductor by the gate dielectric [97]. Referring to
Fig. 3.2, if no potential difference is applied between the gate and source
nodes, the charge carriers will be homogenously distributed within the semi-
conducting layer. Therefore, the conductance between the source and drain
contacts will be very small due to the low density of carriers. If, however, a
negative gate-source potential is applied (assuming that the DNTT organic
semiconductor is used to realize a p-channel OTFT), excess positive carri-
ers (holes) will be induced and accumulated at the semiconductor-insulator
interface. This implies that a conducting channel is created. As a result,
the conducting channel, through which a large current can flow, connects
the source and drain contacts. Varying the gate-source potential in this case
modulates the conductance of the channel. To gain more insight of the op-
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Figure 3.4 Measured versus simulated (on Sentaurus Device Simulator) and
modeled (on SPICE) static I-V characteristics of an OTFT with W = 400 pm,
L =200 pm and Lo, = 10 pm. (a) Linear and saturation transfer characteris-
tics. (b) Output characteristics. The inset shows the simplified OTFT schematic
representation used for the simulation.

eration, Fig. 3.4 shows measured current—voltage (I-V') characteristics of a
p-channel OTFT with a channel length (L) of 200 pm, a channel width (1)
of 400 pm and a gate-overlap length (L) of 10 pm. The different operation
modes of the OTFT are explained hereinafter. Throughout the following
discussion, the source serves as the reference (grounded) electrode.

Assuming a p-channel OTFT, Fig. 3.5 shows simplified energy band dia-
grams of a metal-insulator-semiconductor (MIS) diode, which corresponds to
the intrinsic part of the OTFT and a metal-semiconductor contact interface
as part of the extrinsic part of the OTFT. The energy scheme indicates the
respective positions of the Fermi level of aluminum and gold as well as the
frontier orbitals, namely highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), of DNTT. There is roughly
an analogy between the HOMO and the LUMO of an organic semiconductor
to the valence band maximum (Ey) and the conduction band minimum (E¢)
of an inorganic semiconductors, respectively. In particular for the DNTT,
the HOMO is about -5.19 eV and the LUMO is about —1.81 eV [151, 154].
This introduces a sufficiently large HOMO-LUMO energy gap of 3.38 eV that
is adequate for a transistor operation.

Only intrinsic organic semiconductors are used in this work, meaning that
they are not intentionally doped with impurities. In fact, there are always
some dopants in the form of unintentional impurities, which are very hard to
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Figure 3.5 Simplified energy band diagrams of a metal-insulator-semiconductor
(MIS) diode and a metal-semiconductor contact interface to explain the operation
principle of a p-channel OTFT (gate: Al; contacts: Au; organic semiconductor:
DNTT), assuming no unintentional doping exists and neglecting changes in the
work functions of the metals that results from the comprised SAM insulator layer.
(a) Energy band diagram of the MIS diode at thermal equilibrium with positive
insulator charges. There is a small work function difference (gpas) of 0.6 eV
between the aluminum and the DNTT. The interface-trapped charges are neglected
here. (b) Energy band diagram of the MIS diode when an excess negative gate
bias is applied (Vg < Vo <0). Accordingly, a gate-induced accumulation channel
is created in close vicinity of the semiconductor/insulator interface. (c) Energy
band diagram of the gold-DNTT contact interface. The Fermi level (Er) of gold is
very close to the HOMO level of DNTT. Therefore, holes are more easily injected
than electrons from the contact metal to the semiconductor.

eliminate during processing; however, this kind of impurities are neglected
here for simplicity. This implies that the Fermi energy! level (EF) is located
near the middle of the HOMO-LUMO gap as shown in Fig 3.5a and 3.5b.
Therefore, the work function of the DNTT (g¢s) is 3.5 eV. Given that the
work function of aluminum gate electrode (g¢a,) is 4.1 eV, a small work func-
tion difference (qpars = qpa1 — qos) of 0.6 eV is resulted. In addition to the
work function difference, the MIS diode is affected by the concentration of
charges in the insulator (@;) and of trapped charges at the insulator /semicon-
ductor interface (Qj¢). To achieve the flat-band condition, a negative voltage
(Vkg) has to be applied to the metal gate:
(Qi + Qi)

VFB = gbAl—s - T (31)
I

To construct the energy band diagram of the MIS diode at thermal equi-

!The Fermi energy is the energy at which the probability of occupation by an electron is
exactly one-half.
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librium, the Fermi level must be constant and the vacuum level must be
continuous [19]. To accommodate the work function difference and positive
insulator charges, assuming negligible interface-trapped charges, the semi-
conductor bands bend downward as shown in Fig. 3.5a.

In single-crystalline silicon MOSFETS, the threshold voltage is defined
as the gate-source voltage at the onset of inversion in the transistor channel
[97]. Organic transistors, however, do not operate in inversion; they are
rather operating in the accumulation mode. Instead, the threshold voltage
in OTFTs is often considered as the gate-source voltage necessary to achieve
the flat-band condition (Vry = Veg). When an excess negative voltage (Vg <
Vi) is applied to the gate, the energy bands are bent upwards as shown
in Fig. 3.5b, which in turn gives rise to an enhanced concentration, and an
accumulation of holes near the insulator/semiconductor interface is created.

Considering now the metal-semiconductor contact interface (Fig. 3.5¢),
when a positive voltage is applied to the gate electrode, negative charges
are accordingly induced at the source contact. However, the LUMO level of
DNTT is quite far away from the Fermi level of gold (with g@a, = 5.0 eV),
so there is a substantial energy barrier that the electrons need to overcome.
Thus, electron injection is very unlikely and nearly no current passes through
the semiconducting layer [3]. In contrast, when a negative gate voltage is
applied, holes can be easily injected to the semiconductor because the Fermi
level of gold is very close to the HOMO level of DNTT and the barrier
height is relatively low. Given that a gate-induced accumulation channel
is created at the insulator/semiconductor interface, charge carriers can now
be driven from the source to the drain by applying a second, independent,
bias to the drain. Because holes are more easily injected than electrons, the
transistors based on DNTT are said to be p-channel OTFTs. Similarly, the
transistors are said to be n-channel OTFTs, when the LUMO of the organic
semiconductor (such as Fi4CuPc) is closer to the Fermi level of the gold
contact than the HOMO.

This concept differs from that of doping in conventional inorganic semi-
conductors [3]. In particular, the effect of intentional doping in organic semi-
conductors only appears for large densities of dopants, thus making the mate-
rials act as conductors rather than semiconductors. Only interstitial doping
can be exploited in the organic materials, where the dopants “flee” in the
organic lattice and do not change the composite [5]. The charge transfer be-
tween alkali dopants and organic materials lead to n-doping, while the charge
transfer between halogen dopants and organic materials lead to p-doping.
However, the usual substitutional doping, which is used for inorganic mate-
rials, cannot be performed with organics because this process requires the
breaking of the chemical bonds that inevitably lead to the loss of the chemi-
cal characteristics of the organic material [5]. As noted above, only intrinsic
(undoped) organic semiconductors are used in this work.
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Furthermore, the small (ohmic) contact barrier shown in Fig. 3.5¢ for the
transfer of holes from the metal into the organic semiconductor contributes to
the contact resistance of the OTFT. Besides surface modification techniques
[97], this barrier is typically reduced by choosing a source/drain contact metal
with a proper work function that matches the LUMO or HOMO energy levels
of the organic semiconductor for n-channel or p-channel OTFTs, respectively.
By choosing the proper materials, the contact resistance can be accordingly
minimized.

Borkan and Weimer have presented in [155] a simplified model for the
evaluation of the drain current Ip of TFTs based on gradual channel ap-
proximation. In the following, the model is going to be derived for n-channel
TFTs; for p-channel TFTs, the polarities of the voltages and currents are
just inverted. Referring to Fig. 3.2, the charge at an arbitrary distance x
from the source is given by C1(Vg - Vs —V,), where C is the capacitance per
unit area of the insulator layer of thickness d; (C} = e,¢i/d;), Vi is the gate
voltage, Vs is the source voltage and V. is the potential in the semiconduct-
ing film at an arbitrary distance x from the source node (0 < z < L, where
L is the channel length). The potential V, is varying continuously along the
channel from Vg at the source node to Vp at the drain node, whereas Vg is
constant along the channel. For an initial number of free carriers in the semi-
conductor per unit area of n,, the total conducting charge per unit area can
be expressed as n,q + C1(Vgs — Vz.), where ¢ is the absolute electron charge.
Hence, the drain current I can be expressed as

dVs
dr’
where p is the charge carrier mobility and dV, is the potential difference

across an incremental section of the channel. By defining Viry = —noq/Ch, we
obtain

Ip = uWneq + Cr(Vas - Vi) ]

(3.2)

L Vb
IDfo dz = MCIWfV [(Vas - Vim) - V,]dV,. (3.3)
S
After integration, the drain current I, can be written as
w V2
Ip = ,uc'lf l(VGS ~ Vru) Vs - % ; (3.4)

where Vg is the gate threshold voltage on which the conducting channel
is created. For Vg > 0, the transistor is said to be in the enhancement
mode (normally OFF), while for Viy < 0, the transistor is said to be in the
depletion mode (normally ON). Equation (3.4) is only valid at Vgg > Viry; the
drain current is very close to zero if the gate-to-source voltage is less than the
threshold voltage. If a small drain-source voltage is applied, electrons will
flow from the source to the drain (the corresponding current will flow from the
drain to the source) through the conducting channel [19]. Thus, the channel



36 3 Organic Thin-Film Transistors

Table 3.1 Simulation and material parameters of the p-channel OTFTs [151].

Parameter Notation Value Unit
Al-gate work function qPal 4.1 eV
Au-contacts work function qPAu 5.0 eV
DNTT-semiconductor thickness d 11 nm
AlOy-dielectric thickness dox 3.6 nm
SAM-dielectric thickness dsam 1.7 nm
AlO4/SAM effective permittivity & 3.37 -
Dielectric capacitance per unit area Ch 560 nF/ cm?
DNTT highest occupied molecular orbital HOMO -5.19 eV
DNTT lowest unoccupied molecular orbital LUMO -1.81 eV
DNTT band gap Eq 3.38 eV
Intrinsic charge carrier mobility Lo 2.0 cm?/Vs
Doping concentration in the DNTT Na 1 x10'6 cm ™3
Fixed interface charges concentration Ny 5x 1011 cm™?

acts as a resistor and [Ip is proportional to the drain voltage. This is the
linear region, as indicated by the constant-resistor lines (at Vpg < Vigs = Virn)
in the measured output characteristics shown in Fig. 3.4b.

When the drain voltage increases, eventually it reaches a maximum of
Vbs = Vbssat = Vas—Virn (pinch-off point), at which the drain current I, starts
to remain essentially the same as depicted in Fig. 3.4b. Beyond the pinch-
off point (at Vps > Vs — Virn) is the saturation region, since Ip is constant
regardless of an increase in the drain voltage. Substituting Vpg = Vpggat in
(3.4) yields the following expression for the saturated drain current Ip ga:

Ipsat = ,UCIK(VGS - Vra)?. (3.5)
2L

Figure 3.4 shows the measured versus simulated data for the I-V output
and transfer characteristics of the OTFT with L = 200 nm. Here we distin-
guish between two different simulations. The first is a 2-D device simulation
developed by our partners at the University of [lmenau on Sentaurus Device
simulator from Synopsys (designated as simulated in Fig. 3.4), while the
second is a simple compact DC model adopted from the equations presented
above and implemented on a SPICE simulator (designated as modeled in
Fig. 3.4).

For the 2-D device simulation, the TFT design is slightly simplified as
illustrated in the inset of Fig. 3.4. However, comparative simulations for
both structures showed negligible error. The used simulation parameters are
summarized in Table 3.1. As for the compact DC model, the following model
parameters are used: p = 2.0 cm?/Vs, Vpy = -1.0 V and Cf = 560 nF/cm?.
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Table 3.2 Measured and extracted characteristic parameters of the p-channel
OTFT with W =400 pm, L =200 pm and Loy = 10 pum, operating at <3 V.

Parameter Notation Value Unit
Maximum on/off current ratio Ton/Iog 108 -
Subthreshold slope Se-th 62.3 mV /decade
Transconductance® Jm 4.5 nA/v
Channel conductance® Jeh 4 nA/v
Turn-on voltage Von -0.8 A%
Threshold voltage Ve -1.0 Vv
Insulator capacitance per unit area Ch 560 nF /cm?
Effective charge carrier mobility W 2.0 cm?/Vs
Contact resistance® Rc 2.5 kQ
Sheet resistance® Ryheet 420 kQ /o
Current-gain cutoff frequency® fr 1.35 kHz

®These transistor parameters are extracted at a gate-source voltage of -3 V.

The extraction of the simulation/model parameters is described in the follow-
ing section. As shown in Fig. 3.4, an excellent agreement between measured,
simulated and modeled data using the same device parameters is achieved.

3.3 TRANSISTOR PARAMETERS

There are eleven important parameters that are used to characterize and
benchmark the (O)TFTs, namely on/off current ratio (Ion/lof), subthresh-
old slope (Ss.n), turn-on voltage (Vo ), transconductance (g, ), channel con-
ductance (ge,), sheet resistance (Rgpeet), threshold voltage (Viry), insulator
capacitance per unit area (Cf), charge carrier mobility (u), contact resistance
(Rc) and current-gain cutoff frequency (fr). The parameters of the OTFT,
of which the measured characteristics are shown in Fig. 3.4, are summa-
rized in Table 3.2. The description and extraction of these parameters are
presented in detail herein.

On/off current ratio

The on/off current ratio (Ion/log) is a measure of how efficient the current can
be modulated by the gate-source voltage; it is simply the ratio between the
on-state drain current at maximum gate-source voltage (|Vgs| =3 V) and the
off-state drain current at minimum gate-source voltage (|Vgs| = 0 V). From
the measured input transfer characteristics shown in Fig. 3.4a, the on/off
current ratios can be easily extracted; the OTFT has I,,/I.g of about 10°
and 10° in the saturation and linear regimes, respectively.



38 3 Organic Thin-Film Transistors

Subthreshold slope and turn-on voltage

The subthreshold slope (Ss.41,) is a measure of how fast the transition between
the off- and on-states takes place. The subthreshold region is for gate-source
voltages below the threshold voltage (Vry) and above the turn-on voltage
(Von), which is the voltage on which the off-state current starts to increase
dramatically. In principle, a steep subthreshold slope can be achieved by
maximizing the gate dielectric capacitance and/or by utilizing a gate dielec-
tric that forms less trap states at the dielectric/semiconductor interface [97].
Again from the measured input transfer characteristics shown in Fig. 3.4a,
the turn-on voltage and subthreshold slope can be extracted; the OTFT has
Von of =0.8 V and Sy, of 62.3 mV /decade.

Transconductance

The transconductance (g,,) describes the response of the drain current to
changes of the gate-source voltage at a constant drain-source voltage:
_ 0lp

8VGS VDS

G (3.6)

By substituting for Ip using (3.4) and (3.5), the transconductance can be
calculated in the linear and saturation regimes, respectively:

w
,uleVDs for Vpg < Vas = Virn,
Im = W (37)
,uC’If(VGs - Vry)  for Vps > Vigs = Vin.

Thus, the transconductance is proportional to the gate-overdrive voltage
(Vas — Vrn) in the saturation regime, but it is constant in the linear regime.

By substituting for I using the measured transfer characteristics (Fig.
3.4a) in (3.6), the transconductance (gp,) is extracted. The transconductance
in the saturation regime (at Vpg = -2 V) is found to be proportional to the
gate-overdrive voltage (Vgg — Vrp) with a maximum of gy, st = 4.5 BA/V (at
Vas = -3 V) and a slope of about 2.4 pA /V?2 (slope = uCyW/L). Accordingly,
the threshold voltage (Vry) can be deduced; the threshold voltage is found
to be Vg = =1.0 V. On the other hand, the transconductance in the linear
regime (at Vpg = -0.1 V) is found to be fairly constant with a value of
Gmgin = 0.23£0.04 pA/V. All the results correspond closely to what is expected
from (3.7).

Channel conductance and sheet resistance

The channel conductance (ge), which is also referred to as the output con-
ductance, describes the response of the drain current to changes of the drain-
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source voltage at a constant gate-source voltage:

olp
OVps Vos '

gch = (38)

Again by substituting for Ip using (3.4) and (3.5), the channel conductance
can be calculated in the linear and saturation regimes, respectively:

%%
/LCIT(VGS - Vru - Vps)  for Vps < Vs - Virm,
gch = (39)
O fOI' VDS > VGS - VTH-

Note that at very small drain-source voltages (Vps < Vas — Virn ), the expres-
sion of ge, reduces to pCr(W/L)(Vas—Vrh). Ideally, the channel conductance
is equal to zero in the saturation regime; in practice, however, it has a finite
value, which corresponds to an effect called channel length modulation as
explained in Chapter 5.

Furthermore, at sufficiently small drain-source voltage (Vps < Vgs—Vrn),
the gate-induced accumulation channel is assumed to have a nominally uni-
form thickness. Accordingly, the sheet resistance (Rgpeet ), which is a measure
of the resistance of the channel, can be calculated from the channel conduc-
tance (gen) as follows:

1 _ gchL
Rsheet - w

= ,uC[(VGS - VTH) for VDS < VGS - VTH- (310)

By substituting for Ip using the measured output characteristics (Fig.
3.4a) in (3.8), the channel conductance (gu) is extracted. In the linear
regime, the channel conductance is found to be ranging from 0.7 to 4 pA/VvV
(this corresponds to Rgpeet of 2.9 M2/0 and 500 kQ2/0O, respectively) at gate-
source voltages ranging from —1.5 to =3 V. In the saturation regime, however,
the channel conductance is found to be very close to zero. These values
conform closely to what is expected from (3.9).

Threshold voltage

As mentioned before, the threshold voltage (Vry) is the gate-source voltage
on which the conducting channel is created and it is often considered in
literature to be the gate-source voltage necessary to achieve the flat-band
condition [97]. Using (3.4) and (3.5), the threshold voltage can be estimated
by extrapolating the measured Ip (or v/Ip) in the linear (or saturation)
transfer characteristics to the intersection with the x-axis. An alternative
approach is to use (3.7), i.e., the transconductance, to extract the threshold
voltage in a similar way. All methods yield to approximately the same value
of VTH =-1.08£0.02 V.
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Insulator capacitance

To extract the insulator capacitance per unit area (Cf), dedicated metal-
insulator-metal (MIM) devices are measured using an LCR (Inductance-
Capacitance-Resistance) meter as described in Chapter 6. In principle, the
MIM is a two-terminal pendant of the OTFT sharing the same layer struc-
ture except for the semiconductor. The average value measured for MIMs
with different dimensions (200 x 200, 100 x 100, 50 x 50 and 10 x 10 pm?) is
found to be Ct = 560 nF/cm?. With the hybrid insulator thickness of about
d; = 5.3 nm, an effective value of ¢; = 3.37 resulted for the relative dielectric
constant. Given that uCiW /L = 2.4 nA/V?2, which is found during the ex-
traction of the tansconductance, a charge carrier mobility (¢) of 2.1 cm?/Vs
can be calculated.

Carrier mobility and contact resistance

As mentioned in the previous chapter, the charge carrier mobility is a mea-
sure of how fast an electric charge is transmitted through a material under
an applied electric field. However, one should distinguish between the intrin-
sic (uo) and the effective (p) charge carrier mobilities. The intrinsic charge
carrier mobility (x,) is a property of the material and thus it is a constant.
On the other hand, the effective charge carrier mobility (x) includes other
effects such as the contact resistance (R¢). The expression of R is derived
in Appendix C.2, assuming an ohmic distributed resistance network for our
inverted-staggered (bottom-gate, top-contact) OTFTs. Furthermore, the ef-
fective charge carrier mobility (u) decreases as the channel length reduces.
This is owed to the increase in the relative contribution of the contact resis-
tance to the total device resistance [139]. The relation between u, p1, and R¢
can be derived as follows.

Assuming an ohmic contact resistance (R¢) for a symmetrical OTFT,
i.e., both the source and drain resistances are equal to the contact resistance
(Rsp = Rc), the drain current Ip given by (3.4) can be rewritten as the
following (Vpg is replaced by Vps—2Ip R, Vs is replaced by Vas — Ip Re and
w is replaced by p,):

W Vi
Ip = j1oCr— (Vos = 2IpRe) (VGS ~ IpR¢ - Vi - % + IDRC)

w V;
:,uoclf : (VDS_2-[DRC) . (VGS _VTH_ %S)
ol W Vs
- Cr— - | (Vs = Vom ) Vos - =2 |.
L +2p,WCrRe(Vas = Ve = Vbs/2) "L [( as = Vrn) Vs 9

Hence, the effective charge carrier mobility (u) in the linear and saturation
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regimes can be expressed as

pho L
for Vpg < Vs — V-
L +2p,WCiRe(Vas = Vru — Vs /2) or Vps < Vas — Vi,
" (3.11)

oL
for Vi > Vs — Vi,
L+ W CiRo(Vas — Vrn) OF ¥bs = Vas Vi

Similar to the extraction of the threshold voltage, the effective charge
carrier mobility (4) can be estimated from the measured linear or satura-
tion transfer characteristics using (3.4) or (3.5), respectively, or from the
transconductance using (3.7). By applying any of these approaches to the
measured OTFT characteristics (Fig. 3.4), an effective charge carrier mobil-
ity of pu=2.1 cm?/Vs is found.

As for the intrinsic mobility (u,), along with other parameters, such as
Vra, Rsheet and Rg, they are typically extracted from a general approach
called the transmission line method (TLM), which considers the total re-
sistance of transistors with different channel lengths measured directly at
a fixed gate-overdrive voltage [101, 156]. Using TLM analysis on several
OTFTs at Vps = -0.1 V, a set of parameters are extracted; p, = 2.1 cm?/Vs
and Vg = —1.04 V are obtained, and at Vs = =3 V, Rgpeet = 420 kQ/O
and Rc-W = 0.1 kQcm are found (Table 3.2). Detailed description of the
TLM is given in Chapter 5. Since the OTFT has a relatively long channel
length (L =200 pm > L,, = 10 pm), contact effects are insignificant; accord-
ingly, the effective charge carrier mobility in both the saturation and linear
operation regimes are very close to the intrinsic mobility.

Current-gain cutoff frequency

The dynamic performance of an OTFT is typically quantified by the current-
gain cutoff frequency (fr), also referred to as transition or relaxation fre-
quency, which is defined as the frequency at which the current gain is unity.
In this case, the current gain is the ratio between drain and gate currents.
For an (O)TFT, the drain and gate currents are given by ip = gnvgs and
iq = j27 fCqugs, respectively, where Cg is the total gate capacitance. The
frequency-independent contribution of the gate leakage current is insignifi-
cant (~10712-10-'1 A), and thus, it is neglected.

One of the main objectives of this work is to characterize the dynamic per-
formance of the OTFTSs, i.e., the current-gain cutoff frequency (fr). Unlike
other user-configured methods that directly measure gate and drain modu-
lation currents [157-161], the use of self-contained methods in this work by
measuring the device admittance or S-parameters are superior, since they
only require either an LCR meter or a vector network analyzer (VNA), re-
spectively, to characterize the entire AC electrical properties of the OTFT
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[18, 151]. These characterization techniques, which are used to extract fr,
are discussed in detail in Chapters 6 and 7.

Regardless of the device structure (staggered or coplanar) and the fab-
rication process (printing or vacuum evaporation), the usual lack of self-
alignment OTFT process typically necessitates the design of non-negligible
overlaps between the source/drain contacts and the gate electrode [144].
Therefore, the total gate capacitance of an OTFT is considered as the sum
of the channel capacitance (Cq,) and the parasitic gate-overlap capacitances
(Cov), 1e., Cg = Cop +2Co, 2 CYW (L + 2L,y ). Consequently the current-gain
cutoff frequency can be estimated in the saturation regime by the following
expression:

I ., #(Vas = Vrn)

1= 5t © 27 L(L +2Loy)

(3.12)

This is often designated in literature as the gain-bandwidth product. Us-
ing the extracted parameters for the measured OTFT with L = 200 pm and
Loy = 10 pm (Fig. 3.4): p=2.1 cm?/Vs and Vg = —1.08 V, a current-gain
cutoff frequency (fr) of 1.46 kHz at Vs = =3 V is calculated. This value
conforms closely to fr = 1.35 kHz that is extracted by means of admittance
measurements as shown in Chapter 6. Finally, equation (3.12) shows that the
current-gain cutoff frequency can be increased by using an (organic) semi-
conductor with a higher carrier mobility or by reducing the (O)TFT lateral
dimensions, i.e., the channel or gate-overlap lengths [97]. Using an OTFT
technology based on high-resolution silicon stencil masks, we demonstrate in
Section 7.3 a record cutoff frequency of 3.7 MHz for air-stable, high-mobility
p-channel OTFTs with L = 0.6 ym and L,, = 5 pm operating at low supply
voltages (<3 V).

3.4 STABILITY AND CIRCUIT
PERFORMANCE MEASURES

The organic semiconductor dinaphtho-thieno-thiophene (DNTT), which was
introduced by Yamamoto and Takimiya in 2007 [154, 162], is mainly used
in this work as it offers high charge carrier mobility. Haas and co-workers
reported a hole mobility as high as 8.3 ¢cm?/Vs and we have measured a
hole mobility of 3 cm?/Vs for single-crystal and polycrystalline DNTT-based
TFTs, respectively [97, 163]. This makes DNTT a good candidate for high-
performance applications. The potential use of our OTFTs in the market-
place, however, depends critically on the uniformity of the transistors and
the ability of the DNTT to sustain its electrical performance without sig-
nificant degradation. In general, the electrical stability and performance of
OTFTs depend on how they are fabricated and how the chemical composi-
tions of the used materials change over time. The transistors in this work
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are fabricated by a new OTF'T technology based on high-resolution silicon
stencil masks, offering a dramatic performance boost to the circuits through
sub-micrometer channel lengths and far improved device matching.

This section is organized as follows. In the first part, the device uniformity
of our OTFTs is demonstrated. In the second part, the shelf-life stability of
the DNTT during exposure to ambient conditions is explored. In the third
part, the dynamic performance of p- and n-channel OTFTs by measuring
the propagation delay of ring oscillators are presented; in addition, a com-
parison to the results reported in literature is given. All the measurements
are performed at MPI-SSR in ambient air and at room temperature.

3.4.1 Device Matching

As presented in the previous section, The OTFTs are modeled and character-
ized through parametric testing. The resulting (mostly DC) device param-
eters either consist of directly measurable observables (currents or voltages
under specific biasing and environmental conditions), or of derived model pa-
rameters such as resistances, capacitances, threshold voltages, current gains,
etc. [164]. These parameters and their spreads determine the performance
specs of the OTFTs, including their limits and their performance variations.
The functionality of many analog and mixed-signal integrated circuit blocks,
such as data converters, comparators, operational amplifiers, depend sub-
stantially on the availability of pairs or larger groups of identical transistors
(matched transistors). These transistors are typically placed in a close prox-
imity and in an identical layout environment. Furthermore, they experience
the same technological treatment, and thus, they are generally more iden-
tical than devices made on different dies at different times in the process
life-cycle. Nevertheless, parametric differences are generally observed even
between such matched devices. These parametric mismatches for our OTFTs
are discussed herein.

Figure 3.6 depicts the electrical characteristics of 16 DNTT-based p-
channel OTFTs with channel lengths of 5 pm fabricated using high-resolution
silicon stencil masks on the same substrate. The drain current in the out-
put characteristics shows a linear increase for small drain-source voltages
(Vbs < Vas— Vi) and good current saturation for large drain-source voltages
(Vbs > Vs — V). Moreover, the transistors show excellent matching with
an average transconductance (normalized to the channel width) of 0.16+0.01
Sm~! and an average threshold voltage (defined as the gate-source voltage
for which Ip = 100 pA) of —0.99 = 0.01 V. The threshold voltage variation
is less than one percent with respect to the maximum supply voltage of 3
V. From the transfer characteristics, a hole mobility of ~0.6 cm?/Vs, a sub-
threshold slope of 90 mV /dec and an on/off current ratio of more than 108
are extracted.
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Figure 3.6 Measured electrical characteristics of 16 p-channel OTFTs with W =
50 ym and L = 5 um. (a) Transfer characteristics and gate leakage currents.
(b) Output characteristics. (c) Extracted transconductance (gm). (d) Extracted
threshold voltage (Vrm) [99].

Furthermore, Fig. 3.7 demonstrates the excellent parameter uniformity
of the p-channel OTFTs with channel lengths of 1 and 2 pm. Given that
the transistors shown in both Figs. 3.6 and 3.7 have the same aspect ra-
tio (W/L), all the measurements of the 47 p-channel OTFTs show nearly
the same characteristics. In contrast to the conventional polyimide shadow
mask technology, which provides a minimum of 10 pm for both the channel
length and the gate-overlap [165], the high-resolution silicon stencil mask
technology allow minimum channel length and gate-overlap down to 0.6 and
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Figure 3.7 Measured electrical characteristics of matched transistor arrays. (a)
15 p-channel OTFTs with W = 20 pm and L = 2 ym. (b) 16 p-channel OTFTs
with W =10 pm and L =1 pm [139].

2 pm, respectively [14, 18, 139]. Accordingly, a dramatic improvement of
the transistors dynamic performance is expected. A comparison between the
measured saturation transfer characteristics of 16 identical p-channel OTFT's
fabricated using both the polyimide shadow masks and the silicon stencil
masks is depicted in Fig. 3.8, noting the noticeable edge roughness in the
case of Fig. 3.8a with a channel length of 30 pm in comparison to the very
smooth edges in the case of Fig. 3.8b with a channel length of only 2 pm.
The figure shows that the 16 OTFTs with L = 30 pm and fabricated by the
polyimide shadow masks have o1/ = 11%, whereas the 16 OTFTs with L = 2
nm and fabricated by the silicon stencil masks have o1/I = 4%.

3.4.2 Air Stability

One of the main challenges in the development of OTFTs is to find a conju-
gated semiconductor that provides both a large charge carrier mobility and a
good stability during operation in ambient air [106]. Taking for example the
small-molecule hydrocarbon pentacene, it has been a popular candidate for
OTFTs as it can be operated in air and initially provide a relatively large
carrier mobility of about 1 cm?/Vs [166-168]. However, the main problem of
pentacene is that the molecules get easily oxidized in air, and thus, the carrier
mobility decreases over time when the devices are exposed to oxygen or water
vapor (humidity) [169]. In principle, the mobility degradation can be reduced
by encapsulation or storage under an inert atmosphere [170, 171]; never-
theless, air-stable organic semiconductors are very desirable as they greatly
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Figure 3.8 Comparison between the measured saturation transfer characteris-
tics of 16 p-channel OTFTs fabricated by two different technologies. (a) OTFTs
with L = 30 pm fabricated by conventional polyimide shadow masks. (b) OTFTs
with L = 2 pm fabricated by high-resolution silicon stencil masks. The insets show
the dimensions and edge features of both technologies, exhibiting noticeable edge
roughness in case (a) and very smooth edges in case (b) [99].

simplify the handling of the materials during manufacturing and character-
ization. Results obtained on DNTT-based OTFTs reveal electrical charac-
teristics with a high carrier mobility of ~3 ¢cm?/Vs, and more importantly,
without significant degradation during exposure to ambient conditions over a
period of several months [97, 106, 153]. This is owed to the crystal structure
and the thin-film morphology of DN'T'T, also to its larger ionization potential
(5.4 eV [154]) compared to that of pentacene (5.0 eV [172]), which promote
higher carrier mobility and better air stability, respectively.

Figure 3.9 shows the evolution of the saturation mobility of DNTT- and
pentacene-based OTFTs with W =200 pm and L = 100 pm in the course of
five months when the substrates are kept in ambient air with a humidity of
40-70% [153]. The figure depicts that the DNTT-based OTFTs have a sub-
stantially better air stability in comparison to the pentacene-based OTFTs
fabricated with the same technology, i.e., same type of substrate and same
dielectric as well as contact materials. In fact, a closer inspection of the data
show that the effective mobility of DNTT-based OTFT initially increases
from 2.48 cm?/Vs for the pristine transistor to a maximum of 3.08 cm?/Vs
after one week, followed by a steady reduction to a minimum of 1.91 cm?/Vs
after five months in air [153]. This initial 24% improvement in the effective
mobility suggest a time-dependent improvement of the contact resistance
[97]. Furthermore, the transfer characteristics of the DNTT-based OTFT
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Figure 3.9 Time-dependent air-induced degradation of the OTFT electrical per-
formance. (a) Evolution of the normalized saturation mobility of DNTT- and
pentacene-based OTFTs with W = 200 pm and L = 100 pm in the course of five
months when the substrates are kept in ambient air with a humidity of 40-70%. (b)
Saturation transfer characteristics of the DNTT-based OTFT measured directly
after the fabrication (pristine/fresh) and after five months [153].

depicts a threshold voltage shift towards positive values by ~0.5 V after five
months, but a minor change in the hysteresis behavior, the subthreshold
slope (Ssn 2 90 mV /dec) and the on/off current ratio (Ion/Iog = 10).

A general consensus to explain the mechanism for this slow degradation
of the carrier mobility in DNTT has not yet been achieved. Although oxi-
dation of the DNTT molecules cannot be completely ruled out, it is unlikely
given the molecular structure of DNTT [106]. Another possible explanation
is that the carrier transport is hindered when air-borne molecules, such as
H50, Oy and O3, penetrate into the grain boundaries of the polycrystalline
DNTT film and then interact with the mobile charge carriers or the DNTT
molecules at or near the grain boundaries [173, 174]. Besides the high carrier
mobility, promising shelf-life and device matching, the DNTT-based OTFTs
feature good bias-stress stability and little hysteresis behavior as demon-
strated thoroughly in [106]. In the following, the dynamic performance of
our OTFTs is evaluated using ring oscillators; in addition, a comparison to
the state-of-the-art results is presented.

3.4.3 Ring Oscillator Speed

The dynamic performance of the OTFTs are typically characterized by mea-
suring the propagation delays of ring oscillators or by extracting the current-
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gain cutoff frequency from admittance or S-parameter measurements on
stand-alone OTFTs. The latter approach is one of the main objectives of
this work and is discussed in detail in Chapters 6 and 7. In this section,
however, the frequency limit of both p- and n-channel OTFTs are derived
using the former approach, i.e., using ring oscillators.

A ring oscillator is composed of a cascade of odd number of delay stages,
namely inverters, connected in a closed loop chain. The inverter computes
the logical NOT of its input, and thus, the feedback of the last output to the
input results in an oscillation. Each inverter in the loop needs a finite prop-
agation delay 74 to charge or discharge the parasitic capacitances connected
to the output node. Therefore, the oscillation frequency of the ring oscillator
depends on the propagation delay 74 per stage and the number of stages used
[175]. To achieve a self-sustained oscillation, the ring must provide a phase
shift of 2 and have at least a unity voltage gain. This means that for an
n-stage ring oscillator, the oscillating signal must go through each of the n
delay stages twice to have a total delay of 2n7q. Accordingly, the frequency
of oscillation (fy,) can be expressed as

1

rio — . 3.13
/ 2nTq ( )

Therefore, adding pairs of inverters to the ring oscillator increases the total
delay and thereby decreases the oscillation frequency.

Several unipolar and complementary 11-stage ring oscillators are designed
and measured. The ring oscillators comprise OTFTs with different channel
lengths (L), gate overlaps (L) and channel widths for the source (Ls) and
the load (L) transistors. The design and dimensions are summarized in
Appendix A. For the unipolar (p-channel OTFTs) ring oscillator, a biased-
load inverter stage is used [176]. The organic semiconductors DNTT and
NTCDI-CI,-(CHyC3F7 )5 are comprised for p- and n-channel OTFTs, respec-
tively. Furthermore, the oscillation frequency (fi,) of the ring oscillators is
measured at different supply (and load bias) potentials by an oscilloscope and
the signal propagation delay per stage (74) is calculated using (3.13), where
n = 11. Figure 3.10 shows 74 as a function of the supply voltage for two
complementary and two unipolar ring oscillators along with other data from
the literature since 1995 [81, 97, 101, 139, 177, 178]. One should note that
the data collected from literature include ring oscillators that are measured
not only in air but also under inert or vacuum conditions.

The minimum measured stage delays are 0.2 ps at 4.2 V (the load tran-
sistors are biased at —1 V) for the unipolar ring oscillators and 17 us at 2.6
V for the complementary ring oscillators [101, 139]. For supply voltages be-
low 10 V, the air-stable organic ring oscillators demonstrated in this work
are—to our best knowledge—the fastest reported so far.
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Figure 3.10 Signal propagation delay per stage as a function of supply voltage
of (a) unipolar and (b) complementary organic ring oscillators. The measured
data for the 11-stage ring oscillators are given in blue (L = 4 pm, Lo, = 20 pm,
Wsource/Wload =110 lJm/24 pm for UnipOIar, and Wn—channel/Wp—channel =80 llm/40
nm for complementary) and red (L =1 pm, Loy = 5 nm, Weource/ Wioad = 72 nm/24
pm for unipolar, and Wi channel/ Wp-channel = 80 pm/40 pm for complementary)
colors [101, 139]. The air-stable organic semiconductors employed for the p- and
n-channel OTFTs are DNTT and NTCDI-CIy-(CH3C3F7)9, respectively. The data
given in black color are collected from literature since 1995 [81, 97, 177, 178].

3.5 SUMMARY

The processing method used for the fabrication of OTFTs in addition to
the device architecture and materials play a significant role in realizing the
desired electrical performance. Only small-molecule organic semiconductors,
namely DNTT for p-channel and F14CuPc or NTCDI-Cly-(CH,C3F7 )y for
n-channel OTFTs are considered. The p-channel OTFTs, in particular, are
mostly employed as they are more stable and offer higher carrier mobility
than their n-channel contenders. The inverted-staggered (bottom-gate, top-
contact) TFT configuration, which benefits from a smooth dielectric/semi-
conductor interface and provides a small contact resistance, is selected for
our OTFTs. The transistors are fabricated by high-resolution silicon stencil
masks, allowing to pattern the OTFT layers with sub-micrometer accuracy
and without the need of solvents or elevated temperatures. The OTFTs fea-
ture excellent device uniformity, promising shelf-life and bias-stress stability,
as well as little hysteresis behavior. Organic unipolar and complementary
ring oscillators are fabricated and the measured signal delay per stage for
both are the lowest reported values at supply voltages below 10 V.
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Fabrication Process

This chapter addresses the fabrication process of the low-voltage submicrom-
eter OTFTs using vacuum evaporation through high-resolution silicon stencil
masks. A brief overview of the different deposition and patterning techniques
is presented and the reasons of using the stencil lithography, in particular, are
explained herein. The stencil masks and the OTFTs are fabricated at IMS
CHIPS and MPI-SSR, respectively. Characterization of the stencil masks
with respect to refurbishment, defects and uniformity, as part of this work,
are discussed in detail. Importance is also given to the design rules of the
physical layout. Finally, the design of three mask sets is introduced.

4.1 DEPOSITION AND PATTERNING TECHNIQUES

A wide range of fabrication techniques can be used for organic electronics,
particularly organic thin-film transistors. The key challenge now is to in-
tegrate the organic devices using a cost-effective process at an acceptable
yield, resolution and registration. A reasonable classification of the fabrica-
tion processes can be made according to the the deposition technique, namely
vapor or solution processing [3]. The vapor deposition typically yields smaller
dimensions and thus higher thin-film transistor performance. The solution
processing, however, is preferable for high-volume, low-cost production. As
a rule of thumb, processes with higher resolution often have a lower through-
put. Furthermore, solution processing simplifies the manufacturing process
compared to vapor deposition, especially for large areas. It is preferable that
all layers, and not only the organic semiconductor, are processed from solu-
tion. Besides the deposition, solution processing opens up various alternative
patterning techniques such as printing, stamping and selective dewetting.
Other typical patterning methods used for the fabrication of organic devices
are photolithography, stencil lithography and laser ablation. In principle,
there is no single standard fabrication process existing today for organic de-
vices and circuitry; however, different deposition and patterning techniques
are often combined to optimize for the requirement of each device and/or
thin-film layer.

Organic materials are deposited at or near room temperature. Therefore,
the fabrication may involve a host number of unconventional large area, flex-
ible or transparent substrates such as glass, paper, textile or plastic films.

50
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Each of these substrates has its individual strengths and weaknesses in pro-
cessability, appearance, yield, lifetime, scalability, sustainability and cost.
The appropriate substrate is chosen depending on the target application,
functional materials and fabrication technique. Flexible substrates, in par-
ticular low-cost, low-temperature plastic substrates such as PET and PEN,
limit the process temperature window to achieve the optimum material per-
formance and stability to less than 150 °C [3]. Otherwise, the substrate would
exhibit significant distortion when exposed to excess temperatures and in
some cases also when exposed to excess humidity variations or mechanical
stress. If these distortions occurred during device processing in between the
deposition and patterning of two layers, an undesired change in the dimen-
sions would be resulted and thus malfunctioning might occur.

In former times, it was very convenient to take advantage of the well-
established inorganic-based fabrication techniques such as oxidation and pho-
tolithography. In this context, the OTFTs are built on a highly doped silicon
wafer that serves as a global bottom gate. The gate dielectric is thermally
grown and then the source/drain contacts are patterned using photolithog-
raphy. The organic semiconducting layer is in this case deposited lastly on
the top to avoid exposure to high temperatures. This results in an inverted
coplanar OTFT configuration. However, such process would not make use of
the unique properties of the organic semiconductors such as the mechanical
flexibility.

The ability to develop materials with well defined structural, chemical,
physical or biological functionality that can be processed from solution has
enabled the possibility to adapt graphic art printing techniques to manufac-
ture functional devices and circuits [3]. Examples of printing techniques that
can be used to process functional materials are flexographic, rotogravure,
offset, screen and inkjet printing. However, numerous technological diffi-
culties need first to be overcome before reliable electronic products can be
produced by commercial printing techniques. For example, to fabricate all-
printed OTFTs, a complete set of solution-processable functional materials
must be developed to meet the required processing conditions and desired
performance criteria. This includes not only semiconductors, conductors and
dielectrics, but also planarization, passivation and isolation materials. Fur-
thermore, the printing equipment and processes must also be improved to
meet the rather strict design rules of OTFTs. The typical resolution capa-
bility of printing processes is in the range of 20-100 pm.

An alternative to the above printing methods is printing by thermal imag-
ing [3]. Tt is a digital technique used by the proofing industry and proceeds
via the laser-ablative transfer of solid layers. Therefore, the limitations of
chemical compatibility in solution-based printing are entirely avoided. In
this process, a fully addressable laser beam is directed to a donor film, which
is coated with the material to be printed (e.g. conducting layer). A light-to-
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heat conversion takes place, decomposing an ejecting layer, which is placed
in between the donor substrate and the target material, into gaseous state.
As a result, a high-temperature bubble is generated that pushes the target
film to the substrate with the desired pattern. This fabrication method is
compatible with flexible substrates and enables printing of areas up to about
1 m? with a resolution down to 5 pm.

For cost-driven applications, such as RFID tags, printing methods are
most prominent. At present, silicon RFID tags have relatively high costs (in
the range of $0.2). As a result, their use is limited only to applications that
can tolerate their price level such as access control and animal tagging. To
enable ubiquitous replacement of optical barcodes by RFID tags (maybe in-
tegrated with smart sensors), manufacturing solutions for integrated circuits
that can be printed directly onto the packaging or an adhesive label at a
cost of $0.01 or less must be found [3]. An ultimate goal here is to develop
a commercial reel-to-reel solution-based printing technology to manufacture
ultra-low cost electronics. However, to allow an early market entry for the
organic technology and to investigate its performance limits, industrial com-
panies as well as research facilities tend to use standard, mature processing
techniques such as spin coating followed by photolithography (solution-based
process) or evaporation through stencil masks (vapor-based process).

On the other hand, high-performance organic devices, especially those
that are based on small-molecule organic compounds, are fabricated using
vapor-based processes. The pattern definition in this case takes place by
stencil lithography using shadow masks. The shadow mask is a thin mem-
brane with a pattern cut out of it, through which the compounds can be
deposited on the substrate. Unlike photolithography, this process does not
involve any heat or chemical treatment of the substrates.

Conventional vacuum thermal evaporation (VTE) is a commonly used
vapor-based deposition technique. It is a high-vacuum evaporation process,
where the functional material evaporates from a hot source (e.g. heating
filament) and condenses on the target substrate (e.g. glass). The vacuum
allows the vapor particles to travel directly to the substrate without collision
with the background gas and thus prevents any contamination of parasitic
surfaces. VTE is an ideal technique for laboratory usage but it has limitations
in scalability and cost effective manufacturing capabilities.

For industrial scale fabrication, however, organic vapor phase deposition
(OVPD) is a prominent solution. OVPD employs the gas-phase transport
principle, in which the evaporation and the condensation are decoupled. Con-
sequently, the evaporation design can be optimized to any chemical needs
without affecting the design for uniform and controlled large-area organic
film deposition [3]. In this process, the organic materials are evaporated in
individual and decoupled quartz pipes and then carried to the cooled target
substrate using an inert carrier gas (e.g. nitrogen). Two or more organic
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materials (e.g. a host and a dopant or any desired organic composite) can be
also simultaneously evaporated, uniformly mixed and finally deposited onto
the substrate. In this controlled gas-phase transport technique, no unin-
tended deposition of expensive organic molecules occurs in the main OVPD
chamber; consequently, high material utilization is enabled. Furthermore,
the use of carrier gas in OVPD allows the deposition at controlled pres-
sure of 1-10% Pa, thus allowing faster deposition because the setup does not
have to be pumped down to high-vacuum as in VTE. Finally, the continuous
purge of carrier gas in OVPD prevents contamination, which increases the
reproducibility of the deposited organic film quality. Using an appropriate
industrial OVPD apparatus (e.g. AIXTRON Gen2 OVPD equipment [179]),
substrates as large as 400x400 mm? can be coated uniformly by more than
ten different organic sources.

One of the main objectives in this work is to investigate the maximum
performance of organic transistors and circuits. Consequently, top-contact
OTFTs based on high-mobility small-molecule conjugated semiconductors
with short channel lengths are selected for this study. Given that the oper-
ating frequency of a TF'T is inversely proportional to its lateral dimension
[13], there have been many attempts to fabricate OTFTs with feature sizes
below 1 pm using, for example, photolithography [180], sub-femtoliter inkjet
printing (SIJ) [146] and self-aligned inkjet printing (SAP) [144]. However,
these methods either have relatively small throughput (SIJ, SAP) or involve
organic solvents or elevated temperatures (photolithography, SIJ) [13]. Since
small-molecule organic compounds often undergo phase transition when ex-
posed to solvents or heat [147, 148], these methods are not suitable to pat-
tern the source/drain contacts on top of such semiconductor. Alternatively,
stencil lithography offer a virtue in patterning the top contacts without the
need of solvents or elevated temperatures. Moreover, it allows to pattern
the organic semiconductor without exposing it to potentially harmful pro-
cess chemicals (e.g. photoresist), organic solvents or even water. This makes
the clean, simple and versatile fabrication technique by evaporation through
shadow masks the most favorable for our purpose. In cooperation with the
Institute for Microelectronics Stuttgart (IMS CHIPS) and the Max Planck
Institute for Solid-State Research (MPI-SSR), we have developed a five-level
shadow-mask process that utilizes high-resolution silicon stencil masks to
fabricate submicrometer OTFTs with excellent transistor matching [13-16].
This process has led to a considerable improvement in the dynamic perfor-
mance of OTFTs as demonstrated in this work. In the following sections, the
process steps for the fabrication of the shadow masks as well as the OTFTs
are presented.

A rough comparison between all the fabrication processes with respect
to their throughput and resolution capabilities is given in Table 4.1. The
processes are classified to three different technology levels, namely wafer,
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Table 4.1 Comparison between the fabrication processes used for organic elec-
tronics with respect to resolution and throughput. Data is adopted from [3, 181].

Technology Level Fabrication Process Feature Size Throughput
(nm) (m?/s)
Wafer VTE® 1-10 <10
OVPD 5-20 <107
Hybrid Rotary Photolithography 3-5 10741071
Thermal Imaging 5-40 10741073
Inkjet Printing 15-50 10731
Screen Printing 20-100 1072-10
Continuous Offset Printing 10-50 1-102
Rotogravure Printing 20-80 1071-10?
Flexographic Printing 40-80 1-102

?Using high-resolution silicon stencil masks, it is also feasible to fabricate sub-
micrometer feature sizes as demonstrated in Chapter 7.

hybrid and continuous technologies [181]. First, the wafer technologies are
those that allow the fabrication of high resolution features but at relatively
high production cost; however, they are compatible with mechanically flexible
substrates and can be extended to rotary (sheet-to-sheet) processes. Second,
the hybrid technologies are those that include large-area processes that make
use of flexible substrates and/or produced at medium cost level. Finally,
the continuous technologies are the reel-to-reel processes that enable high-
volume, low-cost mass production but so far with medium resolution.

4.2 SILICON STENCIL MASKS

Stencil masks, which are also referred to as shadow masks, are used in sten-
cil lithography to fabricate micro- and nano-meter scale patterns. A stencil
mask is a membrane with a pattern cut out of it, through which evaporated
or sputtered particles can be deposited marking the same pattern on the sub-
strate. In principle, there are numerous application areas for stencil masks
and they vary from medical cell filters to exposure masks for semiconduc-
tor lithography. Depending on the used radiation, which can be photons,
charged particles, or atoms, different technical implementations of stencil
masks are reported in literature. For example, they have been exploited in
classical beam shaping in semiconductor applications for silicon wafer resist
exposures with single/multi e-beam lithography [182], ion-beam lithography
[183], ion-assisted etching and milling [184] and ion-implantation for pat-
terned magnetic media [185].
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The quality of the stencil masks is very critical as they define the final
pattern properties, including minimum feature size and line edge roughness,
thus directly affecting the device performance. Different materials have been
explored for the fabrication of stencil masks such as metals, polymers and
silicon nitride; however, these materials suffer from patterning and stability
problems for membrane areas above 100 mm?2. As a result, monocrystalline
silicon stencil masks are selected for this study as they offer virtues with
respect to mechanical stability, stiffness and nano-patterning capability [15].

A novel silicon stencil mask process flow is developed at IMS CHIPS for
the fabrication of OTFTs. This groundbreaking work in cooperation with
the MPI-SSR led to a considerable improvement in the device uniformity and
performance [14, 15]. One should note that the stencil mask properties are
changing during operation due to an interaction between the used radiation
and the mask itself. This produces stress variations within the membrane
and changes in the critical dimensions (CD) of the mask pattern due to
residues in the openings, which worsen the image of the stencil mask during
illumination. During the fabrication of the OTFTs, materials are continu-
ously deposited onto the mask membrane and stencil openings, which results
in clogging, stress induced pattern distortions and membrane deformations
[15]. Therefore, etching of the deposited materials, cleaning and inspection
is mandatory to maintain a good pattern fidelity. The silicon stencil mask
process flow is explained in detail in this section. Furthermore, details about
minimum feature sizes, refurbishment and defects, which are part of this
work, are presented.

4.2.1 Fabrication Process

The fabrication of the stencil masks can be implemented in two techniques,
namely membrane flow process (MFP) and wafer flow process (WFP) [186,
187]. In the MFP, a membrane has to be first prepared from a solid wafer,
then all the patterning processes are applied on the membrane. In the WFP,
however, all the critical patterning steps are carried out on the solid wafer
substrate and the membrane etching is applied later. The latter option is
favorable for our purpose because it is compatible with the standard process
tools and silicon wafer fabrication processes.

The fabrication process of the silicon stencil masks is described in detail
in Table 4.2 and a corresponding illustration is depicted in Fig. 4.1. A 150
mm (6 inch) silicon-on-insulator (SOI) wafer is used as a base substrate. The
buried silicon oxide layer serves as an etch stop for the stencil etching from
the wafer frontside and the membrane etching from the wafer backside. This
offers a clear separation between the microelectrical patterning steps and the
micromechanical membrane etching steps. As a result, risk of contamination
is significantly reduced.



56

4 Fabrication Process

Table 4.2 Fabrication process steps of the silicon stencil masks [15].

No.

Process

Description

1

SOI wafer preparation

A 150 mm (6 inch) wafer with 20-pm-
thick Si membrane and 200-nm-thick
buried SiOs5 is used.

Silicon nitride (SizgN4) deposition
on the wafer backside

This layer acts as a mask for later wet
membrane etching.

Tetraethyl orthosilicate (TEOS)
deposition on the wafer frontside

This layer acts as a hardmask for
later silicon trench etching. A thick-
ness of 1 pm is carefully chosen to
minimize the stress on the wafer.

Resist coating on the wafer
frontside and pattern definition
by e-beam lithography

A chemically amplified resist FEP
171 (Fuji) is used and the stencil pat-
tern is written in a 50 kV Leica SB350
MW variable shaped e-beam writer.

TEOS hardmask etching and re-
sist removal

This is to transfer the resist pattern
into the TEOS hardmask.

Silicon trench etching

Deep reactive ion etching (DRIE) us-
ing gas chopping etching technique is
implemented

Resist coating on the wafer back-
side and pattern definition by e-
beam lithography

This is to define the size of each mem-
brane to be 20x20 mm?2. A total of 9
masks are patterned on the wafer.

SizNy etching and resist removal

This is to transfer the resist pattern
into the SigN4 masking layer.

TEOS deposition on the wafer
frontside

This layer is to seal the stencil pat-
tern from later wet etching processes.

10

Silicon membrane etching from
the wafer backside

The 9 membranes are etched in a
potassium hydroxide (KOH) solution
to a preliminary thickness of 30 pm.

11

Wafer sawing and etching of the
remaining silicon from the wafer

backside

The wafer is dismantled and sawn
into 9 single masks with 30x30 mm?
outer dimensions. The remaining sili-
con on the backside of each separated
mask is etched in tetra methyl ammo-
nium hydroxide (TMAH) solution.

11

Removal of all remaining layers,
cleaning and inspection of each of
the 9 masks

Remaining dielectrics are removed in
a HF solution. This leaves 20-pm-
thick patterned Si membranes an-
chored to robust 5-mm-wide frames.
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Figure 4.1 Fabrication process steps of the silicon stencil masks [15].

The fabrication of the fully-patterned top-contact OTFTs requires at
least a set of four masks for the following layers: (i) gold metal intercon-
nects, (ii) bottom aluminum gate, (iii) organic semiconductor, and (iv) top
gold metal contacts. In the case of a complementary circuit design, which
comprises both p- and n-channel OTFTs, an extra mask is employed. The
150 mm (6 inch) SOI wafer is capable of carrying nine individual masks with
an area of 30x30 mm?2. Therefore, the complete mask set can be easily fab-
ricated on a single wafer. To guarantee proper yield, the remaining five (or
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Figure 4.2 Simplified layout of the test mask, containing a matrix of 5x7 cells,
where each cell has seven row modules for the source/drain contacts with channel
widths (W) of 2-100 pm and channel lengths (L) of 4, 2, 1, 0.9, 0.8, 0.7, 0.6, 0.5,
0.4 and 0.3 pm, and one row module for the gate patterns with lengths (Lg) of 100
pm and widths (Wy) of 8, 6, 4, 2, 1, 0.8, 0.6, 0.5, 0.4 and 0.3 pm.

four) slots on the wafer are utilized for mask duplicates, especially for the
last mask, i.e., the top gold metal contacts mask, which has the most critical
structures with the minimum feature size. The design rules for the physical
layout of a particular circuit, which are necessary to ensure a successful fab-
rication, are discussed in Section 4.4. Furthermore, the different mask sets
designed for this work are presented in Section 4.5.

In the following, emphasis is made on the characterization of the silicon
stencil masks, with respect to refurbishment, defect analysis and uniformity
of evaporated patterns, to achieve a good pattern fidelity and a cost effective
mask technology. To carry out this study on the manufacturing process, a
special testing mask is designed thereto. Figure 4.2 shows the layout of this
mask, containing a matrix of source/drain and gate patterns with various
dimensions. The mask comprises a total of 5x7 cells that cover the com-
plete active mask area, where each cell has eight row modules (seven for the
source/drain and one for the gate patterns). The source/drain patterns have
channel widths and lengths of 100-2 pm and 4-0.3 pm, respectively, whereas
the gate patterns have widths of 8-0.3 pm and lengths of 100 pm.

4.2.2 Refurbishment

For the fabrication of the OTFTs, two different metals, i.e., aluminum and
gold, are used to define the gate and the source/drain contacts. Therefore,
two different wet-chemical metal etching processes are developed at IMS



4.2 Silicon Stencil Masks 59

| | | |
(a) (b) (c) (d)

Figure 4.3 SEM top-down images of a 0.5-pm-wide isolated line (bridge) in the
silicon stencil mask. (a) Initially before any processing. (b) After the deposition
of 0.2-pm-thick gold layer. (c¢) After the deposition of 0.5-pm-thick gold layer. (d)
After gold etching [15].

(a) (b) (©) (@

Figure 4.4 SEM top-down images of a 2-nm-wide isolated space (hole) in the
silicon stencil mask. (a) Initially before any processing. (b) After the deposition of
0.1-pm-thick aluminum layer. (c) After the deposition of 0.3-pm-thick aluminum
layer. (d) After aluminum etching [15].

CHIPS for the selective removal of the two metals to the base silicon stencil
mask material [15]. This is necessary to ensure a cost effective and multiple
usage of the silicon stencil masks in the deposition processes. To evaluate
the reliability of the etching processes, initial CD measurements are carried
out for two silicon stencil masks, then after aluminum and gold deposition
steps, and finally after the metal removal and cleaning.

Figure 4.3 shows scanning electron microscope! (SEM) top-down images
of a 0.5-pm-wide isolated line (bridge) initially before any processing, after
a sequence of gold depositions and finally after gold etching. Furthermore,
Fig. 4.4 shows SEM top-down images of a 2-pm-wide isolated space (hole)
initially before any processing, after a sequence of aluminum deposition and
finally after aluminum etching. The widening of the bridge and the closure
of the hole due to the metal deposition are obvious in both figures. Note
that the deposition steps are carried out in this experiment on an older
mask sample using sputter tool and not on the standard OTFT evaporation
tool due to time and availability reasons. The gold layer is removed in a

!The scanning electron microscope (SEM) is an electron microscope that produces an
electronic image by moving a beam of focused electrons over an object and reading both
the electrons scattered by the object and the secondary electrons produced by it.
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Figure 4.5 CD measurements of silicon stencil mask patterns initially before any
processing, after a sequence of gold or aluminum depositions and finally after metal
etching for (a) 0.5-1-pm-wide bridges and (b) 1-3-pm-wide holes. A comparison
between the initial and the final CDs for all the given dimensions demonstrates
the successful removal of both gold and aluminum layers [15].

concentrated nitro-hydrochloric acid (HNO; + 3 HCL) solution with an etch
rate of approximately 7 nm/s. Moreover, the aluminum layer is removed in
a hydrofluoric acid (15%wt. HF') solution at an etch rate of approximately
18 nm/s. For both metal etching processes a 100% over-etch time is applied.

The CD measurement results after the gold and aluminum deposition
sequence for 0.5—1-pm-wide bridges and 1-3-pm-wide holes, respectively, are
shown in Fig. 4.5. A comparison between the initial and the final CD
measurements demonstrates the successful removal of both metal layers for
a wide range of dimensions.

4.2.3 Defect Analysis

The evaporated gate patterns are investigated by evaporating a 30-nm-thick
gold layer and measuring the corresponding current—voltage (I-V') charac-
teristics for the different widths. A linear I~V behavior should be measured
indicating no physical separation in the gate lines. Figure 4.6a depicts the
measurements for widths of 8, 6, 4, 2 and 1 pm. For the width of 1 ym, no
electrical conductance is measured, which results from an insufficient depo-
sition of gold through the 20 pm deep and 1-pm-wide stencil trench opening.
Assuming a homogeneous gold thickness, the gradient of the I-V plot should
reflect the electrical conductance of the evaporated gold layer, which should
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Figure 4.6 (a) Measured I-V characteristics of 1-8-um-wide evaporated gate
modules. (b) CD measurements of 0.8-pm-wide and 30-pm-long bridges in the
stencil mask and the corresponding evaporated gold source/drain patterns on a
test sample; for each row module, there are seven data points, which correspond
to the seven columns from the left to the right side of the sample [15].

be proportional to the cross-section area of the conductor. This complies for
widths of 8, 6 and 4 pm, but not for 2 pm, indicating that the evaporation
limit in this process is at an aspect ratio of 1:10.

It is found that most defects in this fabrication process occur during
the final membrane etch step in the TMAH solution. This results due to
defects in the TEOS protection layer. As shown in Fig. 4.7, this kind of
defects occurs at the wafer frontside and is determined by a pyramidal shaped
anisotropic silicon etch that is located at the edge of the bridge. In the figure,
the defect is located only at one end of the bridge, but sometimes it occurs
at both ends. To resolve this issue, a change in the membrane etch strategy
is implemented into the process flow. By just reducing the etch time in
the TMAH solution by about 50%, the number of defects are reduced by a
factor of five. This is because the exposure time of the wafer frontside to the
etch solution is much less than before. Table 4.3 summarizes the number of
defects when using the two etching schemes for channel widths of 100 and 30
pm and various channel lengths ranging from 4 pm down to 0.3 pm.

Figure 4.8 depicts stable stencil features with excellent sharp edges for
the minimum feature size of 0.3 pm and channel widths of 100 and 30 pm.
By evaporating a 30-nm-thick gold layer onto a test sample, the channel
length of 0.3 pm could be successfully realized without electrical shortage as
illustrated in Fig. 4.8d. This implies the potential use of the silicon stencil
masks to fabrication submicrometer OTFTs.



62 4 Fabrication Process

(b)

Figure 4.7 SEM top-down images of the silicon stencil mask pattern that is used
to define the source/drain contacts of an OTFT with a channel width of 50 pm
and a channel length of 0.5 pm. (a) After silicon trench etching during the process
flow of the stencil mask. (b) After TEOS protection layer deposition during the
process flow of the stencil mask. (c) After the stencil mask is ready but with a
defect on the right edge of the bridge. (d) A close-up image of the defect region
showing a pyramidal shaped anisotropic silicon etch [15].

(a)

Figure 4.8 SEM images of the minimum feature size of 0.3 pm in the silicon
stencil mask and on a test sample. (a) Source/drain contacts pattern in the stencil
mask with a channel width of 100 pm and a channel length of 0.3 pm (10 degrees
SEM tilt angle). (b) Source/drain contacts pattern in the stencil mask with a
channel width of 30 pm and a channel length of 0.3 pm (10 degrees SEM tilt
angle). (c) A close up image of the 0.3-pm-wide stencil mask bridge (top-down
SEM). (d) The corresponding 25-nm-thick gold source/drain contacts layer that is
evaporated on a test sample (top-down SEM) [15].

4.2.4 Uniformity of Evaporated Patterns

The uniformity of the evaporated gold pattern is investigated by measuring
the CDs over the complete 20x20 mm? test sample and compare them to
the CDs on the stencil mask. Figures 4.9 and 4.10 show the SEM top-down
images of the 0.8-pm-wide bridges in the stencil mask and the corresponding
evaporated gold source/drain patterns on a test sample, respectively. The
figures illustrate the variations in the evaporated patterns compared to the
uniformity of the bridge structures on the silicon stencil mask at the center
and the four corners of the entire sample.

Figure 4.6b depicts the complete analysis with respect to the position
of the structures on the sample. All the bridges with the widths of 0.8
pm and lengths of 30 pm are measured over the complete five rows and
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Table 4.3 Comparison between the number of defects of the stencil mask bridges
when using the old and the new etching process strategies. By reducing the etch
time in the TMAH solution by about 50% in the new process, the number of
defects are reduced by a factor of five [15].

W/L Number of defects W/L Number of defects
(nm/pm) Old New (m/pm) Old New
100/4 1 0 30/4 0 0
100/2 4 1 30/2 0 0
100/1 7 0 30/1 5 0
100/0.9 11 2 30,/0.9 4 0
100/0.8 13 3 30/0.8 5 1
100/0.7 15 2 30/0.7 5 0
100/0.6 15 1 30/0.6 10 3
100/().5 15 4 30/0.5 14 2
100/0.4 16 3 30/0.4 11 3
100/0.3 24 4 30/0.3 10 3
Total 121 21 Total 64 12

seven columns of the sample (Fig. 4.2). The mean values of the CDs are
found to be 0.88+0.01 pm for the silicon stencil mask and 0.86+0.19 pm for
the evaporated source/drain gold patterns. As shown in the figure, the CD
reduces within every single row, which indicates different distances between
the mask and the substrate during evaporation. Given also the less sharp
edges of the evaporated gold patterns at the top-left and top-right corners
(at positions 51 and 57) shown in Figs. 4.10d and 4.10e, respectively, the
larger CDs found for positions 41-57 indicate a tilt of the stencil mask during
evaporation and/or the mask is outside the perpendicular projection of the
evaporator source.

In the fabrication process of the OTFTs, the stencil masks are manually
mounted on the substrate and the alignment is done under a light microscope
with the help of box-in-box and vernier structures. In an industrialized man-
ufacturing process, the mask treatment should be automated, and thus, this
kind of non-uniformity would be minimized.

4.3 ORGANIC TRANSISTOR FABRICATION

After the preparation of the high-resolution silicon stencil masks at IMS
CHIPS, they are delivered to the MPI-SSR to fabricate the organic transis-
tors and circuitries. The fabrication of the OTFT-based circuits requires at
least a set of four different stencil masks for the following layers: (i) gold
metal interconnects, (ii) aluminum gate electrodes, (iii) organic semiconduc-
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Figure 4.9 SEM top-down images of 0.8-um-wide isolated lines (bridges) in a
silicon stencil mask at the center and the four corners of the entire pattern: (a)
bottom-left corner, (b) bottom-right corner, (c) center, (d) top-left corner, and (e)
top-right corner [15].
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Figure 4.10 SEM top-down images of 0.8-pm-wide evaporated gold souce/drain
patterns on a test sample at the center and the four corners of the entire sample:
(a) bottom-left corner, (b) bottom-right corner, (c) center, (d) top-left corner, and
(e) top-right corner [15].

tor, and (iv) gold source/drain contacts. In general, stencil lithography is
compatible with a variety of substrates such as rigid silicon wafers, transpar-
ent glass or flexible polyethylene naphthalate foils [97]. In this work, glass
substrates Eagle?°?? from Corning are used because of their very smooth
surface roughness of about 0.2 nm (root mean square) [150], which makes
it easier to fabricate high-performance OTFTs. Atomic force microscopy
(AFM) measurements of a 30-nm-thick aluminum on a silicon wafer and on
a glass substrate show a surface roughness of about 1 nm for both materials.
As a result, no differences in the electrical characteristics of the transistors
fabricated on either of the substrates are expected [17, 97]. However, glass is
preferable because glass as a non-conducting substrate is better than conduct-
ing silicon for the dynamic measurements, which is one of the main subjects
of this work. This is because the large parasitic capacitances between the
probe pads and the conducting substrate are avoided [97].

The fabrication process of the organic transistors is described in detail
in Table 4.4 and the corresponding illustration is depicted in Fig. 4.11. For
simplification, the stencil masks are shown in the figure to be suspended
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from the substrate during evaporation. In practice, however, three steps are
necessary with every single mask. At first the mask is aligned and fixed
to the substrate, second evaporation of material with the desired thickness
takes place, and finally the mask is released carefully from the substrate to
avoid any scratches on the sample. The alignment of the stencil masks to the
substrate is done under a light microscope with the help of box-in-box and
vernier structures with an accuracy of about 2-5 pm. In the final evaporation
step, the alignment is very critical due to the definition of the gate-source
and gate-drain overlaps, which determine the dominating parasitics of the
transistor and thus the dynamic performance [188].

The gate dielectric of the OTFTs is composed of two-stacked layers,
namely a 3.6-nm-thick aluminum oxide (AlOy) layer and a 1.7-nm-thick self-
assembled monolayer (SAM). The hybrid gate dielectric has a capacitance of
the order of 1 pF/ecm?, which is sufficiently high to allow the transistors to
operate at voltages as low as 3 V [106]. Although, the SAM adds only 1.7
nm to the total dielectric thickness, it reduces the leakage current density by
three orders of magnitude from 5x1075 A /em=2 to (5+1)x108 A/ecm=2 at 2 V
[152]. Furthermore, the gate dielectric has a low surface energy of 20 mN/m
[189], which is useful to achieve a high carrier mobility in the small-molecule
organic films deposited on top of this gate dielectric [97].

Table 4.4 Fabrication process steps of the organic transistors [14, 97, 152].

No. Process Description
1 Substrate An alkali-free glass substrate Eagle?°® from Corning is
prepara- used. The substrate is initially cleaned with deionized wa-
tion ter, 2-propanol and acetone. After that, the substrate is

covered with 8-nm-thick AloO3 using atomic layer depo-
sition to increase the adhesion to the following processed

layers.
2 Gold A 20-nm-thick gold (Au) layer is deposited through the
deposition first shadow mask in a turbo-pumped vacuum evaporator

using a resistively heated tungesten filament with a 1-2
A /s deposition rate and a 107 mbar base pressure. This
bottom-metal layer defines the interconnects between the
transistors.

3 Aluminum A 30-nm-thick aluminum (Al) layer is deposited by ther-
deposition mal evaporation through the second shadow mask in a
similar way as the previous step but with a 10-12 A/ s de-
position rate. This layer defines the bottom-gate electrodes
of the transistors. A direct contact is created wherever the

aluminum gate is deposited over the gold bottom metal.
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Table 4.4 (continued)

No.

Process

Description

4

Oxygen
plasma
treatment

The substrate is exposed to an oxygen plasma with a 200 W
power and a 0.13 mbar base pressure to increase the thick-
ness of the native aluminum oxide (AlOy) layer to 3.6 nm
and to create a density of hydroxyl groups that is sufficient
for molecular adsorption in the following process step.

Self-

assembled
monolayer
formation

A 1.7-nm-thick self-assembled monolayer (SAM) is formed
on top of the aluminum oxide surface by immersing the sub-
strate into a 2-propanol solution of n-tetradecylphosphonic
acid [CyH(2y41)PO(OH)2] for an hour. The substrate is
then rinsed in a pure 2-propanol solution, blown by dry
nitrogen and briefly backed on a hot plate for 10 minutes
at approximately 100 °C. This completes the formation of
a 5.3-nm-thick hybrid gate dielectric with a capacitance of
the order of 1 pF/cm?, which is sufficiently high to allow
the transistors to operate at voltages as low as 3 V.

Organic
semicon-
ductor
deposition

A 30-nm-thick organic semiconductor is deposited by subli-
mation through the third shadow mask in vacuum using
a current-heated molybdenum source with a 0.3 A /s deposi-
tion rate and a 10~® mbar base pressure. The organic semi-
conductors dinaphtho|2, 3-b:2’, 3’-f]thieno[3, 2-b]thiophene
(DNTT) for p-channel OTFTs and hexadecafluorocopper-
phthalocyanine (Fi6CuPc) for n-channel OTFTs are em-
ployed. In the case of fabricating a complementary circuit,
which comprises both p- and n-channel OTFTs, the de-
position of both organic materials are done consecutively
through two different shadow masks. The substrate is kept
at an elevated temperature of 60 °C or 90 °C during the
deposition of DNTT or Fi5CuPc, respectively, to fascili-
tate the formation of well-ordered organic films with a high
charge carrier mobility.

7

Gold
deposition

A 25-nm-thick gold (Au) layer is deposited by thermal evap-
oration through the fourth shadow mask with a 0.3 A /s
deposition rate and a 107°-10~" mbar base pressure. This
layer defines the source and drain top-contacts and it is
used as well for interconnect crossings. Owing to the hy-
brid gate-dielectric layer, no connection is created between
the gold top metal and the aluminum gate, and a parasitic
capacitance of the order of 1 pF/ cm? is formed. However,
a direct contact is created wherever the gold top metal is
deposited over the gold bottom metal.




4.3 Organic Transistor Fabrication 67

Layout Cross section

3. Gate deposition

4. Oxygen plasma treatment

S AN P I N O SR SR [ Ll —\ f——N\_ =

5. SAM formation

1 SV bttt
A S I S S oo O o .y s — [\ A\

Yhvivvi by
| 2 tentantentt ¥ ¥ ¥ 3,
S m—— SO U B B L N =\ ——\

‘\‘ 4’
0y o
. ’
.
. o
N .
\ o
v

OTFT  Metal-Metal Contacts Crossing

[

e

7. Top metal deposition

Figure 4.11 Fabrication process steps of the organic thin-film transistors [190].
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Figure 4.12 Design flow of the organic ICs. (a) Physical layout of organic ICs
designed on an active die area of 20x20 mm?. (b) Photograph of the silicon stencil
mask used to pattern the top-metal contacts. (c¢) Die photograph of the organic
ICs fabricated on a glass substrate.

Referring to Fig. 4.12, the design cycle of the organic integrated circuits
(ICs) involves several steps. In the beginning, a feasibility study and an IC
size estimate is made. Accordingly, one or more ICs along with duplicates,
alignment and test structures are planned to be included on the active die
area of 20x20 mm?. Using OTFT models, the circuit(s) are designed and sim-
ulated on a SPICE (Simulation Program with Integrated Circuit Emphasis)
simulator (e.g. LTspice or Cadence Virtuoso).

Subsequently, the physical layout of the die is implemented (Fig. 4.12a),
including floorplanning, design for manufacturability (DFM) and design rule
checking (DRC). Attention must be given to the interconnect crossings and
the positioning of the transistors as they affect significantly the device per-
formance and matching, respectively. For DFM, the design is modified to
make it easier and more efficient to produce, also to comply to the design
rules, which are set by IMS CHIPS and MPI-SSR. This is achieved for exam-
ple by improving the stability of the stencil masks by adding support grids
(anchors), where possible, to hold sensitive structures on the mask. A special
DRC code is written to check the design rules of the stencil masks and the
organic ICs; these are discussed in detail in the following section.

After that, the layout is sent to IMS CHIPS in the GDSII? (Graphic
Database System) standard format for tapeout to fabricate the stencil mask
set (Fig. 4.12b). The masks are then inspected under the microscope and
the critical structures are characterized by CD measurements if necessary.
Afterwards, the mask set is sent to MPI-SSR to fabricate organic die samples
(Fig. 4.12¢). Finally, the samples are brought back to IMS CHIPS for testing.

2The GDSII (Graphic Database System) is an industry standard database file format that
is used for data exchange of IC layout artwork.
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Table 4.5 List of layout layers and their corresponding GDSII numbers.

Layer type  Name Material Mask  GDSII

Drawn Bottom metal Gold 15t 51
Bottom gate Aluminium ond 46
Semiconductor n-channel  F1gCuPc grd 40
Semiconductor p-channel ~ DNTT 4th 39
Top metal Gold 5th 49

Not drawn  Substrate Glass - -
Substrate coat Al,Og3 - -
Oxide insulator AlO, - -
SAM insulator CHH(QH_H)PO(OH)Q - -

4.4 LAYOUT DESIGN RULES

As discussed before, the inverted-staggered OTFT structure, which is also
referred to as bottom-gate/top-contact configuration, is used in this study
as it offers better performance compared to its coplanar counterparts. Table
4.5 summarizes the layout layers and their corresponding materials, mask
and GDSII numbers, noting that the dielectric layers (AlOy/SAM) as well as
the substrate are not drawn layers. To gain more insight of a typical OTFT
circuit layout design, a sample schematic and layout of a complementary
NAND logic gate is shown in Fig. 4.13. The numbers given in the figure
designate the layout design rules, which are going to be explained in detail
herein. The top-metal layer is mainly used for the source/drain contacts,
while the bottom-metal layer is used for the interconnects. Another usage
of the top-metal layer is to connect long bottom-metal lines that are cut
into shorter fragments for mask stability reasons. As for the crossing, the
top-metal layer is separated from the bottom-gate layer by a stack of two
dielectric layers, namely a 3.6-nm-thick AlOy layer and a 1.7-nm-thick SAM.
The total thickness of the hybrid gate dielectric is 5.3 nm with an equivalent
capacitance of the order of 1 uF/cm?. Exact capacitance measurements are
given in Chapter 6.

In general, the Manhattan layout design style is employed, where angles
between zero and 90 degrees are ruled out, with the exception for the text la-
bels, which do not have any electrical activity. Furthermore, the coordinates
of the layout components, such as wires, contacts, cells and modules, must be
placed on grid with a spacing of 0.1 pm. All dimensions drawn are supposed
to be equal to the final dimensions on the wafer as well as the stencil masks.
The origin (0,0) of the top hierarchy of a design has to be located at the
lower left corner.
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Figure 4.13 Sample schematic and layout of a complementary NAND logic gate.
The designated numbers represent the layout design rules for the DRC.

Referring to Fig. 4.13, the most important layout design rules are sum-
marized in Tables 4.6 and 4.7. The dimensions given in these tables are
minimum values. It is recommended, however, to use less critical values
whenever significant increase in the area is not resulted. This applies partic-
ularly to the width and the spacing of long interconnection lines, which are
realized by the bottom-metal layer.

Starting with the OTFT design rules, a minimum channel length (L) of
2 pm defined by the top-metal layer is recommended (Rule 1). Furthermore,
the minimum gate-overlap length (L), which is defined by the overlap be-
tween the top metal and the bottom gate within the transistor active region,
is set to 20 pm (Rule 2). However, during the characterization of the per-
formance limits of this OTFT technology through AC measurements, the
channel length and the gate overlap are both reduced down to 0.6 and 5 nm,
respectively. The enclosure rules, including the enclosure of the semiconduc-
tor inside the top metal, enclosure of the top metal inside the semiconductor,
enclosure of the gate inside the semiconductor and finally the enclosure of
the semiconductor inside the gate, are all set to 20 pm (Rule 3). Neverthe-
less, if the circuit area is relatively large, it is recommended to increase the
enclosures of the gate and the top metal inside the semiconductor. This is
because the semiconductor materials are translucent, and thus, they are hard
to align when being deposited on the substrate.
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Table 4.6 Layout design rules of the organic integrated circuits.

No. Rule Layers Value Unit
1 Channel length Top-to-Top 2¢ pm
2 Gate Overlap Top-over-Gate 20¢ pm
3 Enclosures Top-enclose-Semi® 20 pm

Semi-enclose-Top 20 pm
Semi-enclose-Gate 20 pm
Gate-enclose-Semi 20 pm
4 Related clearances Top-to-Top 20 pm
Gate-to-Gate 20 pm
PSemi-to-PSemi 20 pm
NSemi-to-NSemi 20 pm
Bottom-to-Bottom 20 pm
5 Non-related spacings Top-to-Gate 20 pm
Top-to-PSemi 20 pm
Top-to-NSemi 20 pm
Top-to-Bottom 20 pm
Gate-to-PSemi 20 pm
Gate-to-NSemi 20 pm
Gate-to-Bottom 20 nm
PSemi-to-NSemi 20 pm
PSemi-to-Bottom 20 nm
NSemi-to-Bottom 20 pm
6 Metal widths Top 20 pm
Gate 20 nm
Bottom 20 pm
7 Direct contact areas Top-Bottom-contact 20x20 pm?
Gate-Bottom-contact 20x20 pm?
8 Crossing area Top-Gate-crossing 20%20 pm?

%In AC measurements, the L and L, are reduced to 0.6 and 5 pm, respectively.

®The Semi layer is for both p- and n-channel semiconductors.

Table 4.7 Layout design rules of the silicon stencil masks (valid for all layers).

No. Rule Value Unit
9 Remaining silicon area (average over 1 mm?) > 50% -

10 Length-to-width ratio of beams attached at both ends <50 pm
11 Length-to-width ratio of beams attached at one end <15 pm
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The remaining OTFT design rules, including related (Rule 4) and non-
related (Rule 5) clearances, and metal layer widths (Rule 6), they are all
set to 20 pm. Moreover, areas of direct contacts (Rule 7) and crossings
(Rule 8) are set to 20x20 pm?. However, one should note that crossings
should be avoided wherever possible as they significantly reduce the circuit
performance. This is because a very high parasitic capacitance of the order
of 1 pF/em? (4 pF for 20x20 pm?) would be created by each crossing.

As for the design rules of the silicon stencil masks, which are valid for all
layout layers and are necessary for the mechanical stability of the masks, are
the following. The remaining silicon area of the mask (average over 1 mm?)
should be greater than 50% (Rule 9). Furthermore, the aspect ratio of long
silicon beams, which are attached either at both ends (Rule 10) or at one
end only (Rule 11), should be smaller than 50 and 15 pm, respectively. The
maximum die area used so far is 20x20 mm?2. All the alignment structures,
layer labels and logos are placed at a 4-mm-wide frame. This leaves an active
die area of 16x16 mm?. Finally, donut-shaped isolated features that could
fall out during stencil etching should be completely eliminated. It has to be
ensured that all features are mechanically and firmly attached by the use of
more than one anchor/bridge.

The software suites developed by Cadence Design Systems, namely Ca-
dence Virtuoso and Cadence Assura Physical Verification, are used during
the physical layout design of the organic integrated circuits. In this connec-
tion, SKILL3 codes are written to define all the aforementioned design rules
that are necessary for the physical verification and also to describe parame-
terized cells (PCells) that are helpful for automated layout design. Samples
of the implemented SKILL codes can be found in Appendix D.1.

4.5 MASK SET DESIGNS

In addition to the test mask presented in Section 4.2.1, a total of 5 other
mask sets are designed, three of which are relevant to this work. The lay-
out of each is built in a cell-based structure forming a tree-like hierarchical
design. Figure 4.14 depicts the top-level hierarchical cell of the three mask
sets. The illustrations are not arranged in a chronological order; their order
rather depends on the presentation flow of this work. Each layout has sev-
eral test structures and/or circuits, these are explained herein. The layout
of each is designed in a way to maximize the area utilization to have a final
compact die that brings together as much circuits and test structure as pos-
sible. A minimum distance of 20 pum between the structures is guaranteed
and an active area of 16x16 mm? on a 20x20 mm? die area is always realized.
The layout floorplan is a crucial design decision as it affects significantly

3SKILL is a scripting language used in many software suites from Cadence Design Systems.
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Figure 4.14 Top-level hierarchical cell layout of the three designed 20x20 mm?
organic dies. (a) Die 1 that includes OTFTs for static and dynamic charac-
terization. It also includes metal-insulator-metal (MIM) and metal-insulator-
semiconductor (MIS) structures for admittance measurements. (b) Die 2 that
includes aggressively-scaled OTFTs for scattering-parameter (S-parameter) mea-
surements. (c¢) Die 3 that includes ring oscillators and digital-to-analog converters.

the matching and the data-related interference. Accordingly, the following
criteria are necessary during the design of the layouts:

The area of each circuit has to be minimized to allow further circuits,
or even duplicates of the same circuit, to be fabricated and tested on
the same die.

When device uniformity is paramount for some circuit topologies, cer-
tain blocks should be designed with the minimum possible area. This
is because the increased distance between the transistors makes them
more susceptible to mismatch effects and gradient errors.

Again when the device uniformity is critical, identical transistors should
be placed as close as possible to improve the matching capability. In
addition, symmetry should be achieved wherever possible to ensure the
same environment for all the transistors.

Only one metal layer should be used for the design of a complete circuit,
noting that the top metal and the bottom metal are both on the same
electrical layer. Therefore, any overlap between them is considered as
a physical connection.

Crossings between the top metal and the bottom gate can be fabricated.
Nevertheless, they should be avoided wherever possible to minimize
cross coupling and improve the circuit performance.

Referring to Fig. 4.14, the three designed mask sets are labeled as Die 1,
Die 2 and Die 3. The first design, Die 1, includes OTFTs with channel
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widths of 200 pm, channel lengths of 100-1 pm and gate overlaps of 100-2 um,
which are dedicated for the static characterization. Furthermore, relatively
large OTFTs with channel widths of 400 and 1000 pm, channel lengths of
400-5 pm and gate overlaps of 50-5 pm in addition to metal-insulator-metal
(MIM) and metal-insulator-semiconductor (MIS) structures with different
dimensions (200x200, 100x100, 50x50, 10x10 pm?) are designed on the same
die for the dynamic characterization using admittance measurements.

The second design, Die 2, includes aggressively-scaled OTFTs for S-
parameter measurements. For the stability of the stencil masks, the OTFTs
are dissected into four parallel transistors sharing the same semiconductor.
The OTFTs have channel widths of 100 pm (4x25 pm), channel lengths of
10-0.4 ym and gate overlaps of 20 and 5 pm. To study the impact of mis-
alignment between the gate-source (L) and gate-drain (Lgq) overlaps, where
Lgs+ Lgq = 2Ly, the OTFTs with gate overlaps of 5 pm and channel lengths
of 1 and 0.6 pym are duplicated and intentionally misaligned on the mask
level in order to realize OTFTs with well-defined Ly =1, 2, ..., 9 nm, while
keeping Lgs + Lgq = 10 pm. Vernier structures are employed to measure the
particular degree of misalignment. The standard calibration structures, i.e.,
short, open and through, are also designed on the same die to remove the
parasitics and to obtain the desired S-parameters at the device terminals.

The third design, Die 3, includes fast and compact organic ICs, namely
unipolar (only p-channel OTFTs) and complementary (both p- and n-channel
OTFTs) ring oscillators (presented before in Section 3.4.3), and 6-bit binary
and 3-bit unary current-steering digital-to-analog converters (DACs). Fi-
nally, more detailed description of the layout design of the three dies can be
found in Appendix A.

4.6 SUMMARY

High-resolution silicon stencil masks are used for the fabrication of OTFTs
with submicrometer channel lengths. The masks have a silicon membrane
thickness of 20 pm and an area of 20x20 mm?. A minimum channel length
of 0.3 pm for the top-metal evaporation process is realized. Characterization
of the masks show that the evaporated gold contacts and aluminum gates
can be easily etched with excellent pattern fidelity. The OTFTs employ a
hybrid gate dielectric that is composed of a 3.6-nm-thick aluminum oxide and
a 1.7-nm-thick organic self-assembled monolayer. The gate dielectric has a
capacitance of the order of 1 nF/em?, which is sufficiently high to allow the
transistors to operate at voltages as low as 3 V. The stencil masks and the
organic ICs have recommended layout design rules; accordingly, a Cadence
SKILL code is written for the physical verification of the designs. A total of
three mask sets are designed during the course of this work to fabricate fast
and compact organic transistors and circuits.
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Static Characterization

An analytical model describing the steady-state characteristics of the OTFTs
is presented herein. The model captures the physical behavior of the device,
which helps to improve the electrical performance, stability and uniformity
of OTFTs, as well as the design and optimization of organic integrated cir-
cuits. In general, contact effects in OTFTs are significant and they limit
the device performance; therefore, source and drain contact resistances are
experimentally investigated to analyze and model their behavior. It is found
that contact resistances are dependent on the applied biasing potentials and
on the dimensions of the OTFTs. The static model is validated by com-
paring the numerical solutions with measured characteristics of both p- and
n-channel OTFTs; a reliable fit of the data is demonstrated.

5.1 TRANSMISSION LINE METHOD

The transmission line method (TLM)—introduced by Murrmann and Wid-
mann in 1969 [191]—is used to extract some intrinsic and extrinsic charac-
teristics of the OTFTs, including the contact resistance at the metal/semi-
conductor interface and the sheet resistance of the organic semiconductor,
from which the threshold voltage and the intrinsic carrier mobility of the
devices can be calculated [97, 192]. The theory and implementation of this
method on our DNTT OTFTs are described in this section. For this method,
a set of OTFTs with different channel lengths is required; correspondingly,
eleven OTFTs with W = 200 pm, L., = 100 pm and L = 1004 pm are
fabricated. Figure 5.1 shows the measured static drain currents (Ip) of six
of those OTFTs. The characteristics show that Ip increases when L is re-
duced. The OTFTs have on/off current ratios (I,,/Ios) of about 106 and
subthreshold slopes (Ssn) of 90 mV/decade. From the saturation transfer
curves, effective mobilities (u) of 2.7, 2.4, 2.0, 1.8, 1.6 and 1.2 cm?/Vs, and
transconductances (g, ) of 5, 12, 20, 30, 40 and 60 pA/V (at Vgs = -3 V) are
extracted for L = 100, 40, 20, 12, 8 and 4 pm, respectively. The reduction
of p as L reduces is owed to the increase in the relative contribution of the
contact resistances to the total device resistance [139].

Since the output characteristics of the DNTT OTFTs (p-channel) shown
in Fig. 5.1 do not exhibit a non-linearity at low drain-source voltages, it can
be assumed in the following analysis that the OTFTs have ohmic contact

75
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Figure 5.1 Measured static I-V characteristics of inverted-staggered DNTT
OTFTs with W =200 pm, Lo, = 100 nm, and L = 100, 40, 20, 12, 8 and 4 pm. (a)
Output characteristics at Vg = -3 V. (b) Transfer characteristics at Vpg = -2 V.

resistances; however, it is demonstrated in Section 5.3 that this is not the
case for aggressively-scaled DNTT OTFTs (with L < 1 pym) and for F14CuPc
OTFTs (n-channel) as well. Accordingly, the total resistance of the OTFT
(Riot) is given by the sum of the source/drain contact resistances (2Rc;
assuming also that the OTFT is symmetrical) and the channel resistance
(Renh = 1/gan): Riot = 2Rc + Ra,. By substituting for Ry, = 1/ga, using (3.10)
at low drain-source voltages (Vps < Vigs — Virg), we obtain

RtotW = QRCW + RsheetL‘ (51)

Figure 5.2a depicts the extracted width-normalized total resistance (R W)
of all the eleven OTFTs as a function of L at various gate-source voltages
above threshold and at a low drain-source voltage of —0.1 V. At each Vg, the
resistances Rgneet and R¢ can be calculated from the slope and the intersec-
tion with the y-axis (when L =0) of the linear least-square fit, respectively.

As described in Chapter 3, the drain current (Ip) when considering ohmic
contact resistances for symmetrical OTFTs can be written as

w 1%
ID :/“LOCIT.(VDS_2[DRC)' (Vgs—VTH—%S). (52)

At a sufficiently small drain-source voltage (Vps < Vas — Virn), Ip can be
simplified to the following expression:

W
Ip= ,uoclf - (Vbs = 2IpRc) - (Vas = Vru). (5.3)



5.1 Transmission Line Method

77

25 T T T ; 3.5
— Linear least-square fit : — Linear least-square fit
- VGS:-1.8V : : 30‘ et e Measured
20 - gy i R M .
o Vgg=-21V
_ a VGS:.2.4V 2.5 .........................................................................
5 15t v Ves=27V 2 20 e : o
g Vs =-3.0V \;5 : IR =.3.3 cmz/V§
: : 2 o R
§'6 1O bbb g” LS o R b
%"' —
1.0 .........................................................................
5 g R T T TR v oot
05} e R VTH_'1'6V
= . | NS
0 : : : i 0.0 : : :
-20 0 20 40 60 80 100 -3 -2.5 -2 -1.5 -1
Channel length (pm) Gate-source voltage (V)
(a) (b)

Figure 5.2 Analysis of the intrinsic and extrinsic properties of OTFTs with
W =200 pm, L = 1004 pm and Lo, = 100 pm using the TLM. (a) Measured
width-normalized total resistance (RyotWW') as a function of L for different Vg at
Vbs = =0.1 V. From the linear least-square fit at Vgg = -3 V, a width-normalized
contact resistance (RcW) of 0.25 kQ2em, a sheet resistance (Rgheet) of 347 k2 /0 and
a transfer length (L) of 7.3 pm are extracted. All linear least-square fits (except
for Vgg = —1.8 V) meet at a single point, which defines a characteristic length (—l¢)
of about 8.5 pm and a gate-voltage independent parasitic resistance (RcoW') of
0.2 kQcm. (b) The reciprocal of the extracted sheet resistance (1/Rgheet) as a
function of Vigg. From the linear least-square fit, an intrinsic carrier mobility (u)
of 3.3 cm?/Vs and a threshold voltage (Virg) of —1.6 V are determined.

Given that Ry = Vps/Ip, the width-normalized total OTFT resistance can
be derived as follows:

L

Rt W =2RcW + )
ot © 1oCr(Vis — Virn)

(5.4)

From (5.1) and (5.4), the intrinsic carrier mobility (4,) and the threshold
voltage (V) of the OTFTs can therefore be deduced by plotting the re-
ciprocal of the extracted sheet resistance (1/Rgpeet) as a function of Vg, as
shown in Fig. 5.2b. Correspondingly, it is found that the p-channel DNTT
OTFTs have p, = 3.3 cm?/Vs and Vg = 1.6 V. Using the same procedure
for n-channel F14CuPc OTFTs (having Io,/log = 10°), o = 0.06 cm?/Vs and
Vrg = 1.1 V are determined. The extracted p, = 3.3 cm?/Vs is larger than
p = 2.7 cm?/Vs of the DNTT OTFT with L = 100 pm. This is because
the gate-overlap length (Lo, ) of these OTFTs is taken to be as large as 100
pm. Indeed, if L is designed to be much larger than L, the impact of the
parasitic resistances on the carrier mobility will be minimal.
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As depicted in Fig. 5.2b, the reciprocal of the sheet resistance slightly
deviates from the linear least-square fit at high gate bias (|Vgs| > 2.7 V),
which implies that the OTFTs have about 10% lower carrier mobility at this
biasing regime. This can be attributed to bias-stress effects. Even though
the OTFTs exhibit very low hysteresis when being measured in the forward
and backward directions (not shown here), a similar effect is observed in
the linear transfer characteristics, i.e., the measured drain current is slightly
lower in the backward bias stream than in the forward bias stream due to
the lower carrier mobility caused by bias stress at high gate-source voltages.

Furthermore, Fig. 5.3a shows the extracted width-normalized contact
resistances (2RcW) as a function of the gate voltage. Apparently, the contact
resistance is largely modulated by the gate voltage due to the presence of
the overlaps between the source/drain contacts and the gate electrode; the
contact resistance of the OTFTs decreases with increasing the absolute gate
voltage. An empirical model for this effect can be easily deduced from the
TLM data [193]. As shown in Fig. 5.2a, the Ry, W versus L curves merge at
lo 2 8.5 pm and has a residual value of a gate-voltage independent parasitic
resistance (RcoW) of 0.2 kQcm. From (5.4), the width-normalized contact
resistances (2RcW) must therefore satisfy the following relation [193]:

lo
oCr(Vas = Vrn)

That is, the contact resistance can be considered as an accumulation channel
resistance of length [y in series with a minimum effective contact resistance.
The output of the model with gy = 3.3-2.9 cm?/Vs (as a function of Vigg),
Cy = 700 nF/cm?, [y = 8.5 pm and Rc oW = 2.2 kQdem is shown as a dashed
line in Fig. 5.3a; the model fitted quite well with the extracted data.

Only the channel length dependence of the OTFT performance with a
fixed gate-overlap length (Lo,) of 100 pm is considered so far. Based on
the discussions above, R¢ should depend also on L., because of the current
distribution under the contacts. To investigate this effect, other similar six
sets of OTFTs but with L, = 50, 30, 20, 10, 5 and 2 pm are fabricated on
the same substrate. Figure 5.3b shows the width-normalized contact resis-
tances (2RcW) extracted using the TLM for each OTFT set at Vg = -3 V.
An accurate evaluation of the contact resistance for these inverted-staggered
(bottom-gate, top-contact) OTFTs requires the use of a distributed resis-
tance network underneath the source/drain contacts as derived in Appendix
C.2; accordingly, R¢ is analytically described by [192]

2RcW = RC’OW +

(5.5)

Lov
2ROW = 2RsheetLT COth( 17 ), (56)

T

where Lt is a characteristic transfer length over which 63% of the current
flows from the semiconductor into the metal or from the metal into the



5.1 Transmission Line Method 79

2.8 ; ; ;
= Measured i T L&iﬁ‘
24 T Empirically m()deled ........................ ot
— Analytically modeled A
_ 2'0 : : A Sy H PR | | -
gE) ‘-E’ Gate
& & :
=2 § : = Measured
s 08| — e — Modeled
~ N : : : :
0.0 z z z z z 02 ; ; ; ;
-3 28 26 -24 22 -2 -18 0 20 40 60 80 100
Gate-source voltage (V) Gate-overlap length (um)
(a) (b)

Figure 5.3 (a) Measured and modeled 2RcW as a function of Vgg for the
OTFTs with W =200 pm, L = 1004 pm and Lo, = 100 pm. The dashed line repre-
sents the empirical model given by (5.5) with 1, = 3.3-2.9 cm?/Vs (as a function of
Vas), lo = 8.5 ym and Ro oW = 2.2 kQem. The solid line represents the analytical
model given by (5.6) and (3.10) with constants Ly = 7.3 pm and Vpyg = -1.6 V.
(b) Measured and modeled 2RcW as a function of Lo,. The solid line represents
the analytical model given by (5.6) with Lt = 7.3 ym and Rgneet = 347 kQ2/0.
The figure depicts the excellent agreement between the measured and modeled R
characteristics with the parameters extracted using the TLM. The inset shows a
schematic diagram illustrating the current distribution underneath the source or
drain contacts of the OTFTs (adopted from [194]), assuming that Loy > L1, where
Lt is the characteristic transfer length over which 63% of the current flows from
the top-metal contact to the organic semiconductor or vice versa.

semiconductor [194]. As defined in Appendix C.2, the transfer length (L)
is given by

Pe
Ly = : 5.7
Rsheet ( )
where p. (2m?) is the contact resistivity multiplied by the effective distance
between the source/drain contacts and the accumulated channel. Moreover,
the expression of RoW given by (5.6) can be simplified to the following two

conditions [192]: pe/L for Loy < Ly
c/ Lov ov ! (58)

Rcw -
pc/LT for Lov > LT.

If Loy < L, the effective contact area is the actual contact area of Lo, W. If
Lo, > L1, however, the effective contact area is L+W, which is smaller than
the actual contact area, leading to an increased current density than if the
entire contact area was active.
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In principle, the transfer length (L) can be extracted from the Ry, W
versus L curves shown in Fig. 5.2a. By substituting (5.7) and (5.8) in (5.1)
for long gate-overlap lengths (Lo, > L), the width-normalized total OTFT
resistance can be expressed as

Ryt W = Rsheet(QLT + L) (59)

Therefore, Lt can be calculated at each Vgg from the intersection of the
linear least-square fit with the x-axis (when Ry W = 0). Referring to Fig.
5.2a, the OTFTs with Lo, = 100 pm have Rgpeer = 347 kQ2/0 and Lt = 7.3 pm
(extracted at Vgg = =3 V). Using these values, the analytical model of RcW
given by (5.6) yielded an excellent fit to the measured results, as illustrated
by the solid line in Fig. 5.3b. Moreover, a precise fit is also achieved in Fig.
5.3a by substituting in (5.6) for Rgheer using (3.10).

5.2 COMPACT CHARGE-DRIFT MODEL

The steady-state characteristics of the OTFTs have been extensively studied
and several static models have been proposed in literature [195-200]. Brown
et al. [195] observed that the charge carrier mobility in amorphous organic
transistors is bias dependent, i.e., the mobility increases when the gate volt-
age increases. According to that perceived effect, Vissenberg and Matters
[196] and Meijer et al. [197] developed analytical models based on charge
drift in the presence of variable-range hopping! (VRH). However, these mod-
els are limited to the linear operating regime. Calvetti et al. [198] and
Marinov and Deen [199] derived analytical models based on the same com-
mon points, but on the other hand, the models cover both the linear and the
saturation operating regimes with a single formulation. Each of these models
and many others [201-205] were proposed to explain the conduction mech-
anism of their specific devices while taking into consideration the mobility
enhancement behavior at higher gate bias.

In general, it is quite challenging to define a unified compact DC model
for OTFTs due to various reasons, among them are the following [199]: (i)
there is a wide range of OTFT technologies, including the use of different
materials, processing steps and diverse transistor configurations; and (ii)
there is significant variability in experimental data for similar devices in
literature. Consequently, many models are developed to reflect the unique
features for the particular OTFTs.

!The variable-range hopping (VRH) is a model describing the conduction mechanism in
a strongly disordered system, assuming the charge-carrier transport as hopping between
localized electronic states. These states can be considered as charge traps induced by
chemical impurities, structural defects or grain boundaries. The hopping rate between
two localized states, which corresponds to the carrier mobility, is thermally activated or
tunneling assisted and the relaxation takes place under phonon emission [97].
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As shown in Fig. 5.2b, the extracted intrinsic carrier mobility of our p-
channel DNTT OTFTs does not increase with increasing gate bias; in fact,
it is slightly reduced due to bias-stress effects. Note that the same property
is observed for our n-channel OTFTs as well. Therefore, the aforementioned
models are not viable to describe the real physical behavior of our OTFTs,
without which they may produce misleading device characteristics. Since our
OTEFTs behave to a large degree as the conventional FE TS, the simple charge-
drift model presented by Borkan and Weimer in [155] can be adopted for our
simulations. As derived in Chapter 3, the drain current (Ip) is accordingly
expressed above threshold (Vgg > Virn) as

W VDQS
,UCIf (VGS - VTH)VDS - T for Vpg < Vas = Vrn,
Ip = (5.10)

W
,uC’I L(VGS - VTH)2 for Vos > Vas = Vrn.

2L
This generic charge-drift model formulates the base for developing a reliable
OTFT compact DC model. In the following, we explore the details of mod-
ifying this generic model to make it valid in all operation regimes of the
device with a single expression and also to include non-ideal effects, namely
subthreshold current, channel length modulation and parasitic resistances.

The representation of the drain current (Ip) given by (5.10) in the linear
operation regime (Vpg; < Vigsi — Vo) of an intrinsic OTFT (excluding the
parasitic contact resistances) can be rewritten as

w
Ip = Noclﬁ [(Va = Vin = Vai)? = (Ve - Ve - Vi) 2]« (5.11)

The subscript ¢ designates the internal source and drain potentials of the
intrinsic OTFT, which corresponds to the portion of the inverted-staggered
OTF'T that is above the gate electrode and between the source and drain con-
tacts. In fact, the source (Vg;) and drain (Vp;) contacts are interchangeable
in the model, which reflect the symmetrical structure of the OTFTs.

To make expression (5.11) valid in both linear and saturation operation
regimes, the term (Vi — Vg — Vi) has to be taken only with positive values
in the linear regime (when Vp; < Vg — Vrg) and it has to be very close to
zero in the saturation regime (when Vp; > Vg — V). Moreover, expression
(5.11) is valid only above threshold (when Vgg; > V). However, a non-zero
current is typically measured when the gate voltage is above the turn-on
voltage (Von) and below the threshold voltage (Viry), which is referred to as
the subthreshold regime (see Fig. 5.1). This regime is particularly important
in low-power digital circuits because it describes how fast the switches are
turned on and off [19]. Therefore, to include the subthreshold regime in
the static model, Ip has to be proportional to exp(Vg — Vry — Vsi) when



82 5 Static Characterization

Viasi < Vrg.  These conditions can be easily incorporated into the generic
charge-drift model by replacing the terms (Vg —Vrg—Vs;) and (Vg - Vg - Vi)
in (5.11) with an asymptotically interpolation function [Veg(V'), where V =
Vgi or Vp;| that is given by [199]

(5.12)

Vert(V) = VssIn [1 + exp(w)]

Vss

Vo-Vra-V
Vss
for subthreshold regime,
when Vg = Ve -V < =V, (5.13)
Vo-Vra -V
for above-threshold regime,
When,Vb-—V%H-—V’>¥%&

&%sexp

112

where Vsg is related to the steepness of the subthreshold characteristics of the
OTFT. Note that Vog(V') is very close to zero when V' > Vi; = Vipy, which is a
necessary condition as mentioned above to make the model valid in the linear
and saturation regimes using a single formulation. A similar interpolation
has been also used for MOSFETSs [206] and polysilicon TFTs [207].

In the saturation regime, the drain current is determined by the channel
length (L) and the gate-overdrive voltage (Vs —Vry). The saturation regime
starts at the pinch-off point when Vpg = Vigs — Vrg. Once the pinch-off point
occurs, any further increase in the drain potential results in shortening of
the accumulated channel, thus increasing the drain current correspondingly.
This effect is referred to as channel length modulation. A simple modification
to (5.11) can be implemented to incorporate this phenomenon by replacing
the channel length L with L — AL, given that [199]

AL L
L{1- = 5.14
( L ) 1+mMVbi—»%J7 ( )

where A is the channel-length modulation coefficient. By taking the absolute
value of Vpg;, the inherent symmetry of the model is preserved.

The final representation of the drain current (Ip) of the intrinsic OTFT
is determined by substituting for the subthreshold region using (5.12) and
the channel length modulation using (5.14) in (5.11) to obtain

I = puCigyy - (14 MV = Val) - { Var (V) - [VenVo) ). (5.15)

All expressions derived so far are for n-channel OTFTs. Similar characteristic
equations are valid for p-channel OTFTs, for which the polarities of the
voltages and currents have to be inverted.
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Figure 5.4 Measured versus simulated -V characteristics of a p-channel DNTT
OTFT with W =100 pm, L =4 pm and Ly = 20 pm. (a) Output characteristics.
(b) Linear and saturation transfer characteristics. The inset shows the OTFT DC
model schematic. The model parameters are K, = uCt = 478 nA/ V2, Vo = -1.08
V, A=0.5 %/V and VSS =90 mV.

As discussed in the previous section, the parasitic contact resistances
(2R¢) of OTFTs contribute substantially to the total device resistance and
have a considerable impact on the drain currents. In fact, measurements
show that R¢ is dependent on the gate bias as demonstrated in Fig. 5.3.
Consequently, the model of R¢ given by (5.6) is used in the static OTFT
model to account for this field dependence.

Ideally, the model is geometry scalable. However, the variability in
the characteristics of OTFTs is relatively large and in practice there is al-
ways some discrepancy between idealized assumptions and experimentally
acquired data [199]. In addition, some parameters, such as the contact re-
sistance, might have different scaling rules. Thus, one should allow for some
variability in the values of u, Vg, A and Vgg for OTFTs with different di-
mensions, even if the they are fabricated on the same substrate.

The model is implemented in a SPICE simulator. Figure 5.4 shows the
measured versus simulated data for the I-V output and transfer character-
istics of a p-channel DNTT OTFT with W =100 pm, L =4 pm and L, = 20
pm. The accurate agreement of the simulated to the measured data justi-
fies the reliability of the proposed model, which is needed to carry out more
complex simulations for integrated circuits based on OTFTs. Note that the
OTFT, the characteristics of which are shown in Fig. 5.4, is located on the
same sample as the digital-to-analog converters presented in Chapter 8. The
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model is tested on several p- and n-channel OTFTs with different dimen-
sions and a quite good agreement between the measured and simulated data
is generally achieved. However, it is observed that the output characteris-
tics of aggressively-scaled p-channel (only those that are freshly fabricated)
and n-channel OTFTs exhibit a pronounced non-linearity at low drain-source
voltages, i.e., the contact resistances are dependent not only on the gate bias
but also on the drain bias. This eventually necessitated the implementa-
tion of a simple modification to the OTFT model to consider this non-ideal
contact effect, as discussed hereinafter.

5.3 NON-LINEAR CONTACT RESISTANCE

Non-ideal contacts in TFTs strongly affect the device characteristics and
performance, especially for short channel devices, where these effects become
dominant [208]. In the previous section, it is demonstrated that the char-
acteristics of p-channel DNTT OTFTs with channel lengths down to 4 pm
can be accurately modeled with ohmic contact resistances that are depen-
dent only on the gate bias. However, measurements of aggressively-scaled
OTFTs with channel lengths below 1 pm show pronounced non-linearity of
the output characteristics at low drain-source voltages (|Vps| < [Vas = Vrnl),
as depicted in Fig. 5.5. This implies that these transistors exhibit non-linear
parasitic contact resistances, which are not ohmic because they are not only
dependent on the gate bias but also on the drain bias. A similar effect is
measured also for the n-channel F1;4CuPc OTFTs even with a channel length
of 4 pm, as shown in Fig. 5.6. It is important to note that the non-linear
drain current increase observed in the aggressively-scaled DNTT OTFTs had
disappeared 5 months after fabrication [97]; this suggests that their contact
resistances had improved over time. In principle, the non-ohmic contact re-
sistances severely limit the effective carrier mobility of the OTFTs and might
also lead to frequency dispersion of their current—voltage and capacitance—
voltage characteristics [208]. Therefore, we present in the following a mod-
ification to the compact model allowing to simulate the highly non-linear
source and drain contact resistances for the said devices.

Referring to Figs. 5.5 and 5.6, the non-linear regions of the output char-
acteristics at |Vps| < |Vas — V| indicate that the contact resistances decrease
with |Vps|. In order to simulate this contact effect, we propose an equiva-
lent circuit that consists of a pair of anti-parallel diodes, a parallel resistance
(R,) and a series resistance (Rs) for each contact. The corresponding equiv-
alent circuit representing a complete OTFT compact model that reflects the
non-ohmic nature of the source and drain contacts is depicted in the inset
of Figs. 5.5 and 5.6. A similar model is used by Necliudov et al. [209, 210]
for inverted-coplanar (bottom-gate, bottom-contact) OTFTs, of which the
contact resistances are also dependent on the gate and drain biases.
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Figure 5.5 Measured versus simulated -V characteristics of a p-channel DNTT
OTFT with W =5 pm, L = 0.8 pm and Le, = 20 pm. (a) Output characteristics.
(b) Linear and saturation transfer characteristics. The inset shows the OTFT
DC model schematic. The model parameters are K, = pCt = 830 nA/Vz, Vry =
-1.16 V, A =4 %/V, Vgg = 95 mV, Isg = 1.6 pA and n = 3.5. Note that these
characteristics are measured immediately after the fabrication and the high non-
linearity observed in (a) at low |Vpg| had disappeared after 5 months [97].

A pair of anti-parallel diodes is used at each contact to preserve the
symmetry of the current-voltage characteristics of the OTFTs. The diode
current (Igioqe) at a given voltage (Viiode) is given by

qv;liode
Tiode = I dldiode ) 1], 5.16
diod Ss [GXP( kT ) ] ( )

where Igg is the reverse bias saturation current, also referred to as the scale
current, k£ is the Boltzmann constant, 7" is the temperature and 7 is the
ideality factor. The scale current (Igg) and the ideality factor (n), which
are responsible for the steepness of the current—voltage characteristic, are
used as fitting parameters in the model. At very low drain-source voltages
[Vbs| < |Vas — Vrul|, each diode contributes little to the current conduction.
Thus, the total device resistance is viewed in this case as a pair of contact
resistors Rs and R, in series with R, i.e., Ryt = 2Rs + 2R, + Re,. Using
the TLM, similar to that shown in Fig. 5.2, one can extract the contact
resistance (R = Rs + R,,) as well as the intrinsic channel resistance (Ry,) as
a function of the gate-source voltage (Vs). However, when |Vpg| exceeds the
diode turn-on voltage, the impact of the parallel resistance (R;,) diminishes;
therefore, the total device resistance is given in this case by R = 2Rs + Rep,
meaning that the contact resistance is reduced to R¢ = R [210].
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Figure 5.6 Measured versus simulated I-V characteristics of an n-channel
F16CuPc OTFT with W =100 pym, L =4 pm and Lg, = 20 pm. (a) Output char-
acteristics. (b) Linear and saturation transfer characteristics. The inset shows the
OTFT DC model schematic. The model parameters are K, = uCt = 11 nA/VQ,
Vrn =092V, A =4 %/V, Vgg =125 mV, Iss =3 nA and n = 1.6.

The model is implemented in a SPICE simulator; comparisons of the sim-
ulation with the experimental data shown in Figs. 5.5 and 5.6 illustrate the
good fit at all operating regimes. Note that all measurements presented in
this chapter are performed in ambient air and at room temperature. More-
over, an IC-CAP PEL code is written to control the test setup and to auto-
mate the data collection process; the code is listed in Appendix D.2.

5.4 SUMMARY

Using the TLM, static intrinsic and extrinsic properties of the OTFTs are
characterized. The p- and n-channel OTFTs based on DNTT and F4CuPc
organic semiconductors have intrinsic carrier mobilities (u,) of 3.3 and 0.06
cm?/Vs, respectively. The source/drain parasitic resistances are experimen-
tally studied for different L and L,,; a distributed resistive network is em-
ployed to accurately model their behavior. Furthermore, the static I-V
characteristics of the OTFTs are well described by a simple compact model,
in which the channel length modulation, subthreshold current and parasitic
resistances are considered. It is found that n-channel and aggressively-scaled
p-channel (pristine) OTFTs exhibit pronounced non-linearities in their out-
put characteristics at low |Vpg|; this non-ohmic parasitic effect is modeled
using an equivalent circuit incorporating a pair of diodes at each contact.
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Admittance Characterization

An accurate modeling of the dynamic response of OTFT-based circuits re-
quires an analysis of the charge storage behavior in the transistors. Accord-
ingly, this chapter presents an experimental study of the OTFT admittance at
different biasing potentials and validates the results with accurate modeling
as well as 2-D device simulations. Effects induced by the parasitic elements
that extend beyond the periphery of the intrinsic transistor, including fringe
current and contact impedance, are carefully considered. Furthermore, a
small-signal model is built to characterize both the resistive and the reac-
tive parts of the measured device admittance. Finally, the implications of
the measurements are also discussed relating to the OTFTs dynamic perfor-
mance, particularly the cutoff frequency and the charge response time.

6.1 PARAMETER EXTRACTION

For admittance measurements, fully-patterned OTFTs with channel widths
(W) of 400 pm and channel lengths (L) of 200, 160, 140, 120, 100, 80, 50
and 30 pm are fabricated. To minimize and precisely control the parasitic
capacitances, the top-contact layer is carefully aligned with the patterned
bottom-gate layer. Considering the good alignment capability of the high-
resolution silicon stencil masks, the gate-overlap length is symmetrically laid
out at 10 pm for the source and drain electrodes. Moreover, the organic
semiconductor layer extends beyond the periphery of the intrinsic OTFTs
by 30 pm on each side (also called fringe regions).

In the beginning, static current—voltage (/-V') measurements are per-
formed using a DC source/monitor unit (HP 4141B) on the chip, in the
dark, in ambient air and at room temperature. Using the transmission line
method (TLM) analysis, which is described in detail in the previous chapter,
at a drain-source voltage (Vpg) of 0.1 V, a set of parameters are extracted,;
an intrinsic charge carrier mobility (1,) of 2.1 cm?/Vs and a threshold voltage
(Virg) of =1.04 V are calculated, and at a gate-source voltage (Vgg) of -3 V,
a sheet resistance (Rgpeet) 0f 420 k2/0 and a contact resistance (RcW) of 0.1
kQ cm (this value is equal to half of the value reported in [151] due to the dif-
ferent notation used) are found. The I-V output and transfer characteristics
of the OTF'T with L =200 pm is shown previously in Fig. 3.4. Furthermore,
the simulation and modeling parameters are given in Tables 3.1 and 3.2, not-
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ing that some of the values are extracted from admittance measurements as
demonstrated further below. It is observed from the measurements that the
OTFTs have very little hysteresis (not shown in Fig. 3.4) indicating a low
interface trap density and good electrical stability of the DNTT layer on the
SAM/AIO, gate dielectric. Since the transistor has a relatively long channel
(L =200 ym > L, = 10 um), contact effects are insignificant; accordingly,
the effective charge carrier mobility in both the saturation and linear oper-
ation regimes are very close to the intrinsic mobility (p, = 2.1 cm?/Vs) and
independent of the gate voltage.

The frequency response analysis by means of admittance (Y) measure-
ments is subsequently conducted to provide much insight with regard to the
limitation factors of the device performance and their origin. For example,
the admittance of OTFTs has been investigate in literature to obtain the
doping concentration and charge carrier mobility [211, 212]. Moreover, it has
been a useful tool to understand the charge transport mechanism in the poly-
crystalline organic semiconducting films that include many grain boundaries
and trap sites [213], also to study the charge injection mechanism through the
contact interfaces between the metallic source/drain contacts and the organic
semiconductor [214, 215]. The admittance (Y') measurements are carried out
using an LCR meter (HP 4284A) at frequencies from 100 Hz up to 1 MHz
and at different bias potentials ranging from zero to —3 V under the same
atmospheric conditions as in the static measurements. The IC-CAP PEL
codes written to control the LCR meter and to automate data collection are
given in Appendix D.2. The capacitance (C') and the conductance (G) are
calculated using equations C' = Im(Y /w) and G = Re(Y'), respectively, where
w is the angular frequency.

To initially extract the gate insulator capacitance per unit area (Cf),
dedicated metal-insulator-metal (MIM) devices with different dimensions
(200 x 200, 100 x 100, 50 x 50 and 10 x 10 pm?) are fabricated on the same
substrate. In principle, the MIM is a two-terminal pendant of the OTFT
sharing the same layer structure except for the semiconductor. Figure 6.1a
shows the measured capacitance-voltage (C-V') curves of the MIM struc-
tures at frequencies ranging from 500 Hz upto 1 MHz. The average value
measured for the MIMs with different areas is found to be Cy = 560 nF/cm?
(Tables 3.1 and 3.2). With the hybrid insulator thickness of about d; = 5.3
nm, an effective value of ¢; = 3.37 resulted for the relative dielectric constant.

Figure 6.1b shows also the C-V curves of the OTFT with L = 200 pum
calculated from the measured admittance [151]. For this setup, the source
and drain contacts are electrically shorted and connected to the low terminal
(virtual ground) of the LCR meter, while the gate electrode is connected to
the high terminal. A DC potential sweep from zero to -3 V along with a
superimposed AC voltage (V;,) of £100 mV is applied to the gate. The C-V
curves show a typical step-like transition from depletion (at low absolute



6.1 Parameter Extraction 89

300 T
: 2 § 2 S00Hz  _— Measured
Area=200x200 pm’  C,,, =593 nF/cm 1 g—o—o—oe e Simulated |
: : g :
— : : S 0.8 :
B 180 b —*— 5kHz S L :
& —— 100 kHz 3 .
(] o B
o —=— | MHz s 0.6 AN
g 120 b ; 5
g F, : ) 8 : :
S Area=100x100 um™  C, =569 nF/cm” T 04 b AR Y ]
8 60 __-.:___-__‘:_-AA_ E . B
Area = 50x50 pm’ Cy = 532 nF/em’” S TTeeell '
0::::%:7:::?2225 02 e NN
Area = 10x10 pm” Cpe=554nF/em™ | L2 T T L&
-60 i i O : )
-3 -2 -1 0 -3 -2 -1 0
Bias voltage (V) Gate-source voltage (V)
(a) (b)

Figure 6.1 (a) Measured capacitance-voltage (C-V') characteristics of MIM de-
vices with different dimensions (200 x 200, 100 x 100, 50 x 50 and 10 x 10 pm?) as
a function of the bias voltage and at different frequencies. The results show that
the capacitance is dependent neither on the bias voltage nor on the frequency.
An average dielectric capacitance per unit area (Cf) of 560 nF/cm? for all the
structures is extracted. (b) Measured versus simulated C—V characteristics of an
OTFT (W =400 pm, L = 200 pm and Lo, = 10 pm) as a function of gate bias
and at different frequencies. The inset shows the used measurement setup, where
the device under test (DUT) is the p-channel OTFT. The dashed line represents
the simulations, assuming a mobility of x = 2.0 cm?/Vs and a contribution of the
fringe part of about 13%. The simulations also fit well to the conductance-voltage
(G-V) characteristics (not shown here) [151].

bias potential) to accumulation (at higher negative bias), determined by the
doping concentration of the semiconductor (Table 3.1) [211, 213-217]. As
the frequency (f) increases, the accumulated charges in the channel cannot
follow the signal. Considering the measurement at f = 500 Hz, a minimum
capacitance of Cy, = 13 pF (in depletion) and a maximum capacitance of
Chax = D66 pF (in accumulation) are measured. At Vgs> Vg~ -1V, no
channel exists and the measured Cl,;, corresponds to the overlap capacitances
(2-Cyy) between the gate and the source/drain contacts, and can be modeled
as a series sum of two dielectrics (with &; = 3.37 for the hybrid gate dielectric
and epnrr = 2.84 for the fully depleted layer of DNTT). On the other hand,
at sufficiently large negative bias (Vgs $ -2 V), the measured Cy,y is equal to
the geometrical capacitance between the gate and the accumulated channel.
It is simply given by the hybrid dielectric capacitance per unit area (Cy), while
considering that the gate-induced channel extends beyond the periphery of
the intrinsic OTFT through the overlaps and fringe regions.
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The usual lack of a self-alignment OTFT process makes the gate-to-
contact overlap capacitances inevitable [18, 144, 145, 216]. As a result, the
gate electrode is patterned to minimize the impact of the parasitics. The
pronounced ratio between the measured capacitances in the depletion and
accumulation modes (44 times) is due to the patterning of the gate layer and
the use of a relatively small overlap length (Lo, = 10 pm < L = 200 pm).
This helps in modeling the OTFT intrinsic capacitance accurately. Note
that this change in the capacitance is more evident than previously reported
works (< 6 times) [211, 213-217] owing to the better accuracy and alignment
capability of the high-resolution silicon stencil masks [13-16].

Furthermore, Fig. 6.1b depicts the results of the 2-D device simulation,
which are performed by our partners at the University of Ilmenau on Sen-
taurus Device simulator from Synopsys [151]. At the frequency of f = 500
Hz, the transition slope between the accumulation and depletion modes is
determined only by an unintentional doping in the organic semiconductor
(Na). From the minimum capacitance, the effective layer thickness (d) of
the organic semiconductor is estimated. At this frequency, the measured
curve is well described with N =10 cm™ and d = 11 nm (Table 3.1) with
the exception of the transition near Vgg = =1 V; however, the error in this
region is less than 10% and probably caused by the large voltage step taken
in the measurements. To simulate correctly the flat band voltage, a con-
centration of fixed interface charges of Ny = 1.1 x 102 cm~2 is assumed. A
slightly larger Ny is used in the dynamic simulation compared to the value
used in the static simulation (Nje =5 x 10! cm=2 given in Table 3.1) because
of the negative bias stress caused by Vg = =3 V during the measurements
and resulted in a negative shift of the threshold voltage (Vry). The frequency
dependence of the C-V curves is well simulated by considering a mobility
of = 2.0 cm?/Vs for the injected holes from the source/drain electrodes.
As for the highest frequencies (40 KHz and 1 MHz), a smaller contribution
of the fringe part should be assumed to reduce the error. Nevertheless, the
value of the mobility corresponds very well with the aforementioned TLM
measurements and static simulation.

The sheet charge density of the channel (Q,) in the OTFT can be calcu-
lated from the C—-V measurements; accordingly, the charge carrier mobility
(1) can be easily extracted from the corresponding linear /-V characteristics
as follows [212]. The carrier mobility (u) is defined as the drift velocity (vq)
of the charge carriers divided by the electric field in the channel (Eg,). Given
that v = In/(WQ,), the charge carrier mobility can be written as

Ip

) WQchEch ' (61)

Ju

At sufficiently low drain-source bias (Vps < Vs — Vrm; Ip in the linear
operation regime), the gate-induced accumulated charges at the semiconduc-
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tor/dielectric interface are assumed to be uniformly distributed along the
channel length (L); consequently, the electric field across the entire channel
is approximately constant (Eg, = Vps/L). Moreover, the induced charge den-
sity in the channel at different gate-source voltages can be determined from
the C—V measurements at a low drain-source voltage (Vps = 0.1 V) using
the following expression [212]:

Qen = [:GS (%)d\/, (6.2)

where Cg, is the channel capacitance and is obtained by subtracting the
overlap capacitances (2-Coy) between the gate and the source/drain contacts
from the total measured OTFT capacitance.

Large contact resistances in the OTFT may introduce error into the calcu-
lation of the mobility [212]. Therefore, to minimize the effects of the contact
resistances, the measured C-V and [-V (Figs. 6.1b and 3.4) characteristics
of the longest channel (L =200 pm) are considered here. From the TLM, it
is found that the contact resistances are significantly smaller (< 3%) than the
channel resistance for the OTFT with W = 400 pm and L = 200 pm. Sub-
tracting the measured minimum capacitance (Cp, = 13 pF) at Vg = —0.8-0
V, which corresponds to the overlap capacitances (2 - C,y), from the mea-
sured C—V characteristics at the frequency of f =500 Hz (Fig. 6.1b) yields
the desired channel capacitance (Ce,). A sheet charge density ((Qe,) of 1.23
nC/cm? is therefore obtained at Vg = —3 V by substituting Cy, in (6.2).
At Vps = —0.1 V, a linear drain current (|Ip|) of 0.46 pA is measured and
a constant electric field (|Eq|) of 500 V/m is calculated. Finally, a charge
carrier mobility () of 1.9 cm?/Vs is extracted from (6.1). This value cor-
responds very well with the aforementioned TLM measurements and static
simulations.

6.2 FREQUENCY RESPONSE ANALYSIS

To further investigate the charge response behavior, the capacitance (C') and
the loss (G/w) of the OTFTs are measured as a function of the frequency.
This helps to clarify the limitation factors for the AC characteristics of the
OTFTs. Similar to the previous setup shown in the inset of Fig. 6.1b, the
results include the intrinsic as well as the parasitic OTFT components, i.e.,
the fringe regions that extend beyond the periphery of the intrinsic OTFT
and the overlap regions between the gate and the source/drain electrodes.
Figure 6.2 show the admittance measurements of the OTFT with W = 400
nm, L =200 pm and Lo, = 10 pm [151]. Above threshold (Vg = -1.08 V), the
holes appear to respond well to the applied small signal and the measured
capacitance is proportional to the channel length. This is valid up to a
certain frequency depending on the applied gate potential; however, their
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Figure 6.2 Measured versus modeled admittance of an OTFT (W = 400 pm,
L =200 pm and Lo, = 10 pum) as a function of frequency and at different gate
bias. (a) Capacitance—frequency (C—f) characteristics, where C' = Im(Y /w). (b)
Loss—frequency (G/w—f), where G = Re(Y'). The OTFT has a maximum cutoff
frequency (fr) of about 13 kHz (estimated from the peak of G/w) at Vgg = -3 V.
The results show that fr increases with increasing the Vg [151].

responsiveness starts to degrade above this frequency due to limited lateral
flow of holes [216]. At the said frequency, also referred to as relaxation
or cutoff frequency (fr), the measured capacitance (C') decreases and the
loss (G/w) reaches a maximum. This kind of dispersion occurs as a result
of the frequency- and voltage-dependent accumulation layer, while another
dispersion is expected to occur above 1 MHz due to the overlap regions. For
the latter case, the measured capacitances fall to zero. For a smaller Vg, the
cutoff frequency (fr) decreases indicating a lower mobility of the holes. In
other words, the mobility of the holes increases by filling up the trap inside
the DNTT [216].

As mentioned above, the admittance of OTFTs is investigated to obtain
information about the carrier concentration and the interface trap properties
[212, 218, 219]. It is also a useful tool to build a small-signal model because
both the resistive and the reactive characteristics of a device can be obtained
from the measurements [220]. Therefore, the limitations of the AC character-
istics by the significant parasitic impedance can be quantitatively explained
by means of a simple equivalent circuit [213]. Contact effects in an OTFT are
generally dependent on the gate bias and related to the organic semiconduc-
tor property, particularly in inverted-staggered (bottom-gate, top-contact)
OTFT structure [200]. It is possible to characterize the gate-overlap admit-
tance by fabricating a dedicated MIS structure as in [213, 220]. However,
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Figure 6.3 Schematic cross section of an inverted-staggered (bottom-gate, top-
contact) OTFT. The small-signal equivalent circuit of the intrinsic as well as the
extrinsic (overlap) parts of the OTFT using a distributed RC equivalent or trans-
mission line model is depicted inside the schematic. A particular section of the
transmission line of length Ax has the resistance AR = r,Ax, and the capacitances
AC = ¢;Az and AC’ = ¢sAzx. The overlap region comprises source/drain contact
resistances Rsp = Rc, and overlap capacitances ACqy = ¢iLoy and AC{, = ¢sLoy.
Note that the capacitances AC" and AC!, govern the change in the depletion
layer thickness depending on the applied gate voltage. The resistance in the gate
electrode is assumed to be negligible.

as mentioned in the previous section, the overlap capacitances can be ex-
tracted directly from the C—-V measurements, obviating the need for special
MIS structures. In this case, the admittance of the intrinsic and fringe re-
gions can be obtained from the total admittance by subtracting the estimated
gate-overlap admittance.

A small-signal equivalent circuit is developed to explain the conduction
mechanism and quantitatively evaluate the impact of the parasitic impedance
[151]. As depicted in Fig. 6.3, the model consists of a distributed circuit with
parasitic impedances at the contact [213, 214, 216, 220]. The channel as
well as the fringe regions act as a resistance-capacitance (RC) transmission
line owing to the distributed coupling between the gate electrode and the
semiconductor. From the geometry, the contribution of the fringe parts is
found to be about 16.5%. In principle, parasitic effects are more dominant
in shorter channel OTFTs and they considerably limit the cutoff frequency.

It is reported in [215] that parasitic impedance accounting for a deple-
tion region near the metal/semiconductor interface is necessary to fit the
measured channel capacitance [216]. Furthermore, another group has shown
in [213] that this parasitic impedance at the metal/semiconductor interface
can be suppressed by contact doping; this is supposed to originate from the
reduction of the current injection barrier and interface dipole. In this work,
however, the contact regions are not doped and no parasitic impedances at
the metal /semiconductor interface are considered. It is necessary here to
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Table 6.1 List of model parameters used in the OTFT (W =400 pm and Loy, =
10 pm) small-signal equivalent circuit. The parameters listed below, namely the
sheet resistance (Rgpeet) and semiconductor capacitance (Cg), are those that are
dependent on the gate-source voltage (Vigg). In addition, Re-W = 0.12 kQ cm and
C1 = 560 nF/cm? are included in the model.

Gate-source voltage [Vgs (V)]
Model parameter
0 -0.5 -1.0 -1.5 -2.0 -2.5 -3.0
Ryheet = 7en - W (k2/0) 1 0 i 3100 1000 620 500
Cs = cs/W (pF/cm?)® 02 023 035 105 ! f f

%In depletion, Cg governs the change in the depletion layer thickness.

include only contact resistances and overlap capacitances into the model to
properly simulate the measured data.

Referring to Fig. 6.3, the model consists of five parameters, namely
source/drain contact resistances (Rsp), channel resistance per unit length
(ren), dielectric capacitance per unit length (¢;) and semiconductor capac-
itance per unit length (¢;) [151]. The resistance in the gate electrode is
neglected because the resistance in the channel is large enough in this exper-
iment. The resistances Rgp (€2) and rq, (£2/cm) are directly obtained from
the TLM, where Rgp = Rc and re, = Rapeet/W. Note that the expression
of R¢ for our inverted-staggered OTFTs is derived in Appendix C.2. Since
there is no potential difference between the drain and source electrodes in
this setup, rq, is assumed to be uniform along the channel. The accumu-
lated charges of the intrinsic gate region of the OTFT are, however, non-
uniformly distributed along the channel when a drain-source bias is applied.
Furthermore, ry, is assumed to be uniform along the channel also because
the amount of accumulated holes does not change considerably during the
admittance measurements by the AC small signal under high negative DC
gate-source bias [216]. In depletion, the capacitance ¢; (F/cm) governs the
change in the depletion layer thickness depending on the applied gate voltage.
In accumulation, the influence of the semiconductor capacitance is negligible

(¢s > ¢). Finally, ¢; (F/cm) is acquired from the capacitance measurements
of the MIM structure (Fig. 6.1a), where ¢; = Cy- W.

At Vgs = -3 'V, the following values are used: R¢-W = 0.12 kQcm,
Raneer = 500 kQ2/0 and Cp = 560 nF/cm?. There is only a slight difference
(less than 20%) to the values extracted from the TLM. Table 6.1 summarizes
all the modeling parameters used at the different gate-source voltages. As
depicted in Fig. 6.2, the model shows an excellent agreement with both the
capacitance and loss of the measured admittance over the complete frequency
range (100 Hz-1 MHz).
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Figure 6.4 Measured versus modeled admittance of several OTFTs (W = 400
nm, Loy = 10 pm, and L = 200, 160, 140, 120, 100, 80, 50 and 30 nm) as a function
of frequency and at Vgs = -3 V. (a) Capacitance—frequency (C—f) characteristics,
where C' = Im(Y /w). (b) Loss—frequency (G/w—f), where G = Re(Y"). Note that
the model (shown in Fig. 6.3) here used a constant set of parameters (Table 6.1)
except for the channel length (L). A maximum cutoff frequency (fr) of about 0.4
MHz (estimated from the peak of G/w) at Vg = -3 V is extracted for the OTFT
with L =30 pm. The results show that fr increases with decreasing L [151].

To evaluate the scalability of the model with reducing the device dimen-
sions, Fig. 6.4 shows the measured and simulated admittance at Vg =-3 V
for all the fabricated OTFTs with W =400 pm, Lo, = 10 pm, and L = 200,
160, 140, 120, 100, 80, 50 and 30 pm. The same set of model parameters is
used. A reliable and precise fit of the small-signal equivalent circuit to the
experimental data is obtained.

Following the method presented in [213], the extracted capacitances can
be divided into two regions, namely a constant region at low frequencies and
a decreasing region at high frequencies. In the high frequency region, the
measured capacitances follow the power law (C' oc f~P). Figure 6.5a shows
an example for the OTFT with L = 200 pm. The values of the exponent p
are between 0.59 and 0.68. The cutoff frequency (fr) can be estimated as
the intersection point of the extrapolated fitting lines (using power law fit)
and the capacitance in the low frequency region (lateral line fit) [213]. This
method is useful if no conductance measurements are available. However, a
more accurate approach is to estimate fr from the peak of G/w as depicted
in Fig. 6.5b. The results verify that the cutoff frequency increases with
decreasing channel length and with increasing gate bias. This approximately
conforms with the expression (3.12).
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Figure 6.5 (a) Measured capacitance—frequency (C—f) characteristics of an
OTFT with (W =400 pm, L = 200 pm and Lo, = 10 pym) as a function of fre-
quency and at different gate bias. At Vs > Vi, the capacitance follow the power
law (C' o f7P) in the high frequency region and is nearly constant in the low fre-
quency region, noting that the cutoff frequency can be roughly estimated from the
intersection point between the two fitting lines [213]. The values of the exponent
p are 0.59, 0.6, 0.62 and 0.68 at Vgg = —-1.5, -2.0, —2.5 and -3.0 V, respectively.
(b) Extracted cutoff frequency (fr) of all the OTFTs (W =400 pm, Loy = 10 pm,
and L =200, 160, 140, 120, 100, 80, 50 and 30 um) from the peak of G/w. The
results verify that fp approximately complies with (3.12), i.e., fr increases with
decreasing L and with increasing Vgs.

6.3 EFFECTIVE DELAY OF GATE-INDUCED CHARGES

The charges in the OTFT channel cannot be induced instantaneously with
the applied gate-source voltage; therefore, the charge response time can be a
bottleneck in the high frequency operation of the device [220]. A quantitative
evaluation of the effective RC delay time (7), which is needed to make the
charges induced in the channel, requires first to derive expressions for the
gate-to-channel capacitance (Cg,) and loss (Gep/w) of the intrinsic OTFT.
Referring to Fig. 6.3, a transmission line model (RC network) is used for the
calculation of the capacitance. Assuming the transistor is operated in the
accumulation regime, the influence of the capacitances AC” and ACY, that
govern the change in the depletion layer thickness depending on the gate
voltage are negligible, i.e., AC' > AC" and AC,, > AC!,. Considering only
the intrinsic part of the OTFT (valid when L > L), a particular section
of the transmission line of length Ax has the resistance AR = Rgpeet Ax/W
and the capacitance AC = C1W Az. By following a procedure similar to that
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used in [221] and [222], we apply Kirchhoff’s voltage and current laws and
take the limit Az — 0 to obtain

O _ _iwCWv (), (6.3)
ox

av Rsheet

9V _ _fisheet gy 4
B o L@) (6.4)

We then combine (6.3) and (6.4) and solve the resulting second-order linear
differential equation to get expressions for the current I(z) and the volt-
age V(z). After a considerable amount of algebra, it can be deduced that
the gate-to-channel capacitance (Cg,) and loss (G, /w) are expressed by the
following [151, 220, 221]:

O = lIm 2I(z =0) _GwL ( sinh o + sin ) | (6.5)
w V(xz=0) a \cosha + cosa
Gen 2[(x=0)| CiWL ( sinh o — sin v )
= R = 66
w elV(x:O)] a \cosha+cosa)’ (6.6)

where o = \/wRgheet C1L%/2. Detailed steps for the derivation of Cy, and
G Jw are given in Appendix C.1.

When « =1, the channel capacitance (Cy,) given in (6.5) is equal 0.97 x
CiW L. Therefore, the delay time (7 = 1/w) that is needed for 97% of the
total charges in the channel to be induced and effectively responding, is
accordingly determined as

2
= RshcctCIL ' (67)
2

This relation is slightly different from the one reported in [220] because of
the different device structure used. Figure 6.6a shows the calculated 7 as a
function of L using the same modeling parameters: Rgpeet = 500 kQ2/0 and
Cy =560 nF'/cm? [151]. Such a plot can be used to deduce information about
the maximum frequency achieved for a given minimum channel length and/or
maximum channel length needed for a given frequency. For example, one can
estimate from Fig. 6.6a that for a successful operation at f = 10 kHz, the
OTFT should have L <106 pm. To verify this estimation, normalized C-V
characteristics of the OTFTs with L = 200, 160, 140, 120, 100, 80, 50 and
30 pm measured at 10 kHz are depicted in Fig. 6.6b. The normalization is
implemented by dividing the measured C-V data by 1.165 C{W (L + 2L,y)
to account for the parasitic components, i.e., the fringe (16.5%) and overlap
regions (Lo, = 10 pm). There is an error of less than 3% because of this
assumption; when L = 100 pm, the normalized channel capacitance almost
reaches unity at Vgg = -3 V, but longer devices cannot fully induce the
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Figure 6.6 (a) Calculated effective delay (7) for 97% of the total charges in
the OTFT channel to be induced and effectively responding. The expression of
T is represented by (6.7), considering the same values for the sheet resistance
(Rsheet) and the gate dielectric capacitance per unit area (Cp), which are used
for the small-signal equivalent circuit model. Information about the maximum f
achieved for a given minimum L and/or maximum L needed for a given f can be
deduced from this relation. For instance, it can be estimated that for a successful
operation at f = 10 kHz, the OTFT should have L < 106 ym. (b) Normalized C-V
measurements at f = 10 kHz. The contribution of the fringe part is assumed to be
constant (16.5%) for all channel lengths and the normalization is done by dividing
the measurement results by 1.165 CiW (L + 2L,y). There is an error of less than
3% because of this assumption [151].

charges at this frequency. The result correspond closely to what is estimated
from (6.7).

Equation (6.7) suggests that there are three ways to reduce the effec-
tive charge response time (7) of an OTFT [220]. First, the sheet resistance
(Rsheet) can be reduced by using an organic semiconductor with a larger mo-
bility or by applying a higher voltage. However, the evolution of the mobility
(Fig. 2.2b) in recent years does not offer a promising order-of-magnitude im-
provement in the near future [97]. Furthermore, applying a higher voltage
would increase the power consumption of the device and this is not favor-
able for battery-powered or frequency-coupled portable devices. In addition,
this may avert the possibility to integrate hybrid solutions combining large-
area organic electronics with high-performance thin silicon chips. Second,
a smaller dielectric capacitance (Cf) can be employed, but this may cause
low on-current (/,,) or transconductance (g, ). Finally, the most reasonable
approach is to reduce 7 by scaling down the channel length (L) of the OTFT.
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6.4 MEYER'S CAPACITANCE MODEL

For the simulation of the dynamic performance of OTFTs, the variations
in the stored charges of the devices have to be considered. In an OTFT,
there are stored charges in the gate electrode and the conducting accumu-
lated channel. In a simplified manner, the variation in these stored charges
can be expressed through different capacitance elements as discussed herein.
One should distinguish between the parasitic and intrinsic elements of the
OTFT. As mentioned before, the parasitics include the fringe regions that
extend beyond the periphery of the intrinsic OTF'T, and the overlap regions
between the gate electrode and the source/drain contacts. In general, apply-
ing a drain-source bias to the OTFT results in a non-uniform distribution of
charges along the channel. An accurate description of this effect requires a
distributed RC network as an equivalent circuit model, which can in practice
be simplified into lumped capacitive elements between the source, drain and
gate terminals. In this case, the resulting errors in circuit simulations are
typically small [223]. In contrast to DC models, the development of capac-
itance compact models for OTFTs were not verified by experimental data
since measurements of OTFTs in the quasistatic regime were not available
[198, 202, 216, 224-226]. In this section, to the best of our knowledge, we
present the first experimental analysis of the OTFT intrinsic capacitances at
different biasing potentials and validate the results with accurate modeling
as well as 2-D device simulations [151].

Using a similar approach that is developed for silicon-based MOSFETSs,
analysis of how the accumulated charges in an OTFT are distributed between
the source, drain and gate electrode at different bias potentials is discussed
in the following [223]. Ward and Dutton have reported in 1978 a MOSFET
capacitance model, which comprises a set of charge-conserving and nonre-
ciprocal capacitances between the different intrinsic terminals of the device
[227]. Note that nonreciprocity here means that Cj; # Cj, where ¢ and j
denote source, drain, gate or substrate in the case of MOSFETSs. In a simpli-
fied analysis by Meyer in 1971, a set of reciprocal capacitances are obtained
as derivatives of the total gate charges with respect to the various terminal
voltages [228]. In principle, Meyer’s model does not guarantee charge conser-
vation because it is only a subset of Ward and Dutton model. Hence, there
have been attempts in [224] and [225] to derive OTFT capacitance models
based on Ward and Dutton analysis. However, we prefer to use here the
simple Meyer’s model as the resulting errors in circuit simulations are usu-
ally small. Unlike MOSFETSs, the OTFT layers are grown on an insulating
substrate, most notably on a glass substrate. Therefore, there is no bulk
connection/terminal and there are no charges stored in the substrate.

In the following, only the intrinsic part of the OTFT is considered, i.e.,
the overlap and fringe regions are excluded. However, the effects induced
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by the parasitic elements on the capacitance measurements are investigated
hereinafter. According to the Meyer’s capacitance model, the distributed
intrinsic capacitances of an OTF'T can be split into the following two lumped
capacitances, namely gate-source (Cys) and gate-drain (Cyq) capacitances,
which are expressed as

Qg
O S = 9 68
g aVGS Voo ( )
IQa
Coq = , 6.9
gd aVGD Ves ( )

where Q¢ is the total intrinsic gate charges [223]. The capacitances Ciyg
(F) and Cyq (F) are assumed to be dominated by the gate-induced accumu-
lated charges. Thus, the contribution of the accumulated charges to the gate
charges is determined by integrating the sheet charge density of the channel
(Qen) over the active gate area:

L
QG :CIW[ (Vg—VTH—V;() d.’L’, (610)
0

where V, is the voltage at an arbitrary distance x from the source. Using the
well-established concept of charge drift, the drain current (/p) in an OTFT
can be deduced from (6.1) as

oVy
In :NCIW(VG_VTH_V;()%- (6.11)

The current is constant along the channel and dVy = (0V,/0x)dz. By sub-
stituting for dzr using (6.11) in (6.10) and changing the integral limits, we
obtain

C2W?2
QG:MI—/ (Ve = Ve = V)2 dVs
In Vs
pCEW? , ,
- 31 [(VGS - Vru)® - (Vep — Vn) ] . (6.12)

Using the expression (3.4) for the drain current (/p) in the linear operation
regime and replacing Vpg by Vas — Vap, we get

ciw V2
Ip="- LI [(VGS_VTH)VDS_%
@14
= M;L Vos [(Vas = Vru) + (Vap - Vrn) |
oW
== [(VGS = Vrn)® = (Vap - VTH)2] : (6.13)

L
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Substituting (6.13) in (6.12), the total intrinsic gate charges (Q¢) can there-
fore be expressed as

2 (Vas = Vrn)? = (Vep — Vrn )
=-Ci{WL .
Qe 37! (Vas = Vrn)? = (Vap = Vrn)?

Finally, The gate-source (Cys) and gate-drain (Cyq) capacitances can be ob-
tained by substituting (6.14) in (6.8) and (6.9), respectively:

(6.14)

) )
2 Ver — Vbs
Co==CWL|1-|82—D5 | | 6.15
&3 (2VGT—VDS) (6.15)
2 [ Ve 2]
Cog=-CWL|1-—"8 6.16
gd 3 I (QVGT_VDS) ) ( )

where Vgt = Vas — Virl, also called the gate-overdrive voltage. At Vpg =0V,
both the gate-source and gate-drain capacitances are equal to 1/2- C{W L.
In saturation regime (Vps > Vigs — Virg), the drain-source voltage is given
by Vbs = Var, and thus, Cy and Cyq are equal to 2/3 - C1W L and zero,
respectively. This indicates that a small change in the applied drain-source
voltage (Vpg) when the channel is pinched off during the saturation regime
does not have an impact on the gate or channel charges; however, the channel
is completely assigned to the source terminal, resulting in a maximum value
for the gate-source capacitance (Cgsmax = 2/3 - CtW L) [223].

Discontinuities in the derivatives of the Meyer capacitances given by
(6.15) and (6.16) occur at the onset of saturation. Such discontinuities should
be avoided in the device models since they give rise to increased simulation
time and conversion problems in circuit simulators [223]. A smooth tran-
sition between the nonsaturated (linear or off regimes) and the saturated
regimes is assured by replacing Vps in (6.15) and (6.16) by Vpse, where Vpsge
is an effective drain-source voltage that is equal to Vpg for Vpg < Vor and
is equal to Vgt for Vps > Vigr. This is achieved by the following asymptotic
interpolation function for the effective drain-source voltage (Vpse) [223]:

1
Vbge = §[VDS +Var - \/‘/52 + (Vs - VGT)2]7 (6.17)

where Vs is a constant voltage that determines the width of the transition
region; It is a fitting parameter that is extracted from the measurements.
We have considered so far admittance measurements with shorted source
and drain contacts, however, a different setup is used here to account for the
variations in the stored charges of the OTFT at different drain-source (Vpg)
and gate-source (Vgg) voltages. Accordingly, the gate electrode is connected
to the low terminal (virtual ground) of the LCR meter, while the source and
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Figure 6.7 Measured gate-source (Cgs) and gate-drain (Cgq) capacitances along
with modeled and simulated results of an OTFT (W =400 pm, L = 200 pm and
Loy = 10 pm) at f = 500 Hz. (a) Cgs and Cgq as a function of Vpg. (b) Cgs
and Cyq as a function of Vgs. Note that the modeled curves are represented by
(6.15) and (6.16) along with the interpolation function (6.17), which are valid
above threshold (solid lines). The voltage-dependent fringe factor of the simulated
curves is calculated by dividing the measured value of Cyg by the simulated intrinsic
value. The inset shows the used measurement setup, where the gate electrode is
connected to the low terminal (virtual ground) of the LCR meter, and the source
and drain contacts are connected alternatively to the high terminal of the LCR
meter and the DC voltage source [151].

drain contacts are connected alternatively to the high terminal of the LCR
meter (HP 4284A precision LCR meter) and a DC voltage source (Keithley
230 programmable voltage source) [151, 216]. The DC voltages Vps and Vg
are both swept from zero to -3 V and an AC signal of +100 mV with f = 500
Hz is applied to either the source or the drain.

Figure 6.7 shows the measured gate-source (Cys) and gate-drain (Cyq)
capacitances along with modeled and simulated results for the OTFT with
W =400 ym, L = 200 pm and L, = 10 pm [151]. The measured data
include both the intrinsic and parasitic components. Similar to the previous
measurements, the parasitic component is composed of about 16.5% for the
fringe region and a constant C,, = 6.5 pF for each of the gate-source and
gate-drain overlap areas. By excluding the parasitic components from the
measured data, it is found that Cys = Cyq = 1/2- C{W L at Vpg = 0 V, while
Cys and Cyq approach 2/3 - CiW L and zero, respectively, at Vps > Vas — Virn
(saturation regime). This charge storage effect complies with the Meyer’s
capacitance model described above.
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Using Ct = 580 nF/cm?, Viyg = -1.18 V and Vs = 0.1 V in addition
to multiplying both (6.15) and (6.16) by 1.165 for the fringe region and
adding 6.5 pF for the overlap capacitance (Cyy), a precise fit between the
modeled and measured data is accomplished as demonstrated in Fig. 6.7.
Furthermore, the measured and modeled characteristics are compared to 2-
D device simulation results. Using the same simulation parameters given in
Table 3.1, an excellent agreement for all voltage regions is obtained for both
Cygs and Cygq. It is necessary here to include a voltage-dependent fringe factor
because otherwise the results would not be well described. The reason is
simply the smaller influence of fringe effects for small intrinsic capacitances,
which occurs in the case of the subthreshold or the linear operation regions.
The fringe factor is calculated by dividing the measured Cgs—Vag by the
simulated intrinsic values at the different drain-source voltages. The results
do not show a strong dependency of the fringe factor on the drain-source
voltage but it changes considerable depending on the gate-source voltage
ranging from about 0.6 at Vgs=-1.3 V to 1.19 at Vgg=-3 V.

6.5 SUMMARY

Frequency response analysis on inverted-staggered (bottom-gate, top-contact)
OTFTs based on DNTT organic semiconductor by means of admittance mea-
surements is performed. The results confirm that the cutoff frequency (fr)
of the OTFTs increases with decreasing channel length (L) and with increas-
ing gate-source bias (Vgg). A small-signal equivalent circuit based on a dis-
tributed RC network or a transmission line model is used to produce a precise
and reliable fit to the data for different operating frequencies (100 Hz—1 MHz),
biasing potentials (-3 V to zero) and channel lengths (30 um to 200 um). A
quantitative evaluation of the effective RC delay time (7), which is needed
to make the charges induced in the OTFT channel, is demonstrated. Fur-
thermore, the charge storage behavior in the OTFT is very well described
by compact modeling and verified against 2-D device simulations. The de-
pendence of the intrinsic gate-source (Cys) and gate-drain (Cyq) capacitances
on the applied gate-source (Vgg) and gate-drain (Vgp) voltages shows an
excellent agreement with Meyer’s capacitance model, which can in principle
be easily incorporated into a SPICE simulator. This is the first study to
undertake experimental analysis of OTFT intrinsic capacitances at different
biasing potentials and validate the results with accurate modeling and sim-
ulations. The material parameters used for all the dynamic characterization
correspond closely to those extracted from the static measurements, with
the exception of the density of fixed interface states (Nj). This is because of
the negative bias stress imposed during the dynamic measurements, which
results in a negative shift of the threshold voltage (Viry).
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Scattering Parameter
Characterization

Recent developments of the performance of OTFTs in the past few years have
led to a renewed interest in characterizing their AC electrical properties using
a self-contained method. Accordingly, the first comprehensive experimen-
tal study of the frequency response of OTFTs using scattering S-parameter
measurements is introduced in this chapter. A small-signal model, which
includes intrinsic as well as extrinsic components, derived from the physical
behavior of the device is presented. An excellent fit between measured and
simulated S-parameters is demonstrated. The frequency performance of the
model is examined in terms of its current-gain cutoff frequency. The channel
length dependence of the cutoff frequency is described in a compact model
and a close agreement to the measured data of OTFTs with variable device
dimensions is shown. Moreover, the correspondence between static and dy-
namic characterization is discussed. For this study, low-voltage OTFT's based
on the air-stable DNTT organic semiconductor having various channel and
gate-overlap lengths are utilized. Furthermore, the impact of misalignment
between the source/drain contacts and the patterned gate on the dynamic
TFT performance is explored and a simple method to estimate the degree
of misalignment from the measured S-parameters is proposed. The inten-
tional asymmetry between gate-source and gate-drain overlaps is precisely
controlled by the use of high-resolution silicon stencil masks.

7.1 MEASUREMENT SETUP

Analysis of the frequency response of OTFTs is of great interest to gain
deeper insight into the physics of the device and for comparing different
structures as well as assessing materials-related limitations [18]. In addition,
it helps to predict the maximum operating frequency of which circuits based
on OTFTs, such as an amplifier, can work satisfactorily without reduction
of the gain [229]. So far, the frequency limit has been derived from the
propagation delay of a ring oscillator, which only provides an average delay
figure. As presented in Section 3.4, the minimum measured stage delays are
0.2 ps for unipolar and 17 ps for complementary ring oscillators, where both
comprised air-stable organic semiconductors, fabricated using high-resolution
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silicon stencil masks and operated at supply voltages below 5 V [101, 139].
It is also mentioned that simultaneous achievement of low operation voltage
and small propagation delay is very difficult for OTFTs-based ring oscillators
because of the limited carrier mobility, particularly for the air-stable organic
semiconductors, and the large parasitic capacitances and contact resistances
[230]. Nevertheless, in view of the low supply voltage and air stability, these
results mark a record accomplishment in the OTFT technology. Given the
variability of state-of-the-art OTFTs and the design variations of the ring
oscillators, this characterization method is not fully satisfactory.

To fairly compare different OTFTs with respect to their frequency re-
sponse, the bandwidth has to be measured in a consistent way [159]. It is
shown in the previous chapter that AC admittance measurements on stand-
alone OTFTs, under certain DC bias, can be used to give information about
the cutoff frequency and/or charge response time within the channel. This
characterization is essential for estimating all the circuit elements present
in the device and in particular for constructing an equivalent circuit model
[161]; however, it is only appropriate for relatively large devices to ensure
accurate measurements. For this reason, others have demonstrated the pos-
sibility to extract the cutoff frequency on individual OTFTs using direct
measurement of the gate and drain modulation currents [157-159, 161]. In
this setup, the gate and drain are biased by a DC voltage source, while
a superimposed AC signal is applied to the gate through a bias tee using
a function generator. The input and output AC current components are
measured by special current probes (Integrated Sensor Technologies 711S
standard) without electrical connection and monitored using a digital os-
cilloscope [157, 158]. An alternative approach is to measure the input and
output AC currents by a lock-in amplifier [159, 161]. In both cases, the
frequency scan is done by reprogramming (computer-controlled) the func-
tion generator. Such user-configured measurement setup, involving multiple
test instruments, is cumbersome and makes the extraction of device para-
sitics very difficult. Therefore, a self-contained method for characterizing
the cutoff frequency of OTFTs by means of S-parameter measurements is
highly desirable, as demonstrated on other field-effect transistor types such
as ZnO TFTs [231], graphene FETSs [232], heterojunction bipolar transistors
(HBTs) [233] and radio-frequency MOSFETs [234]. In this work, to the best
of our knowledge, we present the first report on S-parameter measurements

of OTFTs [18].

Unlike previous techniques, the use of a self-contained method by measur-
ing S-parameters is superior, since it only requires a vector network analyzer
(VNA) to characterize the entire AC electrical properties of the OTFTs [188].
This simple and accurate approach is well suited for wafer probing systems
because it is very fast and is performed at relatively low frequencies (100
kHz-5 MHz) [235]. Therefore, a large amount of data directly connected
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with the design or the process of the OTFTs can be easily obtained. Note
that the S-parameter measurements also include the intrinsic as well as the
extrinsic components of the OTFTs. As a result, appropriate analysis of the
parasitic effects can be determined. This allows to build an OTFT small-
signal equivalent circuit in a more direct and straightforward manner without
possible uncertainties due to user-configured measurement setup.

Full two-port S-parameter measurements that relate the AC currents and
voltages between the drain and the gate contacts of the OTFTs are carried
out using an HP 3577A VNA at frequencies up to 5 MHz. A MATLAB
code is written to handle and automate this process; the code is presented
in Appendix D.3. All the measurements that are demonstrated herein are
performed on-wafer, in ambient air and at room temperature. A steady-state
bias is applied to the gate and drain electrodes superimposed by additional
radio-frequency (RF) excitations, while the source electrode is connected to
a common (virtual) ground.

In principle, two-port parameter sets for transistors are useful design aids
that are provided by manufacturers [236]. As mentioned above, they can be
used to extract the well-defined unity-gain bandwidth of the transistor. For
a general two-port network/device (e.g. an OTFT) with voltages (v; and vs)
and currents (i1 and iy) applied at the input and output ports as indicated
in Fig. 7.1a, it can be described using any of the following relations:

(AR SV ADRE D) —Ul _ 211 Zia || (7 1)
Vg = Loy -1 + Zaog - g | U2 Zoy Zoo||iz2|’ '
11= Y101+ Y- 02 —il _ Yii Yiof|lwn (7 2)

19 = Yo1 - U1 + Yo3 - U2 _i2 Yor Yoofl|va|’ '
vy =hyy -ty +hig- e —Ul- _ —h11 hia || %1 (7 3)
ig = hoy - i1 + hog - vy _i2_ _h21 hoo [ [v2 |’ '

U1=A"U2—B'ig —Ul-_—A B Vo (74)
i1:C'U2—D'i2 _il___C D —i2 ’ '

where Z;;, Yj;, hj and ABCD are the impedance, admittance, hybrid and
cascade (chain) parameters, respectively. Referring to Fig. 7.la, it can be
deduced from (7.1) that Zy; = v1/i; when iy = 0, meaning that port 2 is open
circuit. On the other hand, it can be deduced from (7.2) that Y3 = i1/v;
when v, = 0, meaning that port 2 is short circuit. Same applies to all the other
parameters in the four two-port parameter sets. Moreover, the h-parameters
are often used for the description of the active devices such as transistors
[236]. In fact, the hgj-parameter is the short-circuit current gain (hgy = is/i;
when v9 = 0) of the device and its absolute value is used to characterize the
cutoff frequency (fr) when |hy;| = 1. More details about the current gain and
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Figure 7.1 Block diagram of two-port network/device with defined (a) volt-
ages and currents, and (b) traveling waves. In (b), the network/device is con-
nected to a VNA using two line segments (transmission lines) with a characteristic
impedance Z,. Only the forward direction is illustrated when the source and load
are connected to port 1 and port 2, respectively. The source (Zg) and load (Zr,)
impedances are configured by the VNA. When perfect terminations (Zg = Z1, = Z,)
are applied in this configuration, the input reflection (Si;) and forward trans-
mission (S21) coefficients can be measured. In addition, the connections can be
reversed by the VNA to measured the full two-port S-parameters [237].

the cutoff frequency of a transistor are presented in the following two sections.
Finally, the ABCD-parameters are very useful for cascaded circuit topologies
as they allow matrix multiplications of single circuit/network components,
which are connected in series.

In order to measure the two-port parameter sets, namely Z-, Y-, h- and
ABCD-parameters, open and short terminations are required. These termi-
nations, however, create some problems when measured at high frequencies
(especially at radio frequencies, which are relevant to this work) [236]. At
high frequencies, these terminations are difficult to obtain due to stray induc-
tances and capacitances. Furthermore, it is problematic to directly measure
voltages and currents in a test setup because they depend on the length of the
cables used to connect the DUT to the measurement equipment. Accordingly,
the measured values depend on the position along the cables. Therefore, in
order to avoid these drawbacks, S-parameter set can be used to characterize
a two-port network, which is related to the scattering and reflection of the
incident waves on the network rather than the total voltages and currents
[238]. Instead of the short and open terminations, the ports are terminated
in this case by a cable of a certain characteristic impedance! (Z,), usually
50 2, and a matched load with an impedance of Zy, = Z, to compute the
individual S-parameters. Moreover, assuming a lossless transmission line is
used, the traveling waves do not vary in magnitude along the line.

LA characteristic impedance (Z,) of a cable, i.e., a uniform transmission line, is the ratio
of the amplitudes of the voltage and the current of a single wave propagating forward
along the line. It is determined by the geometry and the materials of the cable, but it is
independent of the cable length. Typical values are Z, = 50, 75, 90 or 300 Q.
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Referring to Fig. 7.1, the traveling waves a; and b; at port 1, and as, and
by at port 2 are defined in terms of vy, vo, i1, io and the real-valued positive
characteristic impedance Z, as follows [237]:

V1 + Zoil Vo + Zoig

ay = ———=, g = =",
2V Z, 2NV Z,

bl _ v — Zoil b2 _ Vg — Zoig .

NI PN

The square of the magnitude of these variables (a;, as, by and by) has the
unit watt. Hence, these incoming and outgoing waves can be considered
to be in the form of power waves travelling in both directions along the
lines. Assuming that the used transmission lines (cables) are uniform in
cross section; therefore, the transmission line (Fig. 7.1b) can be modeled by
a general equivalent circuit with a series impedance and a shunt admittance
per unit length. Accordingly, the characteristic impedance (Z,) is expressed

generally as [238]
R+ jwlL
Zo=\| 57— 7.5
G+ jwC (7.5)

For a lossless line, the series resistance (R) and the shunt conductance (G)
are both zero, and thus, the expression of the characteristic impedance given
by (7.5) can be simplified to Z, =+/L/C.

The S-parameters completely define the network/device characteristics;
in addition, they provide a clear physical interpretation of the transmission
and reflection performance of the network/device [238]. For the two-port
network shown in Fig. 7.1b, the S-parameters are defined using the reflected
or emanating waves (b; and by) as the dependent variables, and the incident
waves (a1 and az) as the independent variables [238]. The general expressions
for these waves as a function of the S-parameters are given by

b1 =S11-a1 +S12-ay [b1:| _ [Sll S12] [all (7.6)

by = So1 - a1 +Sza - ay ba So1 Saa||az| '
The parameters S;; and Soo are the complex-valued input and output reflec-
tion coefficients, whereas So; and Sio are the complex-valued forward and
reverse transmission coefficients, respectively. Using (7.6), the individual
S-parameters can be determined by taking the ratio of the reflected or trans-
mitted wave to the incident wave with a perfect termination placed at the
corresponding port. For example, when a matched load (7, = Z,) is ap-
plied to port 2 as depicted in Fig. 7.1b, the input reflection and forward

transmission coefficients can be calculated using Si; = b1/a; and So1 = be/ay,
respectively. The matched termination means that the load impedance (Z1,)
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is equal to the characteristic impedance (Z,) of the line (not the network);
consequently, any wave traveling through the line towards the load would be
totally absorbed. This guarantees that as = 0 since there is no reflection at
port 2. The same applies for the output reflection and reverse transmission
coefficients; Sy = by/as and Sip = by/as when a matched load is applied to
port 1 (a; =0).

Accurate characterization of the DUT, i.e., an OTFT on a glass wafer,
requires that the parasitics associated with the measurement setup and on-
wafer pads to be removed from the measured results. The employed VNA
(HP 3577A) has 50 2 RPC-3.5 interfaces, which are connected to high pre-
cision flexible cables using adapters. The cables are mounted directly to
the probe tip holders that are connected to the OTFT. At this point, a
distinction between the desired OTFT characteristics and the measured ex-
trinsic parameters has to be made. There are typically differences between
the measured S-parameters and the simulation results, which are mostly in-
troduced by systematical errors due to the measurement setup. In principle,
systematical errors are repeatable errors that result from non-idealities in the
measurement system such as mismatches between the test system and the
DUT, directivity effects in the couplers, and cable losses [239]. Therefore, the
test setup needs to be calibrated at the point where the DUT is connected,
also referred to as the device plane as shown in Fig. 7.1b.

The process of calibrating the system and removing the undesired ex-
trinsic effects due to the physical network placed between the VNA and the
OTFT is called de-embedding. The de-embedding procedure uses a model
of the test fixture and mathematically removes the undesired characteristics
from the overall measurement [239]. For a typical two-port network, the test
system can be modeled as having twelve errors that can be corrected; this
12-term error correction model is implemented in this work and is described
in Appendix B [239-241]. Because of the variety of the test fixtures, there are
also other error correction models, such as 8-term and 16-term models, which
can be used [242, 243]. However, the 12-term error correction model produced
promising results that are sufficient for our purpose as presented hereinafter.
Accordingly, the standard short, open, through and matched loads are uti-
lized to remove the parasitics and to obtain the desired S-parameters at the
device terminals (see Fig. 7.2).

Furthermore, the ground-signal-ground (GSG) pads configuration is used
by our test structures to conform with the microwave wafer probes employed
during the measurements. The layout of an OTFT and the calibration struc-
tures with the GSG pads are presented in Appendix A. The open, short and
through calibration structures are fabricated on the same glass substrate,
but the matched load (with an impedance of 50 €2) is not realizable with our
OTFT technology. As a result, a standard calibration substrate with well-
characterized terminations (short, open, through and matched loads that are
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Figure 7.2 Schematic diagram of several devices under test (DUT) with a fic-
titious two-port error adapter (red-colored blocks). The error adapter separates
the DUT from an ideal measurement system, thus creating a distinction between
the intrinsic (actual; related to the traveling waves aj, a2, by and be shown in Fig.
7.1b) and extrinsic (measured; related to the traveling waves ag, as, by and b3
shown in this figure) S-parameters. In the used model, the error adapter contains
twelve error terms as described in Appendix B. The devices/terminations depicted
in the figure are the standard (a) short, (b) open, (c) through, and (c) matched
(Z,) loads used for the calibration/de-embedding procedure in addition to (e) an
OTFT as an active load. The schematic is adopted from [244].
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necessary for the 12-term error correction model) at the desired frequency
range (< 5 MHz) is employed. Note that the contact pads can also incorporate
parasitic capacitance and inductance to the system, and in fact, the accuracy
of the de-embedding procedure strongly depends on the quality as well as the
layout of the terminations. Therefore, identical layout of the active device
(including the contact pads) with that of the calibration structures is used
to achieve high fidelity in the de-embedding process [232].

There are basically two main approaches to implement the de-embedding
process [239]. The first is to measured the OTFT and the calibration struc-
tures beforehand and then mathematically remove the undesired parasitics
from the measurements using any error correction model. The second uses
the VNA itself to directly perform the de-embedding calculations, given that
the error correction model is incorporated in the VNA. The latter approach
allows the user to examine the de-embedded S-parameters in real-time. How-
ever, the used HP 3577A VNA offers only one-port calibration (3-term error
correction model), which is not appropriate for our OTFT measurements.
Therefore, the first approach using the 12-term error correction model, whose
equations are described in Appendix B, is implemented on MATLAB to cal-
culate the desired de-embedded S-parameters.

The calibration steps are as follows. First, the standard short, open,
through and matched loads are measured, from which the twelve error terms
are extracted using MATLAB. Second, the full two-port S-parameters of an
OTFT are measured. Finally, the de-embedded S-parameters of the OTF'T
are calculated using MATLAB. As long as the measurement system and the
temperature are stable over time, the same twelve error terms can be used
for de-embedding all subsequent measurements [239].
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Figure 7.3 Comparison between the measured input reflection coefficient (Si;)
of the standard short, open and through loads before and after calibration. (a)
The real part of S1; [Re(Si1)]. (b) The imaginary part of Si; [Im(Si1)]. The
calibration procedure is implemented by de-embedding the parasitics associated
with the measurement setup and on-wafer pads using the 12-term error correction
model as explained in Appendix B. The same calibration accuracy is obtained for
S12, So21 as well as Sgo (not shown here).

Figure 7.3 shows the measured input reflection coefficient (S;;) of the
short, open and through loads before and after calibration. The differences
between the measured and expected values of the real and imaginary compo-
nents of Sy result from the systematical errors, of which the impacts are suc-
cessfully removed by the de-embedding process over the complete frequency
range (0.1-5 MHz) as depicted in the figure. For example, the measured Sy;
of a short load before calibration are between —0.96 —0.055 and —0.82+0.475
at f =0.1 and 5 MHz, respectively; however, the expected value of S;; = -1
is achieved after calibration for the entire frequency range. Same applies
for the other S-parameters, namely Si5, So; and Sg9, and all load structures.
This verifies the AC measurement and the calibration procedure used here
for studying the frequency response of OTFTs.

7.2 SMALL-SIGNAL MODEL

Over the past few years, tremendous research efforts have been devoted to
increase the field-effect mobility in organic materials by choosing the proper
composite or improving the deposition conditions. As a result of these ef-
forts, many OTFTs with high mobilities exceeding 1 ¢cm?/Vs have been re-
ported [157, 229]. In particular, high mobilities of more than 5 ¢cm?/Vs in
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OTFTs based on pentacene and fullerene Cgy organic semiconductors have
been demonstrated [157]; this surpasses the mobilities of the conventional
a-Si:H TFTs by about ten times. Besides high field-effect mobility, other
ways of improving the dynamic performance of OTFTs, such as reducing
the lateral dimensions of the device, has also attracted considerable atten-
tion [157, 229]. Downscaling the channel length results in an increase of
the transconductance; furthermore, reducing the gate-overlaps results in a
decrease of the parasitic capacitances [14]. In principle, high frequency op-
eration is expected in the planar OTFTs with high mobility as well as small
lateral dimensions. However, this can be difficult because in many cases the
mobilities of OTFTs decreases with the channel length as a result of the
parasitic contact resistances [157]. This problem can be resolved by choosing
an appropriate device configuration (e.g. inverted-staggered topology) or by
suppressing the parasitic resistance (e.g. by contact doping or choosing a
proper material for the contact metal with a work function that matches the
LUMO/HOMO energy level of the organic semiconductor) [97].

As described in Chapter 3, OTFTs are commonly fabricated in the in-
verted configuration, i.e., inverted-coplanar or inverted-staggered topologies
(Fig. 3.1). It depends on weather the source/drain contacts are deposited on
top of the organic semiconductor film or on the gate dielectric prior to the de-
position of the organic semiconductor film, they are referred to as top-contact
or bottom-contact OTFTs, respectively [229]. The bottom-contact OTFTs
has the advantage that the standard photolithography and spin coating tech-
niques, which are used in the established IC and display industries, can be
used to obtain short channel devices. In this case, the organic semiconduc-
tor is deposited merely at the end of the process to avoid degradation of the
conjugated organic compound due to solvents or elevated temperatures. Nev-
ertheless, the bottom-contact OTFTs suffer from higher contact resistance
compared to that of the top-contact OTFTs [137, 138]; the adhesion layers
for the bottom contacts and the carrier injection barrier into the organic
material typically cause the large contact resistance [157]. This results in a
significant reduction of the field-effect mobility, which contradicts with the
requirement of high mobility for the high-frequency operation. On the other
hand, the top-contact OTFTs have been commonly fabricated using plastic
shadow masks, which result in a relatively large minimum channel lengths of
about 10-20 pm [14]. However, we are able to fabricate top-contact OTFTs
with submicrometer channel lengths (down to 0.6 ym as demonstrated fur-
ther below) and very small contact resistance without exposing the semicon-
ductor layer to potentially harmful solvents during device processing using
high-resolution silicon stencil masks [18].

Furthermore, it is demonstrated in [229] that top-contact OTFTs have
smaller gate capacitance compared to that of the bottom-contact OTFTs,
resulting in improved frequency performance. If one ignores the artifacts
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introduced by the contact resistance, the gate-source capacitance is found
to be similar for both configurations. However, the gate-drain capacitance
is found to be lower in top-contact OTFTs, particularly in the saturation
operation regime, because the absence of the accumulation layer beneath the
contact area makes the organic semiconductor film to behave as a dielectric
layer. As a result, a smaller gate-drain overlap capacitance and a larger
bandwidth are expected for top-contact OTFTs.

In view of the promising advantages of the top-contact configuration and
the advances offered by the new OTF'T technology process developed at IMS
CHIPS and MPI-SSR, the top-contact OTFT's fabricated by high-resolution
silicon stencil masks becomes the most attractive choice for this study. Be-
sides the differences between the bottom- and top-contact OTFT configura-
tions mentioned above, there are also other important aspects that relate to
the organic semiconductor film thickness, of which implication with respect
to the device performance is not discussed so far. According to the device
simulations presented in [229], significantly higher device speed can be ob-
tained just by choosing an optimal thickness of the organic semiconductor
film. In principle, there is a tradeoff when choosing the organic semiconduc-
tor film thickness, i.e., a larger thickness would result in an increase of the
contact resistance but a decrease of the overlap capacitance. A thickness of
20 nm for the organic semiconductor film is chosen for our OTFTs.

All the OTFTs fabricated for this study are prepared on the same sub-
strate in order to minimize the device-to-device variations. Moreover, the
gate electrodes are patterned to minimize the parasitic capacitances asso-
ciated with overlap between the gate and the source/drain contacts. The
channel width (W) of all the OTFTs is 100 pm, the channel length (L) is
10, 2, 1 or 0.6 pm, and the gate-overlap length (L) is 20 or 5 pm. To
ensure proper fabrication yield, each transistor is dissected to four parallel
OTFTs with W = 25 nm sharing the same semiconductor layer; this is to
comply with the layout design rules constrained by the required mechanical
stability of the silicon stencil masks (Table 4.7). The layout of the OTFTs
with the dissected top contacts and connected to the aforementioned GSG
pads is shown in Appendix A. Despite the fact that there are OTFTs, such as
those based on pentacene and fullerene Cgy organic semiconductors, offering
high mobilities of more than 5 cm?/Vs, we prefer to use the DNTT owing
to its better air stability. Furthermore, the DNTT-based OTFTs feature
promising shelf-life, bias-stress stability, matching and hysteresis behavior as
demonstrated thoroughly in [106] and [14]. An intrinsic mobility (p,) of ~ 2.5
cm?/Vs and a contact resistance (2RcW) of 0.1 kQ2 cm are extracted for the
fabricated DN'TT-based OTFTs using the TLM. For comparison, this mea-
sured value of the contact resistance is substantially smaller than that of the
values reported for the OTFTs based on pentacene (2RcW = 0.94 kQ cm)
and fullerene Cgy (2RcW =3 k2 cm) organic semiconductors [157].
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Figure 7.4 Measured static -V characteristics of OTFTs with W = 100 pm,
L =10,2,1and 0.6 pm, and Loy = 5 pm. (a) Output characteristics. (b) Saturation
transfer characteristics. The figure depicts that by reducing the channel length
of the TFTs, the drain current is increased. From the transfer characteristics,
effective saturation mobilities (1) of 1.9, 1.2, 0.87 and 0.75 cm?/Vs are extracted
for channel lengths of 10, 2, 1 and 0.6 pm, respectively. In addition, a threshold
voltage (Vrp) of —1.1+0.1 V is extracted for all the TFTs [18].

Measured static drain currents of the OTFTs with the various channel
lengths and the gate overlap of 5 pm are shown in Fig. 7.4. The on/off current
ratios of the OTFTs are found to be 107 to 10° for channel lengths of 10 to
0.6 pm, respectively. The measurements reveal that the extracted effective
saturation mobility (u) is decreased as the channel length is reduced. As
discussed above, this is because of the increase in the relative contribution of
the contact resistances to the total device resistance [139]. The relationship
between these parameters is explained further below. Emphasis is also made
on the OTFT dynamic performance given the advanced material (air-stable
DNTT-based OTFTs with small contact resistances) and the aggressively
scaled lateral dimensions (L = 0.6 pm and Ly, = 5 pm, which are enabled by
the OTFT fabrication process based on high-resolution silicon stencil masks).

In literature, large-signal OTFT models combining the -V character-
istics and device parasitics have been thoroughly studied [198, 202]. This
is necessary when analyzing for example digital circuits in which the bias
points of transistors are significantly disturbed by the input signals [245].
Conversely, in most analog circuits the perturbation in bias conditions is
small. Accordingly, a small-signal model is used to simplify the design and
analysis. Furthermore, it is essential for estimating all the circuit elements
and extracting various figures of merit of the device. In principle, the small-
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Figure 7.5 Schematic diagram of the OTFT small-signal model including both
intrinsic (highlighted) and extrinsic (not highlighted) components. The subscript
1 designates the internal potential of the intrinsic OTFT, which corresponds to
the portion of the OTFT above the gate and between the source/drain contacts.
Though the capacitances Cgs and Cyq are highlighted, each includes a constant
overlap capacitance (Coy), which is a contribution of the extrinsic part of the
OTFT [188].

signal model is just an approximation of the large-signal model around an
operating point [246]. This has been demonstrated for OLEDs and OPVCs to
give deeper insight into the transport properties and operational mechanism
in these devices [161, 247, 248]. Therefore, the knowledge of the small-signal
model of an OTFT is very beneficial in many aspects: (i) simplification of
the analyses and the design of analog/hybrid circuits, (ii) determination of
the device performance, (iii) verification of the large signal model, (iv) char-
acterization of the technology process, and (e) extraction of the material
properties. In the following, a physics-based small-signal OTFT model and
a verification of the model to S-parameter measurements are presented. The
model is simple to allow convenient upgradability of further effects and it
includes no empirical fitting parameters.

Since most transistors in analog circuitry are biased in the saturation
operation regime; correspondingly, Fig. 7.5 shows a proposed OTFT small-
signal equivalent circuit including both intrinsic and extrinsic components.
Nevertheless, in the linear regime the transistors operate as a switch, which
can be roughly modeled by a linear resistor with an equivalent voltage-
dependent resistance of L/(uCiW (Vs — Vrn)) together with the device ex-
trinsic components. The values of the small-signal parameters are constant
with the change in the frequency but they depend on the large-signal param-
eters and the DC quiescent point as described hereinafter.
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As depicted in Fig. 7.5, the OTFT small-signal model contains circuit
elements similar to the classical small-signal models of field-effect transistors
(FETSs). The intrinsic part of the model, which corresponds to the portion
of the OTFT above the gate and between the source/drain contacts, is com-
posed of a voltage dependent current source that is equal to gmvgs (Where v,
is for the internal gate-source potential; the subscript ¢« denotes the internal
nodes of the intrinsic OTFT), output resistance (r, = 1/g,), and gate-source
(Cys) and gate-drain (Cyg) capacitances. The transconductance (gy,) is the
change in the drain current divided by the change in the gate-source voltage
as given by (3.7). Owing to the channel length modulation effect, r, is placed
in the model and is given by the change in the drain current divided by the
change in the drain-source voltage as follows:

8]]3 1

To = = —, 7.7
aVDS Vgs=const. )\ID ( )

where A represents the relative variation in the channel length for a given
change in the drain-source voltage. Although the use of fully patterned
OTFTs makes the overlap capacitances minimized, the usual lack of a self-
alignment OTFT process makes the overlap capacitances inevitable. Accord-
ing to the experimental AC analysis presented in the previous chapter using
admittance measurements, the capacitances Cgs and Cg are found at the
bias of interest (in the saturation regime) to be

Oy = Coy + (2/3)Cop = CLW [ Loy + (2/3) L], (7.8)
Cya = Coy = CLW Loy (7.9)

Note that C,, is a contribution of the extrinsic part, i.e., parasitic overlap
capacitance, of the device.

Since the intrinsic OTFT exhibits a hybrid-m topology (Fig. 7.5), it is
convenient to use the admittance (Y) parameters to characterize the electrical
properties [235]. Accordingly, the Y-parameters used to describe the small-
signal model of the intrinsic OTFT can be derived as follows:

Yi1i = jw(Cogs + Cea), (7.10)
Yoo = —jwCly, (7.11)
Yo1i = gm — JwCgq, (7.12)
Yooi = go + JwClad. (7.13)

From which the transfer function of the current gain, defined as the ratio of
the small-signal output current to the input current of the transistor with
short-circuited output (hoy; = 44i/ig = Y211/ Y11i), is found to be

9m — jCUng

hy; = —————.
. JW(Cgerng)

(7.14)
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Note that the current gain (hg;) of a transistor is often denoted in literature
by the symbol § [18, 188]; however, this distinction is not made in this work
for the sake of clarification.

It is shown so far that the small-signal model of the OTFTs is similar in
composition to those of conventional FETSs, i.e., consisting of gm, 7, Cgs and
Cga. Furthermore, the dynamic performance of the OTFTs is strongly limited
by the contact interface between the metallic source/drain electrodes and the
semiconductor layer [213]. Detailed analyses of the capacitance-voltage (C—
V') characteristics and frequency responses of metal-insulator-semiconductor
(MIS) structures have been presented in literature to describe the current in-
jection mechanism through the contact interfaces of OTFTs [211, 213, 215].
As shown in the schematic diagram of the proposed small-signal model, the
extrinsic part that is used to describe the non-ohmic source/drain contacts
consists of a junction capacitance (Cj), a junction resistance (r;) and a series
resistance (rg). The origin of the junction capacitance in the contact model is
most likely due to the formation of a small depletion region near the metal-
semiconductor interface, while the junction resistance governs the injection
current to the channel [215]. Both are highly dependent on the processing
conditions; for example, they can be considerably reduced when performing
local doping into the contact interface [213]. It is demonstrated in the follow-
ing that the contribution of the junction capacitance in our OTFTs can be
neglected. Unlike the MIS structures, the resistances r; and rg has to account
not only for the vertical but also for the much larger horizontal component
of the total OTFT contact resistance (Appendix C.2) [139].

Each terminal (gate, source and drain) of the OTFTs is in fact exhibiting
a very small ohmic resistance resulting from the resistivity of the aluminium
and gold conductive materials; nevertheless, they are neglected in the above
model for simplicity. Moreover, the gate leakage current is also not consid-
ered, but it can be easily incorporated into the model by distinctive resistors
tied between the gate and source/drain contacts. The proposed model is
adequate for most frequency analyses and can be even further simplified by
utilizing only the intrinsic part of the model while considering the contact
resistances in the calculation of the effective charge carrier mobility using
(3.11); the validity of this simplification is demonstrated hereinafter.

Using the test setup described in the previous section, full two-port S-
parameter measurements that constitute a complete set of coefficients to de-
scribe the input/output behavior of the OTFTs are performed. Figure 7.6a
depicts measured and simulated S-parameters of the OTFT with W = 100
pm, L =1 pm and Ly, = 20 pm [188]. The measurements are carried out
under various bias conditions, but only the saturation regime (at Vgs = -3 V
and Vps = -2 V) is illustrated here, as it is the bias of interest for most
analog circuits. A relatively large gate-overlap length of 20 pm is utilized in
this experiment in order to minimize the impact of unintentional misalign-
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Figure 7.6 (a) Full two-port measured and simulated S-parameters of the OTFT
with W =100 pm, L =1 pm and L, = 20 pm operated in the saturation regime.
(b) Extracted short-circuit current gain of the OTFT. The solid (black) lines rep-
resent the schematic simulations, while the dashed (red) line represents the sim-
plified compact model when ohmic contact resistances are considered. The results
demonstrate the reliability of the proposed OTFT small-signal model [18, 188].

ment on the measurement results, noting that this effect is carefully studied
and the results are presented in Section 7.4. The corresponding model pa-
rameter set used for the small-signal simulation is summarized in Table 7.1.
The intrinsic mobility and the contact resistance are initially extracted us-
ing the TLM (uo = 2.5 cm?/Vs and 2RcW = 0.1 kQ2cm); subsequently the
rest of the parameters are calculated from the analytical formulas and/or
optimized to fit the simulations to the measurements. Owing to the parts of
the organic semiconductor that extend beyond the periphery of the intrinsic
transistor and cause additional fringe currents, the model has to account for
an additional induced parsitic capacitance by adding CtAginge to (7.8), where
Afinge ~ 480 pm? (about 12% of the total overlap area). As depicted in the
figure, the simulation results agree well with the measured S-parameters over
the entire frequency range from 100 kHz to 1 MHz. The relative mean square
errors (rMSEs) are found to be < 0.03%, 10.4%, 6.9% and < 0.03% for S,
S12, So1 and Soo, respectively. The equation describing the calculation of the
errors is given by [249]

1& Si' sim| — Si' meas ?
ElJ _ Z (| ], | | ], |) , (715)

- ﬁ k=1 |Sij,meas|

where n is the number of the data points and the subscripts ¢ and j are equal
to 1 and/or 2.
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Table 7.1 Summary of the small-signal model parameters used in the simulation
of the p-channel OTFT with W =100 pm, L =1 pm and Lo, = 20 pm [188].

Parameter Notation Value Unit
Intrinsic mobility Lo ~2.5 cm?/Vs
Threshold voltage Vru -1.2 A%
Insulator capacitance per unit area® Cr 900 nF/cm?
Junction capacitance per unit area Cj 2000 nF/ cm?
Normalized junction resistance T; 60 Qcm
Normalized series resistance Ts 9 Qcm
Normalized output resistance To 10 kQ cm

%The slight difference of C from the previously reported values is most probably
due to wafer-to-wafer variations.

Figure 7.6b shows the extracted and simulated current gains (hy;) [188].
The expression used to calculate hy; from the measured full two-port de-
embedded S-parameters is given by [250]

B 2591
(1 - 811)(1 + 822) + 512501

hay (7.16)

The current gain decays with increasing frequency as expected for a FET-
like device, following the 1/f slope (-20 dB/decade) resulting from the total
gate capacitance (Cg = Cys + Cgq) given in the denominator of (7.14). This
validates the measurement and the de-embedding procedures employed here
to study the frequency response of the OTFTs. The current-gain cutoff
frequency (fr) of this OTFT, defined as the frequency at which the current
gain is unity (Jhe;| = 1), is found to be about 0.4 MHz. The characterization
of the current-gain cutoff frequency is discussed in detail in the following
section. Using the same parameter set given in Table 7.1, the solid line in the
Fig. 7.6b represents the simulated current gain of the small-signal equivalent
circuit model. The good correspondence between the simulations and the
measurements verifies that the proposed model is accurate and reliable. The
small difference between the measured and simulated data near 100 kHz,
which is the lowest frequency limit of the employed VNA, is owed to the
accuracy of both the measurement and the calibration procedure.

Given the relatively large value of the junction capacitance (Cj = 2000
nF/cm?), the model can be further simplified as follows. Assuming an ohmic
contact resistance (i.e., no junction capacitance) with 2RcW = 0.1 kQcm
(extracted using the TLM), the corresponding effective g, and p represented
in the saturation regime for symmetrical OTFTs by (3.7) and (3.11), respec-
tively, can be calculated. Accordingly, the short-circuit current gain (hg;)
is computed using the analytical expression given by (7.14) for the classical
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hybrid-7 small-signal model, while taking into consideration the impact of
the contact resistance on the mobility. An excellent agreement is achieved as
demonstrated by the dashed line in Fig. 7.6b. However, it is important to
note that these two models do not represent any different physical operation
or performance of the OTFT; they are just different representations of the
same device.

7.3 CURRENT-GAIN CUTOFF FREQUENCY

In principle, the dynamic performance of the OTFTs can be improved by
reducing the lateral dimensions. As a measure of the device speed, the pa-
rameter current-gain cutoff frequency is selected for this study. To inves-
tigate the dependence of the lateral dimensions on the frequency response,
the OTFTs with various channel and gate-overlap lengths down to 0.6 and
5 pm, respectively, are characterized herein. Correspondingly, Fig. 7.7 shows
the short-circuit small-signal current gain (hy;) derived from the measured
S-parameters of the OTFTs with W =100 pm, L =10, 2, 1 and 0.6 pm, and
Loy =20 and 5 pm at a gate-source voltage (Vigs) of =3 V and a drain-source
voltage (Vpg) of =2 V [18]. For all the transistors, the de-embedded current
gain is inversely proportional to the frequency (f), following the 1/ f slope ex-
pected for a conventional FET [232]. Referring to (7.14), this 1/f frequency
dependence of hyy, which is equivalent to a decay slope of —20 dB/decade,
results from the total gate capacitance (Cg = Cys + Cyq). This observation is
significant because it not only validates the used characterization approach
but also verifies the regular FET-like behavior of the OTFTs. At high fre-
quencies, however, the decay levels off as depicted in Fig. 7.7; this is due to
the zero in the transfer function hy;, which denotes a current flow through
the relatively large gate-drain capacitance (Cyq).

In the following, the capacitance Cyq is neglected during the derivation of
the current-gain cutoff frequency, but its impact is discussed in detail in the
next section. For a typical FET, the input current (gate current) induced by
an applied AC gate voltage increases linearly with the frequency due to the
finite gate capacitance (iq = j27fCgugs), assuming that the independent
DC contribution of the gate leakage current is insignificant. Furthermore,
the output current (drain current) is mainly given by the transistor’s DC
characteristics and a small superimposed AC component (ip = gyvas). For
the unity-gain bandwidth, the upper frequency limit of the device is reached
if the input and output AC levels exhibit the same amplitude. Beyond the
said frequency, also referred to as the cutoff or transition frequency (fr), the
transistor is not able to drive another load transistor of the same kind. Hence,
no circuitry that is composed of such transistors can operate at a frequency
beyond fr [159]. Accordingly, the cutoff frequency (fr) is considered as
one of the most important figures of merit for characterizing the dynamic
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Figure 7.7 Short-circuit current gain (ha;) derived from the de-embedded full
two-port S-parameter measurements of OTFTs with W =100 pm, L = 10, 2, 1 and
0.6 pm, (a) Loy =20 pm, and (b) Loy =5 pm. The current gain decreases with in-
creasing frequency, following the 1/ f slope as expected for a FET-like device. This
decay slope is represented by the —20 dB/decade solid lines. At high frequencies,
the decay levels off due to the zero in the transfer function ho;. The cutoff fre-
quency (fr) of each OTFT is extracted from the point at which the extrapolated
roll-off slope (-20 dB/decade) crosses the x-axis (when |hg1|=1) [18].

performance of the transistors. In this connection, fr given by (3.12) can be
rewritten in the saturation regime as

fr= Ym _ n(Ves — Vru)
T m(Cy + Ca)  27L[(2/3)L +2L0y]

(7.17)

Therefore, the current-gain cutoff frequency results from an interplay between
the transconductance and the device capacitances [229]. To attain high cutoft
frequency, a small variation in gate voltage should create a huge drain current
modulation, i.e., a large transconductance (gp,); furthermore, the total gate
capacitance (Cg) should be minimized to reduce the gate current [159]. In
other words, a high bandwidth is achieved by a transistor with high mobility,
short channel length, low threshold voltage and low parasitic capacitances
[157]. It is important to note that for transistors with short channels and
large gate overlaps, the total gate capacitance in (7.17) has to account for
the additional fringe region that extend beyond the periphery of the intrinsic
transistor.

In practice, fr is extracted from the measured de-embedded current-gain
(ha1) at the point at which the extrapolated roll-off slope (-20 dB/decade)
due to the pole in the transfer function hy; crosses the x-axis (when |hg| =1,
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Figure 7.8 (a) Current-gain cutoff frequency (fr) extracted for the OTFTs with
the different L and Ly,. Note that there is an additional point for an OTFT with
W =100 pm, L = 0.8 pm and Loy = 5 pm, of which the short-circuit current gain
(ha1) characteristics is not shown in Fig. 7.7. The dashed lines represent simulated
fr with a constant effective mobility (1) that is equal to the intrinsic mobility (o).
The solid lines represent the simulated fr with an effective mobility (u) that is
channel-length dependent as given by (3.11), providing excellent agreement with
the measured data. (b) Extracted fr and gy, as a function of Vgs. A total gate
capacitance (Cg) of 8.5 pF is extracted from the linear relation between fr and
gm as given by (7.17). The figure confirms the close correspondence between the
DC and AC measurements [151].

which is equivalent to zero decibel) as illustrated by the solid lines in Fig. 7.7.
Correspondingly, the extracted fr of all the tested OTFTs are plotted in Fig.
7.8a to investigate the impact of scaling down the channel and gate-overlap
lengths on the dynamic performance. In the figure, there is an additional
point for an OTFT with W =100 pm, L = 0.8 pm and L,, =5 pm, of which
the measured current gain is not shown in Fig. 7.7. As expected, the cutoff
frequency is found to increase consistently with reduced channel and /or gate-
overlap lengths. A maximum fr = 3.7 MHz is obtained for the OTFT with
W =100 pm, L =0.6 pm and Lo, =5 pm. To the best of our knowledge, this
is the highest value measured for low-voltage, air-stable OTFTs to date.

In order to check the validity of the method, a comparison between the
extracted and simulated cutoff frequencies is carried out. The solid and
dashed lines in Fig. 7.8arepresent fr calculated using (7.17) and two different
representations for the effective saturation mobility (¢). It is shown that for
a constant p (dashed lines) of 2.5 cm?/Vs, which is equal to the intrinsic
carrier mobility (1), the results are overestimated for shorter channels. This
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is attributed to the contact resistance (R¢), the influence of which becomes
more dominant for smaller channel lengths. Therefore, an ohmic contact
resistance had to be considered in the calculation of the effective saturation
mobility as given by (3.11). A reliable and good matching of the model to the
experimental data of the OTFTs with different device geometries is obtained
with Vg 2 -1.2 V and 2RcW 2 0.1 kQ2ecm. This result suggests that a higher
transistor bandwidth can be also achieved by reducing the contact resistance
at the metal /semiconductor interface.

The correspondence between the DC and AC characteristics is examined.
Given that g =0.8 cm?/Vs and Vg = -1.1 V from the static transfer charac-
teristics of the OTFT with W =100 pm, L = 1 ym and L, = 5 pm, 2RcW can
be similarly reproduced from (7.17) to be ~0.1 k2 cm. The extracted value
is identical to the aforementioned result determined from the S-parameter
measurements.

Furthermore, the DC transconductance (gy,) extracted from the static
transfer characteristics (Fig. 7.4) along with the cutoff frequency (fr) ex-
tracted from the S-parameter measurements (multiplied by a constant 27Cq
where Cg = 8.5 pF) at various gate-source voltages of the same OTFT is
plotted in Fig. 7.8b. This is to verify the proportionality between g,, and
fr as given by (7.17). The figure illustrates that the frequency response of
the OTFT is highly dependent on the DC bias conditions. In principle, the
performance of the transistor is mainly determined by g¢,,, which is defined as
the ratio of the drain current to an applied gate-source voltage. The strong
correlation between the two quantities as a function of the gate-source volt-
age is clearly observed with a maximum fr of 2.2 MHz corresponding to a
peak gy, of about 120 ptA/V at Vgg =-2.8 V. In addition, Cg can be inde-
pendently estimated from the device geometry. Given that Cy = 900 nF/cm?,
W =100 ym, L = 1 pm and L,, = 5 pm, a total gate capacitance (Cg) of
9.6 pF is calculated, which is in close agreement with the extracted value
from fr and g, measurements. The small difference between the calculated
and extracted values of Cq can be attributed to an accumulation of errors
that are encountered in converting the original measured S-parameters to
hoy, from which fr is extracted.

The OTFTs in practical applications require simultaneously low-voltage
operation, high bandwidth, small parasitics and good air stability. Recent
results available in literature are cutoff frequencies of 27.7 MHz for fullerene
Cgo (n-channel; not air-stable) TFTs and 11.4 MHz for pentacene (p-channel)
TFTs having channel lengths of 2 pm and operating, however, at a large
supply voltage (Vpp) of 20 V [157]. Others have reported cutoff frequen-
cies of 2 MHz for poly(3-hexylthiophene) (P3HT) (p-channel) TFTs with a
channel length of 480 nm operating at 10 V and 1.6 MHz for poly(2,5-bis(3-
alkylthiophen-2-yl)thieno[3,2-b|thiophene) (pBTTT) (p-channel) TFTs with
a channel length of 200 nm operating at 8 V [159, 160]. As demonstrated
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Table 7.2 Measured current-gain cutoff frequency (fr) benchmarked against
data reported in literature for individual OTFTs.

Material Type L (nm)  Vpp (V)  fr (MHz) Reference
Fullerene Cgy®  n-channel 2000 20 27.7 [157]
Pentacene p-channel 2000 20 11.4 [157]
Pentacene? p-channel 1000 50 0.9 [252]
P3HT p-channel 480 10 2 [159]
pBTTT p-channel 200 8 1.6 [160]
Sexithiophene  p-channel 30 2 0.02 [253]
DNTT p-channel 600 3 3.7 This work

%Fullerene Cgp is not an air-stable organic semiconductor.
®This OTFT is implemented using the vertical-channel configuration.

above, a peak cutoff frequency of 3.7 MHz for DNTT TFTs with a channel
length of 0.6 pm, a gate overlap of 5 pm and operating at a supply voltage of
3V is measured [18]. In fact, an important advantage of the organic semi-
conductor DNTT over pentacene and poly(3-hexylthiophene) is its better air
stability [106, 251]. Table 7.2 summarizes the cutoff frequencies (measured
on individual transistors) reported for the state-of-the-art OTFTs. In view
of the low supply voltage and good air stability, the results presented in this
work mark a record performance achievement in the OTFT technology.

7.4 ASYMMETRIC ORGANIC TRANSISTORS

Regardless of the device structure (staggered or coplanar) and the fabrication
technique (printing or vacuum evaporation), the usual lack of a self-alignment
process typically necessitates the design of non-negligible overlaps between
the source/drain contacts and the gate electrode [144]. Since these overlaps
have a significant impact on the static and/or dynamic TFT characteristics,
it is necessary to include these contact effects in all the models presented in
this work. Furthermore, the limited alignment capabilities of most OTFT
technologies, especially printing techniques, make it very difficult to avoid
a mismatch between the gate-source and gate-drain overlaps, which has a
direct influence on the device performance and is particularly detrimental
for OTFTs with small feature sizes [188]. Therefore, a detailed frequency
analysis of aggressively scaled asymmetric OTFTs is presented herein.

To study the impact of asymmetry between the gate-source (Lgs) and
gate-drain (Lgq) overlap lengths, where Lgs + Lgq = 2Ly, the OTEFT with
W =100 pm, L = 1 pym and Lo, = 5 pm is duplicated and intentionally
misaligned on the mask level in order to realize several OTFTs with well-
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Figure 7.9 Short-circuit current gain (ha;) derived from the de-embedded full
two-port S-parameter measurements of asymmetric OTFTs with W = 100 pm,
L =1 pm and Lgg + Legg = 10 pm. The -20 dB/decade slopes starts to level off
at lower frequencies for OTFTs with smaller L. (b) Extracted unity-gain cutoff
frequency f(|hai| = 1) for all the OTFTs with Lgs = 1, 2, ..., 7 pm, while keeping
constant Lgs+Lgq = 10 pm. As a reference, the dashed line represents the simulated
prevalent FET-based cutoff frequency (fr) calculated from (7.17). The solid line,
however, represents the modeled f(|ha1| =1) given by (7.18), showing an accurate
and reliable fit to the measured data [188].

defined Lgs = 1, 2, ..., 7 pm, while keeping constant Lgs + Lgq = 10 pm.
The seven OTFTs are placed in close proximity to minimize the device-to-
device variations and ensure proper device uniformity. The utilization of
the OTF'T process based on high-resolution silicon stencil masks enabled the
fabrication of such small dimensions. Vernier structures, which are originally
used to resolve alignment errors more accurately than the minimum feature
size of a given technology, are employed to measure the particular degree of
misalignment.

Figure 7.9a shows the current gain of the asymmetric OTFTs with W =
100 pm, L =1 pm, Ly =1, 4 and 7 pm, and Ly + Lgq = 10 pm [188]. It is
found that the 1/f slopes (-20 dB/decade) level off at lower frequencies for
smaller Lg. This occurs due to a current flow through the relatively large
gate-drain capacitance (Cyq), which can be understood mathematically from
the zero in the current-gain transfer function (hy;) given by (7.14). In other
words, as Cgq decreases for smaller Lyq, the decay in the measured current
gain levels off at higher frequencies, which implies that the device behaves
more like a conventional silicon MOSFET, where Cyq ~ 0 and Cgq << Cys in
the saturation regime.
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As discussed in the previous section, the current-gain cutoff frequency
(fr) is generally defined as the frequency at which the magnitude of the
current gain (hy;) of the device drops to unity when a short-circuited load
is applied at the output. Therefore, the expression of fr given by (7.17) is
valid when Cyq < Cgs. On the other hand, f(|hsi| =1) can be derived from
(7.14) and written as

9m 1
ho|=1) = : . 7.18
f(| 21| ) 27T0gs 1 + Qng/CgS ( )

Figure 7.9b depicts the extracted frequency at which the current gain is
unity (Jho| = 1) for each of the asymmetric OTFTs [188]. The solid line rep-
resent f(|hg| = 1) calculated using (7.18) with gy, = 120 pA/V. Even though
the impact of misalignment is not considered in g¢,,, a reasonable agreement
is obtained. This indicates that in this frequency range, the impact of mis-
alignment on the overlap capacitances is more detrimental. Furthermore, the
dashed line designates the cutoff frequency (fr) that is commonly calculated
using (7.17). As shown in the figure, the expression of fr produces a rea-
sonable approximation but is not well-suited for characterizing asymmetric
OTFTs.

The result of this study is worthwhile for understanding the device physics
and for process corner simulations of OTFT-based circuits. Moreover, it can
be deduced from (7.14) that the current gain levels off at |hoi| = Lga/(Lgs +
Lgq). Given that the sum Lgs+Lgq = 10 im, one can easily estimate the values
of Lgs and Lgq separately from the measurements, i.e., the degree of misalign-
ment can be determined from the measured S-parameters. For example, the
upper (green) curve in Fig. 7.9a levels off at |hy;| ~ =1 dB, accordingly, the
gate-overlap lengths Ly = 1 pm and Lgg =9 pm are calculated. These values
match properly with the designed dimensions.

7.5 SUMMARY

S-parameter characterization of OTFTs is, for the first time, demonstrated
in this work. A physics-based OTFT small-signal model is presented, which
is well-suited for the design and analysis of analog/hybrid circuitry. The
model includes the contact effects and reflects closely the characteristics
of the OTFTs. The correspondence of the S-parameter characterization to
prevalent methods, such as the admittance measurements presented in the
previous chapter for relatively large OTFT devices, is illustrated. A reliable
fit between the theoretical and experimental S-parameters is achieved. The
short-circuit current gain, which is calculated from the S-parameter measure-
ments, shows the ideal 1/f frequency dependence, confirming the reliability
of the characterization technique and the FET-like behavior of the OTFTs.
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Furthermore, the extracted current-gain cutoff frequency is found to increase
with decreasing channel and/or gate-overlap lengths. The deviation of the
measured cutoff frequency for short channels owing to the device contacts is
physically modeled and a good agreement to the measured data of OTFTs
with various channel and gate-overlap lengths is accomplished. Moreover, by
varying the gate-source voltage, the linear dependence between the measured
cutoff frequency and the DC transconductance is verified. In view of the low
3-V supply voltage, a record cutoff frequency of 3.7 MHz is measured on an
air-stable DNTT OTFT with a channel length of 0.6 pym and a gate-overlap
length of 5 pm. To the best of our knowledge, this is the highest value
reported for low-voltage, air-stable OTFTs so far.

In addition, the impact of misalignment in OTFTs, occurring between
the source/drain contacts and the gate electrode, on the TFT dynamic per-
formance is investigated. Due to the limited alignment capabilities of many
OTFT technologies, this effect has to be considered during circuit design in
process corner simulations. Although OTFTs are similar in many aspects to
conventional FETS, the study of asymmetric transistors shows that incorpo-
rating assumptions like Cyq << Cys into the calculation of the cutoff frequency
might produce underestimated results. The submicrometer patterning and
the precise control of the misalignment are attributed to the OTFT process
that is based on the high-resolution silicon stencil masks.
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Digital-to-Analog Converters

The unique processing characteristics and demonstrated performance of
OTFTs suggest that they can be competitive candidates for emerging com-
mercial applications such as flexible displays, low-end RFID tags and smart
sensors systems. In such applications, data conversion to interface the digital
processors with the analog world is an essential necessity. Hereby, the first
demonstration of organic-based current-steering digital-to-analog converters
(DACs) is reported [99, 190, 245, 254, 255]. Given that many state-of-the-art
OTFTs suffer from intrinsically low carrier mobility and large behavioral pa-
rameter variations, this chapter gives first an overview of the circuit design
techniques used in literature to address these challenges. This is followed
by a discussion on the operation principal and the different architectures of
DACs, with an emphasis on the current-steering topology. Then the design
and measurements of a 6-bit binary and a 3-bit unary current-steering DACs
are presented. The 6-bit binary current-steering DAC uses p-channel OTFTs;
it marks records in speed (100 kS/s) and compactness (2.6 x 4.6 mm?) ow-
ing to the OTFT fabrication process that is based on high-resolution silicon
stencil masks. The 3-bit unary current-steering DAC, however, uses com-
plementary OTFTs and is employed as a circuit test vehicle in a simulation
case study to investigate the impact of parasitics as well as the influence of
using the relatively slow n-channel OTFTs on the circuit performance. The
study is based on extrapolations from a well calibrated circuit simulation,
resulting from optimized DC/AC SPICE models for both p- and n-channel
OTFTs. The models are validated by transient measurements of the driving
complementary logic of the DAC, i.e., a binary-to-thermometer decoder, up
to a maximum operating frequency of 1 kHz.

8.1 ORGANIC CIRCUIT DESIGN METHODOLOGIES

Integrated circuits based on OTFTs have recently shown a rapid progres-
sive development towards higher level of integration and better performance,
particularly in applications where large-area, low-cost and novel form factors
such as flexibility and transparency are important considerations [126]. The
technology is being developed for active-matrix backplanes of flexible elec-
trophoretic (e-paper) [180] and OLED [116, 117] displays. Furthermore, it
has attracted considerable attention for realizing memories [256-258], RFID

128
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tags [259-264], and smart sensor such as biosensors [128, 129, 131] and robotic
e-skin [120-123]. Most of the OTFT-based circuits developed today are dig-
ital, yet the interest is also growing to harness the technology for analog cir-
cuits. In this context, OTFTs are beginning to make significant inroads into
building basic analog circuit blocks, where the first OTFT-based amplifiers
[230, 265, 266], digital-to-analog converters (DACs) [99, 245, 254, 267] and
analog-to-digital converters (ADCs) [100, 268] are successfully demonstrated
in experiment.

Circuit design in OTFT technologies is quite challenging because of sev-
eral reasons, among them are the following. First, most OTFTs, particularly
those manufactured using low-cost printing methods, suffer from large pro-
cess variations and bias-stress degradation, which result in significant per-
formance deterioration and poor long-term reliability [269]. Second, OTFTs
are often having high threshold voltages and operate at fairly large supply
potentials, which deter the possibility to fabricate low-power circuits. Third,
it is difficult and in most cases not possible to realize area-efficient resistors.
Fourth, it is observed that electron transport in most available organic semi-
conductors is not possible in air [98]. This is because molecules possessing an
electron on their LUMO are usually very reactive towards oxygen or water
vapor such that oxidation of the molecule occurs in ambient air. Further-
more, electron traps due to hydroxyl groups located at the interface between
the dielectric and the organic semiconductor immobilize their transport. As
a result, most organic circuits today utilize p-channel OTFT's only.

To overcome these limitations, a number of technological enhancements
are made in the OTFT technology used in this work as discussed in Chap-
ters 3 and 4. The surface of the gate insulator is treated with a molecular
self-assembled monolayer (SAM) that provide a capacitance approaching 1
nF/cm?; thus allowing the OTFTs to operate with voltages of a few volts
[152]. Furthermore, the OTFTs employ organic semiconductors, namely
DNTT, Fi4CuPc and NTCDI-Cly-(CHyC3F7),, which are able to operate
in ambient air with a relatively good stability [101, 106, 152]. These low-
voltage and air-stable OTFTs are fabricated using high-resolution silicon
stencil masks that provide submicrometer channel length capability and ex-
cellent device uniformity [15, 18, 99, 139]. Finally, a robust design solution to
realize an OTFT-based transimpedance circuit, which imitates the behavior
of a linear passive resistor element, is proposed hereinafter.

Figure 8.1 shows several logic design techniques that have been mostly
explored by researchers for OTFT technologies. The key factors to choose the
appropriate logic family are the output voltage swing, noise margin, power
consumption, number of transistors and routing complexity. The comple-
mentary logic design is most favorable in that regard, but with the fact that
n-channel OTFTs are still in their infancy, designs that make use of p-channel
OTFTs only are still mostly employed [98].



130 8 Digital-to-Analog Converters

Vob Vss Vbp Vb

e[ AL e

1 o Vout o Vout o Vout

e[ wedl I Hr

Yoo Yoo Yoo Voo Voo

w0 e[ i

4 b SO LT LT

Vss - Vss - -
(d) (e) (f)

Figure 8.1 Inverter designs. (a) Biased-load inverter; also referred to as diode-
load inverter when Vi is set to zero (when the gate electrode of the load transistor
is connected to the ground) [270]. (b) Level-shifted diode-load inverter; the voltage
Vdq is typically set higher than Vpp to increase the driving potential at the input
of the output stage [260, 271]. (c) Zero-Vgg inverter; a load TFT with a high Vg
(depleted-like device) is usually used in this design [270]. (d) Pseudo-E inverter
[269]. (e) Pseudo-D inverter [269]. (f) Complementary inverter [176].

The conventional configuration is the biased-load (Fig. 8.1a); depending
on the bias voltage (Viias) applied to its gate terminal, the load transistor
can be operated in the saturation regime (when Vi, is connected to the
drain of the load transistor; also referred to as diode-load inverter [270])
or in the linear regime (when Vi, < V) [176]. Both cases have distinct
advantages and disadvantages. The saturated biased-load inverter requires a
single voltage supply and a relatively simple routing, yet the output low level
(Vor) is limited to |Vrg|. The linear biased-load inverter, however, allows
the output node to be completely dissipated to the ground level, resulting
in a higher noise margin compared to that of the saturated counterpart.
Nevertheless, one should note that there is a tradeoff because as Vi, reduces,
the load transistor drives larger current. Thus, the output high level (Vog)
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also reduces, which results in a lower noise margin. The main drawback of the
linear biased-load inverter is the use of two separate power supplies, but this
can be actually utilized as a built-in post fabrication tool to compensate for
process variation and device degradation or can be also employed to switch off
the inverter when it is not needed by applying Vii.s = Vpp. In general, both
saturated and linear biased-load inverters suffer from low gain and relatively
high stand-by power dissipation.

In the biased-load inverter, the output swing as well as the trip voltage
are dependent on the applied bias voltage V};.s. To have a better control over
the trip voltage without affecting much the output swing, a level shifter (Fig.
8.1b) can be used at the input [260, 271]. In this special case, a diode-load
inverter is used at the output stage to have only one additional power supply
Vss and accordingly reduce the routing complexity. Therefore, by adjusting
Vs, the trip voltage can be shifted towards Vpp/2. This design, though
improves the balance between the high and low noise margins, consumes
more power due to the larger flow of current compared to the previous design.

Another approach is by using a zero-Vgs load (Fig. 8.1c); this configura-
tion can alleviate the high power dissipation of the level-shifted diode-load
inverter at the cost of a slower speed [270]. The zero-Vgs load provides
a higher output resistance and thus higher gain, sharper voltage transfer
characteristic (VTC) and better noise margin. Given that the mobility in
OTFTs is dependent on the gate voltage, the load in this case must be sig-
nificantly wider than the driver to achieve positive noise margins [272]. Not
only does this make the area of the inverter larger, it also increases the total
gate capacitance, resulting in a slower inverter speed. In order to increase the
pull-down force and improve the asymmetric characteristics without area and
speed overhead, a zero-Vgs OTFEFT load with a high Viry, i.e., a depletion-like
device, can be used. This dual-Vry implementation can reduce the area by 30
times compared to the single-Vry inverter, assuming a trip voltage at Vpp/2
[272]. However, the problem with the high stand-by power dissipation is still
present in this approach because the load transistor always has a conducting
channel regardless of the input and output voltage levels.

Organic transistors are mostly not intentionally doped; therefore, the
threshold voltages of all OTFTs on a substrate are similar [98]. In principle,
electrical doping of organic semiconductors is possible, but this is not favor-
able as discussed in Chapter 3. Alternatively, several methods have been
studied in literature to achieve Vg control in OTFTs: (i) different SAMs
in the gate dielectric [273], (ii) floating-gate structure [274], (iii) back-gate
bias [275], or (iv) gate materials with different work functions [272, 276].
Despite the successful tuning of the Viry, each of these methods has certain
drawbacks for use in practical applications. These methods generally require
special process manipulation, add an electrode in each transistor that result
in more interconnect lines, create a very small (sometimes negligible) amount
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of Viry shift relative to the typical supply voltage Vpp, or induce substantial
adverse effects on the OTFT characteristics including performance and sta-
bility. Nevertheless, the control of the threshold voltage after manufacturing
using the floating- or back-gate methods is beneficial for many OTFT tech-
nologies, since Vry is known to change inadvertently during operation due to
bias stress and air exposure [274, 275]. In 2011, the first organic 8-bit micro-
processor was introduced, which employed the dual-Virg OTFT architecture
with back-gate bias [277, 278]. The microprocessor runs at a clock speed of
40 Hz with a supply voltage of 10 V; however, a very high back-gate voltage
of 50 V is needed to tune properly the threshold voltage.

A new logic family called Pseudo-CMOS that avoids the process complex-
ities introduced by the dual-Vy technologies while attaining a comparable
inverter performance was recently proposed [269, 279, 280]. Pseudo-E (Fig.
8.1d) and Pseudo-D (Fig. 8.1e) are two design variations of this category;
they differ in the gate connection of the load transistor of the input stage.
Similar to the level-shifted diode-load inverter, four OTFTs are needed to
realize an inverter. Moreover, the additional tuning voltage V(g is also used
post fabrication to compensate for the process variations and to keep the
device performance in check. The difference to the previous configurations
is that the load transistor connected to the output node is switched off when
the input is low to prevent a direct current from Vpp to ground, resulting
in a high output swing. Nevertheless, the load transistor in the input stage
always has a conducting channel regardless of the input voltage level.

The operation of all the inverters considered so far is controlled primarily
by switching the driver transistor. In addition, a nonzero steady-state cur-
rent is always drawn from the power supply to the ground when the driver
transistor is switched on, which results in an inevitable significant DC power
consumption [176]. On the other hand, the complementary inverter (Fig.
8.1f), which comprises both p- and n-channel OTFTSs, operates in a differ-
ent way. For a logic high input, the n-channel OTFT drives (pulls down)
the output node while the p-channel OTFT is switched off; however, for a
logic low input, the p-channel OTFT drives (pulls up) the output node while
the n-channel OTFT acts is switched off. A direct flow of current from the
power supply to the ground occurs only when switching between the high-
and low-level states, resulting in a negligible static power dissipation (< 1 nW
[152]). In the steady-state operation, only the gate leakage current (suppos-
edly small current) between the gate electrode and the contacts is present.
As a result, the VTC of the complementary inverter exhibits a full output
swing between 0 V and Vpp with a sharp transition between the logic states.

The low power consumption in organic transistors is highly desirable for
battery-powered or frequency-coupled applications. However, the integration
of n-channel OTFTs is beneficial only if the electron mobility is comparable
with the hole mobility [272]. In the dual-Vry inverter presented in [272],
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the load OTFT is 15 times larger than the driver to achieve a trip volt-
age at Vpp/2. Therefore, an n-channel OTFT would be superior only if
the ratio of the hole mobility to the electron mobility is less than 15. The
ground-breaking work of our partners at MPI-SSR on the development of
the performance and stability of complementary OTFTs led to considerable
improvements in the past few years [97], which made the complementary
OTFT technology a favorable choice for this work. The fabricated n-channel
OTFTs have about ten-fold lower carrier mobility than p-channel OTFTs
and there is still an ongoing research effort to improve these results [101].

A comprehensive study of all the different logic design styles is performed
and the results are summarized in [97, 281, 282]. In view of the many ad-
vantages of the complementary logic, a further study of the impact of us-
ing n-channel OTFTs in a practical circuit on the dynamic performance is
given in Section 8.4. A 3-bit unary current-steering DAC, which requires a
binary-to-thermometer decoder, is used for this study as a circuit test vehi-
cle. Furthermore, a 6-bit binary current-steering DAC using only p-channel
OTFTs is built to demonstrate the high-performance capability of the used
technology; a thousand-fold faster update rate than prior state of the art is
achieved as presented in Section 8.3.

8.2 FUNCTIONALITY AND SPECIFICATIONS

With the excessive development of functionality and performance of digital
circuits, electronic systems tend to employ more digital than analog circuitry
[190]. Nevertheless, the physical environment prevents such proliferation to
cover the entire system because naturally occurring signals are analog. Ac-
cordingly, data converters (DACs and ADCs) are indispensable fundamental
blocks which are used to interface the digital processors with the analog
world. Data converters find many applications in electronic products such as
displays and sensors. In this work, only DACs are considered.

8.2.1 Operation Principle

A DAC is a functional block that constructs analog signals from digital input
by generating a multiple of a reference quantity (X.f) for each digital input
code. For an n-bit digital input sequence (bgb1bs ...b, 1), the analog output
can be described by [283]

n—1
Xout = Z 22‘bi)(ref- (81)
i=0
Depending on the reference quantity X,.r, the analog output can be either
charge, voltage or current. In fact, the reference quantity X,.r designates the
least significant bit (LSB) value of the DAC.
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In principle, a DAC is characterized by two main parameters, namely
resolution and update rate. For an n-bit resolution, the digital signal can
only have 2" values. Furthermore, the update rate is the rate at which the
input digital codes are converted. Therefore, for the realization of an accurate
DAC, the resolution and update rate have to be maximized. According to
Nyquist-Shannon theorem, the minimum update rate of the DAC has to be
at least equal to two times the highest frequency of the signal; this is to avoid
aliasing and to be able to fully construct the output analog signal. In the
following, detailed description of the different characterization parameters of
a DAC is presented.

8.2.2 Characterization Parameters

The performance of DACs is evaluated by several specification parameters.
These help to evaluate and select the most suitable DAC architecture from
the numerous available alternative designs for a given application. The pa-
rameters are classified into two categories, namely static and dynamic mea-
sures. The static parameters are offset error, gain error, differential non-
linearity (DNL) and integral non-linearity (INL). Furthermore, the dynamic
parameters in the time and frequency domains are maximum update rate, set-
tling time, slew rate, glitch energy and spurious free dynamic range (SFDR).
The definition of each of these nine parameters is as follows [190, 283].

Offset and gain errors

The offset error is the constant DC offset of the DAC transfer characteristics,
while the gain error is the deviation of the characteristic slope from the ideal
one (Fig. 8.2a). Note that these errors do not introduce any non-linearity
and has no effect on the frequency domain.

Differential non-linearity

The maximum DNL error is the worst case deviation of the actual to the
ideal step size of 1 LSB between two adjacent input codes (Fig. 8.2b). The
maximum DNL is expressed as

‘/out(i + 1) - %ut(i) - AV'LSB)
DNL,ax = max , 8.2
( AVisgp 82)
where i =0, 1, ..., 2" =2 and AVjgg is given by
‘/ou 2n-1)- ‘/ou 0
AVigp = i ) «(0). (8.3)

2n -1
In general, it is preferable to have a DAC with a DNL error that is less than
+1 LSB to guarantee proper operation.
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Figure 8.2 Static specifications of a DAC. (a) Ideal transfer characteristics in
addition to offset and gain errors. (b) Differential non-linearity (DNL) and inte-
gral non-linearity (INL) errors [283]. The INL shown here is extracted from the
best-fit line, which is fitted to the data using the minimum mean square error
(MMSE) approach. Another commonly used method is to extract the INL from
the end-point line, which is a line that connects the points on the transfer function
corresponding to the lowest and highest input codes. The latter approach typically
yields larger INL values.

Integral non-linearity

The maximum INL error is the worst case deviation of the actual to the
ideal linear output curve. After nullifying the gain and offset errors, the
ideal output curve is either an end-point line connecting the minimum and
full scale points or a best-fit line that is based on the minimum mean square
error (MMSE) distance from line to samples. The latter approach—as shown
in Fig. 8.2b—is used in this work.

For the end-point line approach, however, the maximum INL of a DAC
is represented by the following expression:

INLyyax = max|[Voye () = Vour (0) = AVisg - 7], (8.4)

where ¢ =0, 1, ..., 2» = 1, and AVigg is the slope of the line through the
end points and is given by (8.3). The resulting INL using this expression is
typically larger than when using the best-fit line.

By definition, a DAC is called monotonic when its output never decreases
with an increasing digital input, i.e., the analog output always increases or
remains constant as the digital input increases. For guaranteed monotonicity,
the INL error should be less than or equals to +0.5 LSB.
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Figure 8.3 Dynamic specifications of a DAC. (a) Analog output of a DAC as
a function of time, showing the settling time, slew rate and glitch energy. (b)
Frequency spectrum of a DAC output signal, illustrating the spurious free dynamic
range (SFDR) [283].

Update rate

The update rate is the rate at which the output is sampled. According to
Nyquist-Shannon theorem, the minimum update rate of the DAC has to be
at least equal to two times the maximum frequency of the signal. The update
rate is given in unit samples per second (S/s).

Settling time

The settling time is defined to be the time needed by the DAC to experience
a full scale transition and settle around its final value (Fig. 8.3a).

Slew rate

The slew rate is defined to be the maximal rate at which the output of the
DAC can change with the varying input (Fig. 8.3a).

Glitch energy

The glitch energy is the area under the transient response when the DAC
switches between two consecutive input codes (Fig. 8.3a). An acceptable
quantitative approximation of the glitch energy can be evaluated by assuming
a square-shaped glitch impulse (worst case calculation). Therefore, the glitch
energy is given by g = tg1x Agl, where tg1 and Ag are the timing error and the
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amplitude of the glitch, respectively. In practice, the glitch energy has to be
adequately smaller than the LSB energy, which is given by Ersg = trsg x ALss.
Therefore, for a good dynamic performance, the ratio Ey/Eisp has to be
minimized. A simple way to minimize Eg is to reduce tg by using well-
placed synchronized blocks in the DAC.

Spurious free dynamic range

The SFDR is defined to be the ratio between the fundamental signal power
(Psg) and the largest distortion component power (Ppax-aist) Within a specific
measured frequency window (Fig. 8.3b). Accordingly, the SFDR is expressed
as follows:

Psig

SFDR =
P, max-dist

(8.5)

Note that the SFDR depends on the operating conditions and the update
rate of the DAC.

8.2.3 Design Architectures

This section gives an overview and comparison of different DAC architectures
existing today [190]. Emphasis is made on the area, complexity and dynamic
specifications of the DACs. For more detailed study of the operation of each
architecture, the reader is referred to [284].

The DACs are mainly classified into three main categories, namely resis-
tive, capacitive and current-steering DACs. This classification is recognized
from the reference quantity (X,ef) used. Correspondingly, the DAC out-
put signal can either be voltage, charge or current, respectively. Note that
there are also other DAC topologies such as hybrid resistive-capacitive and
pulse-width-modulation-based DACs; however, these architectures are not
comprised in the focus of this work. For each of the DAC architectures,
various implementations ranging from high-speed to high-accuracy designs
are proposed in literature. This gives the designer the freedom to choose the
most suitable implementation for a given application; nevertheless, there is
always a tradeoff and a compromise has to be made.

In general, chip area and process limitations rule out the resistive-based
DACs for our OTFT technology. This is because accurate and compact resis-
tors cannot be yet realized. On the other hand, the capacitive-based DACs
can be implemented using charge-divider, multiplying-capacitive or switched-
capacitor designs [284]. The very large chip area needed by the charge-divider
design makes it not suitable for high resolution DACs. Furthermore, the com-
plexity of the multiplying-capacitive design makes it not a favorable choice
for an OTFT technology. The switched-capacitor design, however, is suitable
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for OTFTs. In fact, all the capacitive-based DACs are known to have better
matching properties than the resistive and current-steering DACs due to the
more controllable capacitor matching.

Because of the large device-to-device variations resulting from older OTFT
fabrication processes, the first approach to realize an organic-based DAC used
the capacitive (switched-capacitor C-2C) architecture [267], which is less sen-
sitive to the poor transistor matching. Despite the better capacitor matching
property, the design proposed in [267] suffers from many limitations:

e A reset phase is needed every conversion clock cycle to prevent accu-
mulating leakage errors, which are expected to be up to 0.6 LSB at 100
Hz. This degrades the speed capability of the converter.

e The leakage error of the capacitors perturb the static performance and
constricts the lower speed limit of the DAC to be around 10 Hz.

e The use of n-channel OTFTs that feature low carrier mobility of 0.005
cm?/Vs limits the maximum update rate to 100 Hz and results in a
relatively large DAC area of 28 x 14 mm?.

Therefore, for high-speed, high-accuracy and compact applications, the ca-
pacitive DACs are no longer the preferable choice for OTFT technologies.

The last category is the current-steering DACs. In this case, the current
is used as the reference quantity for generating the output. The main ad-
vantage of the current-steering DAC over the resistive and capacitive DACs
is the combination of high speed and compactness. This is because the tran-
sistors used to implement the current sources consume much smaller area
than the resistors or capacitors. However, excellent device uniformity in this
architecture is an essential necessity for the DAC linearity. Referring to Fig.
3.8, the comparison between the conventional polyimide shadow masks (used
for the fabrication of the OTFT C-2C DAC) and the high-resolution silicon
stencil masks (used in this work) show that the silicon stencil masks provide
much improved transistor matching even for smaller device geometries, thus
allowing the realization of the current-steering architecture at considerably
higher sampling rate and smaller chip area.

There are basically two main design alternatives for the current-steering
DAC, namely current-division and current-mirror topologies. Figure 8.4
shows a schematic diagram of a 3-bit current-steering DAC based on the
current-division topology. As depicted in the figure, a reference current (Iyf)
is divided into n-equal or binary-weighted currents depending on the archi-
tecture used. The n-equal currents are useful in case of thermometer-coded
input, whereas the binary-weighted currents are useful in the case of binary-
coded input. In both architectures, 2" — 1 transistors are required to divide
the reference current. This implementation, however, has two main draw-
backs: (i) the stack of the current dividing transistors on top of I limits the
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Figure 8.4 Schematic diagram of 3-bit current-steering DACs with current-
division topology. (a) Binary architecture driven by a binary-coded input. (b)
Unary architecture driven by a thermometer-coded input. The reference current
in both circuits is given by L = (2" = 1)1, where I = I1gp.

output voltage swing; and (ii) the current I must be as large as 27 -1 times
the unity current Ipsg, which results in a very large device for generating
the reference current. On the other hand, the current-mirror design shown
in Fig. 8.5 maximizes the output swing and requires small reference current,
leading to a smaller biasing transistor. This gives rise to the current-mirror
topology to be the most favorable choice for our OTFT technology.

In the binary current-steering DAC based on current mirrors (Fig. 8.5a),
the current sources are organized in a binary-weighted structure and con-
trolled by a binary-coded input. The advantages of this design includes sim-
plicity of the architecture, small area consumption and low power dissipation.
However, this design suffers from large glitches. For example, during a tran-
sition from “100” to “011”, the transition may go through an intermediate
value of “000” if the most significant bit (MSB) turns off before the remain-
ing bits turn on, hence a large glitch occur. As for the unary architecture
(Fig. 8.5b), 2» — 1 identical current sources are controlled by thermometer-
coded input. Therefore, for a binary-coded input, a binary-to-thermometer
decoder is used. This decoding logic adds a finite area and power to the
complete design. In general, this design inherently exhibits a monotonic be-
havior because any increment at the digital input results in an additional
current at the analog output. To combine the advantages of both unary and
binary architectures and also to compensate for their limitations, segmented
current-steering DACs are proposed in literature [283]; for a resolution of
n = k +m, the n-MSBs are converted to thermometer code and driven to a
unary current-steering sub-converter, while the remaining m-LSBs are driven
directly to a binary current-steering sub-converter.
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Figure 8.5 Schematic diagram of 3-bit current-steering DACs with current-
mirror topology. (a) Binary architecture driven by a binary-coded input. (b)
Unary architecture driven by a thermometer-coded input. The reference current
in both circuits is given by I = I1sg = 1.

The use of silicon stencil masks in this work made it possible to fabri-
cate top-contact OTFTs with high resolution and excellent uniformity. Such
precise matching between the transistors is highly desirable in the current-
steering DAC, where device matching is paramount. Accordingly, a 6-bit
binary current-steering DAC using only p-channel OTFTs is implemented to
benchmark the recently published 6-bit switched-capacitor DAC that uses
complementary OTFTs [99, 267]. By comparing the results of both circuits,
the presented current-steering DAC offers a dramatic performance boost
(1000 times faster) and greatly reduced area consumption (30 times smaller).
Furthermore, a 3-bit unary current-steering DAC is designed and fabricated,
allowing to demonstrate the feasibility to realize a fully custom complemen-
tary logic block, i.e., a binary-to-thermometer decoder. The functionality of
this DAC is validated and a study of the impact of device and interconnect
parasitics as well as the use of relatively slow n-channel OTFTs on the circuit
performance is carried out. The DAC designs and measurement results are
presented in the following sections. Given the successful realization of both
designs, it is proposed to combine in the future both implementations in a
high-resolution segmented current-steering DAC.

8.3 A HIGH-PERFORMANCE UNIPOLAR DESIGN

8.3.1 A 6-bit Binary Current-Steering DAC

The schematic diagram of the designed 6-bit current-steering DAC is shown
in Fig. 8.6 [99, 190, 254]. The binary-weighted current-steering architecture
is employed here because of its lower complexity, smaller area consumption
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Figure 8.6 Schematic diagram of the 6-bit binary-weighted current-steering
DAC [99, 190, 254]. The circuit is composed of a current-source array (CSA)
with (W/L)es = 100 pm/15 pm, a switch array (SWA) with (W/L)sw = 40 nm/4
nm and a current-to-voltage converter (CVC) with (W/L)g, = 100 pm/5 pm.

and lower power dissipation since no decoding logic is necessary compared
with its unary current-steering counterpart. The converter consists of three
main blocks: (i) a current-source array (CSA) that contains the binary-
weighted current sources and an input current mirror, (i) a switch array
(SWA) that contains the binary-weighted analog switches, and (iii) a current-
to-voltage converter (CVC) at the output. For the current sources M;, 2¢-!
identical parallel transistors are used to provide 2i-'Iygg. This similarly ap-
plies for all the binary-weighted analog switches; this results in a total of 129
transistors. This type of current-steering can be designed by exclusively n-
or p-channel OTFTs, hence not requiring complementary OTFT technology.
Accordingly, the converter is designed with only p-channel OTFTs because
of their faster operational speed and smaller area; this is mainly owed to
the considerably higher carrier mobility in the p-channel (u, > 10u,), thus
proportionally larger drive current.

The current cell comprises a current-source transistor and an analog
switch. The dimensions of the current-source transistor typically depend
on the technology with which the circuit is fabricated [283]. Furthermore,
excellent device matching in this architecture is an essential necessity for
the DAC linearity; the matching requirements are evaluated for an n-bit
binary-weighted current-steering DAC by the following [267, 285]:

INL V2 o
V2(erfinv(Y)) 2 I’

DN, — o
TN ety T ®.7)

(8.6)

OINL =
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where o;/I is the current relative standard deviation (transistor’s current
mismatch). For n =6 bits, INL <1 LSB, DNL <1 LSB and Y = 0.95, which
corresponds to a confidence interval of 2-0, the required current mismatch
should be o;/I < 6.4%, which is the minimum value resulting from equations
(8.6) and (8.7).

Referring to Fig. 3.8, the 16 OTFTs fabricated by the conventional poly-
imide shadow masks with a channel length of 30 pm have o;/I = 11%, which
exceeds already the upper limit calculated above, whereas the 16 OTFT's fab-
ricated by the high-resolution silicon stencil masks with a channel length of
only 2 pm have o7/I = 4% [99, 139]. Because of the large device-to-device vari-
ations resulting from the older OTFT fabrication processes, the first approach
to realize an organic-based DAC used the capacitive (switched-capacitor C-
2C) architecture which is less sensitive to the poor transistor matching [267].
However, the improved transistor matching even for smaller dimensions of-
fered by the silicon stencil masks allow the realization of the current-steering
architecture at considerably higher sampling rate and smaller area consump-
tion. Therefore, for the design of the current-source transistors in our DAC,
a sufficiently large channel length of 15 pm and a channel width of 100 pm
are utilized to ensure even better matching than the value displayed in Fig.
3.8b and to guarantee that o;/I < 6.4%.

As long as the voltage swing at the drain nodes of the current-source
transistors is reduced during switching, the considerable capacitance of the
current sources would not be charged and discharged, thus the dynamic per-
formance would not be degraded. This would have been achieved by using
differential analog switches with reduced cross-point voltage at their control
signals [286]. By doing so, the interconnect crossings, featuring very high
parasitic capacitances (~800 nF /cm?) and degrading the circuit performance,
would have been indispensable. Therefore, single-ended analog switches are
used mainly to avoid interconnect crossings and also to minimize the area
consumption. Furthermore, the analog switches are designed to be operating
in the saturation mode during the full output voltage swing. This approach
avoids the use of cascode current sources, which require larger area and limit
the output swing, while maintaining the shielding effect of the cascode struc-
ture by isolating the drain nodes of the current source transistors from the
variant output node. In addition, the non-linearities of the output current-
voltage characteristics of the OTFTs at low drain bias due to the non-ohmic
contacts can be avoided.

These specific operating conditions put a constraint on the switch input
ON voltage (Viw,on) to keep both the current source and analog switch tran-
sistors in the saturation mode. For proper circuit operation and in close
agreement with simulations, the analog switch transistors are designed with
a channel length of 4 pm and a channel width of 40 pm and the switch input
ON voltage is set to be 1 V.
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Figure 8.7 Schematic and simulation results of different current-to-voltage con-
verter (CVC) designs [99]. (a) Ideal passive resistive load. (b) OTFT-based tran-
simpedance circuit. (c¢) Simulation results of three active designs in comparison
to the ideal resistive load: (i) saturation load when Vias = 0 V (diode-connected)
and a constant Ipias, (i) linear load when Vii,s = =2 V and a constant Iy, and
(iii) a proposed design using a linearly operating load (Vias = -2 V) and a voltage-
dependent bias current ([i,s) which decreases at higher DAC output voltage.

8.3.2 Current-to-Voltage Converter

The aim of the current-to-voltage converter (CVC) is to convert linearly the
output DAC current to a voltage. The linearity of the CVC is essential as
it directly affects the DAC static performance. An ideal CVC would have
been implemented by using a passive resistor element; however, resistors are
so far difficult to be realized in the organic technology. For this reason, an
OTFT-based transimpedance circuit is designed.

As shown in the schematic diagram of the DAC (Fig. 8.6), the CVC
consists of only two p-channel OTFTs with W = 100 ym and L = 5 pm;
one transistor is biased in the linear regime when Vi, = -2 V, while the
other transistor is diode-connected (saturation regime) to serve as a variable
current source [99, 190]. This design followed series of comparison steps
which are elucidated by the simulations shown in Fig. 8.7. Two main design
aspects have to be considered during the design of the CVC; the CVC has to
be very simple to avoid poor yield and it must tolerate device mismatches.

The ideal case with the passive resistor element (Fig. 8.7a) experiences
very low linearity error, taking into account that device mismatch is not
considered in the simulations. The second case (Fig. 8.7b; when Vis =0V
and Iy, is constant) involves a p-channel load OTFT that is diode-connected,
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thus operating in the saturation mode (Vpg < |Vrnl|). In this case, the CVC
relation is controlled by the OTFT saturation equation given by the following;:

w
IDysat = _MCIE(_VGS + VTH)27 (88)
2L
‘/ou = Iou —— — V1. 8.9
=\ o Vi 9)

This non-linear relation directly reflects the high output linearity error ob-
tained by the simulation. In the third case (Fig. 8.7b; when Vs = -2 V
and [y,;,s 1S constant), a linearly operating load is used. Given that the DAC
output voltage does not exceed 2.5 V, a bias voltage of =2 V is set in a way to
ensure that the gate-source voltage does not exceed the breakdown voltage
(~6 V) during the complete output swing. Owing to the field-dependence
in the OTFT contact resistance, which decreases as the gate-source voltage
increases, the DAC linearity is perturbed. Therefore, it is proposed in the
last case (Fig. 8.7b; when Vias = =2 V and Iy, is voltage dependent) to use
a variable driver current source, which decreases at higher DAC output volt-
age, to compensate for the non-linearity of the load. Using a diode-connected
OTFT, as shown previously in the schematic (Fig. 8.6), the variable current
source is realized. In this case, the gate-source voltage of the diode-connected
OTEFT is given by Vas = Voue — Vbp. Therefore, the absolute value of the satu-
ration current Ip ¢ passing through the transistor given by (8.8) decreases as
the DAC output voltage (Voy) increases. The proposed CVC circuit proved
to provide optimized DAC linearity.

8.3.3 Layout and Floorplan

Device matching and data interference have a strong impact on the DAC
performance. Consequently, strict requirements apply to the design of the
DAC layout and floorplan due to the relatively large number of transistors
employed, especially for an organic-based analog circuit [99, 190]. Figure 8.8
shows two possible approaches for the floorplan, namely merged SWA-CSA
and separated SWA-CSA [283, 287]. In the merged SWA-CSA, each unit cell
comprises both the current source and the analog switch transistors. This
approach has a simplified layout; however, it increases the distances between
the current source transistors and so the layout would be potentially more
susceptible to the systematical gradient effects. As for the separated SWA-
CSA, the identical transistors are placed in separate arrays, thus ensuring
better device matching, easing power routing and minimizing signal interfer-
ence due to the division of the digital and the analog parts. In spite of the
increased layout complexity in the latter approach (Fig. 8.8b), it is used as
it offers a substantially better conversion performance.
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Figure 8.8 Floorplan of current-steering DACs [99, 287]. (a) Merged SWA-
CSA. (b) Separated SWA-CSA. In the separated SWA-CSA, identical transistors
are placed in closer proximity, allowing better control of device matching. The
numbers given in the CSA of the separated floorplan designate the arrangement
of the binary-weighted OTFTs used in our 6-bit binary current-steering DAC.

Furthermore, the transistors are placed in a matrix-like orientation in
each array to keep the identical transistors in closer proximity. This makes
it possible to exploit the excellent feature size control enabled by the stencil
mask technology regardless of the non-uniformity introduced by material
deposition through evaporation. Figure 8.8b shows clearly the arrangement
of the transistors in the CSA by designating the binary-weights. In this
way, the complexity of the routing matrix between the SWA and the CSA
is minimized. With this careful layout and floorplan design, no interconnect
crossings that feature high parasitic capacitances are comprised. The layout
of the DAC is presented in Appendix A. Using the OTFT process technology
presented in Chapter 4, the DAC is fabricated on a glass substrate. The total
area of the DAC including the contact pads is only 2.6 x 4.6 mm?.

8.3.4 Calibration

After the chip is fabricated, multiple DACs are measured and a noticeable
non-linearity error is observed in the transfer characteristics only during
the transition of the input bit stream from “011111” to “100000” [99, 190].
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Therefore, to guarantee monotonicity, the DAC is calibrated by tuning man-
ually the switch input ON voltage (Vi on) for the most significant bit (MSB)
to be 0 V instead of 1 V. As a result, a slightly larger current for the MSB is
enabled to the output, hence the DAC linearity is optimized. The calibration
method used here has a lower complexity compared to the one used in [267],
where a 2-bit off-chip calibration circuit is employed.

8.3.5 Measurement Setup

By revisiting the layout of the 6-bit binary current-steering DAC, the con-
verter has 12 input/output connections, namely the 6 digital binary-coded
input bit stream (Viw1, Viwa, - -+, Viws), the power supplies (Vpp and Vignp),
the load biasing voltage (Viias), the biasing LSB current (Ipsg), the output
voltage (Vout), and finally an optional testing connection (Vx) that is con-
nected to the LSB line in the routing matrix between the CSA and the SWA
[99, 190]. The fabricated samples are measured in a manual probe station
(SUSS PM5 analytical probe system from Karl Suss) with a careful con-
nection between the probeheads and the 55-nm-thick gold pads. The 6-bit
digital input stream is provided by a data generator (HP 8180A data gen-
erator from Hewlett Packard), while the remaining four inputs (Vpp, Voo,
Vbias and I sp) are supplied by a source measure unit (SMU; E5270B 8-
slot precision measurement mainstream from Agilent Technologies). During
DC measurements, the output node (V4) is captured by the SMU. During
AC measurements, however, the output node is connected to an oscilloscope
(TDS3000B oscilloscope from Tektronix). An IC-CAP PEL code is written
to control the equipment and automate the process by synchronizing the
signals from the data generator and the SMU (see Appendix D.2). All mea-
surements are performed in ambient air, at room temperature, at a supply
voltage (Vpp) of 3.3 V and at relatively dimmed light environment.

8.3.6 Static and Dynamic Performances

The measured static and dynamic characteristic parameters, which fully eval-
uate the performance of the 6-bit binary current-steering DAC, are presented
herein [99, 190]. Figure 8.9 shows the measured DC transfer function together
with the corresponding DNL and INL errors. Before calibration, an unde-
sired abrupt step during the transition of the input bit stream from “011111”
to “100000” is observed, resulting in a degraded static linearity; the maxi-
mum DNL and INL are —0.97 and —1.64 LSB, respectively. After calibration,
however, the transfer function shows a monotonic behavior, where the maxi-
mum output voltage swing (Viwing) is 1.94 V with a power dissipation of 260
pW and an improved static linearity is attained. The maximum DNL and
INL are —0.29 and —1.21 LSB, respectively.
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Figure 8.9 Measured DC characteristics of the 6-bit binary current-steering
DAC [99]. (a) Transfer characteristics before and after calibration. (b) Calculated
DNL and INL errors after calibration.
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Figure 8.10 Measured characteristics of the 6-bit binary current-steering DAC
at an update rate of 1 kS/s, after calibration, and at an output voltage swing of
1.3 V [99]. (a) Transfer characteristic. (b) Calculated DNL and INL errors.

Furthermore, Fig. 8.10 depicts the measured transfer function along with
the calculated DNL and INL errors after calibration, at an output voltage
swing of 1.3 V (at a reduced I1sp), and at an update rate of 1 kS/s; the
maximum DNL and INL are —-0.69 and 1.16 LSB, respectively. Figure 8.11
illustrates the upper speed limit of the DAC in worst case conditions, i.e., the
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Figure 8.11 Measured characteristics of the 6-bit binary current-steering DAC
at an update rate of 1, 20 and 100 kS/s [99]. The DAC is operating in worst case
conditions: before calibration and slightly above the maximum output voltage
swing (22 V). (a) Transfer characteristics. (b) Calculated DNL and INL errors
at 1 kS/s.

DAC is operated before calibration and slightly above the maximum output
voltage swing (22 V). As shown in the figure, as the update rate increases
above ~20 kS/s, the measured transfer function exhibits higher distortion. At
a swing of only 1 V and after calibration, the DAC would be able to operate
at a maximum update rate as high as 100 kS/s without strong deterioration.

To measure the SFDR, 6-bit input streams with periods of 32 and 64
codes are prepared to generate sinusoidal signals by the DAC at update
rates of 1 kS/s, 10 kS/s and 100 kS/s. The maximum SFDR is found to be
34 dB at a signal frequency of 15.625 Hz (1 kS/s; 64 codes). Moreover, the
minimum SFDR is found to be 19 dB at a signal frequency of 312.5 Hz (10
kS/s; 32 codes). Figure 8.12a shows the frequency spectrum of the measured
sinusoidal signal at 3.125 kHz (100 kS/s; 32 codes); the SFDR is found to be
32 dB. Finally, Fig. 8.12b depicts the step response of the DAC at 10 S/s.
From this data, the setting time, slew rate and glitch energy are found to be
around 300 Hz, 0.029 V/us and 300 Vs, respectively.

8.3.7 Benchmarking

Table 8.1 benchmarks the 6-bit binary current-steering DAC presented in
this work against the 6-bit organic-based switched-capacitor (C-2C) DAC
that was recently published in [267]. The comparison clearly shows that
the current-steering DAC consumes 30 times smaller chip area and achieves
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Figure 8.12 (a) Measured output frequency spectrum of the 6-bit binary
current-steering DAC at 3.125 kHz (update rate of 100 kS/s) [99]. (b) Measured
step response at an update rate of 10 S/s.

Table 8.1 Characteristics summary of the 6-bit binary current-steering DAC
and benchmarking against the recently published organic-based 6-bit switched-
capacitor (C-2C) DAC [99, 190, 254, 267].

Design parameter [267] This work
Architecture Switched capacitance Current steering
Technology Complementary OTFTs P-channel OTFTs
Resolution 6-bit 6-bit
Minimum feature 20 pm 4 pm
Transistor count 26 129
Capacitor count 17 0
Area consumption 28 x 14 mm? 2.6 x 4.6 mm?
Supply voltage 3V 3.3V
Maximum output swing ~1V ~2V
Update rate 10-100 S/s DC-100 kS/s
Power-delay product 7 nWs (at 1 V swing)® 1.8 nWs (at 1 V swing)®
2.6 nWs (at 2 V swing)

Maximum DNL -0.6 LSB (at 100 S/s) -0.69 LSB (at 1 kS/s)
Maximum INL -0.8 LSB (at 100 S/s) +1.16 LSB (at 1 kS/s)
SFDR 24 dB (at 10 Hz) 19 dB (at 312.5 Hz)

29 dB (at 45 Hz) 32 dB (at 3.125 kHz)

®This is deduced from [267] at 100 S/s but the input bit stream is not stated.
bThis is measured at 100 kS/s and at the input bit stream “111111”.
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1000 times higher maximum update rate than the state of the art [99, 190].
These considerable improvements result from the OTFT fabrication process
based on high-resolution silicon stencil masks that makes it possible to use
transistors with smaller dimensions and far improved matching. In addition,
the current-steering DAC achieves a maximum output voltage swing of 2 V,
which is as high as double the swing generated by the C-2C DAC. Owing to
the non-linear leakage error generated by the capacitors, the lower speed limit
of the C-2C DAC is constricted to 10 S/s, while the current-steering DAC
can operate at DC. Although the power dissipation of the current-steering
DAC is relatively high (260 nW), the power-delay product is still smaller
than that of the C-2C DAC.

8.4 IMPACT OF PARASITICS IN
A COMPLEMENTARY DESIGN

8.4.1 A 3-bit Unary Current-Steering DAC

The schematic diagram of the 3-bit unary current-steering DAC, including
a binary-to-thermometer decoder, is depicted in Fig. 8.13 [190, 245]. The
same step-by-step design flow presented in the previous section for the 6-
bit binary current-steering DAC is used to calculate the dimensions of the
current sources (100 pm/15 pm), analog switches (40 pm/4 pm) and load
transistors (100 pm/5 pm). Identical transistor dimensions as previously
designed for the 6-bit binary current-steering DAC are utilized to ensure
the same operating point. Accordingly, a row of drivers (level shifters) are
placed between the decoder and the DAC to drive the SWA with an input ON
voltage (Viw,on) Of 1 V, allowing the transistors to be operating in the desired
saturation regime. However, one should note that a unary instead of a binary
architecture is employed in this design, meaning that the current mirrors are
identical and not binary-weighted. The decoder logic is implemented using
a fully custom design as discussed in the following.

8.4.2 Binary-to-Thermometer Decoder

The DAC performance is largely determined by the design of the binary-to-
thermometer decoder; therefore, the choice of the architecture is a crucial
design decision [190]. There are basically three main architectures proposed
in literature for the binary-to-thermometer decoders used in DACs, namely
one-dimensional, two-dimensional (row/column) and multi-dimensional de-
coders; the selection depends on the complexity of the DAC and the number
of transistors in the CSA/SWA [284]. Since our 3-bit unary current-steering
DAC comprises only seven current mirrors, the simple one-dimensional de-
coder is the most preferable choice.
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Figure 8.13 Schematic diagram of the 3-bit unary current-steering DAC includ-
ing the thermometer decoder driving complementary logic [245].

According to our review study presented in [284], there are four possi-
ble design techniques for a one-dimensional 3-bit binary-to-thermometer de-
coder, namely redundant-logic, ROM-based, multiplexed-based and iterative
designs. By comparing the four techniques, the iterative design is superior in
speed and compactness, and thus, it is selected for our DAC. The block di-
agram of the designed 3-bit binary-to-thermometer decoder is shown in Fig.
8.13. The logic gates are implemented in the standard complementary (dual)
design [176], where W, = 10W,,, W, of an inverter is 80 pm and all channel
lengths are 4 pm. This is to examine the feasibility of fabricating functional
low-power complementary logic circuit using the OTFT technology and to
investigate their performance.

As shown in the block diagram of the decoder (Fig. 8.13), a row of drivers
(level shifters) are placed at the output. This is to drive the SWA with an
input ON voltage (Viw.on) of 1 V, allowing the transistors in the SWA to be
operating in the desired saturation regime. These drivers are implemented
using inverters with ground nodes that are replaced with an external supply
voltage (Viy.on). Furthermore, the output order of the decoder defines the



152 8 Digital-to-Analog Converters

e . o Sequential order
04F .......... .......... ........... .......... ‘‘‘‘‘‘‘‘‘‘ ........... 04 -0~ Proposed switching scheme |

INL error (LSB)
INL error (LSB)

0 1 2 3 4 5 6 7
Input code Input code

() (b)

Figure 8.14 Calculated INL error when using the sequential and the proposed
switching schemes for the 3-bit unary current-steering DAC, assuming (a) linear
gradient errors with 0.5 LSB peak-to-peak amplitude and (b) symmetrical gradient
errors with 0.5 LSB peak-to-peak amplitude.

switching scheme with which the unary current-sources are enabled to the
DAC output. This switching scheme is used to compensate for errors that
are introduced by systematical gradient effects (linear and/or symmetrical).
A detailed analysis of the switching scheme is given in the following.

8.4.3 Switching Scheme

The switching scheme is defined to be the order of which the current sources
within the CSA are switched to the DAC output [190, 283]. Conventionally,
the current sources are switched in a sequential order. However, with careful
layout, another switching order can be used to compensate the systematic er-
rors that are introduced by linear and/or symmetrical gradient errors, which
occur due to process, temperature or stress variations. These errors have
to be considered because they contribute to the performance of the DAC.
By reducing the impact of these systematic errors using a switching scheme,
random errors will dominate. However, random errors are kept within the
desired boundary (INL and DNL < 1 LSB) by adjusting the dimensions of
the active current-source transistors as discussed in the previous section.
The developed switching scheme (labelled tg, t1, .. ., tg) for our 3-bit unary
current-steering DAC is depicted in Fig. 8.13. Given that the current-source
transistors are arranged in a one-dimensional array, they are only influenced
by lateral gradient errors. A comparison between the sequential order and our
proposed scheme is shown in Fig. 8.14, assuming a peak-to-peak amplitude
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Figure 8.15 Measured DC characteristics of the 3-bit unary current-steering
DAC. (a) Transfer characteristics for different applied least-significant-bit currents
(I1sp). (b) Calculated DNL and INL errors when Iysp = 17 pA.

of 0.5 LSB for the linear as well as the symmetrical gradient errors. A
smaller maximum INL is achieved by the proposed scheme in the case of
linear gradient error, whereas the same maximum INL is provided in the
case of symmetrical gradient error. The analysis presented in Section 4.2.4
suggests that the linear gradient error is dominant in our OTFT technology
(see Figs. 4.6b and 4.10); this results from a tilt of the stencil mask during
evaporation and/or the sample is outside the perpendicular projection of the
evaporator source during material deposition. Nevertheless, if the linear and
symmetrical gradient errors are present (by adding both components in Fig.
8.14), the proposed scheme still yields a much smaller maximum INL of —0.33
LSB compared to —0.75 LSB for the conventional sequential order.

8.4.4 Measurement and Simulation Results

The 3-bit unary current-steering DAC is fabricated on a glass substrate with
a total area of 3.1 x 6.6 mm?. The area is optimized at the cost of a large
number of metal crossings (~70) with about 12 pF capacitance each; this
is to investigate the impact of interconnect parasitics on the circuit perfor-
mance. The layout of the DAC is presented in Appendix A. Measurements
are performed in ambient air and at a supply voltage of 3 V using the same
test setup presented in the previous section. Figure 8.15 shows the measured
DC transfer function together with the calculated DNL and INL errors. The
maximum output voltage swing (Viwing) of the DAC is 1.75 V; in addition,
the maximum DNL and INL errors are 0.23 and 0.22 LSB, respectively.



154 8 Digital-to-Analog Converters

Binary input Code
100 101 110 111 000 001 010 011

4 (V)

ity (V)

0 1 2 3 4 5 6 7 8
Time (ms)

Figure 8.16 Measured and simulated output of the binary-to-thermometer de-
coder circuit at node t4 at (upper) 100 Hz and (lower) 1 kHz [245].
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Figure 8.17 Simulation case study to investigate the impact of device and in-
terconnect parasitics as well as the influence of using the slow n-channel OTFTs
on the performance of the binary-to-thermometer decoder circuit at 500 Hz.

The maximum possible performance of the circuit in this case is limited
by the complementary driving logic. This is attributed to the slow n-channel
OTFTs and the large number of metal crossings utilized. Therefore, a case
study is carried out on the binary-to-thermometer decoder to investigate the
impact of the device and interconnect parasitic capacitances on the circuit
performance, in particular [245].

Transient measurements and simulations of the binary-to-thermometer
decoder at the output node t, at frequencies of 100 Hz, 500 Hz and 1 kHz
are depicted in Figs. 8.16 and 8.17. In fact, the node ¢4 is the output of the
slowest logic path in the circuit (see Fig. 8.13), also known as the critical
path!. The simulations are based on a DC/AC SPICE model for both p- and
n-channel OTFTs (adopted from Chapters 5 and 6). The frequency 1 kHz is

!The critical path is the longest synthesizable path of which the largest delay of the
circuit/network occurs from the input to the output.
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Table 8.2 Summary of the propagation delay times for the simulated case study
of the binary-to-thermometer decoder [245].

Case Description tdelay,HL
1 Reference case with Lo, = 20 pm and py = 0.02 cm? /Vs 1.94 ms
2 Reduced device parasitics using Lo, = 5 pm 1.74 ms
3 Optimized device parasitics using Lo, = 10 pm 1.65 ms
4 Reduced parasitics of interconnect crossings by 10 times 1.60 ms
5 Using faster n-channel OTFTs with y,, = 1 cm?/Vs 1.00 ms
6 Combination of cases 3, 4 and 5 0.75 ms

almost the speed limit where a recognizable output can be seen. The output
graphs show that the high-to-low and low-to-high signal propagation delay
times are tqelay,ar, & 2 ms and fqelay L = 0.7 ms, respectively. The output low
potential is 1 V because of the offset voltage (Viyon) set by the drivers (see
Fig. 8.13). The nearly perfect agreement of the simulated to the measured
data in Fig. 8.16 shows that the DC/AC model is trustworthy. Hence,
reliable prospective data for speed improvement can be deduced from the
simulations.

Accordingly, Fig. 8.17 shows further transient simulation results for six
different cases at 500 Hz to study the speed limiting factors of this com-
plementary circuit. Case 1, which is similar to the simulations shown in
Fig. 8.16, yielded a signal delay of 1.94 ms. In this case, the OTFTs have
a gate-to-contact overlap length (L,,) of 20 pm, which result in consider-
ably large device parasitic capacitances particularly for the large n-channel
OTFTs. Also limiting the circuit performance significantly is the low carrier
mobility in the channel region of the n-channel OTFTs (u, = 0.02 cm?/Vs).
Furthermore, the parasitic capacitances of the metal crossings in this case
are substantially large (about 12 pF each). By reducing only the device par-
asitics (Loy = b nm) in case 2, the signal delay is improved to 1.74 ms. In
general, there is a tradeoff between the contact resistances and the overlap
capacitances when reducing the gate overlap. Thus, for an optimized gate
overlap (Lo, = 10 pm) in case 3, the delay is further reduced to 1.65 ms. On
the other hand, the reduction of only the metal parasitics by a factor of 10 in
case 4 resulted in a signal delay of 1.6 ms. This indicates that the impact of
metal crossings is as detrimental as the device parasitics. Furthermore, the
delay could be even reduced to 1 ms, as shown in case 5, when the carrier
mobility of the n-channel OTFTs is improved to u, = 1 cm?/Vs [88]. Finally,
case 6 combines cases 3, 4 and 5 to achieve a minimum signal delay of 0.75
ms, meaning that the circuit speed would be more than doubled. The ex-
tracted propagation delay times for the six simulation cases are summarized
in Table 8.2.
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From this study, it can be concluded that the reduction of the para-
sitic capacitances of the devices and metal crossings, which is achievable by
means of mask overlay and layout advancements, already leads to promis-
ing performance improvements. However, to achieve even higher speeds,
the complex relationships between the channel length, gate-overlap length,
contact resistance, overlap capacitance and field-effect mobility has to be
carefully investigated as demonstrated in [139] and [18]. Moreover, further
improvements have to come from a higher carrier mobility in the n-channel
OTFTs, allowing for smaller transistors and thus even lower parasitic device
capacitances.

8.5 SUMMARY

A record in performance and compactness for organic integrated circuits is
introduced in this work by using the OTFT fabrication process that is based
on high-resolution silicon stencil masks. The process offers submicrometer
channel lengths and superb transistor matching, thus allowing to exploit
circuit concepts and topologies that would not be feasible otherwise. Ac-
cordingly, the first current-steering DACs built in an OTFT technology are
demonstrated. A 6-bit binary current-steering DAC using p-channel OTFTs
is realized; measurement results show that this converter is 1000 times faster,
30 times smaller and achieves 2 times higher output swing than prior state
of the art. The design of the DAC includes a new highly linear current-
to-voltage converter, which employs only two p-channel OTFTs and also
compensates for the inherent non-linearity of the transistors. The converter
has a maximum update rate of 100 kS/s, a maximum output voltage swing of
2V and consumes an area of 2.6 x4.6 mm?. Moreover, another 3-bit current-
steering DAC, but using the unary architecture and complementary OTFTs,
is fabricated on the same substrate. This converter is used as a circuit test
vehicle in a simulation case study to indicate advancement opportunities for
the low-voltage complementary OTFT technology. The study is based on
an accurate agreement of simulated and measured data up to 1 kHz, which
is the maximum operating frequency of the DAC; this is owed to the opti-
mized DC/AC SPICE models for both p- and n-channel OTFTs. Simulation
results indicate that considerable improvements in circuit performance may
result from (i) optimizing drain and source overlaps with the gate electrode,
(ii) avoiding metal-interconnect crossings in the circuit layout or reducing
their corresponding parasitics through better dielectrics, and (iii) developing
low-voltage n-channel OTFTs with a higher charge carrier mobility.
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Conclusion

In this final chapter we draw a series of conclusions on key aspects of this
thesis. We also make reference to our own publications in which parts of the
results presented herein have been published previously. Organic thin-film
transistors (OTFTs) are making significant inroads into flexible, large-area
electronics. Together with IMS CHIPS and MPI-SSR, a new OTFT fabri-
cation process based on high-resolution silicon stencil masks is developed,
offering submicrometer channel lengths and far improved transistor match-
ing [13-17]. This work is set out to implement a unified DC/AC compact
model for the OTFTs and to demonstrate fast digital and analog organic
integrated circuits. It is also sought to determine the matching capability
of this new OTFT technology, to investigate the impact of parasitics on the
device performance and to characterize the frequency response of individual
OTFTs using a self-contained method.

Technology—The OTFTs employ air-stable, small-molecule organic
semiconductors (e.g. DNTT and F14CuPc) and exploit the inverted-staggered
(bottom-gate, top-contact) configuration. The use of silicon stencil masks
allows to pattern the source/drain contacts on top of the organic semicon-
ductors without the need of solvents or elevated temperatures, which would
make the small molecules prone to degradation. Furthermore, the OTFTs
take full advantage of combining an oxide layer (AlO,) with a molecular self-
assembled monolayer (C14-SAM) to form a 5.3-nm-thick gate dielectric with
a capacitance of the order of 1 pF/cm?. This relatively high capacitance
enables the transistors to operate at voltages as low as 3 V, at which a suffi-
ciently high carrier concentration (102-10* cm=2) can be reached to create
the channel. The low-voltage operation competence makes the OTFTs well-
suited for battery-powered or frequency-coupled portable devices and opens
the possibility to build hybrid flexible systems-in-foil (SiF'), integrating large-
area organic electronics with high-performance thin silicon chips.

Device matching—The uniformity of the evaporated source/drain con-
tacts through the stencil masks is investigated by measuring the critical di-
mensions (CDs) of 35 0.8-pum-wide isolated lines dispersed over the entire area
of a test sample. The mean values of the CDs are found to be 0.88+0.01 pm
for the mask and 0.86+0.19 pm for the contacts [15]. On closer inspection, a
systematic variation is observed on the sample, indicating a tilt of the mask
during evaporation and/or a displacement of the sample from the perpendic-
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ular projection of the evaporator source. This can be alleviated by installing
an automated handling system in the future. Nevertheless, electrical charac-
terization of 16 OTFTs fabricated by the silicon stencil masks with a channel
length of 2 um yields a standard deviation of only 4% for the drain current,
which is less than half the value measured for 16 OTFTs fabricated by con-
ventional polyimide shadow masks but with a much larger channel length of
30 pm [99]. This eminent improvement enables to exploit circuit concepts,
such as the current-steering DACs and ADCs that are known to be superior
in speed and compactness, for which device matching is paramount.

Static model—For the design of organic integrated circuits, a reliable
compact model describing the steady-state characteristics of the OTFTs is
highly desired. It is reported in literature that some of the OTFTs expe-
rience mobility enhancement at higher gate voltages. Conversely, the mea-
sured OTFTs display a fairly constant mobility; in fact, it reduces by just
10% at high gate voltages due to bias stress. This makes the ensuing models
based on that special mobility-enhancement behavior not adequate. There-
fore, a simple unified model of the static -V characteristics that covers all
operating regimes, namely subthreshold, linear and saturation, is derived.
Effects induced by the voltage-dependent parasitic resistances are carefully
considered [101, 139, 245]. A precise fit of the model to the measurements
of various OTFTs is achieved. Being geometry scalable, the model typically
requires a single parameter set for the simulation of OTFTs with differ-
ent feature sizes. There is still, however, noticeable process variations and
time-dependent characteristics of OTFTs [153], which necessitate the con-
sideration of some variability in the model parameters.

Dynamic model—To analyse the charge storage behavior of the OTFTs,
admittance (Y) measurements have been conducted at frequencies from 100
Hz up to 1 MHz. As anticipated, the cutoff frequency (fr) of the OTFTs
tends to increase with decreasing channel length and with increasing gate
bias. Because of the distributed coupling between the gate electrode and the
semiconductor, a small-signal equivalent circuit based on an RC network is
developed to accurately model the frequency dispersion effects; a perfect fit
to the measurements over the complete frequency range is obtained [151].
Furthermore, an in-depth analysis of the intrinsic capacitances have indi-
cated that at Vpg = 0 V, Cy and Cyq are both equal to 1/2- C;W L, while
at Vps > Vigs — Virn, Cgs and Cyq are equal to 2/3 - CiW L and zero, respec-
tively. Thus, it is demonstrated that the channel charge dynamics can be
well described by the unified Meyer’s capacitance model [151]. These results
in conjunction with recently published findings in [288] establish an essential
modeling support for dynamic simulations and performance optimization of
organic integrated circuits.

Record performance—The ultimate frequency performance of OTFTs
relies heavily on the combination of material properties, device configuration
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and dimensions. The propagation delay per stage of ring oscillators is com-
monly used as a practical benchmark for the frequency response of organic
integrated circuits [17, 101, 139]. Given the variability of most OTFTSs, ring
oscillators provide only an average delay figure. Hence, the cutoff frequency
(fr) of stand-alone OTFTs are also evaluated in this work for the first time
using S-parameter measurements. The relation between the cutoff frequency
and the channel length as well as the gate overlap is physically modeled
and a good agreement to the experimental data is obtained. A record cut-
off frequency as high as 3.7 MHz has been measured at Vs = -3 V for a
DNTT OTFT with L = 0.6 pm and Lo, = 5 pm [18]. These results justify
that the OTFT technology can be well extended to the submicrometer range
and that high-frequency characterization of OTFTs by means of S-parameter
measurements is feasible.

Asymmetric OTFTs—Although the use of fully-patterned OTFTs min-
imizes the gate overlaps, the usual lack of a self-alignment process makes the
overlap capacitances inevitable. It is likewise very difficult to avoid a mis-
match between the source/drain contact overlaps because of the limited align-
ment capability of most OTF'T technologies. For these reasons, the frequency
response of asymmetric OTFTs, particularly those with small dimensions
(L =1pm and L, =5 pm), is examined. The intentional misalignment is fa-
cilitated by the high fidelity of the silicon stencil masks. It is thereby revealed
that underestimation of the cutoff frequency is probable when assumptions,
such as Cyq << Cys for a typical FET device, are incorporated [188].

Integrated circuits—Owing to the remarkable uniformity and repro-
ducibility of the fabricated OTFTs, the first organic current-steering DACs
are reported in this work. A 6-bit binary DAC, comprising as many as 129
p-channel DNTT OTFTs, is implemented. The converter has a maximum
update rate of 100 kS/s, a maximum output swing of 2 V, and consumes
an area of 2.6 x 4.6 mm?, establishing the state of the art for organic cir-
cuits [99, 254]. Lately, an OTFT-driven flexible AM-OLED display using
air-stable DNTT has been demonstrated in [289]. The adoption of the same
organic semiconductor enables further integration of the DAC and the display
backplane on the same foil, resulting in potential cost savings and improved
reliability. The exceptional OTFT properties and DAC performance com-
mensurate with the ever-increasing demands of having AM-OLED displays
with flexible form factor, higher resolution and faster refresh rate.

While for the 6-bit DAC the use of both n-channel OTFTs and metal-
interconnect crossings could be avoided, this is quite often not possible as
low-power circuit design calls for a complementary technology and complex
interconnect schemes. Therefore, a study of the impact of device and inter-
connect parasitics on the circuit performance is carried out, for which a 3-bit
unary DAC as a circuit test vehicle is utilized. The converter has a maximum
update rate of 1 kS/s, consumes an area of 3.1 x 6.6 mm?, and incorporates
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42 p-channel and 25 n-channel OTFTs [245]. The key findings of the study
are as follows. First, significant reduction of the gate-overlap lengths can be
counterproductive as there is a tradeoff between the overlap capacitances and
the contact resistances. Second, the influence of the interconnect crossings
is as detrimental as the device parasitics because of using the same gate-
dielectric layer at the crossings. Finally, the performance of complementary
organic circuits is strongly limited by the slow n-channel OTFTs. Thus, it
is desired to introduce at least another properly isolated metal layer and im-
prove the performance of air-stable n-channel OTFTs without sacrificing the
general process compatibility.

Outlook—The OTFTs require simultaneously low-voltage operation, air
stability and high bandwidth to find use in practical applications. To meet
these necessary criteria, there are ongoing research efforts to develop new
organic semiconductors. In view of the many advantages of complemen-
tary technologies, it is expected that this type of circuits will be further
advanced. However, the performance and stability of n-channel OTFTs re-
main more problematic. As a result, there is an increasing interest of using
oxide-based semiconductors, which mostly exhibit electron transport charac-
teristics, in high-performance TFTs as a plausible replacement of the slow
n-channel OTFTs. Although the achieved carrier mobilities are rather high,
the intrinsic performance of the materials cannot be fully utilized in short-
channel (O)TFTs because of the contact resistances. Accordingly, doping of
the contact areas as well as using device structures with split-gate electrodes
to reduce this effect are worth considering.

Besides process variations, the OTFTs are generally sensitive to atmo-
spheric oxygen and water, bias stress, temperature and light. Effective encap-
sulation is thus needed to ensure sufficient lifetime and increase robustness
to environmental conditions. Albeit the increased area and complexity, it is
encouraging to employ circuit styles and/or special devices that allow built-in
post-fabrication tunability to compensate for these effects. In addition, the
OTFT models have to be modified to account for the time-dependent change
of parameters, without which misleading characteristics may be predicted.
Moreover, it is envisaged to exploit the stencil masks in a reel-to-reel man-
ufacturing process to increase the throughput and fabricate commercially
viable products. The first products using OTFTs are already introduced
into the marketplace, yet many new innovative and promising applications
will continue to appear. These are outcomes of organic chemistry and as
such can be varied in a near infinite number of ways [5]:

“If atoms were musical notes, and macromolecules music, the
range of structures attainable would be beyond anything as yet
heard by humankind.”

—André Moliton and Roger C. Hirons (2012)
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Physical Layout Design

This appendix presents the physical layout design of three stencil mask sets,
which are developed for this study. Each layout has several test structures
and /or circuits; however, only the components that are relevant to this study
are discussed herein. The three mask sets are designated as Die 1, Die 2 and
Die 3. The designs are not arranged in a chronological order, they are rather
ordered depending on the presentation flow of this work. Finally, labels and
alignment structures, which are generally included in all the designs, are
illustrated.

Design of Die 1

The first design, Die 1, includes test structures and OTFTs mainly for static
and dynamic characterization. Figure A.1 depicts a simplified diagram show-
ing the dimensions of the test OTFTs on Die 1. For static characterization,
there are several OTFTs with channel widths of 200 pm but with various
channel lengths (100-1 pm) and gate overlaps (100-2 pm). By measuring
these OTFTs, one can extract the intrinsic mobility in the organic semicon-
ductor and the contact resistance of the transistors using the transmission-
line-method (TLM). As for the dynamic characterization, there are various
metal-insulator-metal (MIM), metal-insulator-semiconductor (MIS) and rel-
atively large OTFTs for admittance measurements. The layout of the MIM
and MIS along with the short and open calibration structures are shown in
Fig. A.2.

Design of Die 2

The second design, Die 2, includes aggressively-scaled OTFTs for S-parameter
measurements. All the transistors have channel widths of 100 pm. But for the
sake of the stencil masks stability, the OTFTs are dissected into four parallel
transistors (4x25 pm) sharing the same semiconductor. Figure A.3 shows the
layout of an OTFT and the calibration (standard short, open and through)
structures. The ground-signal-ground (GSG) pads configuration is used for
the special microwave wafer probes that are used during the measurements.
The OTFTs on the die have channel lengths of 10, 2, 1, 0.8, 0.6 and 0.4 pm
and gate overlaps of 20 and 5 pm. Moreover, the organic semiconductor layer
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Figure A.1 Simplified diagram (not to scale) showing the dimensions of the test
OTFTs on Die 1. (a) OTFTs with channel widths of 200 pm for static characteri-
zation using the transmission line method (TLM). (b) OTFTs with channel widths
of 400 and 1000 pm for dynamic characterization using admittance measurements.

_ _

() (b) (c) (d)

Figure A.2 Layout of test structures on Die 1 dedicated for admittance mea-
surements. (a) Short and (b) open calibration structures. (c¢) Metal-insulator-
metal (MIM). (d) Metal-insulator-semiconductor (MIS). The die includes several of
these structures but with different top-to-gate overlap area, i.e., 200x200, 100x100,
50x50, 10x10, 500x20 and 1000x40 pm?. In all of these test structures, the enclo-
sure of the top metal inside the semiconductor as well as the non-related clearances
are all set to 30 pm.

extends beyond the periphery of the intrinsic OTFTs by 30 pm on each side
(also called fringe regions). To study the impact of misalignment between
the gate-source (Lgs) and gate-drain (Lgq) overlaps, where Lgs + Lggq = 2Ly,
the OTFTs with the gate-overlap lengths (Lo,) of 5 pm and the channel
lengths (L) of 1 and 0.6 ym are duplicated and intentionally misaligned on
the mask level. A total of 19 OTFTs with intentional misalignment of +1,
+2, ..., £9 are realized. This is to guarantees the fabrication of OTFTs with
well-defined Lgs = 1, 2, ..., 9 pm, while keeping Lgs + Lgg = 10 pm. Vernier
structures are employed to measure the particular degree of misalignment.
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Figure A.3 Layout of OTFT and calibration structures on Die 2 dedicated
for S-parameter measurements. (a) Short, (b) open and (c) through calibration
structures. (d) OTFT that is dissected into four parallel transistors sharing the
same semiconductor. This is for stencil mask stability in the case of using very
small channel lengths. The ground-signal-ground (GSG) pads configuration is used
for the special microwave wafer probes that are used during the measurements.

Table A.1 Geometries of the OTFT's used by the unipolar and the complemen-
tary (bipolar) ring oscillators on Die 3.

Type L (ym) Wsp (pm) Wi, (nm) Loy (nm) Remark

Unipolar 4 110 24 20 includes one crossing
4 110 24 20 no interconnect crossings
2 110 24 10 no interconnect crossings
1 110 24 ) no interconnect crossings
1 72 24 ) no interconnect crossings
Bipolar 4 40 80 20 no interconnect crossings
1 40 80 5 no interconnect crossings

Design of Die 3

The third design, Die 3, includes fast and compact organic ICs, namely ring
oscillators and current-steering digital-to-analog converters (DACs). The
electrical results for both organic ICs achieved a world record in performance
with respect to low-voltage OTFTs. The layouts of both are explained herein.

The design includes five unipolar (only p-channel OTFTs) and two com-
plementary (both p- and n-channel OTFTs) 11-stage ring oscillators. The
ring oscillators employ OTFTs with different channel lengths (L), gate over-
laps (Loy), and channel widths for the source (W5) and the load (W) tran-
sistors. In the case of the complementary design, the width of the n-channel
OTFTs (W,) is twice as big as the width of the p-channel OTFTs (17,). All
the dimensions are summarized in Table A.1. Figure A.4 shows the layout
of the ring oscillators. A folded configuration is employed for performance
optimization. The designs exploit a relatively large output inverter to drive
the load, i.e., the oscilloscope, and provide a large output swing.
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T T

Figure A.4 Layout of (a) unipolar (only p-channel OTFTs) and (b) comple-
mentary (both p- and n-channel OTFTs) 11-stage ring oscillators [190].

Furthermore, the design also includes two different DACs, namely a 6-bit
binary current-steering DAC and a 3-bit unary current-steering DAC. Strict
requirements apply here to the design of the layout and floorplan due to the
relatively large number of transistors employed, particularly for an organic-
based analog circuit [190]. Device matching and data interference have a
strong impact on the DAC performance.

In principle, there are two methods for arranging the transistors in a
current-steering DAC, i.e., either by merging the switches and the current-
source transistors in one array or by splitting them into two separate arrays,
namely switch array (SWA) and current-source array (CSA). In the merged
approach, each unit cell comprises both the current-source and the switch
transistors. This method has a simplified layout; however, it increases the
distance between the current-source transistors and so the layout will be
potentially more susceptible to systematical gradient effects. As for the sep-
arated SWA-CSA | the identical transistors are placed in separate arrays, thus
ensuring better device matching, easing power routing, and minimizing signal
interference as a result of keeping the digital and the analog blocks apart. In
spite of the increased layout complexity in the latter approach, it is selected
here as it offers a substantially better conversion performance.

For simplicity, the layout design of the DACs is described here by mak-
ing use of the so called stick diagrams. These are just simple line-based
illustrations that allow layout engineering to handle the routing without the
consideration of spacings and geometries.

With respect to the 6-bit binary current-steering DAC, 63 current-source
and 63 switch transistors are needed [99]. Therefore, a matrix-like orientation
of the OTFTs in the SWA and the CSA is preferable to bring the transistors
in close proximity. This makes it possible to exploit the excellent feature
size control enabled by the stencil mask technology regardless of the non-
uniformity introduced by material deposition through evaporation. With
careful layout and floorplan design, no interconnect crossings that feature
high parasitic capacitances are comprised. A simplified version of the layout
of the 6-bit binary DAC is shown in Fig. A.5a, noting that the binary input
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Binary-to-Thermometer
Decoder

to] te] to] tal tal ts| t3

g 2| -a g
= S| ey |3
< < i G G
(@) (@)

(a) (b)

Figure A.5 Simplified layout (stick diagram) of (a) the 6-bit binary and (b) the
3-bit unary current-steering DACs. The load in both circuits is a current-to-voltage
converter (CVC). In the 6-bit binary DAC, the binary input code is arranged in a
way to minimize the complexity of the routing matrix between the SWA and the
CSA. Note that the crossings of the input lines (that use the aluminum-gate layer)
with the horizontal top-metal line (that is supposed to be for the maximum supply
voltage) are avoided in the final layout. In the 3-bit unary DAC, the output order
of the thermometer decoder defines the switching scheme, through which the unary
current-sources are enabled to the output. This switching scheme is used instead
of the conventional sequential order to compensate for errors that are introduced
by systematical gradient effects (linear or symmetrical) [99, 190, 245].

stream is directly driven to the switches. A minimum channel length of 4 pm
and a minimum gate overlap of 20 pm are used by the OTFTs. The total
area of the 6-bit binary DAC including the contact pads is 2.6x4.6 mm?.

On the other hand, the 3-bit unary current-steering DAC comprises 7
current-source and 7 switch transistors [245]. As only few number of transis-
tors are used for the conversion, higher complexity in the layout would coun-
teract the desired performance. For this reason, the simple one-dimensional
array orientation for the CSA and the SWA is preferable. However, a clear
separation between the analog and the digital parts should still be main-
tained. A simplified version of the layout of the 3-bit unary DAC is shown
in Fig. A.5b. In this case, a 3-bit binary-to-thermometer decoder is needed.
A minimum channel length of 4 pm and a minimum gate overlap of 20 pm
are used by the OTFTs. The total area of the 3-bit unary DAC including
the contact pads and the decoder circuit is 3.1x6.6 mm?.
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Figure A.6 (a) Layout of the physical layer labels. (b) Layout of IMS CHIPS
and MPI-SSR logos/initials. [190].

TN == T6
CEEEE == I
T EEn == N

(b)

(a)

Figure A.7 Layout of (a) box-in-box and (b) vertical/horizontal vernier-scale
alignment structures [190].

Labels and Alignment Structures

For each die design, a total of five (in some cases four) masks are required. As
a result, all the designs include labels for the five physical layers, which are
entitled bottom-metal (B), gate (G), organic semiconductors for n-channel
OTFTs (N) and p-channel OTFTs (P), and top-metal (T). Figure A.6a de-
picts the layout of the labels, which are typically placed at the top of each die
design. The purpose of these labels is to designate clearly the five different
layers in the layout and the stencil masks after fabrication. For stencil mask
stability, donut-shaped isolated features that could fall out during stencil
etching are completely avoided. As shown for labels G and P, the features
are mechanically and firmly attached by the use of more than one anchor.
Furthermore, the layout of IMS CHIPS and MPI-SSR logos/initials are im-
plemented and placed at the bottom of each die design (Fig. A.6b).
Moreover, several alignment structures are placed at the four corners of
each die design to measure and evaluate visually the degree of misalignment
between the layout layers after the fabrication. Box-in-box structures are
used to measure the degree of misalignment between almost all the layers
with an accuracy of about 1 pm (Fig. A.7a). Since the alignment between
the top metal and the gate is the most critical as it defines the dimensions
of the gate-source and gate-drain overlaps, vernier scales that offer higher
precision (about 0.1 pm) are used for those two layers (Fig. A.7b).
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De-embedding Procedure

Full two-port S-parameters of OTFTs are measured in this work using an
HP 3577A vector network analyzer (VNA). Systematical errors, which are
mostly introduced by the test setup, are observed during the measurements
[239]. Accordingly, a de-embedding process is employed to remove the unde-
sired parasitic effects of the physical network placed between the VNA and
the device under test (DUT), i.e., an OTFT. In principle, the de-embedding
process uses a model of the test fixture and mathematically removes the par-
asitics from the overall measurements. There are many different approaches
that have been developed for modeling and removing these errors such as
3-term, 8-term, 12-term and 16-term error correction models [239-241]. In
this work, the 12-term error correction model, which requires standard short,
open, through and matched terminations for a two-port network calibration,
is utilized; the method produced quite promising results. This appendix
describes the error model and the calibration method used.

Figure B.1 shows a generic block diagram of a two-port network with
an error adapter, which separates the DUT (an OTFT in our case) from an
ideal measurement system [243]. Furthermore, Fig B.2 depicts the twelve
system errors involved when measuring a two-port device/network in the
forward and reverse directions [239]. The error model and the S-parameters
of the DUT are represented with a signal flow graph, which is a simple
way to represent and helps to analyze the transmitted and reflected signals
from a device/network [239]. Moreover, it is useful for cascaded network
topologies, since flow graphs of adjacent networks can be connected in series.
Directed lines in the flow graph represent the dependency of the signal flow
through the network; for example, the signal flow from node a; to by is
defined as the input reflection coefficient (Sy3;). At this point, there has to
be a clear distinction between the intrinsic (actual de-embedded) and the
extrinsic (measured) S-parameters, which are given by

by =Sy1i-a1 + 8121 ) by _ Slli Slzi ai (B 1)
by = Sa1i - a1 + Sagi - as by Soti Sagi||az |’ '
bo = S11e - ao + S12¢ - a3 bo _ S11e  Si12e || o (B 2)
b3 = Sa1e - ap + Sazc - a3 b3 Sote S22e || as |’ '

The subscripts ¢ and e denote the intrinsic (of the DUT) and extrinsic (in-
cluding parasitics) S-parameters, respectively.
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Figure B.1 Generic block diagram of a two-port network with an error adapter,
which separates the DUT from an ideal measurement system [243].
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Figure B.2 Signal flow diagram of the twelve-term error model with the S-
parameters of a two-port DUT in the (a) forward and (b) reverse directions [241].

Referring to Fig. B.2, epo and e}, are the directivity error terms resulting
form signal leakage through the directional couplers on the corresponding
ports, ejpegr and ej,el, are the reflection tracking terms resulting from the
path differences between the test and reference paths, e;; and e, are the
source match terms resulting from the VNA’s test port impedance not being
perfectly matched to the source impedance, ejpes, and ef,e(, are the trans-
mission tracking terms resulting from the path differences between the load
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and reference paths, ey and ef; are the load match terms resulting from
the VNA’s test port impedance not being perfectly matched to the load
impedance, and finally egp and e{; are the leakage error terms resulting from
the crosstalk between the corresponding ports. By applying Mason’s gain
formula to the forward and reverse flow graphs (Fig. B.2) and using the
definitions of S; and S, given by (B.2) and (B.1), respectively, a relationship
between S;, S. and the twelve error adapter coefficients can be derived [241].
Then by solving for S; using linear algebra operations, we obtain [239-241]

(Slle — €00 ) [1 + (Szze - eég )e' ] _ 622( Sa1e — €30 )( S12¢ — )
€10€01 elggeéz 22 €10€32 623601 (B 3)

Si1i=
i Site—e Saoe — €. Sate — €30 \ [ S12e -
1lle 00 22¢ — €33 ’ 2le 30 12e 03 ’
1+ —— e |1+ — |eg, €22€7;
€10€01 €93€39 €10€32 623 01
Sa1e — €30 S22e — 633
- (€3 —e22)
821. _ €10€32 623632 (B 4)
1= P .
S11e — €00 Soe — €53\ , Sa21e — €30 \ [ S12¢ — 603 ,
1+ —— e |1+ — |eg, €22€7;
€10€01 623632 €10€32 623 01
A
(Sz2e—€33) [1 + (Sue—eoo )e ] o (Sz1e—€30)(slze—eog)
- 45 4 - 1|1~ 11
/ !
Sooi = €93€39 €10€01 €10€32 923601 (B 5)
22 Site—e Saoe — €. Sate — €30 \ [ S12e — e P
1lle 00 22¢ — €33 ’ 2le 30 12e 03 ’
1+ —— e ||1+ — |eg, €22€7;
€10€01 €23€32 €10€32 €53€01
A
S12¢ — €03 St1e — €00
— |1+ (e11 —efy)
623601 €10€01
8121 = (BG)

[1 . (Slle ~ €go )611] [1 . (822,e ¢ €53 )6,22] B (SZIe — €30 )( S12/e e €03 )6226,11 .
€10€01 €23€32 €10€32 €23%01

Note that each of the intrinsic S-parameters is a function of all the four

extrinsic S-parameters and the twelve error adapter terms. Therefore, the

VNA must perform the complete forward as well as the reverse sweeps in

order to update any of the intrinsic S-parameters.

When a one-port device is being measured, the 12-term model presented
in Fig. B.2 simplifies to just the terms describing the directivity, port match
and tracking errors at each port, as shown in Fig. B.3. Solving for the forward
flow graph using Mason’s gain formula yields the following expressions [241]:

@ _ €00 — (600611 - e10601)1111

Fle = )
ag 1-enly

(B.7)

Ty = E _ I'1e = €go (B.8)

)
a;  enle— (600611 - 6‘10601)

where 'y, and I'y; are the extrinsic (measured) and intrinsic (actual) reflection
coefficients at port 1, respectively. In principle, the reflection coefficient I'y
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Figure B.3 Signal flow diagram of the three-term error model with the reflection
coefficient of a one-port DUT in the (a) forward and (b) reverse directions [241].

is equivalent to Sy; but for a one-port device. By letting Ae = egger1 — e10€01,
equations (B.7) and (B.8) can be rewritten as

ego + [il'ee11 — T'1iAe = Te. (B,9)

Thus, the three error terms can be determined by measuring three known
standards such as open (I'y; = 1), short (I'j; = —1) and matched (T'y; = 0) loads,
that yield a system of three linear equations. These three equations can then
be solved simultaneously to calculate ey, e;; and ejpeg;. The exact same
approach applies for the reverse flow graph to extract e}, e}, and e),el,.
Once the twelve error terms in Fig. B.2 are known, the effects of the test
fixture can be de-embedded from the measurements using (B.3)—(B.6). The
two-port calibration steps to extract these twelve error terms are as follows.
Considering initially the forward flow graph, the first step is to calibrate port
1 using the procedure described above for the simplified one-port model. This
is performed using the short, open and matched loads to determine egyg, ey
and ejgep;. In the second step, the leakage error term ey from port 1 to port
2 is directly obtained by measuring So1, while connecting matched loads to
both ports. The third step is to extract egs and ejgesp while connecting port
1 and port 2 together (through load) using the following expressions [241]:

S11e — €00
€99 = , B.10
- S11e€11 — (600611 - e10e01) ( )
eq0e32 = (Sa1e —€30) (1 —eq1€22). (B.11)

This concludes the extraction of the six error terms in the forward direction.
Then the same procedure can be used to solve for the remaining six error
terms in the reverse direction.

To achieve a high fidelity in the de-embedding process, the steps above
are performed on a standard calibration substrate with well-characterized
terminations having identical pad configuration and dimensions with that
of the OTFT. This guarantees that any undesired effects introduced by the
cables, probe holders and on-wafer pads are successfully removed.
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Analytical Derivations

Evaluation of the static as well as the dynamic performance of the organic
thin-film transistors (OTFTs) requires an understanding of the device physics
to be able to accurately model their behavior. A small-signal model, con-
sisting of a distributed resistance-capacitance equivalent circuit, is used to
characterize both the resistive and the reactive parts of the intrinsic OTFT.
Furthermore, a distributed resistance network is used to analyze the current
injection mechanism through the contact-semiconductor interfaces. Accord-
ingly, the expressions for the channel capacitance and the contact resistance
of the OTFTs are derived in this appendix.

C.1 DERIVATION OF THE CHANNEL CAPACITANCE

The frequency response of OTFTs by means of admittance measurements is
investigated in this work. As shown in Fig. C.1, evaluation of the intrin-
sic part of an OTFT requires the use of a distributed resistance-capacitance
(RC) equivalent circuit. For this setup, the source and drain contacts are
electrically shorted and connected to the low terminal (virtual ground) of an
LCR meter, while the gate electrode is connected to the high terminal. At
voltages below the threshold voltage, no channel exists and the capacitance
measured is just the sum of the relatively small (assuming L > L) gate-
source and gate-drain overlap capacitances. However, as the gate bias exceeds
the threshold voltage, an accumulation channel is created; consequently, the
channel resistance reduces and an additional geometrical gate-to-channel ca-
pacitance is measured. Since there is no potential difference between the
drain and source electrodes, the channel resistance is assumed to be uniform
along the whole channel. The expression of the gate-to-channel capacitance
is derived herein (adopted from [221]).

Referring to Fig. C.1, a particular section of the distributed RC circuit
of length Az has the following resistance and capacitance:

Az Rpeet
AR = 22X tsheet C.1

e (c.1)
AC = CyW Az, (C.2)

where W (m) is the width of the transistor, Rgeet (£2/0) is the voltage depen-
dent sheet resistance within the channel and Cj (F/cm?) is the gate dielectric
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Figure C.1 Schematic cross section of an inverted-staggered (bottom-gate, top-
contact) OTFT (not to scale) with a channel length that is much larger than
the gate-overlap length (L > Loy). The small-signal model of the intrinsic part
of the OTFT using a distributed RC equivalent circuit, assuming the transistor
is operated in the accumulation regime, is depicted inside the schematic. In the
shown setup, the source and drain contacts are electrically shorted and connected
to the low terminal (virtual ground) of an LCR meter, while the gate electrode
is connected to the high terminal to bias the transistor with a DC potential (V)
along with a superimposed AC potential (V, sin wt).

capacitance per unit area. By applying the Kirchhoff’s current law and then
substituting for AC using (C.2), we get

I(z+Azx) - I(z) = —jwACV(z + Ax)

I(z+Azx) - I(z) = —jwCiW Az V(z + Az)

I(x+ AAx:l): - I(x) _ —jwCW [V (z) - ARI()],

where w (rad/s) is the angular frequency at which the capacitance is mea-
sured. By substituting for AR using (C.1) and then taking the limit Az — 0
at both sides, we obtain

1 (£53510) (- St

ol .
Fr —jwCIWV (z). (C.3)

On the other hand, applying Kirchhoft’s voltage law yields the following:
V(z+Azx)-V(x)=-ARI(z).

Again by substituting for AR using (C.1) and then taking the limit Az — 0
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at both sides, we get

(Vi +Az) -V(z)) _ . Ripeet
lim ( ) lim (—Vl(x))

Ax—0 Agj - Axz—0
av Rsheet
— = I(x). 4
o~ 1@ (G-4)

Solving (C.3) and (C.4) together gives the following second-order linear dif-
ferential equation:
0%V

w = jWRsheetOIV(x)- (05)

Let 1/A? = jw Raheet C1, equation (C.5) has the general solution V(x) = Ae®/* +
Be =X in which )\ is a complex decay length. To evaluate the terminal
capacitance, we impose the boundary conditions V(z =0) =V (z = L) =V,

to obtain A and B:
1-e L/
A=Vy (eL/)\ _ e—L/,\) ’

el — 1
B:Vm(m)~

Thus, the function V(x) can now be expressed as

Vin

V(z) = oLIx _ oL/

[(1—6_L/’\)6x/)‘— (l—eL/)‘)e_x/’\]. (C.6)

The current I(z) can then be evaluated by substituting V (z) in (C.4):

W Vi
- >\Rsheet eL/)\ - e_L/)\

We can deduce from this expression that I(z = 0) = —I(x = L) as expected
from the setup shown in Fig. C.1.

The measured admittance by the LCR meter is given by Y, = G+ jwCla,
where G4, and Cg, are the measured channel conductance and capacitance.
From the setup shown in Fig. C.1, the measured capacitance C, is expressed

I(z) = [(1—eEM)er/* + (1 - elM)em /], (C.7)

as follows:
1 2I(x =0) 1 2I(x=1L)
Cop=—Im| ———+=|=——Im|—/———=/|. C.8
b wle($=0)] wm[V(:c:L) (C-8)
Substituting (C.7) in (C.8) results in
f3
_ 2w 1 LIA o ~L/A
Cen —Im[ R eL//\—e‘L//\(e +e M -2) | (C.9)

f1
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Given that 1/A? = jwRgpneetC, the terms given by f; and fy in (C.9) can be
written as

201W2 . CiWL
fi= : (1+j)= :

w Rshcct «

f2 _ e‘/“’}%h%tclﬂ(l+j) _ ea(1+j)’ (Cll)

where a = \/w Rgeet C1L2 /2. Substituting (C.11) into the term given by f3 in
(C.9) yields

(1+7), (C.10)

ea(1+j) + e*a(lJrj) -9
f3=

ec(1+j) _ g—a(l+7)

(e +e™)cosa+j(e” —e*)sina -2

C.12

(e*—e)cosa+j(e*+e ) sina ( )
The measured capacitance Cy, can therefore be finally obtained by substi-
tuting (C.10) and (C.12) in (C.9) and applying some simplification to the
trigonometric expression:

CiWL ( sinh o + sin «v )
Ca = )

C.13
cosh a + cosa ( )

«

Following a similar procedure to that used to derive the capacitance, the
measured loss (G, /w) can be expressed as

G _ C’IWL(Slnhoz—smoz)‘ (C.14)

w «Q cosh o + cos«

C.2 DERIVATION OF THE CONTACT RESISTANCE

The contact resistance has a considerable impact on the performance of the
OTFTs. When the channel length is reduced, the relative contribution of the
contact resistance to the total device resistance increases, and thus, the ef-
fective mobility decreases [139]. In a general approach, the transmission line
method (TLM) is used to extract the contact resistance of the OTFTs [192].
Evaluation of the contact resistance of our inverted-staggered (bottom-gate,
top-contact) OTFTs, in particular, requires the use of a distributed resis-
tance network as shown in Fig. C.2. The distributed resistance network is
a simplified equivalent circuit that is used to electrically describe and model
the current injection mechanism through the contact interfaces between the
metallic source/drain contacts and the organic semiconductor. In this sec-
tion, the equivalent circuit is analyzed and accordingly the expression of the
equivalent contact resistance R is derived (adopted from [192]).
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Figure C.2 Schematic cross section of the contact part of an inverted-staggered
(bottom-gate, top-contact) OTFT (not to scale). A distributed resistance network,
which models the current injection mechanism, is depicted inside the schematic.
For simplification, the contact resistance is considered ohmic, even though this
assumption is not reflecting the true nature of the contact /semiconductor interface.

By considering a section of the distributed resistance network shown in
Fig. C.2 of length Az, the vertical AR¢ () and horizontal ARgeer (£2)
components can be expressed as

Pc
ARc = C.15
“T WAz’ (C.15)
Raeet A
ARsheet = hv[; 5 (016)

where W (m) is the width of the transistor, p. (2m?) is the contact resistivity
multiplied by the equivalent distance between the source/drain contacts and
the channel, and Rgpeet (£2/0) is the voltage dependent sheet resistance within
the channel. By applying the Kirchhoff’s current law, we obtain

I($+AQZ)—I(QJ)=X(—}§3.

Then by substituting for A R¢ using (C.15) and then taking the limit Az — 0
at both sides, we find

lim (I(QH-A:C) —[(x)) = lim (KV(SE))

Az—0 A{L‘ Az—0 Pe
or w
— = — ) 1
o V(z) (C.17)

Applying now the Kirchhoff’s voltage law and then substituting for A Rgpeet
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using (C.16) result in the following:
V(r+Ax) -V (2) = ARseet [ (x + Ax)

sheet Ax

V(z+Azx)-V(x) = il W I(z + Ax)

V(e +Az) -V (x)  Repeet V(z)
A = [I(x)-FARC]'

By substituting for AR using (C.15) and then taking the limit Az — 0 at
both sides, we obtain

lim (V(x +Ar) - V(m)) = lim (%[I(az) + WprV(x)])

Az=0 Az S Azso\ W .

@_V _ Rsheet
or W

Solving (C.17) and (C.18) together gives the following second-order linear
differential equation:

I(x). (C.18)

82[ Rsheet

02" I(x). (C.19)
Let 1/L2 = Rgpeet/pe, equation (C.19) has the general solution I(z) = Ae®/tr+
Be /Lt where Ly is a characteristic transfer length over which 63% of
the charge flow between the source/drain contacts and the semiconductor
transfers [97]. To evaluate the equivalent contact resistance, we impose the
boundary conditions I(z =0) =0 and I(x = Loy) = I, where Ly, (m) is the
gate-overlap length, to obtain A and B:

I
eLov/LT — e_Lov/LT ’

A=-B=

Thus, the function I(z) can now be expressed as

I
eLov/LT _ e_Lov/LT

I(z) = (evltr — emolbr), (C.20)

Moreover, the function V' (x) can then be evaluated by substituting /(x) in
(C.17):

_ Pe I
V(l’) B WLT eLov/LT —_ e_Lov/LT

Accordingly, the equivalent contact resistance R¢ can be calculated as fol-
lows:

(e“"’/LT + e‘x/LT) . (C.21)

— V(I’ = Lov) _ Pec (eLOV/LT + e*Lov/LT)
) [(l' = Lov) - W Lt (eLov/LT _ e*Lov/LT) :

Re (C.22)
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Given that 1/ L% = Rgpheet/pe, the contact resistance (only at one side of the
OTFT, i.e., either the source or the drain side) can be finally reduced to the
following expression:

RsheetLT Lov
Ro=——F—F—coth|—|. C.23
“cTw @ (LT) (C.23)

This expression describes the relationship between the transfer length Ly
and the gate-overlap length L., [97]. If the overlap length is much larger
than the transfer length (Lo, > L), equations (C.22) and (C.23) simplify to
R 2 p./(W Lt), which indicates that the contact resistance is independent
on the overlap length. This implies that, in this case, the contact region is
partially active with an equivalent overlap area of W- L. On the other hand,
if the contact length is much smaller than the transfer length (Lo, < L),
equations (C.22) and (C.23) simplify to Rc 2 p./(W Loy). This means that,
in this case, the contact resistance is inversely proportional to the contact
length and the entire contact region with an area of W - L, is active.
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Code Listings

In this appendix, the Cadence SKILL codes for layout design rule checking
and for creating an OTFT parameterized cell are listed. Furthermore, the IC-
CAP PEL codes for static and dynamic measurement routines are presented.
Finally, the MATLAB code for S-parameter characterization is given herein.

D.1 CADENCE SKILL CODES
FOR LAYOUT DESIGN

The software suites from Cadence Design Systems, namely Cadence Virtuoso
and Cadence Assura Physical Verification, are used during the physical layout
design of the organic integrated circuits. Accordingly, the scripting language
SKILL is used to define the design rules that are necessary for the physical
verification and also to describe parameterized cells (PCells) for automated
layout design. In fact, SKILL is not an acronym; however, it is the name of
the language.

Design Rule Check

The SKILL code written for the design rule check (DRC) is presented in
Listing D.1, noting that some syntax specific for Cadence Assura is also used
within the code, for example, for layer processing (e.g. geomAnd, geomOr, et
cetera). After the initialization of layers and the creation of new procedures,
the code is divided into two parts to define the design rules of both the
organic integrated circuits and the silicon stencil masks. As given in Tables
4.6 and 4.7 and Fig. 4.13, the output error/warning messages of the code
are set to refer to the same designated design rule numbers. Some messages,
however, do not have numbers, which indicate that they are general rules
(e.g. the error message which specifies that a certain layout layer is off-grid).

In the beginning of the code, the five layers of the organic thin-film tran-
sistors (OTFTs) are generated and they are assigned to their corresponding
GDSII numbers (Table 4.5). Within the design framework, the OTFT layers
are assigned to five different drawing layers, namely NDIFF, PDIFF, POLY,
METAL1 and METALZ2; these are just preset drawing layers in the technol-
ogy file of IMS CHIPS, which is used in our layout designs. Furthermore, the
PCells are initially ignored in the code to minimize the DRC runtime. This
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is because it is ensured already during the description of the PCells that they
satisfy the recommended design rules.

The listed code for the DRC is restricted to the geometric and connectiv-
ity configuration shown in Fig. 4.13. However, a more sophisticated version
of the code (not listed herein) is also implemented to take into consideration
other issues, for example, other transistor configurations (e.g. fingers and
multipliers of OTFTs). The simplified version is given herein just to demon-
strate the concept. Moreover, design rules 10 and 11 (Table 4.7), which set
maximum aspect ratios for the mask bridges attached at both ends and at
one end, respectively, are checked in the given version of the code only for
the top-metal layer. This is because the top-metal layer includes the most
critical and finest structures.

Listing D.1 SKILL code for layout design rule checking (DRC).

-

;——— Start of design rule checking code
drcExtractRules (

;——— Ignoring PCells from the DRC
avParameters (

?ignoreCell(cell ("PCELLS"))
)

;——— Generation of commonly used derived layers

layerDefs ("df2"
nsemi = layer ("NDIFF" type("drawing")
psemi = layer ("PDIFF" type("drawing")
gate = layer ("POLY" type("drawing")
top = layer ("METAL1" type("drawing")
bottom = layer ("METAL2" type("drawing")
chipsize = layer ("prBoundary" type("drawing")
dataextent = cellBoundary (root)

)
)
)
)
)
)

)

layerDefs("gds2"
nsemi = layer (40)
psemi = layer (39)
gate = layer (46)
top = layer (49)
bottom = layer(51)

;——— Layer derivation rules

ngate = geomAnd(nsemi gate)

pgate = geomAnd(psemi gate)

npgate = geomCat(ngate pgate)

npsemi = geomAnd(nsemi psemi)

semi = geomCat(nsemi psemi)

gatef = geomAndNot( gate semi)

all_lay = geomOr(bottom gate nsemi psemi top)

;——— Contacts
gatecont = geomAnd(gate bottom)
metalcont = geomAnd(top bottom)

;——— Define new procedures
procedure (
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procWidthCheck (layerl value comment)
drc(layerl width < value comment withCornerTouch)

)

procedure (
procSpCkSameLay (layerl value comment)
drc(layerl sepNotch < value comment)

)

procedure (
procSpCkDifLay (layerl layer2 value comment)
drc(layerl layer2 sep < value comment)

)

procedure (
procEnclCheck (layerl layer2 value comment)
drc(layerl layer2 enc < value comment shielded (layer2) opposite)

)

procedure (
procOverlapCheck (layerl layer2 value comment)
drc(layerl layer2 ovlp < value comment)

)

procedure (
procMinSizeCk (layerl value comment)
checkerrl = drec(layerl width < value)
checkerr2 = drc(layerl area < valuexvalue)
checkerr = geomOr(checkerrl checkerr2)
errorLayer (checkerr comment)

)

procedure (
procAreaCheck (layerl value comment)
drc(layerl area > value comment)

;——— Check off-grid errors

offGrid (nsemi 0.1 "original NSemi grid should be 0.1")
offGrid (psemi 0.1 "original PSemi grid should be 0.1")
offGrid (gate 0.1 "original Gate grid should be 0.1")
offGrid (top 0.1 "original Top grid should be 0.1")
offGrid (bottom 0.1 "original Bottom grid should be 0.1")

= =

;——— Check non-90-degree errors
non_90 = geomOr(
geomGetNon90 ( nsemi)
geomGetNon90 ( psemi )
geomGetNon90( gate)

errorLayer(non_90 "only horizontal or vertical edges are allowed")
;——— Check non-45-degree errors
non-45 = geomOr (

geomGetNon45 (top)

geomGetNon45 ( bottom )

errorLayer(non_45 "only edges with a multiple of 45 degrees are allowed")

;——— Check channel length
gate_and_semi = geomAnd(gate semi)
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trans_active = geomOverlap (gate_and_semi top keep >= 2)
metal_for_trans = geomOverlap(top trans_active)
grown_semi = geomGrow(semi 20 20 20 20)

metal_for_trans = geomAnd(metal_for_trans grown_semi)
procSpCkSameLay (metal_for_trans 2.0 "1.1, min. channel length is 2")

;——— Check gate—-overlap
procOverlapCheck (top trans_active 20.0 "2.1, min. gate-overlap is 20")

;——— Check enclosures

procEnclCheck (top semi 20.0 "3.
procEnclCheck (semi top 20.0 "3.
procEnclCheck (semi gate 20.0 "3.
procEnclCheck (gate semi 20.0 "3.

, min. Top-enclose-Semi is 20")
, min. Semi-enclose-Top is 20")
, min. Semi-enclose-Gate is 20")
, min. Gate-enclose-Semi is 20")

=W N

;——— Check top-metal spacing outside transistor active regions
top-wo_trans = geomAndNot(top metal_for_trans)
procSpCkSameLay (top-wo_trans 20.0 "4.1, min. Top-to-Top space is 20")

;——— Check related clearances

procSpCkSameLay (gate 20.0 "4.2, min. Gate-to-Gate space is 20")
procSpCkSameLay (psemi 20.0 "4.3, min. PSemi-to-PSemi space is 20")
procSpCkSameLay (nsemi 20.0 "4.4, min. NSemi-to-NSemi space is 20")
procSpCkSameLay (bottom 20.0 "4.5, min. Bottom-to-Bottom space is 20")

;——— Check non-related layer spacings

procSpCkDifLay (top gate 20.0 "5.1, min. Top-to-Gate space is 20")
procSpCkDifLay (top semi 20.0 "5.2 & 5.3, min. Top-to-Semi space is 20")
procSpCkDifLay (top bottom 20.0 "5.4, min. Top-to-Bottom space is 20")
procSpCkDifLay (gate semi 20.0 "5.5 & 5.6, min. Gate-to-Semi space is 20")
procSpCkDifLay (gate bottom 20.0 "5.7, min. Gate-to-Bottom space is 20")
procSpCkDifLay (psemi nsemi 20.0 "5.8, min. PSemi-to-NSemi space is 20")
procSpCkDifLay (semi bottom 20.0 "5.9 & 5.10, min. Semi-to-Bot space is 20")

[N en il e N e N an]

;——— Check layer widths

procWidthCheck (top 20.0 "6.1, min. Top width is 20.0")
procWidthCheck (gate 20.0 "6.2, min. Gate width is 20.0")
procWidthCheck (bottom 20.0 "6.3, min. Bottom width is 20.0")

;——— Check direct contact areas
procMinSizeCk (metalcont 20.0 "7.1, min. Top-to-Bottom cont. area is 20x20")
procMinSizeCk (gatecont 20.0 "7.2, min. Gate-to-Bottom cont. area is 20x20")

;——— Check interconnect crossings

top_and_gate = geomAnd(top gate)

intcon_crossing = geomAndNot(top_and_gate trans_active)

procMinSizeCk (intcon_crossing 20.0 "8.la, min. crossing area is 20x20")
errorLayer(intcon_crossing "8.1b, warning: crossings should be avoided")

;——— Check maximum active chip area

size_x_-1 = geomShift(dataextent 0 1.0)

size_x-2 = geomAndNot(size_x_-1 dataextent)

size_.x_-3 = drc(size_x_2 area > 1.0%16000.0)

errorLayer(size_x_-3 "max. recom. horiz. active chip area is 16 mm")

size_y_-1 = geomShift(dataextent 1.0 0)

size_y_-2 = geomAndNot( size_y_1 dataextent)

size_y_-3 = drc(size_y_-2 area > 1.0%x16000.0)

errorLayer(size_y_3 "max. recom. vert. active chip area is 16 mm")

;——— Check donut-shaped hole structures
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hol_bottom = geomGetHoled (bottom )

hol_gate = geomGetHoled ( gate)

hol_-nsemi = geomGetHoled (nsemi)

hol_psemi = geomGetHoled (psemi)

hol_top = geomGetHoled (top)

hol_struc = geomCat(hol_bottom hol_gate hol_-nsemi hol_psemi hol_top)

errorLayer (hol_structures "donut-shaped holes are not acceptable")

;——— Check remaining mask silicon area
drc(all_lay coverage >= 0.5 "9, remain. mask silicon area should be >=50%")

;——— Check aspect ratio of beams attached at both ends

;——— Checking only for top—metal layer with separation <= 20

;——— Checking only at the transistor active regions

brdg = drc(metal_for_trans sep <= 20 app > 0.0 opposite parallel shielded)
bad_bridges = geomGetRectangle(brdg aspectRatio > 50)
errorLayer(bad_bridges "10, aspect ratio of bridges should be <= 50")

;——— Check aspect ratio of beams attached at one end
;——— Checking only for top—-metal layer with separation <= 20
notch_shielded = drc(top notch <= 20 app > 0.0 opposite parallel shielded)

bad_notches = geomGetRectangle(notch_shielded aspectRatio > 15)
errorLayer(bad_notches "11, aspect ratio of notches should be <= 15")

;——— End of design rule checking code

)
- /

Parameterized Cells

The SKILL code written to create an OTFT PCell is presented in Listing
D.2. In principle, a PCell represents a circuit component that depends on
its governing parameters and is automatically generated by the code. Other
PCells are also implemented to create more components, such as labels, test-
ing modules, pads and alignment structures, all with the desired drawing
layers. However, only the OTFT PCell is given herein for reference. The
same drawing layers mentioned above are used again in this code.

The OTFT PCell has five input parameters, namely channel type ( Type),
top-metal width (7Zop_width), channel length (Ch_length), gate overlap
(Gate_ovlp), enclosure of the top metal inside the semiconductor
(Semi_enc_Top) and finally the amount of intentional vertical misalignment
of the top metal with the bottom gate (Vernier). The latter parameter,
which quantifies the amount of intentional misalignment, is called Vernier
because it is very similar to the vernier scale that is typically placed on chip
to resolve the alignment errors. This parameter is needed, especially in this
study, to characterize the impact of unintentional process misalignment on
the device performance.

It is important to note that the channel width of the OTFT depends
on the value of the parameter Semi_enc_Top. If Semi_enc_Top is greater
than zero, then the channel width is defined by the top-metal width; but if
Semi_enc_Top is smaller than zero, then the channel width is defined by the
semiconductor width.
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Moreover, a set of local variables, namely enclosure of the semiconductor
inside the top-metal (Top_enc_Sem), enclosure of the gate inside the semicon-
ductor (Sem_enc_Gate) and enclosure of the semiconductor inside the gate
(Gate_enc_Sem), are defined within the code. These parameters are set in
this way to guarantee that the generated OTFT complies with the layout
design rules (Table 4.6).

Listing D.2 SKILL code for OTFT layout parameterized cell (PCell).

;——— Define parameterized cell for the OIFT
pcDefineP Cell (

;——— Initialize PCell name and parameters
list (ddGetObj( "PCELLS") "OTFT" "layout")

((Type string "p")

(Top-width float 100.0)

(Ch_length float 10.0)

(Gate_ovlp float 20.0)

(Sem_enc_Top float 20.0)

(Vernier float 0.0)

) ; end of pcell parameters

;——— Body of code
let (

; List of local variables extracted from DRC
((Top-enc_Sem 20.0)

(Sem_enc_Gate 20.0)

(Gate_enc_Sem 20.0)
) ; end of local variables

;——— Draw first top-metal electrode
rodCreateRect (
?width Top_-width
?length Top-enc_-Sem+Sem_enc_Gate+Gate_ovlp+Vernier
?layer list ("METAL1","drawing")
?origin list (0 0)
) ; end of rodCreateRect

;——— Draw second top-metal electrode
rodCreateRect (

?width Top-width

?length Top-enc_Sem+Sem_enc_Gate+Gate_ovlp—-Vernier

?layer list ("METAL1","drawing")

?origin list (0 Top_enc_Sem+Sem_enc_Gate+Gate_ovlp+Vernier+Ch_length)
) ; end of rodCreateRect

;——— Draw bottom-gate electrode
if ( Sem_enc_Top>0

then
rodCreateRect (
?width 2+xGate_enc_Sem+2+«Sem_enc_Top+Top_width
?length 2xGate_ovlp+Ch_length
?layer list ("POLY","drawing")
?origin list (-1xSem_enc_.Top-Gat_enc_Sem Top_enc_Sem+Sem_enc_Gate)
) ; end of rodCreateRect
else
rodCreateRect (

?width 2+xGate_enc_Sem+Top_width

?length 2xGate_ovlp+Ch_length

?layer list ("POLY",6"drawing")

?origin list (-1xGate_enc_Sem Top_enc_-Sem+Sem_enc_Gate)
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) ; end of rodCreateRect
) ; end of if
;——— Draw organic Semconductor
case( Type
( upu
rodCreateRect (
?width 2xSem_enc_Top+Top_width
7length 2+xSem_enc_Gate+2+Gate_ovlp+Ch_length
?layer list ("PDIFF",f"drawing")
?origin list(-1xSem_enc_.Top Top_-enc_Sem)
) ; end of rodCreateRect
)
( npn
rodCreateRect (
?7width 2xSem_enc_Top+Top-width
?length 2+xSem_enc_Gate+2+xGate_ovlp+Ch_length
?layer list ("NDIFF","drawing")
?origin list(-1xSem_enc.Top Top-enc_-Sem)
) ; end of rodCreateRect
)
(t
rodCreateRect (
?width 2xSem_enc_Top+Top_width
7length 2+xSem_enc_Gate+2+Gate_ovlp+Ch_length
?layer list ("PDIFF",f"drawing")
?origin list(-1xSem_enc.Top Top_-enc_Sem)
) ; end of rodCreateRect
)
) ; end of case
) ; end of let
) ; end of pcDefinePCell

D.2 IC-CAP PEL CODES
FOR MEASUREMENT ROUTINES

The Integrated Circuits Characterization and Analysis Program (IC-CAP) is
used to control our measurement equipment and to automate data collection.
Using IC-CAP functions and the parameter extraction language (PEL), sev-
eral measurement routines are defined to characterize the organic transistors
and circuits. This section presents some samples of the IC-CAP PEL codes
written for the static or dynamic characterization of the organic thin-film
transistors (OTFTs) and the organic digital-to-analog converters (DACs).

Static Characterization of the Organic Transistors

Depending on the availability of the measurement equipment, the static
current—voltage (I-V') characterization of the organic thin-film transistors
(OTFTs) are carried out using an Agilent E5270B 8-slot precision measure-
ment mainframe, an HP 4145A semiconductor parameter analyzer, or an
HP 4141B DC source/monitor unit. In this measurement routine, the linear
and saturation input characteristics as well as the output characteristics of
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the OTFTs are measured consecutively. The IC-CAP PEL code written to
automate this process is given in Listing D.3, noting that all the input and
output parameters are adjusted in advance using the graphical user inter-
face of IC-CAP. The written code runs the different measurement setups and
saves the results to a certain directory. It is found that the OTFTs are pho-
tosensitive; therefore, before taking any real measurements, the transistors
are typically measured several times in advance using less number of input
samples to remove any hysteresis that could be present as a result of using
the light source of the microscope. To perform special measurements, such
as up/down staircase sweep, other codes are written thereto, but only the
simplest version of the codes is listed herein for reference.

Listing D.3 IC-CAP PEL code for static characterization of OTFTs.

|—-—— Start of DC measurements
update_explicit

!—-—— Global variables declaration
global_var file_name

!——— Setting names and labels

Sample = "IMS2"

Trans_type = "P"

Width = "100" !in micrometers
Length = "4" l'in micrometers
GOV = "20" !in micrometers

!——— Getting the date from the system

hour = system$("date +%H")
minute = system$("date +%M")
second = system$("date +%S")
time = val$ (hour)&val$ (minute)&val$ (second)

file_name = val$(Sample)&"_"&val$ (Trans_type)&" _W"&
val$ (Width)&"L"&val$ (Length )&"G"&
val$ (GOV) [&a" _ "@fval$ (time)

!——— Set output path
output_path= "C:\Agilent\user\Zaki\Test_Transistors\"&val$(file_name)

!——— Remove hysteresis

iccap_func(".","Measure")
iccap_-func(".","Measure")
iccap_func(".","Measure")
iccap_func(".","Measure")

!——— Static characterisation of the OTFT

iccap_-func("../Test_Transfer_Linear",6 "Measure")

iccap_func("../Test_Transfer_Linear" ,"Export Data Measured",
output_path&"_tLin")

iccap_-func("../Test_Transfer_Sat",6 "Measure")
iccap_func("../Test_Transfer_Sat","Export Data Measured",
output_path&"_tSat")

iccap_func("../Test_Out","Measure")
iccap-func("../Test_0Out","Export Data Measured",
output_path&" _out"
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!——— End of DC measurements
return_value 0

Dynamic Characterization of the Organic Transistors

The dynamic characterization of the OTFTs by means of admittance mea-
surements are carried out using an HP 4284A LCR meter. The capaci-
tance (C') and the conductance (G) of OTFTs, metal-insulator-metal (MIM)
and/or metal-insulator-semiconductor (MIS) devices are measured as a func-
tion of voltage and frequency. Listing D.4 presents the IC-CAP PEL code
written to perform the measurements as a function of the voltage, noting
that the process to conduct the measurements as a function of the frequency
is quite similar. Before running this code, it is important to calibrate first the
LCR meter using standard short and open structures to remove any parasitics
and to obtain the desired characteristics at the terminals of the device un-
der test (DUT). As mentioned before in the static characterization, it is also
necessary to measure the DUT several times in the beginning to remove any
hysteresis resulted from the photosensitivity of the organic semiconductors.

If an OTFT is to be measured in this setup, the source and drain contacts
are electrically shorted and connected to the low terminal (virtual ground) of
the LCR meter, while the gate electrode is connected to the high terminal.
However, the application of a drain-source bias to the OTFT results in a
nonuniform distribution of charges along the channel. Therefore, a different
setup is also built to investigate the variations in the stored charges of the
OTFT at different drain-source and gate-source voltages. Accordingly, the
gate electrode is connected to the low terminal of the LCR meter, while the
source and drain contacts are connected alternatively to the high terminal
of the LCR meter and a DC voltage source (Keithley 230 programmable
DC power supply). In this case, four measurements are carried out, i.e.,
gate-source and gate-drain capacitances as a function of drain-source and
gate-source voltages. Listing D.5 presents the IC-CAP PEL code written to
perform the gate-drain capacitance measurements as a function of the drain-
source bias, noting that the other processes are in fact not much different
from this one.

Listing D.4 IC-CAP PEL code for admittance-voltage measurements.

|——— Start of CV measurements
update_explicit

!——— Global variables declaration
global_var gpib_name

global_var ins_address

global_var fd_date
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!——— Initializing the address of HP LCR-4284A
gpib_name = "gpib0"
ins_address = "14"

!——— Getting the date from the system

year = system$("date +JY")

month = system$("date +%m")

day = system$("date +%d")

hour = system$("date +JH")

minute = system$("date +JM")

second = system$("date +%S")

fn_date = val$(day)&val$ (month)&val$ (year)
fn_time = val$ (hour)&val$ (minute)&val$ (second)
!——— Setting names and labels

sample = "IMS16_W200L200_MIM" ! Sample name
Prim_name = "CP" ! Parallel capacitance
Sec_.name = "G" ! Conductance

printer is CRT

!——— Initializing the communication
HPIB_open(val$ (gpib_name))
HPIB_clear (hpib_num ,ins_address)

hpib_num
status

!——— Setting the frequency samples

freq-samples = 9

Freq = "iccap_array["&val$(freq_samples)&"]"
Freq[0] = "500Hz" ! duplicate to remove hyst
Freq[1] = "500Hz"

Freq[2] = "5kHz"

Freq[3] = "10kHz"

Freq[4] = "40kHz"

Freq[5] = "100kHz"

Freq[6] = "300kHz"

Freq[7] = "600kHz"

Freq[8] = "1MHz"

!——— Setting the DC input

Vbias_first = 0

voltages

to the HP LCR-4284A

Vbias_last = -3
Vbias_step = -0.2
volt_samples = ((Vbias_last—-Vbias_first)//Vbias_step)+1
Vbias = "iccap_array["&val$(volt_samples)&"]"
Vbias [0] = 0
for i = 0 to volt_samples -1
Vbias[i] = Vbias_first+(i*Vbias_step)
next i

Vbias_rate = 6 ! DC bias rate

!——— Sending commands to

status =
status =

status =
status =
status =
status =
status =
status =
status =
status =
status =
status =

l——— Initialization

hpib_write (hpib_num ,
hpib_write (hpib_num ,

in seconds

the LCR meter

ins_address
ins_address

, "xRst ||)

,"FUNC :

IMP "&

val$ (Prim_name)&val$ (Sec_name))

hpib_write
hpib_write
hpib_write
hpib_write
hpib_write
hpib_write
hpib_write
hpib_write
hpib_write
hpib_write

hpib_num
hpib_num ,
hpib_num
hpib_num ,
hpib_num
hpib_num ,
hpib_num ,
hpib_num
hpib_num ,

P L T N NN L T

ins_address
ins_address
ins_address
ins_address
ins_address
ins_address
ins_address
ins_address
ins_address

of the output arrays

hpib_num , ins_address ,

)

)

)

)

)

)

)

"VOLT

"TRIG
"forM
"APER
"CORR

:LEV 100mV")
"0UTP:
:SOUR BUS")

:DATA ASCII")

HPOW ON")

LONG ,4")

:LENG 2M; METH SING")
"TRIG:
"AMPL:
"0UTP:
"DISP:

DEL 100ms")
ALC ON")
DC:ISOL ON")
PAGE MEAS")
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prim_meas = "iccap_array["&val$(volt_samples*xfreq_samples)&"]"
sec_meas = "iccap_array["&val$(volt_samples*freq_samples)&"]"
prim_meas [0] = ""

sec_meas [0] = ""

dummy=0

!——— Loop to measure at each frequency sample
for freq_idx = 0 to freq_samples -1
! Print header
print nn
print "------------"-"--——- "
print "Freq["&val$(freq-idx)&"] = "&val$(Freq[freq-idx])
print "---------"-"-"-"-"-"-——- "
pl"il'lt nn

! Define buffer
status = hpib_write (hpib_.num ,ins_address ,"MEM:DIM DBUF, "&
val$ (freq_samples*volt_samples))
status = hpib_write (hpib-num ,ins_address ,"MEM:FILL DBUF")
status = hpib_write (hpib_num,ins_address ,"FREQ "&val$(Freq[freq_idx]))

! Loop to measure at each DC voltage
for volt_.idx = 0 to volt_samples -1
print "Measuring at Vbias["&val$(volt_idx)&"] = "&
val$ (Vbias[volt_idx])&"V"
status = hpib_write (hpib_num ,ins_address ,"BIAS:STATE OFF")
status = hpib_write (hpib_num ,ins_address ,"BIAS:VOLT "&
val$ (Vbias[volt_idx]))
status = hpib_write (hpib_num ,ins_address ,"BIAS:STATE ON")
status = hpib_write (hpib_num ,ins_address ,"trig")
dummy = wait(Vbias_rate)
next volt_idx

! Ask LCR meter for measured data
status = hpib_write (hpib_-num ,ins_address ,"MEM:READ? DBUF")

! Loop to read the measurements at each DC voltage
for volt_idx = 0 to (volt_samples -1)
status = hpib_read (hpib_.num ,ins_address ,12,"A",
prim_meas[freq_idx*volt_samples+volt_idx])
status = hpib.read (hpib-num,ins_address ,1,"A" ,dummy)
status = hpib.read (hpib_.num,ins_address ,12,"A", .
sec_meas [freq_idx*volt_samples+volt_idx])
status = hpib.read (hpib_.num, ins_address ,7,"A" ,dummy)

if prim_meas|[freq_idx*volt_samples+volt_idx] = +9.90000E+37 then
prim_meas[freq_idx*volt_samples+volt_idx] = 0

end if

if sec.meas[freq-idx*volt_samples+volt_-idx] = 49.90000E+37 then
sec.meas [freq_idx*volt_samples+volt_idx] = 0

end if

print ""

print "Vbias["&val$(volt_idx)&"] = "&val$(Vbias|[volt_idx])

print "" "PRIM("&val$(freq_idx*volt_samples+volt_idx)&") = "&

val$ (prim_meas|freq-idx*volt_samples+volt_idx])
print "" "SEC("&val$(freq_-idx*volt_samples+volt_idx)&") = "&

val$ (sec_meas[freq-idx*volt_samples+volt_idx])
next volt_idx

! Clear data buffer
status = hpib_write (hpib-num ,ins_address ,"MEM:CLE DBUF")
next freq_idx

!——— Set DC bias state to off
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139 | status = hpib_write (hpib_.num,ins_address ,"BIAS:STATE OFF")
140

141 | !-—— Print measured data to a file
142 | path = "C:/Agilent/user/Zaki/AC_Measurements/"&
143 val$ (sample)&" _CV_Meas_"&val$(fn_date)

144 | op.dir = sys_path$(val$(path))
145 | dummy = system("mkdir -p "&val$(path))

146

147 | |-—- Create output file directory for the primary parameter
148 | prim_op-dir = path&"/"&val$ (sample)&" _CV_"&val$ (Prim_name)& .
149 "_V"&val$ (volt_samples)&"F"&val$ (freq_samples)&
150 "_"&val$ (fn_time)&" . txt"

151 | prim_op_dir = sys_path$(val$(prim_op_dir))
152 | dummy = system("rm -f "&val$(prim_op._dir)&" 2> /dev/null")
153 | dummy = system("touch "&val$(prim_op_dir))

154

155 !——— Create output file directory for the secondary parameter
156 | sec_op_-dir = path&"/"&val$ (sample)&" _CV_"&val$ (Sec_.name)&

157 "_vV"&val$ (volt_samples)&"F"&val$ (freq_-samples)&
158 "_"&val$ (fn_time)&". txt"

159 | sec_op-dir = sys_path$(val$(sec_op-dir))
160 | dummy = system("rm -f "&val$(sec_op_dir)&" 2> /dev/null")
161 | dummy = system("touch "&val$(sec_op-dir))

162

163 !——— Writing headers to the output files
164 | Headerl = "Vbias [V]"

165 | Header2 = "Vbias [V]"

166 | Subhead = ""
167 | for freq-idx = 0 to freq_samples -1

168 Headerl = Headerl&" "&val$(Prim_name)
169 Header2 = Header2&" "&val$(Sec_name)
170 Subhead = Subhead&" freq="&val$(Freq[freq_-idx])

171 | next freq-idx
172 | printer is val$(prim_op_dir)
173 | print Headerl
174 | print Subhead
175 | printer is val$(sec_op-dir)
176 | print Header2
177 | print Subhead
178 | printer is CRT

179

180 !——— Write measured data to the output files

181 | for i = 0 to volt_samples -1

182 prim_textbody = val$(Vbias[i])

183 sec_textbody = val$(Vbias[i])

184 for k = 0 to freq_samples -1

185 prim_textbody = prim_textbody&" "&val$(prim_meas][it+k*volt_samples])
186 sec_textbody = sec_textbody&" "&val$(sec_meas[it+kxvolt_samples])
187 next k

188 printer is val$(prim_op_dir)

189 print prim_textbody

190 printer is val$(sec_op._dir)

191 print sec_textbody

192 | next i
193 | printer is CRT

194

195

196 !——— Plot the data in IC-CAP

197 | for i = 0 to freq_samples -1

198 ! Trim the unit from the value

199 Freq[i] = trim$(val$(Freq[i]) ,"Hz")

200 leng = strlen(val$(Freq[i]))

201 ! In IC-CAP 1le6 is represented by MEG and not M
202 if substr$(val$(Freq[i]),leng) = "M" then

203 Freq[i] = substr$(val$(Freq[i]) ,1,leng-1)&"MEG"
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end if

next i

!——— Copy input DC
ip-name = "Vdc"

voltages to IC-CAP input

iccap_func(".","New Input",ip_-name)

iccap_-func (ip-name ,"SetTableFieldValue" 6 "Mode" ,"V")

iccap_func (ip-name, "SetTableFieldValue","+ Node","A")

iccap-func (ip_name ,"SetTableFieldValue","- Node",6"GROUND ")

iccap-func (ip-name ,"SetTableFieldValue" ,"Unit","SMU1")

iccap-func (ip_name ,"SetTableFieldValue" ,"Compliance" 7"0")

iccap-func (ip-name,"SetTableFieldValue" ,"Sweep Type","LIN")
iccap_func (ip-name ,"SetTableFieldValue","Sweep Order",6"1")

iccap_-func (ip-name ,"SetTableFieldValue" ,"Start",val$( Vbias_first))
iccap_func (ip.name,"SetTableFieldValue" , "Stop",val$(Vbias_last))
iccap-func (ip-name, "SetTableFieldValue","# of Points",val$(volt_samples))
iccap-func (ip-name, "SetTableFieldValue" ,"Step Size",val$(Vbias_step))

!——— Set subplot for the primary parameter
prim_plot_name = "Primary_plot"
iccap_-func(".","New Plot",prim_plot_name)

iccap_func (prim_plot_-name ,"SetTableFieldValue"
iccap-func (prim_plot_-name ,"SetTableFieldValue"
iccap_func (prim_plot_name ,"SetTableFieldValue"
iccap_-func (prim_plot_-name ,"SetTableFieldValue"

!——— Set subplot for the secondary parameter
sec_plot_-name = "Secondary_Plot"
iccap_func(".","New Plot",sec_plot_name)
iccap_-func (sec_plot_name ,"SetTableFieldValue"
iccap_func (sec_plot_name ,"SetTableFieldValue"
iccap-func(sec.plot_-name ,"SetTableFieldValue"
iccap-func (sec-plot_-name ,"SetTableFieldValue"

!——— Set multi-plot for both parameters
main_plot_name = "Plot_CV_Measurement"
iccap_-func(".","New Plot",main_plot_name)
iccap_func (main_plot_name ,"SetTableFieldValue"

iccap-func (main_plot_-name ,"SetTableFieldValue"
iccap_func (main_plot_name ,"SetTableFieldValue"
iccap-func(main_plot_-name ,"SetTableFieldValue"
iccap-func (main_plot_-name ,"SetTableFieldValue"
iccap_func (main_plot_name ,"SetTableFieldValue"
iccap-func (main_plot_-name ,"SetTableFieldValue"
iccap_func (main_plot_name ,"SetTableFieldValue"

"CV Measurement Curves")

to IC-CAP output

!——— Copy measurement results

for i = 0 to freq-samples -1
! Output of the primary parameter
prim_op-name = "PRIM"&val$ (i)
iccap_func(".","New Output",prim_op_-name)
iccap_func (prim_op_-name ,"SetTableFieldValue
iccap_func (prim_op_name ,"SetTableFieldValue
iccap_func (prim_op_name ,"SetTableFieldValue
iccap_func (prim_op-name ,"SetTableFieldValue
iccap_func (prim_op_name ,"SetTableFieldValue

! Output of the secondary parameter
sec_.op-name = "SEC"&val$(i)
iccap_func(".","New Output",sec_op_name)
iccap_func (sec_op_name ,"SetTableFieldValue"
iccap_func (sec_op_name ,"SetTableFieldValue"
iccap_func (sec_op_name ,"SetTableFieldValue"
iccap_func (sec_op_-name ,"SetTableFieldValue"

,"Report Type","XY GRAPH")
,"Header" ,"Capacitance (C)")
,"X Data",ip_name)

,"X Axis Type","LINEAR")

,"Report Type","XY GRAPH")
,"Header"
,"X Data",ip-name)
,"X Axis Type"

,"Conductance (G)")

,"LINEAR")

,"Report Type","MULTI PLOT")
,"# of Plots","2")

,"Plot 0" ,prim_plot_name)
,"Plot 1",sec_plot_name)

,"# of GUIS","O")

,"Orientation","V")
,"Plots Per Row","1")
,"Header",
","Mode","C")

","High Node","A")
","Low Node","GROUND")
","Unit","SMUl")
","Type","M")
7“M0de","G“)

,"High Node","A")
,"Low Node","GROUND")
,“Unit“,"SMUl")
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iccap_func (sec_op_name ,"SetTableFieldValue",6"Type", "M")

! Set plot table field values

iccap_func (prim_plot_name ,"SetTableFieldValue",
"Y Data "&val$(i),"PRIM"&val$(i))

iccap_func (sec_plot_name ,"SetTableFieldValue",
"Y Data "&val$(i),"SEC"&val$(i))

! Copy IC-CAP global array to local array for copy2output command
m= 0
complex Primcopy[volt_samples]
complex Seccopy[volt_samples]
for k = ixvolt_samples to ((i+1)xvolt_samples)-1
Primcopy [m|=VAL(prim_meas [k])
Seccopy [m|=VAL(sec_meas [k])

m = m+1
next k
x = copy2output (Primcopy , prim_op_name ,"M")
x = copy2output (Seccopy,sec_op_name ,"M")
next i

!|——— Setup plot options

iccap_-func ("Plotoptions","SetTableFieldValue","White Background",6"Yes")
iccap_func ("Plotoptions","SetTableFieldValue","Font Type","Calibri")
iccap-func ( "Plotoptions" ,"SetTableFieldValue","Font Size",6" 18")
iccap-func ("Plotoptions","SetTableFieldValue","Symbol Size",6"6")

iccap_func ("Plotoptions","SetTableFieldValue",6 "Measured Trace",
"Solid Line with Symbols™")
iccap_func ("Plotoptions","SetTableFieldValue","Multicolor",

"Display all curves with the configured trace color")
iccap_func (main_plot_name ,"Display Plot")
iccap_-func (main_plot_-name ,"Title0ff")
iccap-func (main_plot_-name ,"Areatools0ff")

!——— Save plot image
op-dir = path&"/"&val$ (sample)&" _CV_Meas_"&val$(fn_time)&".png"
iccap_-func (main_plot_-name ,"Save Image",op-dir)

!——— End of CV measurements
return_value 0

N

Listing D.5 IC-CAP PEL code for intrinsic capacitance measurements.

l——— Start of intrinsic capacitance CGD vs. VDS measurements
update_explicit

!——— Global variables declaration
global_var gpib_name

global_var lcr_address

global_var dc_address

global_var dc_port_-num

l——— Initializing the addresses of the measurement equipment

gpib_name = "gpib0"

lcr_address = "14" | HP LCR-4284A

dc_address = "13" | KEITHLEY 230 DC Power

dc_port_-num = "4" | Output number of the DC power supply

!——— Getting the date from the system
year = system$("date +JY")
month = system$("date +%m")
day = system$("date +%d")
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hour = system$("date +JH")
minute = system$("date +JM")
second = system$("date +)S")

fn_date = val$(day)&val$ (month)&val$ (year)
fn_time = val$ (hour)&val$ (minute)&val$ (second)

!——— Setting names and labels

sample = "IMS16"

module = "OTFT"

transistor = "W400L200G10"

Prim_name = "CP" | Parallel capacitance
Sec_.name = "G" ! Conductance

printer is CRT

!——— Initializing the communication to the measurement equipment
hpib_.num = hpib_open(val$ (gpib-name))

status = hpib_clear (hpibnum,lcr_address)

status = hpib_clear (hpib_num ,dc_address)

!——— Set the sampling frequency
Freq = "500Hz"

!——— Set the input DC VGS voltage
VGS_first = -2
VGS_last = -3
VGS_step = -0.5
VGS_samples = ((VGS_last-VGS_first)//VGS_step)+1
VGS = "iccap_array["&val$ (VGS_samples)&"]1"
VGS[0] =0
for i = 0 to VGS_samples-1
VGS[i] = VGS_first+(i*VGS_step)

next i

!——— Set the input DC VDS voltage
VDS_first = 0
VDS_last = -3
VDS_step = -0.2
VDS_samples = ((VDS_last-VDS_first)//VDS_step)+1
VDS = "iccap_array["&val$ (VDS_samples)&"]1"
VDS[0] = 0
for i = 0 to VDS_samples-1
VDS[i] = VDS_first+(i*VDS_step)
next i

!——— Set the DC bias rate in seconds
Vbias_rate = 8

!——— Sending commands to the LCR meter
status = hpib_write (hpib_num,lcr_address ,"*Rst")
status = hpib_write (hpib_num ,lcr_address ,"FUNC:IMP "&

val$ (Prim_name)&val$ (Sec_name))
status = hpib_write (hpib_num ,lcr_address ,"VOLT:LEV 100mV")
status = hpib_write (hpib.num ,lcr_address ,"0OUTP:HPOW ON")
status = hpib_write (hpib_num,lcr_address ,"TRIG:SOUR BUS")
status = hpib_write (hpib_.num ,lcr_address ,"FORM:DATA ASCII")
status = hpib_write (hpib-num ,lcr_address ,"APER MED,4")
status = hpib_write (hpib_num ,lcr_address ,"CORR:LENG 2M; METH SING")
status = hpib_write (hpib_num,lcr_address ,"TRIG:DEL 100ms")
status = hpib_write (hpib_.num,lcr_address ,"AMPL:ALC ON")
status = hpib_write (hpib_-num ,lcr_address ,"0UTP:DC:ISOL ON")
status = hpib_write (hpib_num ,lcr_address ,"DISP:PAGE MEAS")
status = hpib_write (hpib.num,lcr_address ,"FREQ "&val$(Freq))

!——— Sending commands to the DC power supply
status=hpib_write (hpib.num,dc_address ,"DOX")
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status=hpib_write (hpib_num,dc_address ,"P0X")
status=hpib_write (hpib.num, dc_address , "ROX")
status=hpib_write (hpib_.num,dc_address ,"M1X")

!——— Initialization of the output arrays

prim_meas = "iccap_array["&val$ (VDS _samples*VGS_samples)&"]"
sec_meas = "iccap_array["&val$(VDS_samples*xVGS_samples)&"]"

prim_meas [0] = ""
sec_meas [0] = ""
dummy_read =0

!——— Loop to measure at each VGS
for VGS.idx = 0 to VGS_samples—-1
! Print header
print nn
print "------------------ "

print "VGS["&val$ (VGS_idx)&"] = "&val$ (VGS[VGS.idx])

print "------------------ "
print nn

! Set the DC voltages
VG =0
VS = VG - VGS[VGS_idx]

! Define buffer

status = hpib_write (hpib_.num,lcr_address ,"MEM:DIM DBUF, "&
val$ (VGS_samples* VDS _samples) )
status = hpib_write (hpib-num,lcr_address ,"MEM:FILL DBUF")

! Loop to measure at each VDS
for VDS.idx = 0 to VDS_samples-1
! Print header

print "Measuring at VDS["&val$(VDS.idx)&"] = "&val$ (VDS[VDS_idx])&"v"

! Set the DC voltages
VD = VDS[VDS._.idx]| + VS

! Set DC power supply value

status = hpib_write (hpib.num, dc_address,
, "V &val$ (VS)&"X )

status = hpib_write (hpib_num ,dc_address
status = wait(0.1)

status = hpib_write (hpib-num, dc_address,

status = wait (1)

! Set DC power supply value
status = hpib_write (hpib_.num ,lcr_address
status = hpib_write (hpib_num,lcr_address
status = hpib_write (hpib_.num ,lcr_address
status = hpib_write (hpib_-num,lcr_address
status = wait( Vbias_rate)

next VDS_idx

"FOX")

||len)

,"BIAS:STATE OFF")

)

"BIAS:VOLT "&val$ (VD))

,"BIAS:STATE ON”)
, “trig“)

! Set the DC power supply to stand by and DC bias of LCR meter to off
status = hpib_write (hpib.num ,dc_address ,"FOX")
status = hpib_write (hpib_-num, lcr_address ,"BIAS:STATE OFF")

! Ask LCR meter for measured data

status = hpib_write (hpib_-num, lcr_address ,"MEM:READ? DBUF")

! Loop to read the measurements at each DC voltage

for VDS.idx = 0 to VDS_samples-1

status = hpib_read (hpib_num,lcr_address ,12,"A", ...

prim_meas [ VGS_idx*VDS_samples+VDS_idx])
status = hpib.read (hpib-num,lcr_address ,1,"A" ,dummy_read)
status = hpib.read (hpib_.num,lcr_address ,12,"A",
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sec_meas [ VGS_idx* VDS _samples+VDS_idx])
status = hpib.read (hpib-num,lcr_address ,7,"A" ,dummy_read)

if prim_meas|[VGS_idx*VDS_samples+VDS_idx] = +9.90000E+37 then
prim_meas [ VGS_idx*VDS_samples+VDS_idx] = 0

end if

if sec.meas|[VGS_idx*VDS_samples+VDS_idx] = +9.90000E+37 then
sec.meas [ VGS_idx*VDS_samples+VDS_idx] = 0

end if

print ""

print "VDS["&val$ (VDS_idx)&"] = "&val$ (VDS[VDS_idx])

print "', "PRIM("&val$(VGS_idx*VDS_samples+VDS_idx)&") = "&

val$ (prim_meas [ VGS_idx*VDS_samples+VDS_idx ] )
print "" "SEC("&val$ (VGS_idx*VDS_samples+VDS_idx)&") = "&

val$ (sec_meas [VGS_idx* VDS_samples+VDS_idx])
next VDS_idx

! Clear data buffer
status = hpib_write (hpib.num ,lcr_address ,"MEM:CLE DBUF")
next VGS_idx

! Set to local mode and terminate HPIB communication
status = hpib_write (hpib_num ,dc_address ,"X")

status = hpib_.command (hpib_.num,1,dc_address)

status = hpib_close (hpib.num,dc_address)

status = hpib_close (hpib_num,lcr_address)

!——— Print measured data to a file

path = "C:/Agilent/user/Zaki/AC_Measurements/"&
val$ (sample)&" _CGD_vs_VDS_"&val$ (fn_date)

op-dir = sys_path$(val$(path))

dummy = system("mkdir -p "&val$(path))

!——— Create output file directory for the primary parameter

prim_op_dir = path&"/"&val$ (sample)&"_"&val$ (module)&"_"&
val$ (transistor )&" _CGD_vs_VDS_"&"VDS"& ...
val$ (VDS_samples)&"VGS "&val$ (VGS_samples)&"_"&
val$(fn_time)&".txt"

prim_op_dir = sys_path$(val$(prim_op_dir))

dummy = system("rm -f "&val$(prim_op_dir)&" 2> /dev/null")

dummy = system("touch "&val$(prim_op-dir))

!——— Create output file directory for the secondary parameter
sec_.op-dir = path&"/"&val$ (sample)&"_"&val$ (module)&" _"&
val$ (transistor )&"_GGD_vs_VDS_"&"VDS"& ...
val$ (VDS_samples)&"VGS "&val$ (VGS_samples)&"_"&
val$ (fn_time)&".txt"
sec_.op-dir = sys_path$(val$(sec_op_dir))
dummy = system("rm -f "&val$(sec_op_dir)&" 2> /dev/null")
dummy = system ("touch "&val$(sec_op-dir))

!——— Writing headers to the output files

Headerl = "vVDS [V]"
Header2 = "vDS [V]"
Subhead = ""

for VGS.idx = 0 TO VGS_samples—-1
Headerl = Headerl&" "&val$(Prim_name)
Header2 = Header2&" "&val$(Sec_name)
Subhead = Subhead&" VGS="&val$(VGS[VGS_idx])
next VGS_idx
printer is val$(prim_op_dir)
print Headerl
print Subhead
printer is val$(sec_op-_dir)
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print Header2
print Subhead
printer is CRT

[—

Write measured data to the output files

i =0 to VDS_samples-1

prim_textbody = val$(VDS[i])

sec_textbody = val$(VDS[i])

for k = 0 to VGS_samples-1
prim_textbody = prim_textbody&" "&val$(prim_meas][i+k*xVDS_samples])
sec_textbody = sec_textbody&" "&val$(sec_meas[i+kxVDS_samples])

next k

printer is val$(prim_op_dir)

print prim_textbody

printer is val$(sec_op._dir)

print sec_textbody

next i

printer

for

is CRT

Plot the data in IC-CAP
!——— Copy input DC voltages
ip-name = "VDS"
iccap_func(".","New Input",ip_name)

iccap_-func (ip-name, "SetTableFieldValue","Mode" ,6"V")
iccap-func (ip-name, "SetTableFieldValue","+ Node",6"A")
iccap_func (ip-name,"SetTableFieldValue","- Node", "GROUND")
iccap-func (ip-name ,"SetTableFieldValue" ,"Unit",6"SMU1")

[—

to IC-CAP input

iccap_func (ip-name , "SetTableFieldValue","Compliance" ,"0")
iccap_-func (ip-name ,"SetTableFieldValue" ,"Sweep Type","LIN")
iccap_func (ip-name ,"SetTableFieldValue","Sweep Order",6"1")

iccap-func (ip-name, "SetTableFieldValue" ,"Start",val$(VDS_first))
iccap-func (ip-name,"SetTableFieldValue" ,"Stop",val$(VDS_last))
iccap_func (ip-name ,"SetTableFieldValue","# of Points",val$(VDS_samples))
iccap-func (ip-name, "SetTableFieldValue" ,"Step Size",val$(VDS_step))

!——— Set subplot for the primary parameter
prim_plot_name = "Primary_plot"
iccap_-func(".","New Plot",prim_plot_-name)
iccap_func (prim_plot_name ,"SetTableFieldValue"

,"Report Type","XY GRAPH")

iccap_-func (prim_plot_-name ,"SetTableFieldValue" 6 "Header" 6 "Capacitance (C)")
iccap_-func (prim_plot_-name ,"SetTableFieldValue","X Data",ip_name)
iccap_func (prim_plot_-name ,"SetTableFieldValue","X Axis Type","LINEAR")

!——— Set subplot for the secondary parameter
sec_plot_-name = "Secondary_Plot"
iccap_func(".","New Plot",sec_plot_name)
iccap_-func(sec.plot_-name ,"SetTableFieldValue"
iccap-func (sec-plot_-name ,"SetTableFieldValue"

,"Report Type","XY GRAPH")
,"Header" ,"Conductance (G)")

iccap_func (sec_plot_name ,"SetTableFieldValue"
iccap_-func (sec_plot_-name ,"SetTableFieldValue"

!——— Set multi—-plot for both parameters

main_plot_-name = "Plot_CV_

iccap_func(".","New Plot",

Measurement"
main_plot_name)

,"X Data",ip_name)
,"X Axis Type"

,"LINEAR")

iccap-func (main_plot_-name ,"SetTableFieldValue","Report Type","MULTI PLOT")
iccap-func (main_plot_name ,"SetTableFieldValue" ,"# of Plots","2")
iccap-func (main_plot_-name ,"SetTableFieldValue" ,"Plot 0", ,prim_plot_name)
iccap_func (main_plot_name ,"SetTableFieldValue" ,"Plot 1" ,sec_plot_name)
iccap_-func (main_plot_-name ,"SetTableFieldValue" ,"# of GUIs",6"0")

iccap_func (main_plot_name ,"SetTableFieldValue","Orientation","V")
iccap_-func (main_plot_-name ,"SetTableFieldValue","Plots Per Row","1")
iccap_func (main_plot_name,"SetTableFieldValue",6 "Header",

"Measured CGD vs. VDS")
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!——— Copy measurement results to IC-CAP output

for i = 0 to VGS_samples-1
! Output of the primary parameter
prim_op_name = "C_VGS"&val$ (i)
iccap_func(".","New Output",prim_op-name)
iccap_func (prim_op_name, "SetTableFieldValue
iccap_func (prim_op_-name ,"SetTableFieldValue
iccap_func (prim_op_name ,"SetTableFieldValue
iccap_func (prim_op_name ,"SetTableFieldValue
iccap_func (prim_op-name ,"SetTableFieldValue

! Output of the secondary parameter
sec_op_name = "G_VGS"&val$ (i)
iccap_func(".","New Output",sec_op_name)
iccap_func (sec_op_.name ,"SetTableFieldValue"
iccap_func (sec_op_name ,"SetTableFieldValue"
iccap_func (sec_op_-name ,"SetTableFieldValue"
iccap_func (sec_op_name ,"SetTableFieldValue"
iccap_func (sec_op_-name ,"SetTableFieldValue"

! Set plot table field values

","Mode",“C")
","High Node","A")
","Low Node","GROUND")
", "Unit","SMU1")
“,"Type",”M")

,"Mode","G")

,"High Node","A")
,"Low Node","GROUND")
,"Unit","SMU1")
,"Type“,"M")

iccap_func (prim_plot_name,"SetTableFieldValue",

"Y Data "&val$(i),"C_VGsS"&val$(i))
iccap_func (sec_plot_name ,"SetTableFieldValue",
"Y Data "&val$(i),"G_VGS"&val$(i))

! Copy IC-CAP global
m= 0
complex Primcopy[VDS_samples]
complex Seccopy [VDS_samples|
for k = i*xVDS_samples to ((i+1)*xVDS_samples
Primcopy [m|=VAL(prim_meas [k])
Seccopy [m|=VAL(sec_meas [k])

array to local

m = m+t1

next k

x = copy2output (Primcopy , prim_op_name , "M")

x = copy2output (Seccopy ,sec_op_name ,"M")
next i
!——— Setup plot options
iccap_-func("PlotOptions","SetTableFieldValue"
iccap-func ("PlotOptions","SetTableFieldValue"
iccap_func ("PlotOptions","SetTableFieldValue",
iccap_-func ("PlotOptions","SetTableFieldValue"
iccap_func ("PlotOptions","SetTableFieldValue"

"Solid Line with Symbols™")
iccap_func ("PlotOptions","SetTableFieldValue"

array for

,"Symbol Size"
,"Measured Trace",

copy2output command
by p

)-1

,"White Background",6"Yes")
,"Font Type","Calibri")

"Font Size","18")
nsu)
)

,"Multicolor",

"Display all curves with the configured trace color")

iccap-func(".","Close All")
iccap_-func(main_plot_name ,"Display Plot")
iccap-func (main_plot_-name ,"Title0ff")
iccap_-func(main_plot_name ,"AreaTools0Off")

!|-——— Save plot image

op-dir = path&"/"&val$ (sample)&"_"&val$ (module)&"_"&
val$(transistor )&" _CGD_vs_VDS_"&"VDS"& ...
val$ (VDS_samples)&"VGS "&val$ (VGS_samples)&"_"&

val$ (fn_time)&".png"
iccap_func (main_plot_name ,"Save Image",op-.dir)
!——— End of intrinsic capacitance CGD vs. VDS
return_value 0

measurements
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Static Characterization of the Digital-to-Analog Converters

The static characterization of the organic digital-to-analog converters (DACs)
are carried out using an HP 8180A data generator and an Agilent E5270B
8-slot precision measurement mainframe. The IC-CAP PEL code written
to control the measurement setup and collect the output of the 6-bit bi-
nary current-steering DAC is presented in Listing D.6. Other similar codes
(not listed herein) are written during the course of this work to analyse the
dynamic performance of the DAC and also to characterize the other DAC
topology, i.e., the 3-bit unary current-steering DAC.

Listing D.6 IC-CAP PEL code for measuring the 6-bit binary DAC.

|——— Start of 6-bit DAC measurements
update_explicit

!—-—— Global variables declaration

global_var gpib_name ! General purpose interface bus name
global_var ins_address ! Instrument address

global_var fd_date ! Date

!——— Initializing the address of Agilent E5270B SMU
gpib_name = "gpib10"

ins_address = "7"

!——— Getting the date from the system

year = system$("date + %Y")
month = system$("date + %m")
day = system$("date + %d")
hour = system$("date + %H")
minute = system$("date + %M")
second = system$("date + %S")

fn_date = val$(year)&val$ (month)&val$ (day)
fd_date = val$(fn_date)&val$ (hour)&val$ (minute)&val$ (second)

!——— Initializing the file for saving measurement results
op-dac = "C:\Agilent\users\Zaki\Results"&"\DAC_OUT_"&val$(fd_date)&".txt"
op-dac = sys_path$(val$(op_dac))

dummy = system("rm -f "&val$(op-dac)&" 2> /dev/null")
dummy = system("touch "&val$(op.dac))

printer is val$(op-dac)

! Line number

| Binary coded input

| | Output voltage

\ | | Gate voltage

\ | | | Supply current

! | | | |

print "Sequence Input_Code Vout Vg Idd"

printer is CRT

!
!
!
!
!

!——— Initializing the communication to the HP 8180A data generator
hpib_.num = hpib_open (val$ (gpib_name))
status = hpib_clear (hpib_num,ins_address)

!——— Sending commands to the data generator instrument

status = hpib_write (hpib_num ,ins_address ,"0UT2") ! Open output ports
status = hpib_write (hpib.num ,ins_address ,"RUN") ! Run the instrument
dummy = wait (2) ! wait 2 seconds
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!——— Measurement of the ramp signal for the 6-bit DAC
for i = 1 to 64 ! Outer loop: 64 input codes
status = hpib_write (hpib_num ,ins_address ,"FWD")
for j =1 to 5 ! Inner loop: Five time measurement
iccap_func(".","Measure")

printer is val$(op_dac)

print val$(i),val$(i-1),val$(Vout[0]) ,val$(VGes[0]) ,val$(Idd[0])

printer is CRT

next j

next i
!——— Sending commands to the data generator instrument
status = hpib_write (hpib_.num ,ins_address ,"STP") ! Stop the instrument
status = hpib_write (hpib_num ,ins_address ,"0UT1") ! Close output ports
status = hpib_write (hpib_num ,ins_address ,"GTL") ! Go to local
!——— End of 6-bit DAC measurements
return_value 0

L v
Besides IC-CAP, MATLAB (Matrix Laboratory) has been used to control
measurement equipment and to automate data collection, particularly for
S-parameter characterization. Full two-port S-parameter measurements that
relate the AC currents and voltages between the drain and the gate electrodes
of our OTFTs are carried out using an HP 3577A vector network analyzer
(VNA) at frequencies up to 5 MHz. The MATLAB code written to automate
this process is given in Listing D.7.

Furthermore, MATLAB has been exploited in this work to analyze all the
measurements (e.g. to remove the impact of parasitics from the measured
S-parameters using the de-embedding procedure presented in Appendix B)
and also to implement compact models, which are not only related to the S-
parameter characterization. These codes, however, are not not listed herein.

Listing D.7 MATLAB code for S-parameter characterization of OTFTs.

(" ,
%-—-— Start of S—-parameter measurements
clc;
clear all;
%-—— Disconnect and delete all instrument objects
Instrreset ;
%-—-— Initialize the vector network analyzer (VNA)
VNA_ name = 'H3577A"';
VNA _hpib_address = 8;
disp ([ 'Inititalize VNA ', VNA_name,
' Instrument (HP-IB Address: ', num2str(VNA_hpib_address),')"'])
VNA = visa('agilent', ['GPIBO::', num2str(VNA_hpib_address), '::0::INSTR']);
set (VNA, 'InputBufferSize', 50000, 'Timeout', 60);
fopen (VNA) ;
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%-—-— Specify the input frequencies
start_freq = 100e3;
end_freq = 5e6;

freq-resolution = 401;
step_freq = (end_freq-start_freq)./(freq_resolution -1);
freq-values = [start_freq:step_-freq:end_freq]';

%-—-— Configurate the VNA
disp ([ 'Initialize VNA control settings'])

fprintf(VNA, ['IPR', ';']);

fprintf(VNA, ['SAM ', num2str(100), ' MV;']);
fprintf(VNA, ['FRA ', num2str(100), ' KHZ;']);
fprintf(VNA, ['FRB ', num2str(5), ' MHZ;']);
fprintf(VNA, ['SR4', ';']);

fprintf(VNA, ['I11', ';']);

fprintf(VNA, ['SWT ', num2str(5), ' SEC;']);
fprintf(VNA, ['sTi1', ';']);

fprintf(VNA, ['sM2', ';']);

fprintf(VNA, ['AV7', ';']);

fprintf(VNA, ['LNR ', num2str(0), ' MET;']);
fprintf(VNA, ['LNA ', num2str(0), ' MET;']);
fprintf(VNA, ['LNB ', num2str(0), ' MET;']);
fprintf(VNA, ['REF', num2str(0), ' DBR;']);
fprintf(VNA, ['DIV', num2str(10), ' DBR;']);

%--- Define the measurement routine and the labels
Sn = {'11','21','12' 122" };

Load = 'OTFT_W100L06G5_VG3VD2';

Date = '08082012"';

%-—— Store the measured S—parameters Iin registers
disp ([ 'Store S-parameters in registers'])
fprintf(VNA,['I', char(Sn(i)), ';5']);

pause on; pause (15); pause off;

fprintf(VNA, ['SD', num2str(i), ';']);

pause on; pause (5); pause off;

%-—— Read data from registers

disp ([ 'Read data from registers'])

temp = str2num (query (VNA,['DD', num2str(i), ';']));

pause on; pause (5); pause off;
temp = temp';
eval(['S',char(Sn(i)) , ...
' = temp(1l:2:length(temp), 1) + j*xtemp(2:2:length(temp), 1)']);

%--- Close and delete the VNA
fclose (VNA); delete (VNA);

%-— Generate output file

file_name_and_path = ['Measurement_Results/', Date,
'_S',char(Sn(i)),'_",Load,'.x1ls"'];

fid = fopen(file_.name_and_path, 'wt');

fprintf(fid, ['Freq_Hz\t', 'reall\t', ‘'imag', '\r\n']);

=1

for i = 1:freq-resolution

fprintf(fid, [num2str(freq-values(i)), '\t',
num?2str(temp(j)), '\t', ...
num2str(temp(j+1)), '\t', '\r\n']);
j=13+2
end
fclose('all'); % End of S-parameter measurements
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