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Abstract

Organic thin-�lm transistors (TFTs) are of interest for applications that require electronic

functionality with low or medium complexity distributed over large areas on unconven-

tional substrates, such as �exible polymeric �lms. Generally these are applications in

which the use of silicon devices and circuits is technically or economically not feasible.

Examples include �exible displays and large-area sensor arrays. The static and dynamic

performance of state-of-the-art organic p-channel transistors is already su�cient for ap-

plications in which the transistors operate with frequencies of a few tens of kilohertz.

Strategies to improve the performance of organic TFTs include improvements in the �eld-

e�ect mobility of the charge carriers in the organic semiconductor layer and more ag-

gressive scaling of the transistor dimensions. Additional advances are also required in

the environmental and operational stability of organic TFTs and in the application of

controlled contact doping for the reduction of the contact resistance of organic TFTs.

In this thesis, high-resolution silicon stencil masks are introduced to pattern top-contact

organic TFTs with lateral dimensions as small as 0.8 µm. Taking advantage of the re-

cently synthesized high-mobility air-stable organic semiconductor dinaphtho[2,3-b:2´3´-

f]thieno[3,2-b]thiophene (DNTT), polycrystalline organic p-channel TFTs with excellent

air-stability and an intrinsic mobility of 3.4 cm2/Vs were fabricated. The transistors em-

ploy an ultra-thin gate dielectric based on a plasma-grown oxide layer in combination

with an organic self-assembled monolayer (gate capacitance ∼1 µF/cm2), allowing the

TFTs to operate with low voltages of about 3 V. Transistors with dimensions of less than

100 nm were manufactured using polymer resist shadow masks that have been fabricated

by electron-beam lithography. Thanks to the 5 nm thick gate dielectric the TFTs show no

short-channel e�ects. The subthreshold swing, the on/o� current ratio, and the thresh-

old voltage are comparable to long-channel TFTs with lateral dimensions of ∼100 µm.

However, organic transistors with reduced dimensions are often limited by the energy

barrier at the interface between the semiconductor and the source/drain contacts. One

approach to reduce this energy barrier is the introduction of a strong electron acceptor

into the contact area that acts as a dopant. With contact doping, the contact resistance

is reduced and the e�ective mobility of short-channel TFTs increases by more than 200%.

Transistors (without doping) with lateral dimensions of ∼1 µm have a transconductance

of about 1 S/m, so that the TFTs operate at frequencies of several megahertz. The in�u-

ence of strongly reduced lateral dimensions on the contact resistance and the maximum

operation frequency is investigated and scaling limitations are discussed.
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Abstract

Organische Dünnschichttransistoren (englisch: thin-�lm transistor, TFT) sind für elek-

tronische Anwendungen auf unkonventionellen Substraten, wie zum Beispiel biegsamen

Plastik�ächen, von Interesse. Typischerweise betrachtet man dabei Einsatzgebiete, bei

denen die Verwendung von Silizium-basierten Bauelementen und Schaltkreisen technisch

nicht möglich oder ökonomisch nicht sinnvoll ist. Dies wären zum Beispiel �exible Displays

oder groÿ�ächige Sensorfelder. Die aktuelle statische und dynamische Leistungsfähigkeit

von organischen p-Kanal Transistoren ist ausreichend für Anwendungen, die eine Schalt-

frequenz von einigen zehn Kilohertz pro Transistor benötigen.

Ansätze, um die Leistungsfähigkeit von organischen Transistoren weiter zu erhöhen, bein-

halten Verbesserungen im Bereich der Ladungsträgerbeweglichkeit in der organischen

halbleitenden Schicht und die kontinuierliche Reduktion der Strukturabmessungen der

einzelnen Transistoren. Zusätzliche Fortschritte sind auch in den Bereichen der Luft-

und Betriebsstabilität nötig. Letztlich ist auch die erfolgreiche Einführung von kontrol-

liertem Kontaktdotieren nötig, um den Kontaktwiderstand in organischen Transistoren

mit reduzierten Strukturabmessungen zu verringern.

In dieser Arbeit wurden hochau�ösende Silizium-Schattenmasken verwendet, um organ-

ische Transistoren bis zu einer minimalen Strukturabmessungen von 0.8 µm herzustellen.

In der gewählten Transistorgeometrie werden die Metallkontakte auf den organischen

Halbleiter aufgebracht. Es wurde Dinaphtho[2,3-b:2´3´-f]thieno[3,2-b]thiophene (DNTT)

als Halbleiter ausgewählt, da sich dieses durch eine ausgezeichnete Luftstabilität und

hohe Löcherbeweglichkeit auszeichnet. Polykristalline organische p-Kanal Transistoren

mit einer intrinsischen Ladungsträgerbeweglichkeit von 3.4 cm2/Vs konnten in dieser Ar-

beit realisiert werden. Die Transistoren basieren auf einem Gatedielektrikum bestehend

aus einer dünnen Lage Plasma-gewachsenem Aluminiumoxid und einer organischen selb-

storganisierenden Monolage (Gatekapazität ∼1 µF/cm2). Dies ermöglicht es, die Tran-

sistoren mit niedrigen Spannungen von etwa 3 V zu betreiben. Um TFTs mit Struk-

turabmessungen von weniger als 100 nm herzustellen, wurden Schattenmasken aus einem

Poylmerresist mittels Elektronenstrahllithographie gefertigt. Aufgrund des 5 nm dün-

nen Gatedielektrikums weisen diese Transistoren keine Kurzkanale�ekte auf. Der Un-

terschwellanstieg, das Verhältnis aus Ein- zu Ausstrom und die Schwellspannung sind

vergleichbar zu Langkanaltransistoren mit Strukturabmessungen von 100 µm. Allerd-

ings sind organische Transistoren mit reduzierten Strukturabmessungen häu�g durch die

Energiebarriere an der Grenz�äche zwischen dem Halbleiter und den Source- /Drainkon-

takten beeinträchtigt. Durch den gezielten Einbau von starken Elektronenakzeptoren als

Dotanden kann diese Energiebarriere erniedrigt werden. Mittels Kontaktdotierung konnte

somit der Kontaktwiderstand reduziert und die e�ektive Ladungsträgerbeweglichkeit in



Kurzkanaltransistoren um mehr als 200% erhöht werden.

Transistoren (ohne Kontaktdotierung) mit Strukturabmessungen von ∼1 µm weisen einen

Durchgangsleitwert von ungefähr 1 S/m auf, weshalb diese TFTs mit einer Frequenz von

einigen Megahertz betrieben werden können. Auÿerdem werden in dieser Arbeit der

Ein�uss von extrem reduzierten Strukturabmessungen auf den Kontaktwiderstand und

die maximale Betriebsfrequenz untersucht, sowie potentielle Einschränkungen diskutiert.

Schlagwörter:

Organischer Dünnschichttransistor, Kontaktdotierung, Kontaktwiderstand, Transferlänge,

organischer Halbleiter, ultra-dünnes Gatedielektrikum, Niederspannungs-Transistor, dy-

namischer Betrieb, dinaphtho[2,3-b:2´3´-f]thieno[3,2-b]thiophene, DNTT
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1 Introduction

Transistors are among the most important inventions of the twentieth century [1]. The

transistor is the key active component for amplifying or switching electronic signals. Sim-

ple logic circuits require only a few transistors, whereas modern high-end microprocessors

employ more than a billion transistors [2]. Since state-of-the-art transistors have feature

sizes of less than 30 nm, such a large number of transistors can be realized on an area

of only a few square centimeters. In the year 2009 alone, approximately 1019 transistors

were manufactured, most of them for high-performance microprocessors and solid-state

memory chips [3].

The �rst patent dealing with the idea of a transistor dates back to 1925 by Julius E.

Lilienfeld, but in this time an experimental realization was not possible due to the lack

of technologies for processing thin layers of functional electronic materials. The �rst

experimental realization of a solid-state ampli�er (= transistor) was reported by Rudolf

Hilsch and Robert W. Pohl in 1938 at the University of Göttingen [4]. They modulated the

current in a potassium bromide crystal using an external control electrode and achieved

a gain of 20 to 100, but their results were hardly reproducible. Therefore, often the work

by William B. Schockley, Walter H. Brattain, and John Bardeen in 1947 at Bell Labs is

considered as the �rst successful realization of a transistor, for which they were awarded

with the Nobel Prize in Physics in 1956.

The word �transistor� is a combination of the words �transfer� and �resistor�, and describes

the situation where the electrical resistance of an active material between two electrodes

is controlled by a third electrode. Thus, the magnitude of the electric current �owing

through the transistors can be modulated. If this modulation is achieved by accessing this

active material directly, the transistor is called a bipolar transistor, like the transistor

manufactured at Bell Labs. This consisted of germanium as the active material and

metal point contacts as electrodes. Today, bipolar transistors account for only a very

small portion of the total number of transistors that are manufactured.

By far the most important type of transistor today is the �eld-e�ect transistor (FET).

FETs were �rst developed in the 1960s and two basic implementations are employed. In

one of those implementation the semiconductor has the form of a single-crystalline wafer

that serves as the substrate and as the active material of the transistor. Historically, these

9



1 Introduction

FETs are named metal oxide semiconductor �eld-e�ect transistor (MOSFET). The most

common MOSFET utilizes a silicon wafer. It exhibits a superior dynamic performance and

accounts for > 99% of all transistors and is mainly employed for applications that require

a high integration density (number of transistors per area), such as microprocessors.

In the second important FET implementation, the substrate and the active material

are usually not identical. Instead, the semiconductor and the other components of the

FET are deposited onto a rigid or �exible substrate in the form of thin �lms. Such an

FET is called thin-�lm transistor (TFT). The semiconductor is typically amorphous or

polycrystalline silicon. TFTs do not achieve the performance and integration density of

MOSFETs. However, TFTs can be manufactured on a wide variety of substrates, which

allows the utilization of TFTs for large-area applications, such as to control the individual

pixels in active-matrix displays.

Today's state-of-the-art single-crystalline, polycrystalline, or amorphous silicon transis-

tors are processed at temperatures > 300°C, so that these are not compatible with �exible

plastic substrates which usually have a glass transition temperature of < 200°C. For ap-

plications like �exible displays, conformable sensor arrays, and printable electronics one

approach is to reduce the process temperature of silicon TFTs [5, 6]. Another strategy

is to utilize novel semiconducting materials, such as transparent oxides [7], nanotubes

[8], nanowires [9], or organic materials [10]. Among these, organic semiconductors are

particularly suited for solution-processing or vacuum-deposition at or near room temper-

ature [11, 12, 13, 14, 15, 16]. The �rst reports on the electrical conduction of organic

materials was already reported by Alfredo Pochettino more than 100 years ago [17]. How-

ever, the work by Alan J. Heeger, Alan MacDiarmid, and Hideki Shirakawa in 1977,

who were awarded with the Nobel Prize in Chemistry in 2000, is often considered as the

breakthrough in the realization of high-performance organic electronics [18].

Semiconducting organic materials are useful to realize the active material in electronic

devices, such as light-emitting diodes, solar cells, and thin-�lm transistors. Organic light-

emitting diodes are already commercially available in the form of active-matrix displays

of some high-end smartphones (on rigid substrates, driven by silicon TFTs). Organic

solar cells can also already be purchased, although the production is still limited to small

volumes. Organic transistors, on the other hand, are still mainly the subject of academic

research and of small-scale industrial development (Plastic Logic).

The �rst organic transistor was reported in 1987 by Koezuka and co-workers based

on a thin �lm of the semiconducting polymer polythiophene [19]. The charge-carrier

mobility, which is a measure of the e�ciency of the charge-carrier transport in (organic)

semiconductors, has since then improved by several orders of magnitude thanks to novel

organic semiconductors and improved process techniques (Figure 1.1). For example, the

mobility is now su�ciently large to drive the individual pixels in rollable displays with a

10



Figure 1.1: Development of the largest reported �eld-e�ect mobility of organic tran-
sistors for each year. The graph illustrates the largest reported hole mobility
for �eld-e�ect transistors employing vacuum-processed small molecules, solution-
processed small molecules, organic single-crystals, or polymers as organic semicon-
ductor. Mainly adopted from [3]

row access time of a few kilohertz [20] or to realize radio-frequency identi�cation tags [21].

However, for instance high-de�nition displays require a much faster response frequency

for every individual transistor. A common method to increase the maximum operation

frequency of transistors are to reduce the lateral dimensions (fT ∼ 1/L2). Unfortunately,

this leads to several undesired e�ects, for instance a signi�cant contribution of the contact

resistance to the total transistor resistance, so that the e�ective mobility of the transistor

is reduced.

The aim of this thesis is to investigate and understand the impact of aggressively re-

duced lateral dimensions on the electrical characteristics of organic TFTs in more detail.

Therefore, in chapters 2 and 3 the fundamentals of organic semiconductors and thin-�lm

transistors will be presented, with the focus on organic transistors. In the literature,

downscaling of organic transistors was often reported for the bottom-contact geometry,

in which the metal contacts are deposited prior to the organic semiconductor. The metal

contacts are fabricated by standard photolithography or electron-beam lithography. How-

ever, the bottom-contact geometry exhibits a large contact resistance that signi�cantly

in�uences the electrical characteristics. Therefore, aggressive scaling (which is enabled

for example by electron-beam lithography) is not very useful, since these bottom-contact

transistors are limited by the contact resistance rather than by the resolution of the

lithography technique itself.

In the top-contact geometry, in which the metal contacts are processed on top of the

organic semiconductor, the contact resistance is typically much smaller. Thus, the top-

contact geometry is more suited to study aggressively reduced lateral dimensions. How-

ever, exposing a vacuum-deposited organic �lm to organic solvents (as employed in stan-

11



1 Introduction

dard lithography) signi�cantly degrades the semiconductor performance [22]. Therefore,

top-contact organic transistors are often fabricated by shadow masking. So far, there

are only studies focusing on either large [23, 24] or small [25] dimensions, depending on

the resolution of the employed shadow masking technique. A detailed study on organic

top-contact TFTs with a broad range of lateral dimensions manufactured with a com-

parable process has so far not been reported. In chapter 4 one approach to fabricate

top-contact transistors with dimensions between 200 µm and 0.09 µm is presented. As

the active material in the organic TFTs, the recently developed organic semiconductor

dinaphtho[2,3-b:2´3´-f]thieno[3,2-b]thiophene (DNTT) was utilized, since it exhibits a

large charge-carrier mobility and a good air-stability [26, 27]. The morphology and crys-

tal structure of vacuum-deposited thin �lms of DNTT and their suitability for organic

transistors is investigated in chapter 5. Often the organic semiconductor pentacene, whose

chemical structure is similar to that of DNTT, is considered as the prototypical active

material for organic transistors. Therefore, data obtained for DNTT transistors will be

compared to results reported on pentacene transistors.

The electrical characteristics of DNTT TFTs with large lateral dimensions, but also with

extremely reduced dimensions (∼90 nm), and the impact of the contact resistance on the

electrical characteristics are discussed in chapter 6. Issues related to the air stability are

addressed in chapter 7. Area-selective contact doping to control the contact resistance is

an extremely successful technique in silicon MOSFET technology. This concept was also

adopted for the organic transistors studied in this thesis and the results on organic doping

of the contact area are presented in chapter 8. The last chapter of this thesis deals with

the dynamic response of DNTT transistors and simple integrated circuits.

12



2 Organic semiconductors

Solids in the form of single-crystals, polycrystalline �lms, or amorphous �lms that are

composed of hydrocarbon molecules are considered as organic solids. Organic molecules

mainly consist of carbon and hydrogen atoms, although other atoms, such as nitrogen,

oxygen, sulfur, or �uorine may also be included [28]. The de�nition of organic solids

is very general and covers many materials, but in the framework of this thesis only the

group of intrinsic organic semiconductors is of importance. This group includes all

organic solids that are insulating (in a highly pure structure) at room temperature or

below, but electrically conducting when excess charges are introduced, e.g. by an exter-

nally applied electric �eld [28]. If the structure of these organic semiconductors contains

(un)intentionally incorporated defects, impurities, or foreign atoms, the conductivity can

be either increased (charge-carrier doping) [29, 30, 31] or decreased (charge-carrier trap-

ping) [32].

There are two groups of molecules forming organic semiconductors, polymers and small-

molecules. Polymers are not subject of this thesis and for further information the in-

terested reader is referred to the literature [13, 33]. Among the most prominent small-

molecule compounds are the acenes, e.g. benzene or pentacene (Figure 2.1b,c). Recently

heteroarenes based on benzene and thiophene rings have been receiving large attention

due to their superior charge transport and air stability compared to acenes [34, 35].

For the charge transport in organic semiconductors the presence of a conjugated π −
electron system is essential [28]. This important concept of conjugation is discussed

in section 2.1. In section 2.2 widely used models explaining the charge transport in

organic semiconductors are brie�y discussed. An overview of process technologies for

organic semiconductors (section 2.3) is followed by a section with details on the organic

semiconductor utilized in this work (section 2.4).

2.1 Electronic properties of individual molecules

A free carbon atom has four valence electrons in its electronic ground state (1s22s22p2),

so that two di�erent kinds of chemical bonds are expected, depending on whether 2s-

or 2p-electrons are included in the chemical bond formation. However, in many organic

13



2 Organic semiconductors

Figure 2.1: Carbon-based compounds with sp2-hybridization. a) sp2-atomic hybrid or-
bitals and pz orbitals of carbon. b) Chemical structure and delocalized π-electron
system of benzene (C6H6). c) Chemical structure and delocalized molecular orbitals
of pentacene (C22H14). Images adapted from [37, 38]

molecules, for example methane (CH4), the formation of four uniform chemical bonds

is observed [36]. This observation is explained by the concept of hybrid orbitals, which

assumes a hybridization between the 2s- and the three 2p- (x, y and z direction) atomic

orbitals of carbon. This hybridization results in the formation of four uniform sp3-atomic

hybrid orbitals (sp3-hybridization). The formation of three identical atomic hybrid or-

bitals is denoted as sp2-hybridization (2s, 2px and 2py) and the formation of two identical

atomic hybrid orbitals as sp-hybridization (2s and 2px). The two latter hybridization are,

for instance, observed in ethylene (C2H4) and ethyne (C2H2), respectively.

For the electronic properties of organic semiconductors the concept of sp2-hybridization

is essential. Here, the 2s-, 2px- and the 2py-atomic orbitals form three trigonal-planar

aligned 2sp2-atomic hybrid orbitals, with the 2pz-atomic orbital pointing perpendicularly

out of this plane (Figure 2.1a). One of the most prominent examples for this con�guration

is the benzene molecule (C6H6, Figure 2.1b), which is the basic unit of many organic semi-

conductors. Here, the sp2-atomic hybrid orbitals (in the molecular plane) of the carbon

atoms form σ-bonds with the neighboring carbon or hydrogen atoms. The combination

of all these σ-bonds is denoted as localized σ-molecular orbitals. The pz-atomic orbitals

(out of the molecular plane) of the carbon atoms form π-bonds with one neighboring

carbon atom, and their combinations are called π-molecular orbitals. There is an alter-

nation of single (only σ-bonds) and double bonds (σ- and π-bonds) within the benzene

molecule, so that the π-bonds (π-electrons) are not assigned to a certain carbon atom

pair, but are delocalized over the whole molecule (Figure 2.1b). In total there are twelve

bonding and twelve anti-bonding localized σ-molecular orbitals in the molecule plane and

three bonding and three anti-bonding delocalized π-molecular orbitals. The delocalized

π-molecular orbitals are responsible for the electronic properties of the molecule. The

frontier molecular orbitals, i.e. the highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO), are of particular interest. The energetic po-

sition of the HOMO corresponds to the ionization energy of the molecule and the LUMO

14



2.2 Charge-carrier transport in organic semiconductors

corresponds to the electron a�nity of the molecule. In analogy to inorganic semiconduc-

tors, such as silicon, the energy di�erence between these two energy levels is de�ned as

the energy gap. The HOMO-LUMO gap of benzene is 6.8 eV, which is too large to be

useful for electronic applications. However, the HOMO-LUMO gap energy decreases as

the number of delocalized π-electrons participating in the π-system is increased [28]. This

is seen for the acenes, for instance, so that the HOMO-LUMO gap of pentacene (C22H14,

�ve linear fused benzene rings, Figure 2.1c) is only 2.2 eV [28] and allows the utilization

of this organic semiconductor in electronic applications [33, 39, 40, 41].

2.2 Charge-carrier transport in organic semiconductors

Organic semiconducting solids are intrinsically insulating and their conductivity must

be triggered by external factors, like shifting the Fermi level by an externally applied

�eld to modify the charge-carrier density. The ability of a charge carrier to move in

a solid is quanti�ed by the mobility µ (unit: cm2

Vs
), which is the proportionality factor

between the mean drift velocity vD of the charge carriers and the applied electric �eld
−→
E : vD = µ · −→E . The charge-carrier mobility is a material parameter and determines the

electrical conductivity σ:

σ = e · µ · n (2.1)

with the elementary charge e (negative for electrons and positive for holes) and the charge-

carrier density n. In inorganic semiconductors the strong covalent bonds between neigh-

boring atoms form broad energy bands and the charge-transport mechanism is often

described by a band-like transport. In contrast, individual molecules in organic semi-

conductors interact via much weaker van der Waals forces, so that the energy bands are

more narrow. Due to the unintentional incorporation of chemical impurities, structural

defects or grain boundaries, which introduce a large density of localized states disturb-

ing the periodicity of the crystal lattice, the assumption of a simple band-like transport

usually fails in organic semiconductors. In a �rst approximation, the e�ciency of the

charge transport through the organic semiconductor depends on the overlap between the

π-molecular orbitals of neighboring molecules (= on the value of the transfer integral,

which describes the interaction between neighboring HOMOs or LUMOs) and is typi-

cally more e�ective for well-ordered �lms [28]. However, a main problem originates from

the broad range of charge-carrier mobilities reported at room temperature for organic

semiconductors (10−6 − 101 cm2

Vs
) [3], so that currently no single model fully describes

this charge-transport mechanism. From the multitude of proposed models, the variable-

range hopping model (VRH model) and the multiple trapping and release model

(MTR model) are often utilized to describe the charge transport in organic semiconductors

and will be brie�y discussed in the next paragraphs.
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2 Organic semiconductors

Figure 2.2: Charge-transport mechanisms in organic semiconductors. a) The variable-
range hopping model assumes a transport mechanism driven by thermal energy
and/or tunneling between discrete states. The model is useful to describe the charge
transport in amorphous organic semiconductors with a charge-carrier mobility of
∼10−3 cm2

Vs . b) The multiple trapping and release model assumes a transport mech-
anism driven by thermal activation of charge carriers into extended states followed
by a trapping in discrete states. This model is useful to describe the charge trans-
port in polycrystalline organic semiconductors with a charge-carrier mobility of
∼1 cm2

Vs . Schematics adapted from [42].

Variable-range hopping model

The VRH model was introduced to decribed the charge transport in disordered inorganic

materials [43], but it is also applicable to organic semiconductors [44]. In this model the

charge-carrier transport is considered as a hopping between localized electronic states,

which can be considered as charge traps induced by chemical impurities, structural defects

or grain boundaries (Figure 2.2). The hopping rate (= mobility) between two localized

states is thermally activated and/or tunneling assisted and the relaxation takes place

under phonon emission. The necessary activation energy further depends on the molecular

order and on the charge-carrier density. If the charge-carrier density is increased, the

lower trap levels are �lled, the activation energy decreases, and the mobility increases.

The mechanism to control the charge-carrier density by an external voltage is discussed

in section 3.1.1. The VRH model is useful to describe the charge-transport mechanism in

amorphous materials with a maximum mobility of ∼ 10−3 cm2

Vs
.

Multiple trapping and release model

The MTR model was introduced to describe the charge transport in amorphous silicon

[45] and was adapted to organic transistors by Horowitz and co-workers [46]. In the model
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Figure 2.3: Morphology of a polycrystalline organic thin �lm. a) Schematic of the
three-dimensional growth of a small molecule on an insulating substrate. The ar-
rangement of the molecules favors a strong overlap of the delocalized π-electrons
perpendicular to the long axis of the molecule (parallel to the surface). b) Atomic
force microscope (amplitude) image of a polycrystalline pentacene �lm grown on an
insulating low-energy surface. The crystallites and the terrace steps corresponding
to the length of one pentacene molecule are shown.

a charge transport in extended states (transport band) above the localized states (Figure

2.2) is assumed. Similar to the VRH model, the mobility is temperature-activated and

further depends on the charge carrier density and the activation energy from localized

states into the extended transport states. The transport is explained by a thermal acti-

vation of charge carriers into the transport band, in which an e�cient charge transport is

possible. Impurities, defects, and grain boundaries can scatter charge carriers back into

localized states. The typical activation energies in the MTR model are around 10-30 meV.

The model is useful to describe the charge transport in organic TFTs with mobilities as

large as ∼1 cm2

Vs
.

2.3 Processing of organic semiconductors

A variety of methods are available to grow an organic (semiconducting) solid for electronic

applications, but not all of these can be discussed here. Soluble molecules can be pro-

cessed by spin coating [47], dip or drop casting [48], airbrush deposition [49], and printing

techniques [11, 14, 50]. Spin coating and printing of molecules often leads to amorphous

�lms with no long-range order [47], whereas dip or drop casting produces small crystals

with a higher molecular order, but which are randomly dispersed on the substrate [51].

Other techniqures to process molecules (soluble and non-soluble molecules) include single-

crystal growth [52, 53, 54, 55], chemical vapor deposition [56], and sublimation in vacuum

[57, 58, 59, 60]. However, the necessity to sublime the semiconductor without decomposi-

tion of the molecules limits these techniques to molecules with a low molecular weight (the
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deposition of macro molecules is possible, for instance by electrospray ion-beam deposition

[61] or matrix-assisted laser desorption/ionization [62]). Single-crystal growth produces

organic solids with a high material purity, molecular order, and the most e�ective charge

transport, but this technique is complex and time consuming.

The sublimation of organic semiconductors in vacuum is a simple method to produce

�lms with a long-range molecular order. This technqiue was also used to deposit the

organic semiconductors utilized in this work. Vacuum-deposited small molecules often

form well-ordered polycrystalline �lms. The exact morphology and nucleation density on

the surface depend mainly on the substrate temperature, substrate surface energy, surface

roughness, and deposition rate [63]. It is known that the molecules favor a two-dimensional

growth with large grains on inorganic dielectrics with a high surface energy and a three-

dimensional growth with smaller grains on low-energy dielectrics. The mobility is typically

higher in �lms grown on the latter surfaces [3]. The exact mechanism responsible for this

observation is not yet clari�ed, but it is likely that voids between disconnected grains

hinder the charge transport for two-dimensionally grown organic semiconductors on high-

energy surfaces [3]. In addition, an elevated substrate temperature (∼60-100°C) is utilized
to provide additional energy to the molecules, so that the di�usion length on the surface

is increased and the number of nucleation centers is reduced [63]. However, if the sub-

strate temperature is too high, the sticking coe�cient of the molecules is reduced and no

nucleation on the substrates occurs. Even though thermally evaporated organic semicon-

ductors often exhibit a three-dimensional �lm growth, as illustrated in Figure 2.3b, the

exact molecular order can vary depending on the molecule itself and the substrate surface.

In the case of pentacene the molecules lie �at on conducting surfaces (due to the strong

overlap between the delocalized π-electrons of pentacene and the electrons on the surface

of the conducting substrate) [64], whereas the molecules stand perpendicular on insulating

surfaces (Figure 2.3a) [65, 66]. In contrast, the �rst two layers of thermally evaporated

�lms of hexa�uorocopperphthalocyanine (F16CuPc) lie �at on insulating surfaces [67, 68].

The arrangement of pentacene molecules on insulating substrates (Figure 2.3a) results in

an e�cient charge transport in the plane parallel to the substrate (strong interaction be-

tween neighboring molecules) and a less e�ective transport perpendicular to the substrate

(weak interaction between neighboring molecules).

2.4 Dinaphtho[2,3-b:2´3´-f]thieno[3,2-b]thiophene

(DNTT)

In this thesis the organic semiconductor dinaphtho[2,3-b:2´3´-f]thieno[3,2-b]thiophene

(C22H12S2, DNTT) that was introduced by Yamamoto and Takimiya in 2007 [26, 27] has
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Figure 2.4: Chemical structure and crystal structure of DNTT. a) Chemical structure
of dinaphtho[2,3-b:2´3´-f]thieno[3,2-b]thiophene (DNTT, C22H12S2). b) Crystal
structure of DNTT. The molecules pack in a herringbone structure in the ab-plane
(a = 6.187 Å, b = 7.662 Å) with a layer spacing of 16.21 Å in the c-direction.
Values and schematics adapted from [35].

been utilized. The DNTT molecule is a symmetric heteroarene with six fused aromatic

rings consisting of two naphthalene and two thiophene units (Figure 2.4a). It currently

receives a lot of attention due to its high mobility and its excellent air stability [26]. For

single-crystals of DNTT, Haas and co-workers reported a hole mobility of 8.3 cm2

Vs
[69],

and in polycrystalline thin-�lms a reasonably large hole mobility of 3 cm2

Vs
was measured

[27]. The HOMO energy in DNTT is -5.4 eV [26] and energetically deeper compared to

the prototypical small-molecule pentacene, which has a HOMO energy of -5.0 eV, so that

the oxidation potential of DNTT molecules is larger and a better air stability can be

expected. The LUMO energy of DNTT is at -3.0 eV [26] introducing a su�ciently large

HOMO-LUMO gap of -2.4 eV (pentacene: 2.2 eV [28]) allowing the utilization of DNTT

for organic transistors.

As is common for most crystalline organic semiconductors, the molecules pack in a her-

ringbone structure in the ab-plane (a = 6.187 Å, b = 7.662 Å) with a layer spacing of

16.21 Å in the c-direction [26] (Figure 2.4b). The theoretically calculated e�ective mass

of holes at the top of the valence band at the Γ point is 1.9 m0 along the a-plane and

2.7 m0 along the b-plane, with m0 being the free electron mass [35]. Compared to pen-

tacene with an e�ective mass of 1 to 4 m0, depending on the �lm phase, the anisotropy

of the e�ective mass in DNTT �lms is small [35]. This is in good agreement with the

experimentally derived mobilities in the ab-pane of DNTT single-crystals and con�rms

the isotropic distribution (note: the charge-carrier mobility is inversely proportional to

the e�ective mass) [54].
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3 Theory of thin-�lm transistors

Field-e�ect transistors are three-terminal devices consisting of a source, a drain, and a gate

electrode. The resistance of a semiconductor between the source and the drain contact

is controlled by the electric potential applied to the gate electrode that is capacitively

separated from the semiconductor by the gate dielectric (Figure 3.1). Thus, by applying

a gate-source voltage the resistance of the semiconductor is controlled, so that the current

�owing along the channel from the source to the drain contact under the in�uence of

an additional drain-source voltage can be modulated. The distance between the source

and the drain contact is called channel length L and the overlap distance between the

gate electrode and the source/drain contacts is called contact length LC. Both these

parameters, L and LC, play important roles in determining the electrical properties of

organic transistors.

Figure 3.1: Schematic of a thin-�lm transistor. The schematic illustrates a thin-�lm tran-
sistor. The transistor consists of three terminals, the source, the drain, and the
gate electrode. The resistance of the semiconductor between the source and the
drain contact is controlled by the electric potential applied to the gate electrode
that is capacitively separated from the semiconductor by the gate dielectric. Thus,
by applying a gate-source voltage the resistance of the semiconductor is controlled,
so that the current �owing along the channel from the source to the drain contact
under the in�uence of an additional drain-source voltage can be modulated.

In section 3.1 the basic transistor equations will be derived, their adaptability to organic

transistors will be discussed, and the most important transistor parameters will be de�ned.

Subsequently, the dynamic properties of transistors (section 3.2) and the e�ects leading

to deviations from the ideal electrical characteristics will be discussed (section 3.3).
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3.1 Basic transistor equations

In this section a model to derive the basic transistor equations will be discussed. It is

mainly related to the model describing the single-crystalline silicon MOSFET and can

be followed in [70, 71]. First, the surface charge density of a p-doped (incorporation of

electron-de�cient dopant species) semiconductor as a function of the surface potential will

be calculated. The derived formula will be modi�ed to account for the situation in organic

transistors, where the organic semiconductor is typically intrinsic and the transistors are

operated in the accumulation mode [72].

3.1.1 Metal-insulator-semiconductor capacitor

For TFTs (Figure 3.1) the drain current ID along the transistor channel length L from

the source to the drain contact is controlled by the gate-source voltage VGS. The gate

electrode is electrostatically coupled via the gate dielectric to the organic semiconductor.

Following Drude's model, the drain current is proportional to the conductivity σ of the

semiconductor and the drain-source voltage VDS along the transistor channel:

ID ∝ σ · VDS (3.1)

with

σ = e · p · µ0. (3.2)

Here, e is the elementary charge, p the density of charge carriers in the organic semicon-

ductor, and µ0 the intrinsic charge-carrier mobility. Since µ0 is assumed to be independent

of the electrostatic potential, the density of charge carriers p must be controlled by the

gate-source voltage to modify the conductivity of the channel. In a p-doped semiconductor

the density of holes in the valence band is given by

p0 = NV ·
nA

nD

exp

(
−EV − EF

kBT

)
, (3.3)

with the valence band energy EV and the Fermi energy EF. NV is the e�ective density of

states in the valence band, nA and nD are the densities of acceptors and donors, respec-

tively, kB the Boltzmann constant, and T the temperature. The density of holes in the

semiconductor is in�uenced by the external electrostatic potential φ(y) (the gate-source

voltage). The potential φ(y) has its maximum at the gate dielectric/semiconductor inter-

face (surface potential φ(y = 0) = φS) and can be neglected in the bulk (φ(y →∞) = 0).

Therefore, the density of holes in the bulk is well described by equation 3.3, however, close

to the gate dielectric/semiconductor interface the density of holes is strongly in�uenced
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Figure 3.2: Ideal metal/insulator/semiconductor capacitor and surface charge den-
sity as a function of the surface potential. a) The schematic shows the energy
level alignment across a metal (gate) electrode/(gate) dielectric/p-doped semicon-
ductor capacitor. By applying a negative potential to the gate electrode, the hole
density in the semiconductor is increased (accumulation). Applying a positive po-
tential to the gate electrode reduces the hole density (depletion) and strongly in-
creases the electron density for a higher potential (inversion). b) Surface charge
per unit area as a function of the surface potential for a p-doped semiconductor
indicating the �ve characteristic regions: hole accumulation, �at band point, hole
depletion, weak, and strong inversion.

by the potential φ. Depending on the sign of φ the energy bands are bent upwards or

downwards (at the gate dielectric/semiconductor interface), so that holes or electrons are

accumulated (Figure 3.2a). The density of holes as a function of the potential φ in the

vicinity of the gate dielectric/semiconductor interface is expressed by:

pφ(y) = p0 · exp

(
−eφ(y)

kBT

)
(3.4)

and for electrons:

nφ(y) = n0 · exp

(
eφ(y)

kBT

)
. (3.5)

The charge density in the semiconductor is calculated using the Poisson equation:

d2φ

dy2
= −ρ(y)

ε0εr

(3.6)

with the charge density ρ(y) = e (pφ(y)− p0 − (nφ(y)− n0)), the electric permittivity of

the vacuum ε0 and the relative permittivity of the semiconductor εr. ρ(y) can be expressed

using equations 3.4 and 3.5. Integration of equation 3.6 from the bulk (φ(y →∞) = 0)

to the gate dielectric/semiconductor interface (φ(y = 0) = φS) yields:
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ˆ φS

0

d2φ

dy2
dφ =

− e

ε0εr

ˆ φS

0

{
p0 ·

[
exp

(
−eφ(y)

kBT

)
− 1

]
+ n0 ·

[
exp

(
eφ(y)

kBT

)
− 1

]}
dφ. (3.7)

Together with Gauss' Law QS = −ε0εrES, where ES is the electric �eld created by the

charge density Qs at the surface, and the utilization of the relation [71]

ˆ φS

0

d2φ

dy2
dφ =

1

2
E2

S, (3.8)

the surface charge density QS is derived:

(QS)
2 =

(
±
√

2ε0εrkBT
)2

· p0 ·
[
exp

(
− eφS

kBT

)
+

eφS

kBT
− 1

]
+

(
±
√

2ε0εrkBT
)2

· n0 ·
[
exp

(
eφS

kBT

)
− eφS

kBT
+ 1

]
. (3.9)

In Figure 3.2b on page 23 the room-temperature surface charge per unit area for a p-

doped semiconductor is shown for a hole density of 1017 cm−3 and an electron density of

1011 cm−3. The graph consists of �ve regions and describes the typical behavior of an

n-channel MOSFET. Excess holes are accumulated at the gate dielectric/semiconductor

interface if a negative surface potential is applied (accumulation). For zero surface

potential, the so called �at-band condition is ful�lled and there is no band bending

at the interface. A small positive potential causes the depletion of free holes (which

exist in the semiconductor due to the doping) followed by a weak inversion, where the

concentration of electrons becomes larger than the concentration of holes. For a high

positive potential the region of strong inversion is reached and electrons are induced at

the gate dielectric/semiconductor interface.

3.1.2 Adaptability to intrinsic (organic) semiconductors

Surface charge density for intrinsic semiconductors

Equation 3.9 describes the surface-charge density for a p-doped semiconductor. However,

neglecting unintentional impurity doping by external factors, organic semiconductors are

considered as intrinsic semiconductors. For equal concentrations of electrons and holes,
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Figure 3.3: Contact metal/semiconductor interface. The schematic indicates a small
(ohmic) contact barrier for the transfer of charge carriers from the metal into the
HOMO, but a large contact barrier into the LUMO of the organic semiconductor.
This interface is useful to realize p-channel transistors.

p0 = n0 = ni, equation 3.9 reads:

QS = ±
√

2ε0εrkBT ·

√
ni ·
[
exp

(
− eφS

kBT

)
− exp

(
eφS

kBT

)]
. (3.10)

The room-temperature surface charge per unit area as a function of the surface potential

for an intrinsic semiconductor is illustrated in Figure 3.2b. Depending on the sign of φ,

either electron or hole accumulation is possible. Depletion or inversion regions are not

present, since these would require the existence of donors or acceptors. Note, that it is

not immediately clear where the accumulated charge carriers are coming from. It may

be appropriate to consider the source contact as a reservoir for the accumulated charge

carriers, so that the energy barrier between the organic semiconductor and the metal

contacts should be as small as possible to allow the accumulation of a large charge-carrier

density in the organic semiconductor.

Metal/organic semiconductor contact

At the interface between a metal and an (in)organic semiconductor an energy barrier is

usually formed. The height of the barrier depends on the work functions of the two materi-

als [70, 73, 74]. For inorganic transistors, for instance single-crystalline silicon MOSFETs,

the barrier between the source/drain contacts and the semiconductor is adjusted by se-

lectively doping the contact area [75, 76]. In contrast, for organic TFTs contact doping

is challenging and will be introduced in detail in chapter 8. In organic TFTs the barrier

height can be reduced by selecting a metal with a work function that matches the LUMO

or HOMO energy of the organic semiconductor [77]. Figure 3.3 illustrates the contact
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barrier between a metal and an organic semiconductor, indicating a small contact barrier

to the HOMO and a larger contact barrier to the LUMO. In this situation, the TFT

is operated as a p-channel transistor, while operation as n-channel transistor is greatly

suppressed. This explains the p-channel character of many organic semiconductors (the

HOMO energy level is typically 4-5 eV, and most often high-work-function metals are

utilized for the source/drain contacts). A second mechanism leading to the unipolar char-

acter of many organic semiconductors is the stronger trapping rate for electrons at the

gate dielectric/semiconductor interface [78].

3.1.3 Drain-current calculation

Equation 3.9 describes the charge density in the transistor channel in general. This charge

density is in�uenced not only by the gate-source voltage φ(y), but also by the potential

ψDS(x) along the channel, which is created by the the drain-source voltage. Therefore, the

channel potential becomes a two-dimensional function φ(x, y) = φ(y)− ψDS(x). To derive

an analytical expression for the drain current ID along the channel, several assumptions

must be made:

� The gate/gate dielectric/semiconductor capacitor is an ideal MIS capacitor, which

means there are neither interface traps nor mobile oxide charges present. To account

for this ideal assumption, the gate-source voltage VGS is replaced by (VGS − Vth),

with the threshold voltage Vth accounting for a vanishing surface-charge density on

the gate dielectric surface (�at band condition).

� There are no di�usion currents in the transistor and only drift currents are consid-

ered.

� The longitudinal electric �eld Ex along the channel is much smaller than the trans-

verse electric �eld Ey across the gate dielectric (gradual-channel approximation).

With these assumptions and by replacing the potential φ(y) with φ(x, y) in equation 3.9,

the following relation is obtained:

(QS)
2 =

(
±
√

2ε0εrkBT
)2

· p0 ·
[
exp

(
−e (φS − ψDS(x))

kBT

)
+

eφS

kBT
− exp

(
eψDS

kBT

)]
+

(
±
√

2ε0εrkBT
)2

· n0 ·
[
exp

(
e (φS − ψDS(x))

kBT

)
− eφS

kBT
− exp

(
−eψDS

kBT

)]
. (3.11)

Finally, the drain current is given by

ID = W ·QS(x) · v(x) (3.12)
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with v(x) being the average charge-carrier velocity given by v = E·µ0 and W the transistor

channel width. Since the drain current must be constant along the channel, this equation

can be transformed to

ID =
W

L

ˆ L

0

QS(x) · v(x)dx =
µ0W

L

ˆ L

0

QS(x) · E(x)dx =

µ0W

L

ˆ VDS

0

QS(x) · dψDS

dx
dx (3.13)

using E = −dψ
dx
. In the most general form equation 3.11 must be inserted into 3.12 and

the drain current is derived by integration, but even for the assumptions of intrinsic semi-

conductors (p0 = n0 = ni) this equation has complicated solutions. Following standard

textbooks a simple solution can be derived using the charge-sheet model [70]. This model

assumes a charge sheet as accumulation layer controlled by a plate capacitor consisting

of the gate electrode, the gate dielectric, and the semiconductor. The thickness of this

charge sheet is zero, so that the potential drop across it is also zero. Then, the surface

charge density QS is given by

QS(x) = Ci · V(x) = Ci · (VGS − Vth − ψDS(x)) (3.14)

with Ci being the gate capacitance per unit area of the gate dielectric. Inserting equation

3.14 into equation 3.12 yields:

ID =
µ0W

L

ˆ VDS

0

Ci · (VGS − Vth − ψDS(x)) dψDS. (3.15)

Integration of equation 3.15 under the assumption of an electric-�eld-independent mobility

leads to the transistor drain current in the on-state. Strictly speaking, the assumption of a

�eld-independent mobility fails for organic semiconductors [72, 79, 80], but for simplicity

it will be used for now. Details on the �eld-dependent mobility are discussed in section

6.2.2. Figure 3.4 shows the drain current as a function of the gate-source voltage (transfer

characteristics) and the drain current as a function of the drain-source voltage (output

characteristics). The on-state region described by the charge-sheet model is composed

of two regions, the linear and the saturation region.

On-state region - linear current

For small drain-source voltages, VDS < VGS − Vth, the voltage drop along the transistor

channel is homogeneous and equation 3.15 reads:

ID =
µ0WCi

L
·
(

VGS − Vth −
VDS

2

)
· VDS (linear region). (3.16)
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This equation describes the drain current in the linear region of operation (Figure 3.4).

On-state region - saturation current

When the drain-source voltage is increased and approaches VGS − Vth, the accumulated

charge density underneath the drain contact is more and more reduced by the drain

potential. For VDS = VGS − Vth, the charge density under the drain contact is zero and

the conducting channel is pinched-o�. A further increase of the drain-source voltage

beyond VGS − Vth shifts this pinch-o� point towards the source contact, causing the drain

current to saturate (Figure 3.4). By replacing VDS with VGS − Vth in equation 3.16, the

drain current in the saturation region is obtained:

ID =
µ0WCi

2 · L
· (VGS − Vth)

2 (saturation region). (3.17)

Figure 3.4: Electrical characteristics of thin-�lm transistors operated in accumula-
tion. a) The transfer characteristics show the drain current as a function of the
gate-source voltage (for a �xed drain-source voltage). In the characteristics the o�-
state, the subthreshold, the saturation and the linear region can be distinguished.
The gate current indicates the current measured at the gate electrode: it is deter-
mined by the insulating properties of the gate dielectric. b) The output character-
istics display the drain current as a function of the drain-source voltage for several
gate-source voltages. Ideally, the drain current increases linearly and saturates for
VDS > VGS −Vth.

Subthreshold region

The charge density in the subthreshold region (and in the o�-state region) depends non-

linearly on the gate-source voltage, so that the charge-sheet model is not applicable.

Although it is in principle possible to derive an analytical solution for this region using
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equations 3.11 and 3.15, this will not be done here. In the subthreshold region the charge

density depends exponentially on the gate-source voltage [70]:

ID ∼ exp

(
eφS

kBT

)
, (3.18)

so that a small change of the gate-source voltage has a drastic e�ect on the drain current.

The slope of the drain current in this region is denoted as subthreshold swing S and is

described by [3]:

S ≡ (ln10) · kT

q

(
Ci + qNtraps

Ci

)
, (3.19)

where Ntraps is the trap density at the gate dielectric/semiconductor interface. A steep

subthreshold swing is useful to drive the transistors within a small gate-source-voltage

range. Note, that the theoretical minimum for the subthreshold swing at room temper-

ature is 60 mV/decade [70]. From equation 3.19 it is obvious that a steep subthreshold

swing is achievable by increasing the gate dielectric capacitance or by utilizing a gate

dielectric which forms less trap states at the gate dielectric/semiconductor interface. The

subthreshold swing is a useful measure of the interface trap density.

O�-State region

In the o�-state region the drain current does not signi�cantly depend on the drain-source

voltage (exceptions are discussed in section 3.3.1), but strongly depends on the doping

concentration in the semiconductor. In this region the drain current is described by [71]:

ID ∼
√

NVnA

nD

·
√

VGS · VDS. (3.20)

Gate current

So far, the gate current IG has been neglected, since the dielectric in the MIS capacitor

(section 3.1.1) has been considered as a perfect insulator. In reality, however, there is a

gate (leakage) current which is undesired for two reasons. First, the leakage current of

one transistor multiplied by the number of transistors employed in an integrated circuit

and multiplied by the supply voltage equals the minimum standby power consumption,

which should be minimized. Second, a large leakage current limits the on/o� current ratio

(see next section) which should be, however, as large as possible, especially for transistors

employed in active-matrix displays.

Organic TFTs require a charge-carrier density of about 1012− 1013 cm−2 in the transistor

channel in the on-state. Ideally, this charge density should be accumulated at low voltages
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3 Theory of thin-�lm transistors

(< 10 V) to allow the integration in portable devices. According to the charge-sheet model,

the gate capacitance per unit area is given by

Ci =
QS

VGS − Vth

=
ε0εr

tdiel

, (3.21)

which can be solved for the thickness tdiel of the gate dielectric. Assuming an εr of 5-10

and an operation voltage of 10 V the gate dielectric thickness should be:

tdiel =
ε0εr

QS

· VGS ∼ 1− 10 nm. (3.22)

In this work, a hybrid gate dielectric with a thickness of ∼5 nm and a leakage current

density of 10−5 A
cm2 at ∼3 V was utilized [12], so that the gate current of the transistors is

typically around ∼1-10 pA, depending on the exact transistor geometry. Details on this

particular gate dielectric are introduced in chapter 4.

3.1.4 Transistor parameters

The current-voltage characteristics of transistors are useful to extract di�erent charac-

teristic parameters, such as the transconductance, the �eld-e�ect mobility of the charge

carriers, the subthreshold swing, the threshold voltage, the on/o� current ratio, the con-

tact resistance, and the sheet resistance [3, 72, 81, 82]. These parameters are useful to

benchmark transistors manufactured with di�erent technologies, or transistors manufac-

tured within the same technology, but with di�erent lateral dimensions.

Transconductance

The transconductance is de�ned as gm = ∂ID
∂VGS

(unit: Siemens, S) and describes the re-

sponse of the drain current to changes of the gate-source voltage. To compare transistors

of di�erent channel width W, the transconductance is often normalized to the channel

width (unit: S/m). According to equations 3.16 and 3.17 one derives:

gm =
µ0WCi

L
· VDS (linear region) (3.23)

and

gm =
µ0WCi

L
· (VGS − Vth) (saturation region). (3.24)

The transconductance is inversely proportional to the channel length. In other words, the

transconductance can be increased by reducing the channel length of the transistor. This
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3.1 Basic transistor equations

is important for the dynamic operation of transistors (section 3.2).

Field-e�ect mobility

Similar to the transconductance the �eld-e�ect mobility of the charge carriers (or simply

mobility) in the transistor channel can be extracted. From equations 3.16 or 3.17 one

gets:

µlin =
L

WCiVDS

dID
dVGS

(linear region) (3.25)

and

µsat =
2L

WCi

(
d
√

ID
dVGS

)2

(saturation region). (3.26)

Subthreshold swing

The subthreshold swing was already introduced and is given by equation 3.19.

Threshold voltage

In single-crystalline silicon MOSFETs the threshold voltage is de�ned as the gate-source

voltage at the onset of inversion in the transistor channel. Organic transistors do not

operate in inversion, so that this de�nition is not useful. Instead, the threshold voltage

in organic TFTs is often considered as the gate-source voltage necessary to �ll all traps

states at the gate dielectric/semiconductor interface. For a transistor with an intrinsic

semiconductor the threshold voltage is expressed as [70]:

Vth = φms −
Qf

Ci

(3.27)

where φms is the work function di�erence between the metal and the semiconductor and

Qf describes in general the density of trap at the gate dielectric/semiconductor interface

or in the gate dielectric itself. Ideally, φms is zero and there are no �xed charges present in

the gate dielectric, so that the threshold voltage is zero. In reality, the mismatch between

the work function of the gate metal and the semiconductor, and the presence of traps

generate a non-zero threshold voltage. In the literature on organic TFTs the threshold

voltage is often estimated by extrapolating the drain current in the transfer characteristics

to the intersection with the x-axis (in the linear region of the transfer characteristics). An

alternative approach utilized in this work is the constant-current approach [83], where the

threshold voltage is de�ned as the gate-source voltage for a certain drain current (100 pA

in this work). A detailed study on various threshold voltage extraction methods is found

in [84].
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3 Theory of thin-�lm transistors

On/o� current ratio

The ratio between the on-state drain current (maximum VGS) and the o�-state drain

current (VGS = 0 V) is called on/o� current ratio. In terms of technical applications this

ratio should be as large as possible. Typical values for the on/o� current ratio are six to

seven orders of magnitude.

Contact and sheet resistance

The contact and sheet resistance are discussed in sections 3.3.2 and 6.2 in detail.

3.2 Dynamic operation

In digital applications the on-state and o�-state of the transistor resemble the logic states

�1� and �0�. Switching the transistor between these two states requires the gate capacitance

to be charged or discharged. During this charging or discharging process a displacement

gate current iG �ows into or out of the gate electrode. This displacement gate current

is proportional to the charge on the gate electrode qG and inversely proportional to the

time interval ∂t of the charging and discharging process. The change in charge on the

Figure 3.5: Schematic of the capacitances in a thin-�lm transistor. The image illus-
trates the intrinsic capacitance of the accumulation channel and the parasitic capac-
itances created by the overlap between the source and drain contacts and the gate
electrode. The operation frequency of the transistor can be increased by reducing
the parasitic capacitances and/or the channel capacitance.

gate electrode is given by ∂qG = CG · ∂vGS, with the gate capacitance CG. The gate

capacitance is the sum of the parasitic gate-to-source and gate-to-drain capacitances (CGS

and CGD, Figure 3.5), and the channel capacitance (Cch, Figure 3.5):

CG ∼CGS + Cch + CGD ∼ Ci ·W · (L + 2 · LC) (3.28)

Thus, the displacement gate current reads

iG =
∂qG

∂t
= CG

∂vGS

∂t
= j2π · f · CG · vGS (3.29)
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3.3 Nonidealities of the transistor characteristics

and is proportional to the frequency f of the gate-source voltage (j: imaginary number) [3].

The total gate current equals the sum of the frequency-dependent displacement gate cur-

rent and a frequency-independent contribution given by the gate leakage current through

the gate dielectric. However, the latter is usually much smaller than the displacement

gate current and can be neglected here. The drain current is frequency-independent and

given by iD = gmvGS. The current gain of a transistor, which is de�ned as the ratio of the

drain current and gate current, consequently decreases with increasing frequency. If the

ratio of the two numbers is unity, the transistor is no longer properly working and this

situation is de�ned as the cut-o� frequency fT:

fT = f

(
ID
IG

= 1

)
=

gm

2π · CG

=
µ · VDS

2π · L · (L + 2 · LC)
. (3.30)

Equation 3.30 shows that the cut-o� frequency can be increased by using an (organic)

semiconductor with a larger mobility or by applying higher voltages. However, the evo-

lution of the mobility in organic semiconductors over the last years does not promise

orders-of-magnitude improvements in the near future (Figure 1.1 on page 11). Also, high

supply voltages are not realistic for most battery-powered (portable) applications. But

equation 3.30 shows that the cut-o� frequency can be also increased by reducing the

channel length L and the parasitic overlap LC, and this is one of the objectives of this

thesis.

3.3 Nonidealities of the transistor characteristics

3.3.1 Short-channel e�ects

If the channel length of a transistor is reduced, the thickness of the gate dielectric must

also be reduced, in order to keep the ratio between channel length L and gate dielectric

thickness tdiel well above 10 (ideally L
tdiel

≥ 20). This requirement was �rst rationalized by

Dennard and co-workers for silicon MOSFETs and became a cornerstone in the continuous

scaling of silicon MOSFETs [75]. If the dielectric scaling requirement is ignored, the

in�uence of the lateral electric �eld (VDS

L
) relative to the transverse electric �eld (VGS

L
) in

determining the electric potential along the transistor channel becomes too large. This

generates several undesired short-channel e�ects [85]:

� At a gate-source voltage at which the carrier density in the channel should be near

zero and the drain current should be suppressed (i.e., when the transistor is expected

to be turned �o��), large amounts of carriers will still enter the channel, so the o�-

state drain current will be large and the transistor will have a small on/o� current

ratio and the transistor turns on earlier (drain-induced barrier lowering, DIBL).
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3 Theory of thin-�lm transistors

� The shift of the pinch-o� point towards the source contact for higher drain-source

voltages reduces the e�ective channel length, especially for transistors with a small

channel length. Therefore, the channel resistance is drastically reduced and the drain

current does not saturate, but increases continuously (channel length modulation,

CLM).

In short, ignoring the dielectric scaling requirement leads to a large o�-state current, small

on/o� current ratio, poor current saturation, and threshold-voltage roll-o�. This can be

seen in many previous reports of short-channel organic TFTs [14, 85, 86, 87, 88, 89, 90,

91, 92, 93, 94, 95].

3.3.2 Contact resistance

Origin of the contact resistance

The drain current of organic transistors is often limited by the energy barrier at the in-

terface between the semiconductor and the source/drain contacts. This barrier is reduced

by choosing a source/drain contact metal with a proper work function that matches the

LUMO or HOMO energy of the organic semiconductor [77, 96]. For example, pentacene

p-channel TFTs (electron a�nity of ∼4.9 eV) with gold contacts (work function ∼4.9 eV)
have a contact resistance of ∼ 2 kΩ·cm which is much smaller compared to p-channel

pentacene transistors with calcium contacts (work function ∼2.9 eV) having a contact

resistance of ∼ 85 kΩ·cm [77]. It is important to note that the metal work function con-

sist of a contribution from the bulk and a contribution from the surface-dipole created

by the electron cloud tails [97]. As a result, the energy barrier does not simply corre-

spond to the energy di�erence of the HOMO (or LUMO) and the metal work function.

This has been explored by photo-electron spectroscopy (PES) [98]. Note that the sample

geometries utilized for PES signi�cantly di�er from those utilized in real transistors, so

that the contact properties revealed by PES can be di�erent from the contact properties

extracted using organic TFTs. For example, the interface between gold (work function of

4.9 eV) and pentacene (HOMO energy of ∼4.9 eV) provides good contacts (low contact

resistance) for organic TFTs, even though PES studies have revealed an interface dipole

of 1 eV [23, 99], which would be expected to prohibit any charge �ow between the contact

metal and the organic semiconductor.
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3.3 Nonidealities of the transistor characteristics

3.3.3 Consequences on the transistor parameters

The total transistor resistance RTFT equals the sum of the contact resistance RC and the

channel resistance Rch:

RTFT = RC + Rch,

with the contact resistance being the sum of the source resistance and the drain resistance:

RC =RS + RD. To account for the contact resistance in equations 3.16 and 3.17, VDS is

replaced by VDS − IDRC [100], which yields in the linear region:

ID,lin =
µ0WCi

L
·
(

VGS − Vth −
VDS

2
+

IDRC

2

)
· (VDS − ID,linRC) . (3.31)

In the linear region for VGS − Vth � VDS

2
− ID,linRC

2
, and by solving equation 3.31 for ID

using equation 3.25, the e�ective (�eld-e�ect) mobility in the linear region is obtained as

follows [100]:

µeff,lin = µ0
L

L + µ0WCiRC(VGS − Vth)
. (3.32)

In analogy one can write for the drain current in saturation:

ID,sat =
µ0WCi

2 · L
· (VGS − Vth)

2 − (ID,satRC)2. (3.33)

Replacing VDS with VGS − Vth in equation 3.31, and using equation 3.26, the e�ective

mobility in the saturation region [100] can be written as:

µeff,sat = µ0

(
1−

(
µ0WCiRC(VGS − Vth)

L + µ0WCiRC(VGS − Vth)

)2
)
. (3.34)

Equations 3.32 and 3.34 describe the e�ective (�eld-e�ect) mobility µeff extracted from

the transistor characteristics including the in�uence of the contact resistance. From these

equations it can be seen that the e�ective mobility is reduced for a short transistor channel,

because the portion of the drain-source voltage dropping at the contacts signi�cantly

increases. The intrinsic (�eld-e�ect) mobility µ0 indicates the mobility that would be

measured in the TFT con�guration if the contact resistance was negligible.
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Organic TFTs are thin-�lm transistors in which the semiconductor is a thin layer of con-

jugated organic molecules. These can be either small molecules or polymers. In this

thesis only small-molecule organic TFTs are considered. The other three TFT layers can

be either manufactured from organic or inorganic materials. For example, the gate elec-

trode can be either an inorganic metal (Al, Cr, Mo, ...) or an inherently conducting (i.e.,

chemically doped) conjugated polymer (e.g. PEDOT:PSS). The gate dielectric can be

an insulating metal oxide (e.g. AlOx) or an insulating polymer (e.g. PVP, [101]). The

source/drain contacts are usually made from a noble metal (Au, Pd) or using a conducting

poylmer. There are a variety of methods to pattern and deposit these individual layers.

For this work it is important to vary the channel length L of the transistors over a wide

range. Therefore several common techniques which are useful to pattern source/drain con-

tacts of organic TFTs will be brie�y discussed and the advantages/disadvantages of these

technqiues explained. For more details on these methods, but in particular on the di�er-

ent fabrication methods for gate electrodes, gate dielectrics, and organic semiconducting

layers, the interested reader is referred to the literature [102, 103, 104].

The source/drain contacts of organic TFTs are ususally prepared by photolithography

or electron-beam lithography in combination with the thermal evaporation of metals in

vacuum and wet-chemical etching or lift-o�. Using these lithography techniques organic

Figure 4.1: Schematics of thin-�lm transistor geometries. a) Top-gate coplanar, b) top-
gate staggered, c) bottom-gate (inverted) coplanar and d) bottom-gate (inverted)
staggered geometry.

37



4 Manufacturing process

TFTs with a source/drain contact spacing (channel length) down to 0.01 µm have been

realized by several groups [88, 105, 106, 107, 108]. However, all of these TFTs were

made in the top-gate staggered or bottom-gate (inverted) co-planar geometry (Figure

4.1b,c). For both of these geometries, the source/drain contacts are fabricated prior to

the deposition of the organic semiconductor. This has the advantage that the sensitive

thin-�lm morphology of the organic semiconductor is not disturbed by high temperatures

(resist baking) or organic solvents (wet-chemical etching, lift-o�) as employed in standard

lithography techniques. For example, Ji and co-workers reported on the degradation of

pentacene TFTs when exposed to elevated temperatures (> 80°C) [109] and Gundlach

and co-workers reported on a phase transition of pentacene �lms and a degradation of

pentacene TFTs when exposed to organic solvents [22]. Therefore it is not useful to

fabricate source/drain metal contacts by standard lithography on top of thin �lms of small-

molecule organic semiconductors (top-gate coplanar, bottom-gate (inverted) staggered

geometry, Figure 4.1a,d).

In addition, coplanar TFTs (Figure 4.1a,c) typically have a large contact resistance [23, 79,

110] unless the work function of the source/drain contacts is modi�ed using self-assembled

monolayers [111, 112] or thin conducting oxide layers [113, 114]. This is particularly

problematic in short-channel TFTs.

The top-gate geometry (especially top-gate staggered geometry, Figure 4.1b) is useful

for polymer TFTs [11, 14], but not for TFTs based on small-molecule semiconductors,

because thin �lms of small-molecules often exhibit a rough three-dimensional growth

(in contrast to the smooth amorphous �lms of spin-coated polymers), so that the gate

dielectric/semiconductor interface would be also very rough and the mobility small.

In this work, the focus is therefore placed on top-contact TFTs (bottom-gate (inverted)

staggered geometry, Figure 4.1d) which bene�t from a smooth dielectric/semiconductor

interface and typically have a smaller contact resistance than coplanar TFTs [23] (also:

appendix D, Figure D.1). In top-contact TFTs the source/drain contacts are usually ma-

nufactured by evaporating the contact material through a shadow mask [10, 115, 116].

This has the advantage that neither resist baking (high temperatures) nor lift-o� (organic

solvents) are required. Shadow masks are usually made of a thin sheet of metal or poly-

imide into which openings are fabricated by a high-energy laser beam. The laser spot size

limits the resolution to ∼10 µm, which is su�cient for low-end applications (e.g. e-ink

displays), but not for a detailed study on aggressively reduced lateral dimensions.

It is possible to pattern staggered transistors (including top-contact TFTs) with much

smaller channel length by soft lamination [89, 108], self-aligned printing (SAP) [14, 117],

or sub-femtoliter inkjet printing [118]. However, for soft-lamination the mask alignment

is problematic, SAP is only useful for top-gate polymer TFTs, and sub-femtoliter printing

is limited to Ag as the contact metal.
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4.1 Stencil lithography process

Figure 4.2: Schematic of a top-contact organic thin-�lm transistor. The images illus-
trate the 30 nm thick aluminum bottom gate, the hybrid gate dielectric consisting
of the ∼4 nm thick plasma-grown aluminum oxide layer and the ∼2 nm thick self-
assembled monolayer, the 30 nm thick organic semiconductor, and the 25 nm thick
gold top contacts. The channel length L and the contact length LC are labeled.

In this thesis a top-contact TFT process combining high-resolution silicon stencil masks

[119, 120] with the vacuum-deposition process introduced in [12, 121] has been developed.

The silicon stencil masks were provided by the Instiut für Mikroelektronik (IMS

Chips, Stuttgart). With this method the lateral transistor dimensions have been reduced

down ∼1 µm [122]. The combination of high-resolution stencil masks with thermal evap-

oration in vacuum is often denoted as stencil lithography [123, 124] and details on this

process are discussed in section 4.1.

This stencil lithography process is not yet useful to fabricate top-contact transistors with

a channel length below ∼1 µm. For such extremely scaled transistors an approach re-

ported by the RIKEN group has been adopted [25, 92, 93, 125], in which electron-beam

lithography is utilized to create a suspended resist bridge. This suspended resist bridge is

created prior to the organic semiconductor deposition and later serves as a high-resolution

shadow mask for the top-contact patterning. The manufacturing process is discussed in

section 4.2.

4.1 Stencil lithography process

Stencil lithography has been shown to be useful to pattern magnetic �lms [126], nanometer-

scale scanning sensors [127], metallic nanowires [123, 128, 129], and the source/drain con-

tacts of organic transistors [130, 131]. The stencil-mask-paterrned top-contact organic

TFTs reported in the literature have lateral dimensions as small as 2 to 4 µm [130, 131].

They were processed on thermally oxidized silicon substrates in a global-back-gate con-

�guration [130] or with a focus on full wafer-scale fabrication of organic TFTs [131].

Stencil lithography (and shadow masking in general) is compatible with a variety of sub-

strates, such as rigid silicon wafers, glass substrates, or �exible polyethylene naphthalate

foils [10, 131, 132, 133]. In this work silicon wafers or glass substrate have been utilized.
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For dynamic measurements, non-conducting substrates (e.g. glass) are more useful than

conducting silicon to avoid large parasitic capacitances between the probe pads and the

conducting substrate.

A schematic overview of a top-contact organic transistor manufactured in this work is

illustrated in Figure 4.2. For the local (patterned) gate electrode 30 nm thick aluminum

was thermally evaporated through a stencil mask using a current-heated wolfram coil as

evaporation source (10-12 Å/s deposition rate , 10−6 mbar base pressure). AFM mea-

surements on 30 nm thick aluminum on a silicon wafer and on glass (Corning Eagle 2000)

show a surface roughness of ∼1 nm for both substrates (not shown here). Therefore, no

di�erences in the electrcial characteristics of the transistors fabricated on either of the

substrates are expected. The probe pads of the aluminum gate electrodes are covered

with a thermally evaporated 30 nm thick �lm of gold (1-2 Å/s deposition rate, 10−6 mbar

base pressure). This prevents the formation of an insulating layer on the probe pads (next

process step) that would prevent a low-resistance contact between the probe pad and the

probe needle [12].

The gate dielectric is fabricated in a two-step process. First, the aluminum gate electrode

is brie�y exposed to an oxygen plasma (200 W power, 0.17 mbar base pressure) to increase

the thickness of the native AlOx layer to 3.6 nm and the density of hydroxyl groups on

the surface. The hydroxyl groups are necessary to enable the condensation from solution

of a self-assembled monolayer (SAM) on top of the AlOx in the second process step [12].

The self-assembling molecules (dissolved in a 2-propanol) consist of an alkyl chain with a

phosphonic acid anchor group [CnH(2n+1)PO(OH)2)] (Figure 4.2). For the formation of the

SAM on the Al/AlOx surface the substrate must be kept in the molecule solution at least

for an hour, followed by a brief rinsing with 2-propanol and 10 minutes post-baking on

a hot plate at ∼100°C. The SAM drastically reduces the leakage current density through

the plasma-oxidized AlOx and completes the formation of the low-temperature hybrid

gate dielectric [12]. Note, that the phosphonic acid anchor groups do not condensate on

a gold surface, so that the aluminum/gold probe pads are still accessible for electrical

measurements.

Here, phosphonic acids with alkyl chain lengths of 14 arbon atoms (C14-SAM, 1.7 nm

molecule length) and 18 carbon atoms (C18-SAM, 2.1 nm molecule length) have been

utilized. The total hybrid-gate-dielectric thickness (molecule length and plasma-grown

AlOx layer) is 5.3 nm and 5.7 nm with a capacitance of 810 nF/cm2 and 700 nF/cm2,

respectively. These capacitances are su�ciently high to operate the transistors at voltages

as small as 3 V. The gate dielectric has a low surface energy of 20 mN/m [134] that is

useful to achieve a high charge-carrier mobilitiy in small-molecule �lms deposited on top

of this gate dielectric [3]. A hydrophobic gate dielectric surface also reduces the hysteresis

in the current-voltage characteristics of organic transistors [135].
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In the beginning of this thesis, the gate dielectrics were based on the C18-SAM, but

further experiments indicated a slightly reduced gate leakage current for the C14-SAM

gate dielectric (probably owing to a denser packing of the molecules on the surface).

Consequently, the process was adapted to the C14-SAM gate dielectric, but the e�ects on

the charge-carrier mobility are negligible [136].

For the organic semiconductor a 30 nm thick layer of DNTT is deposited by sublimation in

vacuum from a current-heated molybdenum source (0.5 Å/s deposition rate, ∼ 10−6 mbar

base pressure). The substrate is kept at an elevated temperature of 60°C during the

deposition. The elevated substrate temperature facilitates the formation of well-ordered

organic �lms with a high charge-carrier mobility [137].

The source/drain contacts consist of 25 nm thermally evaporated gold (deposition rate

0.3 Å/s, ∼ 10−6 − 10−7 mbar base pressure) and complete the organic TFT. Gold has a

work function of 5.0 eV, so that a low energy barrier to the HOMO of DNTT ((5.3±0.1) eV,
[35]) is ensured and the transistors are operated as p-channel TFTs. The HOMO/LUMO

gap is ∼2 eV, so that an injection of electrons from the gold contacts into the LUMO is

unlikely.

Figure 4.3a,b shows scanning electron microscopy (SEM) images of parts of a high-

resolution stencil mask. The apertures in the 20 µm thick silicon membrane were produced

by electron-beam lithography and angle-controlled dry etching [119, 120] (also: appendix

A). The mask features seen in these images were designed to de�ne the source and drain

contacts of a top-contact organic TFT with a channel length of 0.8 µm. The SEM image

in Figure 4.3c depicts the 0.8 µm long channel of a DNTT transistor fabricated by stencil

lithography. The atomic force microscopy (AFM) image in Figure 4.3d illustrates 25 nm

thick gold source/drain contacts on a 30 nm thick aluminum �lm. The contact length LC

was 2 µm.

A main concern of stencil lithography are variations between the de�ned patterns in the

stencil mask and the deposited patterns on the substrate [123, 128]. These e�ects are

discussed in appendix B on page 117.

4.2 Electron-beam lithography process

To realize top-contact organic transistors with a sub-µm channel length, the RIKEN group

developed a clever electron-beam lithography (EBL) process to create a suspended resist

bridge on the substrate prior to the organic semiconductor deposition [25, 92,

93, 125]. This resist bridge then serves as a high-resolution shadow mask to de�ne the

source/drain contacts after the organic semiconductor deposition. With this process they

realized top-contact transistors with a channel length of 150 nm. For the gate electrode a
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Figure 4.3: High-resolution silicon stencil masks and patterned structures. a, b) Scan-
ning electron microscopy (SEM) images showing parts of a high-resolution sten-
cil mask. The apertures in the 20 µm thick silicon membrane were produced by
electron-beam lithography and angle-controlled dry etching. The mask features seen
in these images were designed to de�ne the source/drain contacts of a top-contact
organic TFT with a channel length of 0.8 µm. c) SEM image of the channel region
of a TFT with a channel length of 0.8 µm. d) Atomic force microscope image of
25 nm thick gold source /drain contacts on a 30 nm thick aluminum gate electrode
(which was also patterned using a high-resolution silicon stencil mask). The contact
length LC is 2 µm.

heavily doped silicon wafer with a thin layer of thermally grown SiO2 as the gate dielectric

was employed. In this work, their process was further developed to realize top-contact

organic TFTs with a channel length of less than 100 nm on local (patterned) metal gate

electrodes.

To avoid charging of the substrate during the electron-beam lithography process silicon

wafers with a 100 nm thick thermally grown SiO2 layer are used as a substrate. Areas for

the local metal gate electrodes are de�ned on the SiO2 surface by EBL and 30 nm thick

aluminum is deposited by thermal evaporation. In the same manner as described above, a

hybrid gate dielectric consisting of AlOx and a SAM is realized. During the oxygen-plasma

treatment and the SAM formation, the areas outside the aluminum gate electrodes remain

covered by electron-beam resist. This ensures the formation of the hydrophobic SAM only
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Figure 4.4: Electron-beam lithography based process. a) The schematic illustrates the
nanoscale transistor manufacturing process. The suspended resist bridge is fabri-
cated prior to the deposition of the organic semiconductor, which is evaporated by
two angled evaporations (45° and 135°) to grow a closed �lm underneath the resist
bridge. During the gold source/drain top-contact deposition the suspended resist
bridge acts as high-resolution shadow mask. b) Scanning electron microscopy image
showing the suspended resist bridge and the patterned gold source/drain contacts.
During imaging the sample was tilted. c) Cross-section transmission electron micro-
scope image of a completed nanoscale top-contact transistor. The channel length
is 100 nm and the contact length is 200 nm.

on the gate electrodes, while the rest of the substrate is left hydrophilic. The latter is

useful, since a hydrophobic substrate would be more di�cult to coat with resist for the

following electron-beam lithography process step. After formation of the AlOx/SAM gate

dielectric, the electron-beam resist is stripped in order to remove the aluminum outside

of the gate areas. Several tests have been conducted to con�rm that the lift-o� process

does not harm the Al/AlOx/SAM structure [138, 139].

To fabricate a suspended resist bridge that later acts as a shadow mask, the substrate is

then coated with three layers of electron-beam resist. The �rst (bottom) layer is a 400 nm

thick PMMA1/MMA2 copolymer layer with high electron-beam sensitivity (dose to clear:

25 µC/cm2). The second (middle) layer is a 120 nm thick PMMA 200K layer and the

third (top) layer is a 140 nm thick PMMA 950K layer, both having a low electron-beam

sensitivity (dose to clear: 100 µC/cm2). If the source/drain contact spacing is less than

about 500 nm, the dose of electrons back-scattered from the substrate surface during

1Poly(methyl methacrylate)
2Methyl methacrylate
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Figure 4.5: Electron-beam lithography process limitation. a) The scanning electron mi-
croscopy image shows a local electron-beam-lithography processed gate electrode,
covered with three layers of PMMA resist. The hollow region above the local gate
electrode forms because the PMMA does not wet the hydrophobic surface of the
SAM-covered gate electrode. This hollow region a�ects the stability of the sus-
pended resist bridge if the gate width is larger than 600 nm. b) Schematic to
illustrate the gate width in more detail.

the electron-beam process is su�cient to expose the high-sensitivity bottom layer in the

(nominally unexposed) regions between the source/drain contacts. The low-sensitivity

middle and top layers (between the source/drain contacts) are not a�ected by the back-

scattered electrons during this exposure. As a result, a suspended resist bridge is formed

across the channel region of the transistors during development of the resist stack (i.e.,

the bottom layer is dissolved, while the middle and top layers remain, Figure 4.4a). In

the next step, the organic semiconductor layer is deposited. In order to form a continuous

layer underneath the suspended resist bridge, the substrate is tilted at angles of 45° and

135° while the organic semiconductor is deposited by sublimation in vacuum. The total

thickness of the semiconductor �lm for these transistors is 20 nm (10 nm deposited at

an angle of 45°, plus 10 nm deposited at an angle of 135°, without breaking the vacuum,

Figure 4.4a). Finally, the 25 nm thick source/drain contacts are deposited by thermal

evaporation with the substrate held at an angle of 90° and with the suspended resist bridge

serving as a high-resolution shadow mask to de�ne the channel length of the transistors

(Figure 4.4a,b). Figure 4.4c shows a cross section transmission electron microscopy image

of a completed nanoscale top-contact organic transistor. The channel length is 100 nm

and the contact length is 200 nm. During the deposition of the gold source/drain contacts,

it is critically important that the deposited gold layer breaks across the edges of the resist

patterns, so that the gold that remains on the electron-beam resist outside the active

TFT area is disconnected from the contact pads for source, drain, and gate. To con�rm

this, the electrical resistance between the various probe pads and the gold layer on the

resist was measured, which is greater than 1012 Ω .
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4.2 Electron-beam lithography process

It must be noted that this process works only for a narrow gate width (∼600 nm). The

SEM image in Figure 4.5 shows a cross-sectional view of the PMMA resist on top of

a narrow local gate electrode. A hollow region above the SAM-covered gate electrode,

caused by PMMA resist detaching from the hydrophobic surface, is visible. As long as the

gate width is less than 600 nm, this hollow region is not a�ecting the process. However,

for a larger gate width the stability of the suspended resist bridge is a�ected. This e�ect

limits the maximum contact length LC to a few hundred nanometers.

Conclusion

The two manufacturing processes described in this chapter allow the fabrication of top-

contact organic TFTs with channel length L and contact length LC ranging from 0.1 µm

to 200 µm. The properties of these transistors are reported in the following chapters.
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5 Morphology and crystal structure

of DNTT �lms

The charge-transport e�ciency in organic semiconductor �lms depends critically on the

molecular order. For many vacuum-deposited conjugated organic molecules, for instance

pentacene, it is known that the molecules form three-dimensional �lms on low-energy

surfaces [63]. The molecules stand with the long axis approximately perpendicular on the

insulating substrate, which leads to a strong interaction between neighboring molecules

within the organic �lm. This is a bene�cial arrangement for the charge transport in organic

transistors from the source to the drain contact. The molecular order of vacuum-deposited

DNTT �lms on the low-energy gate dielectrics utilized in this work is investigated in the

following chapters.

5.1 Morphology

The atomic force microscopy (AFM) amplitude images in Figure 5.1 indicate the mor-

phology of DNTT �lms with a nominal thickness of 5, 10, and 30 nm deposited on

silicon/aluminum/aluminum oxide/SAM (Si/Al/AlOx/C14-SAM) substrates. The sub-

strates were kept at 60°C during the DNTT deposition. For a nominally 5 nm thick �lm

(Figure 5.1a) an island-like growth of DNTT on the substrate is visible. Approximately

one half of the substrate is covered by DNTT islands and the other half remains uncov-

ered. When the �lm thickness is increased to nominally 10 nm, almost the whole substrate

is covered with DNTT (Figure 5.1b) and only small areas remain uncovered. For a �lm

thickness of 30 nm (Figure 5.1c), as utilized for the transistors in this work, the DNTT

�lm covers the whole substrate.

Figure 5.2a contains the AFM height and amplitude images of a nominally 30 nm thick

�lm of DNTT grown on a Si/Al/AlOx/SAM substrate. The three-dimensional growth and

the polycrystalline structure are visible. The height pro�le along the arrow in the AFM

images (Figure 5.2a,b) resolves terrace steps with a height of ∼1.6 nm. This step size

corresponds well to the calculated length of a DNTT molecule (1.59 nm, calculated using

CS Chem 3D Pro) and indicates that the molecules stand approximately perpendicular
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5 Morphology and crystal structure of DNTT �lms

Figure 5.1: Morphology of DNTT �lms with di�erent nominal thickness grown on a
gate dielectric. The atomic force microscopy (amplitude) images show the growth
of DNTT �lms with a nominal thickness of 5, 10, and 30 nm deposited by thermal
evaporation onto a silicon/aluminum/aluminum oxide/C14-SAM substrate. During
the deposition, the substrate was kept at 60°C. For a nominally 5 nm thick �lm
(a), the island-like growth of DNTT on the substrate is clearly visible. If the �lm
thickness is increased to 10 nm, almost the whole substrate is covered with DNTT
(b). For a �lm thickness of 30 nm (c), as utilized for the transistors studied in this
work, the DNTT �lm is covering the whole substrate.

on the surface, similar to pentacene �lms.

5.2 Crystal structure

The X-ray di�raction (XRD) pattern of a 30 nm thick DNTT �lm grown on a Si/Al/-

AlOx/SAM substrate is shown in Figure 5.2c. Using the Bragg equation [140]

2 · d · sin θ = m · λ

with the di�raction angle θ, the wavelength λ (Cu Kα, 0.154 nm) and the di�raction

order m, an out-of-plane lattice spacing d of 16.3 Å is calculated. This result is in good

agreement with measurements on DNTT single-crystals [26] and con�rms the conclusion

drawn from the AFM images (section 5.1), namely that the molecules stand approximately

perpendicular on the surface without a signi�cant tilt angle. It is noteworthy that the

Bragg peaks are resolved to the 7th order which is indicating a high degree of out-of-plane

order within the DNTT �lm (perpendicular to the surface), similar to previous reports

on polycrystalline pentacene �lms [140]. The Scherrer-formula [140]

4θ =
0.9 · λ

B · cos θ
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5.2 Crystal structure

Figure 5.2: DNTT �lms grown on a gate dielectric analyzed using AFM and XRD. a)
Atomic force microscopy (AFM) topography and amplitude images of a nominally
30 nm thick �lm of DNTT grown on a silicon/aluminum/aluminum oxide/SAM sub-
strate. The three-dimensional polycrystalline growth is seen. b) Height pro�le cor-
responding to the AFM images shown in (a). Each of the terrace steps is ∼ 1.6 nm
in height, which corresponds to the length of one DNTT molecule. c) X-ray di�rac-
tion pattern of a 30 nm thick DNTT �lm grown on a silicon/aluminum/aluminum
oxide/SAM substrate. The calculated lattice plane distance is 16.3 Å and the aver-
age crystallite height is 29 nm. Since the di�raction peaks are resolved to the 7th
peak, the lattice plane order perpendicular to the surface is very high.

is useful to estimate the average crystallite height B, where 4θ is the full width at half

maximum (FWHM) and θ the angle corresponding to the analyzed peak in the XRD

pattern. An average height of 29 nm is extracted from the data, which is in good agreement

with the nominal DNTT �lm thickness of 30 nm (measured during the deposition using

a quarz crystal balance). XRD patterns of polycrystalline thin �lms of pentacene often

exhibit the di�raction peaks of two di�erent phases, the thin-�lm phase and the bulk

phase, with the out-of-plane lattice distances varying by ∼1 Å [22]. The XRD pattern of

the DNTT �lm in Figure 5.2c shows no evidence for di�erent phases, though one cannot

fully rule out that under di�erent growth conditions additional phases might appear.

Note that the AFM technique only elucidates the surface of the DNTT �lms and the XRD
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5 Morphology and crystal structure of DNTT �lms

measurement probes the bulk properties of the DNTT �lm. So far, all results indicate a

three-dimensional growth and that the molecules stand approximately perpendicular on

the surface. However, none of these methods is useful to probe speci�cally the gate dielec-

tric/semiconductor interface, which is the critical region for the charge transport in an

organic transistor under operation. For instance, in the case of the organic semiconductor

hexadeca�uorocopperphthalocyanine (F16CuPc) it has been discovered that the molecules

form a disordered interface layer when deposited onto an insulating surface [67, 68]. This

disordered interface layer is the reason for the poor electrical performance of F16CuPc

TFTs. However, this interface layer is buried under a highly ordered polycrystalline layer

during subsequent stages of deposition. This has caused signi�cant confusion in the past,

since AFM and XRD only reveal the highly ordered regions (bulk and surface) of the �lm.

A similar e�ect cannot be completely ruled out for the DNTT �lms studied in this work.

However, due to the high mobilities achieved in this work (which are within a factor of

2-3 of single-crystals made from DNTT) the formation of such a disordered interface layer

is unlikely.

Conclusion

The molecular order of DNTT molecules on a silicon/aluminum/aluminum oxide/SAM

substrate was investigated using AFM and XRD. The measurements indicate a three-

dimensional growth of DNTT and show that the molecules stand perpendicular on the

surface. The obtained results are in good agreement with previous studies on DNTT

single-crystals [34] and indicate a bene�cial arrangement for the charge transport in or-

ganic transistors.
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6 DNTT transistors: downscaling of

the lateral dimensions

In the previous chapter it was shown that the morphology of vacuum-deposited DNTT

�lms promotes the charge transport in DNTT TFTs. The electrical characteristics of

DNTT TFTs with large channel length and large contact length are discussed in section

6.1. For large lateral dimensions the total resistance of the transistor is dominated by the

channel resistance, and nonlinearities (section 3.3) are not expected. The obtained results

will be considered as reference values for DNTT TFTs with reduced lateral dimensions

that will be discussed later. In section 6.2 the contact resistance of the DNTT TFTs is

discussed in detail and the transmission line method is introduced. This method can be

used to analyze the relation between the contact length and the contact resistance. TFTs

with a channel length of less than 100 nm and their physical limitations are reported in

section 6.3. Concluding remarks on the reproducibility of the stencil-lithography process

are found in section 6.4.

6.1 Transistor characteristics

The electrical characteristics of a p-channel top-contact DNTT TFT with a channel length

L of 60 µm, a channel width W of 200 µm, and a contact length LC of 200 µm are shown

in Figure 6.1. From the characteristics a transconductance of 0.04 S
m
, an e�ective (�eld-

e�ect) mobility for holes of 2.8 cm2

Vs
(in the saturation region) and 2.6 cm2

Vs
(in the linear

region), an on/o� current ratio of 106, a subthreshold swing of 100 mV/decade, and a

threshold voltage Vth of -1.3 V for both drain-source voltages (-0.1 V and -1.5 V) can

be extracted. The gate current is a few pA for VGS = 0 V and increases to 400 pA for

VGS= -3 V. When the large overlap area between the gate electrode and the source/drain

contacts of 8 · 10−4 cm2 (200 x 200 µm2 for each contact) is considered, this corresponds

to a reasonably small gate-current density of ∼10−6 A
cm2 . The drain current in Figure

6.1b increases linearly for low drain-source voltages and saturates for VDS > VGS − Vth.

The channel length of this TFT is large, so that the channel resistance dominates over

the contact resistance and nonlinearities are not observed. The extracted values for the

e�ective mobility and the on/o� current ratio of this low-voltage transistor are in good
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6 DNTT transistors: downscaling of the lateral dimensions

Figure 6.1: Transfer and output characteristics of a top-contact DNTT TFT. The
TFT has a channel length of 60 µm, a channel width of 200 µm, and a contact length
of 200 µm. a) From the transfer characteristics a transconductance of 0.04 S

m , an
e�ective mobility of 2.8 cm2

Vs , an on/o� current ratio of 106, a subthreshold swing
of 100 mV/decade, and a threshold voltage of -1.3 V for both drain-source voltages
are extracted. The gate current density is not larger than 10−6 A/cm2. b) In the
output characteristics the drain current increases linearly, and the saturation is
pronounced.

agreement with reports on DNTT TFTs which utilized a thick gate dielectric (SiO2 layer

with a SAM of octyltrichlorosilane, and VDS,VGS ∼60 V) [27].

A hole mobility of ∼3 cm2

Vs
is among the highest values reported for polycrystalline organic

TFTs. Mobilities up to 7 cm2

Vs
have been reported for pentacene TFTs, however most groups

reported mobilities of ≤ 1 cm2

Vs
[39, 65, 141, 142, 143, 144, 145, 146]. Sanchez-Carrera

and co-workers attributed the large hole mobility in DNTT �lms to the sulfur atoms.

These have a pronounced intermolecular S· · ·S interaction and thus promote a strong

interaction between neighboring molecules, so that the charge-carrier mobility is large.

But sulfur atoms also introduce a large intramolecular reorganization energy via low-

frequency vibrations into the molecule, so that the interaction of neighboring molecules is

reduced [35]. However, for DNTT there are only two sulfur atoms per molecule, so that

this negative in�uence is suppressed [35] and higher mobilities compared to pentacene,

which has no sulfur atoms in its molecular structure, are expected. Indeed, the mobility

in DNTT TFTs is 4-5 times larger compared to pentacene TFTs (0.5 cm2

Vs
) that employ

the same aspect ratio and manufacturing process [136].

In addition, the anisotropy of the mobility in the ab-plane of DNTT is small [35, 54],

so that a direct charge transport from the source to the drain contact, independent of

the orientation of the individual crystallites, is likely. For pentacene, the mobility is

anisotropic in the ab-plane [147, 148] and the charge carriers might be transported on

a more percolated way. This demonstrates the superior charge-transport properties of
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6.2 Contact-resistance analysis

DNTT and indicates the great potential of hybrid thiophene-acene semiconductors for

organic electronics applications.

6.2 Contact-resistance analysis

The physical reasons for the contact resistance between the metal source/drain contacts

and the organic semiconductor have been discussed in the theoretical part of this the-

sis (section 3.3.2). Common approaches to extract the contact resistance of individual

(organic) TFTs are simulations [149, 150], measurements of the local potential along the

channel and across the contacts (Kelvin Probe measurements) [151, 152], and four-probe

measurements [77].

Another frequently used technique to extract the contact resistance of TFTs is the trans-

mission line method (TLM) [81, 108, 153, 154, 155, 156, 157, 158]. For this method a set

of TFTs with di�erent channel lengths is required. In many publications the theoretical

aspects of the TLM focus only on the extraction of the contact resistance. This approach

is reasonable, since organic TFTs are often fabricated on a global back-gate geometry, so

that the contact resistance is the only important parameter. However, the TLM is also

useful to extract the sheet resistance of the semiconductor, the contact resistivity, and the

transfer length of the TFTs. The impact of the transfer length, which is a characteristic

length over which 63% of the current is transferd from the contact into the semiconductor,

increases for transistors fabricated on local-gate electrodes [81, 150].

Details on the theoretical aspects of the transmission line method can be found in [81] or in

the appendix C on page 121, though the most important equations will be introduced here.

According to the TLM the width-normalized resistance (for simplicity in the following only

resistance) of a transistor is described by

RTFT ·W = RC ·W + Rsheet · L (6.1)

with the total transistor resistance RTFT, the contact resistance RC, and the sheet resis-

tance Rsheet of the semiconductor. The total contact resistance underneath the source/drain

contacts is considered as a resistor network [81, 154, 157] and given by:

RC =
V

I
= 2 · Rsheet · LT · coth

(
LC

LT

)
. (6.2)

with the transfer length LT [81, 150] and the contact length LC. Equation 6.2 depicts

that the contact resistance increases when the contact length is shorter than the transfer
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6 DNTT transistors: downscaling of the lateral dimensions

Figure 6.2: Analysis of the transistor resistance and the intrinsic transistor proper-
ties. a) Width-normalized total transistor resistance as a function of the channel
length. From the least-square linear �t a contact resistance of 600 Ω·cm, a sheet
resistance of 250 kΩ

� , and a transfer length of 12 µm are extracted. b) Inverse sheet
resistance as a function of the gate-source voltage. From the least-square linear �t
an intrinsic mobility of 3.4 cm2

Vs and an intrinsic threshold voltage of -1.35 V are
extracted.

length. The transfer length itself is described by

LT =

√
ρC

Rsheet

, (6.3)

in which ρC is the contact resistivity of the semiconductor/contact interface. There-

fore, by plotting the width-normalized resistance of the transistors as a function of

the channel length (Figure 6.2a), one can extract the width-normalized contact resis-

tance (in the following called �contact resistance�) at the intersection with the y-axis

RC ·W = RTFT ·W(L = 0) and the sheet resistance from the slope of this relation (see

appendix C on page 121):

Rsheet =
∆ (RTFT ·W)

∆L
. (6.4)

Furthermore, one can show that

1

Rsheet

=
L

Rch ·W
= µ0Ci · (VGS − Vth) , (6.5)

and plot the inverse sheet resistance as a function of the gate-source voltage. This yields

the intrinsic mobility µ0 from the slope of equation 6.5 and the intrinsic threshold voltage

Vth from the intersection with the x-axis [153]. Here, intrinsic denotes the material

properties without the in�uence of the contact resistance.

Figure 6.2a shows the width-normalized resistance of a series of DNTT TFTs with a chan-

nel length L ranging from 1 to 60 µm and a contact length LC of 200 µm. The values
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6.2 Contact-resistance analysis

have been extracted for a low drain-source voltage of -0.1 V, so that an approximately

linear relation between the drain current and the drain-source voltage is ensured. A least-

square linear �t according to equation 6.1 yields a contact resistance of 600 Ω·cm, a sheet
resistance of 250 kΩ

� , a transfer length of 12 µm, and a contact resistivity of 0.36 Ω·cm2.

In table 6.2 the contact resistance and the transfer length of organic transistors reported

in the literature are summarized. The transfer length of 12 µm extracted for the DNTT

TFTs in this work is in good agreement with other reports on organic TFTs1. The contact

resistance of 600 Ω·cm is among the lowest values reported for intrinsic contacts (without

doping or a surface modi�cation) for organic TFTs, independent of the device geometry.

Compared to top-contact pentacene TFTs (for which a contact resistance of 1000 Ω·cm
has been reported [23, 77]), the DNTT TFTs reported in this thesis have a smaller con-

tact resistance. For bottom-contact single-crystal rubrene organic transistors the lowest

reported contact resistance is 100 Ω·cm [159] and for bottom-contact polycrystalline pen-

tacene TFTs the contact resistance is usually around 5·104 Ω·cm [77, 152]. Considering

also reports on contact-modi�ed transistors, the work by Stadlober and co-workers on

ozone-treated gold bottom-contacts with a contact resistance of 80 Ω·cm is the lowest

value [114]. However, this contact modi�cation technique is not compatible with TFTs

based on SAM gate dielectrics, since the plasma treatment would destroy the SAM.

The plot of the inverse sheet resistance as a function of the gate-source voltage to extract

the intrinsic mobility and threshold voltage according to equation 6.5 is shown in Figure

6.2b. An intrinsic mobility of 3.4 cm2

Vs
and an intrinsic threshold voltage of -1.35 V are

extracted with a least-square linear �t. Note, that the intrinsic mobility extracted by this

method only re�ects the value for the top-contact polycrystalline DNTT TFTs studied

in this work. For example, higher mobilities up to 8.3 cm2

Vs
have been reported for single-

crystalline DNTT transistors [69].

6.2.1 In�uence of the channel length

In contrast to the contact resistance which is constant for a �xed contact length, the

channel resistance is a function of the channel length. Thus, the fraction of the drain-

source voltage that drops along the channel decreases when the channel length is reduced,

and the extracted e�ective mobility µeff becomes smaller than the intrinsic mobility µ0

(section 3.3.2). Figure 6.3a,b contains the transfer and output characteristics of a DNTT

TFT with a channel length of 1 µm, a channel width of 50 µm, and a contact length

of 200 µm. The transconductance is 0.5 S
m
, the e�ective mobility is 0.7 cm2

Vs
(saturation

region) and 0.3 cm2

Vs
(linear region), the on/o� current ratio 108, the subthreshold swing

100 mV/decade, and the threshold voltage -1.3 V. The extracted e�ective mobilities are

1These publications report only a value for the transfer length, but contain no detailed study on the
relation between the contact resistance and the contact length.
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6 DNTT transistors: downscaling of the lateral dimensions

Author Semicondcutor
and contact
materials

Patterning
method

RC

(kΩ·cm)
LT

(µm)

This work DNTT/gold shadow mask 0.6 12
Zaumseil [160] pentacene/gold soft contact

lamination
2 9.7

Richards [150] F8T2/gold photolithography - 15
Hoppe [161] DH7T/gold photolithography ∼10 1-5
Gundlach [23] pentacene/gold shadow mask ∼3 ∼20
Pesavento [77] pentacene/gold shadow mask ∼1.3 -
Wang [24] pentacene/copper shadow mask 3-4 20

Table 6.2: Contact resistance, transfer length, and sheet resistance of various or-
ganic semiconductor/metal interfaces. The data are primarily extracted in the
inverted staggered structure.

smaller compared to the reference TFT with a channel length of 60 µm, and the di�erence

is more signi�cant in the linear region. This observation is consistent with the nonlin-

ear drain-current increase in the output characteristics of the TFT with shorter channel

length, which is often attributed to the contact resistance. Details on this phenomenon

are discussed later. Figure 6.3c shows the e�ective mobility extracted in the linear region

(VDS = -0.1 V) and saturation region (VDS = -1.5 V) for DNTT TFTs with a channel

length between 1 µm and 60 µm and a contact length of 200 µm. The e�ective mobility

is constant (∼2.6 cm2

Vs
) as long as the in�uence of the contact resistance on the total tran-

sistor resistance is small (L > 30 µm). However, when the channel length is reduced, the

e�ective mobility decreases to ∼0.3 cm2

Vs
for L = 1 µm. The dependence of the e�ective

mobility on the channel length can be described by

µeff(L) =
µ0

1 +
L1/2

L

, (6.6)

where L1/2 is the channel length at which channel resistance and contact resistance are

equal [162]. In other words, for a channel length of L1/2, 50% of the applied drain-source

voltage drops across the contacts and 50% along the channel. The extracted e�ective

mobility µeff is half of the intrinsic mobility µ0, when the channel length is L1/2. Using

equation 6.6 a channel length L1/2 of 14.1 µm in the linear region and 7.4 µm in the

saturation region is extracted. The intrinsic mobility µ0 was taken as 3.4 cm2

Vs
(Figure

6.2b).

The data indicate that the contact-resistance in�uence is smaller in the saturation region

than in the linear region. One possible reason for this observation is the channel pinch-o�

in the saturation region. For higher drain-source voltages, the accumulated charge-carrier

density underneath the drain contact is reduced, so that the channel resistance increases.
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6.2 Contact-resistance analysis

Figure 6.3: Electrical characteristics of DNTT TFTs with reduced channel length.
a,b) The TFT has a channel length of 1 µm, a channel width of 50 µm, and a
contact length of 200 µm. From the transfer characteristics a transconductance of
0.5 S

m , an e�ective mobility of 0.7 cm2

Vs , an on/o� current ratio of 108, a subthreshold
swing of 100 mV/decade, and a threshold voltage of -1.3 V for both drain-source
voltage are extracted. The drain current increases nonlinearly and the saturation
is pronounced. c) E�ective mobility as a function of the channel length for DNTT
TFTs with a channel length between 1 µm and 60 µm extracted in the linear and
saturation region of operation. With a simple model the channel length at which
channel resistance and contact resistance are equal (L1/2) can be derived. In the
linear region one obtains 14.1 µm and in the saturation region 7.4 µm for L1/2.
d) Contact resistance as a function of the drain-source voltage. For increasing
drain-source voltage the contact resistance decreases by ∼33%.

Thus, the relative contribution of the contact resistance to the total transistor resistance

decreases. But it is also possible that the absolute value of the contact resistance is

reduced for higher drain-source voltages, as seen in Figure 6.3d. Possible mechanisms

which may account for a voltage-dependent contact resistance will be discussed in the

next section.
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6.2.2 In�uence of the contact length

When the contact length LC is smaller than the transfer length LT, the contact resis-

tance increases (equation 6.2). This in�uence was reported for amorphous silicon TFTs

[153, 154] and recently for microcrystalline silicon, carbon-nanotube, and silicon-nanowire

�eld-e�ect transistors. The transfer length for amorphous and microcrystalline silicon

transistors is ∼3-7 µm [5], and for nanotube and nanowire transistors ∼0.1-0.2 µm [8, 9].

To pattern contacts with a contact length of a few microns down to a few hundred

nanometers, photolithography and electron-beam lithography are often used in the lit-

erature. These techniques are not useful for top-contact organic transistors, since the

organic semiconductor is damaged by exposure to organic solvents or heat (section 4.1).

Methods like subfemto-liter inkjet printing [118] or high-resolution stencil masks [130, 131]

are useful to pattern organic TFTs with a contact length of a few microns. However, these

methods have only recently become available, so that no detailed study on the relation

between contact length and contact resistance has been reported for organic TFTs so far.

The high-resolution stencil masks introduced in section 4.1 make it possible to reduce the

contact length to 2 µm. This has allowed us to study the in�uence of the contact length

on the contact resistance in bottom-gate, top-contact organic TFTs in detail for the �rst

time.

DNTT TFTs with a channel length ranging from 1 to 60 µm and a contact length of 200,

20, 5, and 2 µm were fabricated. In Figure 6.4a-c the output characteristics of TFTs with

a channel length of 2 µm and a contact length of 200, 20, and 5 µm are shown. An almost

ideal linear drain-current increase is seen for the TFT with a contact length of 200 µm,

which is much larger than the transfer length of 12 µm. When the contact length is

reduced to 20 and 5 µm, i.e. close to and far below the transfer length, the drain current

increases nonlinearly with drain-source voltage. The e�ective mobilities summarized in

Figure 6.4d also re�ect this observation. In the linear region the e�ective mobility drops

by ∼66% (0.6 cm2

Vs
for LC = 200 µm; 0.2 cm2

Vs
for LC = 5 µm) and in the saturation region

by ∼20% (0.8 cm2

Vs
for LC = 200 µm; 0.6 cm2

Vs
for LC = 5 µm).

Discussion of the nonlinearities

The nonlinear drain-current increase that is seen for instance in Figure 6.4c, is usually

attributed to the contact resistance [14, 85, 105, 107]. In the subsequent paragraphs

di�erent physical models that may account for this observation are discussed.
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Figure 6.4: Electrical characteristics of DNTT TFTs with reduced contact length. a-
c) The DNTT TFTs have a channel length of 2 µm, a channel width of 20 µm, and
a contact length of 200, 20, and 5 µm. For a contact length of 200 µm (a) the drain
current increases almost linearly with the drain-source voltage. However, when
the contact length is reduced (b,c), the nonlinearity in the drain-current increase
becomes stronger. This is attributed to a larger in�uence of the contact resistance.
d) E�ective mobility of DNTT TFTs with a channel length of 2 µm as a function
of the contact length. When the contact length is reduced from 200 to 5 µm the
e�ective mobility in the linear region decreases by ∼66% and in the saturation
region by ∼20% .

Schottky barrier at the organic semiconductor/metal interface

Many reports in the literature attribute the nonlinear drain-current increase to the Schott-

ky barrier at the semiconductor/metal interface [23, 149] (Figure 6.5a). Such a barrier

produces a superlinear drain-current increase in the forward direction. However, under

the assumption of identical Schottky barriers at the source and the drain contact2, the

current in the transistor is always limited by the backward-biased Schottky barrier. Thus,

2Since both the source and the drain contact are fabricated within the same process step, this assumption
is appropriate.
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Figure 6.5: Possible mechanisms accounting for the observed nonlinearities in the
output characteristics. a) Schottky barrier at the semiconductor/metal inter-
face. A Schottky barrier in forward direction or a Schottky barrier with a �eld-
dependent barrier can account for the nonlinearity observed in the output character-
istics. b) Field-dependent mobility (Poole-Frenkel e�ect) perpendicular to the gate
dielectric from the metal contacts down to the accumulation channel. This is also
the direction (c-axis) of low mobility within the DNTT �lm, so that the trap den-
sity is indeed expected to be large. A strong electric �eld reduces the barrier height
between the localized states (see schematic), so that the rate of thermally activated
charge carriers increases. c) Space charge limited current (SCLC) perpendicular to
the gate dielectric from the metal contacts down to the accumulation channel. The
model assumes a low contact resistance between the organic semiconductor and the
metal, but a non-e�cient charge transport along the c-axis.

the nonlinear drain-current increase would not be observable [79]. However, due to image

forces which act on the barrier and traps or interface states at the semiconductor/metal

interface [163] it is possible that the Schottky barrier is bias-dependent in the reverse

direction. This can lead to a deviation from a pure Schottky diode characteristic (rec-

tifying behavior), so that the drain current in the output characteristics may increase

nonlinearly [82, 163, 164]. For example, this concept was useful to explain the contact

e�ects in zinc oxide nanowire �eld-e�ect transistors [165] and might be transferable to

organic TFTs. This model also explains the increase in nonlinearity when the contact

length is reduced (Figure 6.4a-c). A smaller contact area increases the contact resistance

and therefore increases the relative portion of the drain-source voltage drop across the

contacts. Consequently, the in�uence of the bias-dependent Schottky barrier increases

(compared to the channel resistance) and the superlinear drain-current increase is more

pronounced.

Anisotropic mobility

In polycrystalline �lms of small molecules the individual molecules often stand approxi-

mately perpendicular on the gate dielectric [66, 166] (and chapter 5). This molecular order

causes a large mobility in the direction parallel to the gate dielectric (strong interaction of

neighboring molecules), and a smaller mobility perpendicular to the gate dielectric (weaker

interaction of neighboring molecules) [35, 167]. Experimental [168] and theoretical studies

[169] demonstrated that the contact resistance in staggered organic TFTs has a minimum
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value for a �lm thickness of 20-40 nm, which con�rms the signi�cant in�uence of the

charge transport perpendicular to the gate dielectric. There are two mechanisms which

can explain the charge transport in this region and can lead to the observed nonlinearities,

a �eld-dependent mobility or a space charge limited current, as discussed below.

Field-dependent mobility: Vacuum-deposited organic �lms contain defects acting as

trap states within the band gap (section 2.1). Depending on the density of trap states the

charge-carrier mobility can be electric-�eld-dependent and can be simulated by thePoole-

Frenkel e�ect. This was �rst reported by Yakov Frenkel to explain the conductivity in

insulating materials under the in�uence of a high electric �eld [170]. It is assumed that

the charge carriers are trapped in localized states separated by an energy barrier, which

is only occasionally overcome by thermal activation. However, under the in�uence of a

strong electric �eld, the barrier between the localized states is reduced and less thermal

energy is required to release charge carriers (6.5b). Thus, the charge carriers are more

frequently released and the mobility increases. The �eld-dependent mobility in organic

TFTs is typically described by [79, 171]:

µ (Ex) = µ0exp
(
γ
√

Ex

)
, (6.7)

where γ is a prefactor and depends on the materials. In simulations the �eld-dependent

mobility is often considered along the source-drain electric �eld (for electric �elds >

105 V/cm), i.e. along the transistor channel. This concept proofed useful to explain

the nonlinearities in the output characteristics of transistors based on amorphous organic

semiconductors [79, 171]. However, preliminary simulations on these DNTT TFTs yielded

only a very weak �eld-dependent mobility along the channel [172]. This is evident, since

the DNTT �lms exhibit a high molecular order (chapter 5), so that a very high density

of trap states is not expected.

When the contact length is reduced, the contribution of the drain-source voltage drop

across the contacts increases. Consequently, the electric �eld (drain-source voltage) along

the channel decreases, so that one would expect a reduction of the nonlinear drain-current

increase. But the experiments demonstrate an increase in nonlinearity when the contact

length is reduced. This suggests within the concept of the Poole-Frenkel mechanism a �eld-

dependent mobility from the contacts down to the accumulation channel (perpendicular

to the gate dielectric). Since the interaction of the DNTT molecules perpendicular to the

gate dielectric is weaker [35], this transport direction might be a�ected more strongly by

defects that introduce trap states.

Space charge limited current: The assumption of a space charge limited current

(SCLC) was useful to model the current in a vertical organic diode [173]. The SCLC
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model assumes that the contact resistance between the organic semiconductor and the

metal is small, but that the charge transport in the organic semiconductor is not e�-

cient. A high charge-carrier density will thus remain close to the contact (Figure 6.5c)

and will in�uence the contact barrier. This concept was successfully adopted by Sohn

and co-workers to describe the transport mechanism in top-contact organic TFTs from

the contacts down to the accumulation channel [169]. The SCLC in its general form is

described by [169, 173]:

I ∝ µ0
V2

t3
film

, (6.8)

and creates a superlinear current increase. V is the voltage across the SCLC region and

tfilm the thickness of the same region (thickness of the organic semiconductor). This

model also explains that a reduction of the contact length increases the relative voltage

drop across this region, so that the nonlinear drain-current increase is more pronounced.

Contact resistance

For each series of transistors with di�erent contact length (200, 20, 5, and 2 µm) the TLM

method was used to extract the contact resistance and the channel resistance at a drain-

source voltage of -0.1 V (table 6.3). It was found that the contact resistance increases

from 0.6 kΩ·cm (LC = 200 µm) to 2.2 kΩ·cm (LC = 2 µm) with decreasing contact length.

The symbols in Figure 6.6a show the extracted contact resistances as a function of the

contact length. A contact resistance of 9.8 kΩ·cm for a contact length of 0.2 µm was

found for transistors manufactured with the electron-beam lithography process (section

4.2). These DNTT TFTs will be discussed in the next section in detail. The dashed line

in Figure 6.6a displays the theoretically expected relation between the contact resistance

and the contact length given by equation 6.2. The sheet resistance, contact resistance,

and transfer length extracted for TFTs with a contact length of 200 µm were utilized

for the simulation. In the TLM theory only vertical currents between the contacts and

the semiconductor are considered. However, there are three mechanisms which can lead

to a higher current in the TFT, so that the extracted contact resistance is smaller than

expected (as observed in the experiments).

� The organic semiconductor next to the gate electrode is intrinsically not conducting,

but diagonal �eld lines accumulate a certain charge-carrier density in the vicinity

next to the gate electrode [79]. For TFTs with LC < LT a certain fraction of the

total current can �ow in a diagonal direction between the contacts and the organic

semiconductor, making the e�ective area available for the charge �ow larger than

LC·W (Figure 6.6b).

� The three-dimensional growth of the DNTT �lm introduces contact/semiconductor
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Figure 6.6: Experimental analysis of the relation between contact resistance and
contact length and schematics of the contact/semiconductor interface. a)
Width-normalized contact resistance as a function of the contact length. The data
points indicate the contact resistances of 0.60, 0.69, 1.36, 2.20, and 9.80 kΩ·cm that
have been meeasured for a contact length of 200, 20, 5, 2, and 0.2 µm, respectively.
The TFTs with a contact lemgth of 200, 20, 5, and 2 µm have been manufactured
using stencil lithography. The TFTs with a contact length of 0.2 µm have been
realized using an electron-beam lithography assisted process and will be discussed
in detail in section 6.3. The dashed line represents the theoretically predicted
relation between the contact resistance and the contact length. b) Schematic to
illustrate the hypothesis of a non-vertical charge �ow between the contact and the
semiconductor. c) Schematic to indicate the preferable charge �ow in a valley.

Contact length (µm) Contact resistance (kΩ·cm) Sheet resistance (kΩ
� )

200 0.60 250
20 0.68 280
5 1.36 420
2 2.20 1300

Table 6.3: Contact and sheet resistance for DNTT TFTs with a contact length of
200, 20, 5 and 2 µm.

interface regions closer to (valley) and further away from gate dielectric surface

(Figure 6.6c). Due to the higher resistance of the organic semiconductor along the

c-axis (compared to the ab-plane), the current transfer between the contact and the

semiconductor will occur mainly in the valley (red arrows in Figure 6.6c). Therefore,

the presence of a valley may be the dominating region of charge transfer, and the

actual contact length is less important than predicted by the TLM theory.

� A minor current contribution not considered in the TLM theory might be given by

a charge �ow between the contact and the semiconductor in the direction parallel

to the gate dielectric as indicated in Figure 6.6c (green arrow).
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Remarks

Even if the contact length of a top-contact TFT is reduced to 0 µm, in other words, even

if there is no overlap between the gate electrode and the source/drain contacts, there

will be a non-zero density of charge carriers underneath the contacts, so that the contact

resistance should still be smaller than that of transistors manufactured in the bottom-

contact (coplanar) geometry [79]. This should be another important advantage of the

staggered over the coplanar organic TFTs.

Also note that the gate-source voltage controls the density of charge carriers that are accu-

mulated in the transistor channel and therefore determines the sheet resistance. However,

the e�ective gate-source voltage, which is applied to the transistor channel, depends on

the serial (source-side) contact resistance. When the contact resistance increases (e.g.

for a reduced contact length), the e�ective gate-source voltage is reduced, so that less

charge carriers are accumulated in the transistor channel and the DNTT sheet resistance

is increased (table 6.3).

6.3 Nanoscale organic transistors

There have been many e�orts to reduce the channel length of (organic) transistors, with

the goal of increasing the maximum operation frequency (fT ∼ 1
L2 , section 3.2). However,

if the scaling requirements addressed in section 3.3.1 are not observed, such transistors

will show strong short-channel e�ects, especially for a channel length of 100 nm or less.

Ideally, the thickness of the gate dielectric is a factor of ∼20 smaller than the transistor

channel length. This guarantees that the accumulated charge in the channel is controlled

by the gate electrode rather than by the drain contact [75]. Many sub-100 nm organic

transistors reported in the literature utilize a silicon wafer as a global back-gate with a

reasonably thin layer (5 to 50 nm thick) of SiO2 or SiNx as the gate dielectric, so that

short-channel e�ects are reduced [25, 87, 89, 105, 107]. However, these gate dielectrics

are not compatible with a low-temperature process as desired for organic transistors.

Collet and co-workers reported on a monolayer of tetradecylenyltrichlorosilane utilized as

a low-temperature ultra-thin gate dielectric on a silicon wafer, but their transistor with a

channel length of ∼100 nm still su�ers from severe short-channel e�ects [86].

So far, most reports on local-gate organic transistors with a channel length ∼100 nm

utilized relatively thick gate dielectrics. The ratio of channel length to gate-dielectric

thickness is not larger than 5-6 [14] and not surprisingly the transistors exhibit strong

short-channel e�ects such as absence of drain-current saturation. The local-gate TFTs in

this thesis employ an ultra-thin low-temperature gate dielectric (tdiel = 5.7 nm), so that

no severe short-channel e�ects for a channel length as small as ∼100 nm are expected
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( L
tdiel

& 20). All TFTs have a channel length between 90 and 300 nm, a channel width of

500 nm, and a contact length of 200 nm, and have been fabricated with the electron-beam

lithography process described in section 4.2.

6.3.1 Device characteristics

Figure 6.7: Transfer and output characteristics of a top-contact DNTT TFT. The
TFT has a channel length of 90 nm, a channel width of 500 nm, and a contact length
of ∼200 nm. a) From the transfer characteristics a transconductance of 0.4 S

m , an
e�ective mobility of 0.04 cm2

Vs , an on/o� current ratio of 107, a subthreshold swing of
170 mV/decade, and a threshold voltage of -1.35 V are extracted. The ratio between
the channel length and the gate dielectric thickness (5.7 nm) is su�ciently large to
facilitate a strong gate coupling, so that the o�-state drain current is only 0.1 pA.
The gate current is also not larger than 0.1 pA b) In the output characteristics the
drain current increases nonlinearly, but the saturation is reasonably pronounced.

The electrical characteristics of a DNTT TFT with a channel length of 90 nm, a chan-

nel width of 500 nm, and a contact length of ∼200 nm are shown in Figure 6.7. The

transconductance is 0.4 S
m
, the e�ective mobility 0.04 cm2

Vs
, the on/o� current ratio ∼ 107,

the subthreshold swing 170 mV/decade, and the threshold voltage -1.35 V. The ratio

between the channel length and the dielectric thickness is su�ciently large to facilitate a

strong gate coupling and the transistor clearly turns o� (∼ 10−13A). The on/o� current

ratio is similar to that of the long-channel transistors (L = 30 µm) reported in section

6.1, and it is by far the largest on/o� ratio reported for a sub-100 nm organic TFT.

The output characteristics show the nonlinear current increase attributed to the contact

resistanc, but good current saturation for higher drain-source voltages. The width of the

semiconducting layer and the width of the source/drain contacts are identical, since both

are de�ned by the same resist pattern (Figure 4.4b on page 43). Therefore, the chan-

nel width of the TFTs is precisely de�ned and the possibility of fringe currents �owing

between source and drain outside of the contact width are e�ectively eliminated.
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6.3.2 Discussion of short-channel e�ects

Figure 6.8: Analysis of short-channel e�ects. The DNTT TFTs have a channel length
between 0.09 µm and 60 µm and employ an ultra-thin gate dielectric (5-6 nm thick)
to suppress short-channel e�ects. a) Transfer characteristics of a DNTT TFT with
a channel length of 150 nm for two di�erent drain-source voltages. The o�-state
drain current, the threshold voltage and the subthreshold swing are independent
of the applied drain-source voltage (absence of drain-induced barrier lowering). b)
The threshold voltage is essentially independent of the transistor channel length
(0.09-60 µm), and no threshold voltage roll-o� behavior is observed.

The deviations from the ideal electrical characteristics for transistors, when the gate

dielectric scaling requirements are not observed, have been already introduced in section

3.3.1.

The transfer characteristics of a TFT with a channel length of 150 nm for drain-source

voltages of -0.1 V and -1.5 V are shown in Figure 6.8a. Despite the very small channel

length the o�-state drain current, the threshold voltage, and the subthreshold swing

are independent of the applied drain-source voltage (absence of drain-induced barrier

lowering).

Figure 6.8b shows the threshold voltage (extracted in the linear region) of DNTT TFTs

with a channel length between 0.09 µm and 60 µm. The threshold voltage of a TFT with

a channel length of 60 µm is -1.30 V and for a channel length of 0.09 µm it is -1.35 V.

Compared to reports on organic TFTs with a thicker gate dielectric the dependence of

the threshold voltage on the channel length (threshold-voltage roll-o�) is negligible [85].

(Note that the threshold voltages of the TFTs fabricated by electron-beam lithography

are systematically larger by about 100 mV than those of the TFTs fabricated by stencil

lithography, likely due to small amounts of resist residue.

The saturation of the drain current in the output characteristics of the long-channel TFT

(L = 60 µm) in Figure 6.1b is very pronounced and the output conductance gd = ∂ID
∂VDS

is
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essentially zero. The 90 nm long TFT in Figure 6.7b has similar characteristics, showing

that the channel-length modulation is greatly suppressed.

In short, using an ultra-thin gate dielectric to observe the scaling requirements introduced

by R.H. Dennard [75] is a powerful method to suppress short-channel e�ects in organic

transistors with a channel length as small as 100 nm.

6.3.3 Contact limitation

Figure 6.9: Statistical analysis of the transconductance and width-normalized re-
sistance of nanoscale DNTT TFTs. a) Transconductance as a function of
the channel length for 40 DNTT TFTs with a channel length between 90 and
300 nm. The theoretically predicted relationship between transconductance and
channel length (gm ∼ 1

L) is not observed, so that methods such as the TLM cannot
be applied to these data. b) Width-normalized resistance of 19 DNTT TFTs with
a channel length of 150 nm calculated at a �xed drain-source voltage of -0.1 V. The
average resistance of the TFTs is 9.8 kΩ·cm and the contact resistance is assumed
to be only slightly smaller.

Figure 6.9a shows the transconductance per channel width as a function of the channel

length (90 nm, 150 nm, or 300 nm) of 40 nanoscale TFTs measured on four substrates.

The TFTs have a channel width of 500 nm and a contact length of ∼200 nm. The

variation of the measured values for a speci�c channel length is substantial and the the-

oretically predicted relation between transconductance and channel length (gm ∼ 1
L
) is

not observed, so that an analysis of the data using the transmission line method is not

possible. Due to the extremely small channel length of these TFTs, the most important

parameter limiting the transconductance is the contact resistance, so it is reasonable to

assume that the large variation in transconductance is caused by variations in the contact

resistance. In contrast to the previously discussed long-channel TFTs (L > 1 µm), where

the in�uence of the contact resistance on the device characteristics is small, the character-

istics of nanoscale TFTs are heavily dependent on the e�ciency of the contacts. Indeed,
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scanning photocurrent microscopy experiments on pentacene TFTs have shown that the

e�ciency of the charge transfer at the contacts can vary signi�cantly, not only from one

device to the next, but even along the contact edge within the same device [174, 175].

The nanoscale TFTs have a channel width of 500 nm and a contact length of 200 nm, so

that one contact may cross a grain boundary and another contact is located on a single

grain. These variations are usually not observed for the long-channel TFTs with a channel

width and contact length of several microns.

To estimate an upper limit for the contact resistance of the nanoscale TFTs, the total

resistance of a large number of TFTs with identical channel length (L = 150 nm) was

measured and the mean value of the width-normalized total resistance was calculated.

For nanoscale TFTs, the contribution of the channel resistance to the total resistance is

very small, so that the contact resistance is expected to be only slightly smaller than the

total resistance. In Figure 6.9b the distribution of the total resistance of 19 nanoscale

TFTs calculated for a drain-source voltage of -0.1 V is shown. The mean value of the

total resistance is 9.8 kΩ·cm.

6.4 Reproducibility of stencil lithography

In contrast to the electron-beam lithography process, the stencil lithography process ex-

hibits a remarkable reproducibility of the transistor characteristics. Figure 6.10a shows

the transfer characteristics of 16 DNTT transistors fabricated on one substrate for a drain-

source voltage of -1.5 V. The TFTs have a channel length of 1 µm, a channel width of

10 µm, and a contact length of 20 µm. The o�-state drain current, subthreshold swing,

threshold voltage, on-state drain current, and gate current show very little variations. For

example, the average extracted transconductance is (0.47± 0.02) S
m
. The little variation

in transconductance is mainly attributed to the well-de�ned channel length enabled by

the stencil masks. The energy dispersive x-ray map for gold of a TFT with a channel

length of 10 µm in Figure 6.10c demonstrates the sharp edges of the gold contact. Dur-

ing the manufacturing process no signi�cant amount of gold was inadvertently deposited

underneath the stencil mask into the transistor channel. These conclusions are supported

by the SEM image shown in Figure 4.3c on page 42.

The threshold voltage of 62 TFTs with a channel length of 5, 2, and 1 µm fabricated

on four di�erent substrates on di�erent days is summarized in Figure 6.10b. Since the

DNTT TFTs show essentially no threshold-voltage roll-o� for a channel length as short as

0.09 µm, the consideration of transistors with di�erent channel length in this statistical

analysis is legitimate. The extracted average threshold voltage is (0.95± 0.03) V and

varies by only a few percent. A uniform threshold voltage was also extracted for pentacene
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Figure 6.10: Statistics on the stencil lithography manufacturing process. a) Trans-
fer characteristics of 16 DNTT TFTs with a channel length of 1 µm, a channel
width of 10 µm, and a contact length of 20 µm. The average transconductance
of the transistors is (0.47± 0.02) S

m . The tight distribution is attributed to the
smooth contact edges enabled by the use of high-resolution silicon stencil masks.
b) Threshold voltage of 62 TFTs with a channel length of 5, 2, and 1 µm fabricated
on four di�erent substrates with an average threshold voltage of (0.95± 0.03) V.
The consideration of di�erent channel lengths is justi�ed since the TFTs show no
threshold voltage roll-o� for a channel length as short as 0.09 µm (section 6.3).
c) Energy dispersive x-ray map of gold and corresponding data analysis of a TFT
with a channel length of 10 µm. The sharp source/drain contact edges are visible.

top-contact TFTs manufactured with polyimide shadow masks [12]. Therefore, the tight

threshold voltage distribution is attributed to the uniform organic �lm growth on top of

the hydrophobic gate dielectric, rather than to the utilization of high-resolution stencil

masks.
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Conclusion

The top-contact DNTT TFTs manufactured in this work have an intrinsic hole mobility

of 3.4 cm2

Vs
. For TFTs with large lateral dimensions (large channel length and large contact

length) the in�uence of the contact resistance on the device characteristics is negligible

and the extracted e�ective mobility (2.8 cm2

Vs
) is close to the intrinsic mobility. A transfer

length of 12 µm is extracted using the transmission line method. Therefore, the contact

resistance strongly increases from 0.6 kΩ·cm for a contact length of 200 µm to 9.8 kΩ·cm
for a contact length of 200 nm. As a result, DNTT TFTs with a reduced contact and

channel length (∼100 nm) exhibit a much smaller e�ective mobility of 0.04 cm2

Vs
, since most

of the drain-source voltage drops across the contacts and not along the channel. However,

thanks to the ultra-thin gate dielectric utilized in this work, short-channel e�ects are

greatly suppressed. TFTs with a channel length of 90 nm have an on/o� current ratio

of 107 and a steep subthreshold swing of 170 mV/decade, which is comparable to long-

channel TFTs. The manufacturing process based on stencil lithography is characterized

by a remarkable reproducibility. The electrical characteristics, such as the o�-state drain

current, the subthreshold swing, the threshold voltage, the on-state drain current, and

the gate current, of TFTs with identical lateral dimensions vary by only a few percent.

For example, the average transconductance for 16 TFTs with a channel length of 1 µm is

(0.47± 0.02) S
m
and the average threshold voltage of 62 TFTs is (0.95± 0.03) V.
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Organic semiconductors often su�er from a rapid degradation during exposure to oxygen,

water vapor (humidity), or ozone. Common methods to avoid this degradation are en-

capsulations of the transistors [50] or storage under an inert atmosphere [176]. Air-stable

semiconductors obviously greatly simplify the handling of the materials during manufac-

turing and the characterization in research labs, but also in an industrial environment.

The shelf-life stability of the organic semiconductor DNTT during exposure to ambient

conditions is investigated in section 7.1. Interestingly, the electrical characteristics of the

DNTT TFTs exhibit essentially no degradation during exposure to ambient conditions

(over a period of a few months). In fact, the TFT performance initially improves. This

surprising e�ect depends on the channel length of the transistor and is analyzed in section

7.2.

7.1 Air stability of DNTT

The electrical performance of organic TFTs exposed to oxygen, water vapor (humidity),

or ozone often degrades over time. This has been reported for organic TFTs based on

pentacene [177, 178, 179] and is the result of an oxidation at the central ring of the molecule

by which hydrogen atoms are replaced by oxygen atoms [180]. Since oxygen atoms are

linked to the carbon atoms via double bonds (in contrast to hydrogen atoms, which are

linked by single bonds), the oxidation leads to a loss in conjugation and a change of the

HOMO energy (section 2.1). This hinders the charge-carrier exchange between oxidized

and non-oxidized molecules. Moreover, the shape of the oxidized molecules is di�erent

and causes distortions, that act as scattering centers within the organic semiconductor

[55] and reduce the mobility. One strategy towards air-stable organic semiconductors is

to increase the ionization potential (= reduction of the HOMO energy level) to reduce

the oxidation probability of the molecule. This was demonstrated for di(phenylvinyl)

anthracene (DPVAnt) with an ionization potential of -5.4 eV (compared to an ionization

potential of -5.0 eV for pentacene). DPVAnt transistors show a better air stability than

pentacene transistors. However, the mobility in low-voltage DPVAnt TFTs with a channel

length of 30 µm and a contact length of 30 µm is only 0.5 cm2

Vs
, and the subthreshold swing

was found to increases over time [132].
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Figure 7.1: Shelf-life stability of DNTT TFTs. a) E�ective mobility as a function of time
for two DNTT TFTs with a channel length of 2 µm and 50 µm and a channel
width of 20 µm and 100 µm, respectively. The contact length is 20 µm for both
transistors. After 200 days the e�ective mobility is still within 10% of its original
value. b) Normalized e�ective mobility as a function of time for a DNTT TFT with
a channel length of 1 µm extracted in the saturation region. Within 30 hours, the
e�ective mobility increases by 60%.

The DNTT molecule has a HOMO energy level of -5.4 eV [26], which is su�ciently low to

avoid a strong oxidation under ambient conditions. In Figure 7.1a the e�ective mobilities

of two DNTT TFTs with channel lengths of 2 µm and 50 µm are plotted as a function

of time. The contact length of both TFTs is 20 µm. The transistors have been stored

and measured in a clean room with a humidity of 40%-70%. The e�ective mobility of

the transistor with a channel length of 2 µm is ∼1 cm2

Vs
and that of the transistor with

a channel length of 50 µm is ∼2 cm2

Vs
. The di�erence in e�ective mobility is explained

by the di�erent contributions of the contact resistance to the total transistor resistance

(section 6.2.1). Over the observed period of 210 days, there is essentially no degradation

in mobility for both transistors. For comparison, the e�ective mobility of pentacene TFTs

fabricated with the same process and the same lateral dimensions is initially only 0.5 cm2

Vs

(channel length of 50 µm) and decreases by more than one order of magnitude within 30

days [177].

Closer inspection of the data reveals a slight increase in e�ective mobility, but only for

the TFT with the small channel length (2 µm). Figure 7.1b illustrates the time evolution

of the normalized e�ective mobility (extracted in the saturation region) of a DNTT TFT

with a channel length of 1 µm, a channel width of 50 µm, and a contact length of 200 µm.

The mobility was normalized to its initial value that was extracted immediately after the

device fabrication. The e�ective mobility is approximately constant for the �rst few hours.

Then, an increase in e�ective mobility by ∼ 60% within ∼30 h is observed, followed by a

�saturation region�. The mechanism of this improvement is discussed in the next section.
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7.2 Time-dependent contact-resistance improvement

7.2.1 Electrical characteristics and e�ective mobility

Figure 7.2: Transfer and output characteristics of a top-contact DNTT TFT mea-
sured immediately and 5 months after its fabrication. The DNTT TFT has
a channel length of 0.8 µm, a channel width of 5 µm, and a contact length of 20 µm.
a,b) For the pristine transistor the e�ective mobilities are 0.2 cm2

Vs and 0.7 cm2

Vs in
the linear and the saturation region, respectively. After 5 months the e�ective mo-
bilities have increased to 0.8 cm2

Vs in the linear and 0.9 cm2

Vs in the saturation region.
The transconductance is 1 S

m (after 5 months) which is the largest transconductance
reported for an organic transistor with an on/o� ratio of more than 103. c,d) In
the output characteristics the pristine transistor shows the nonlinear drain current
increase which has disappeared 5 months after fabrication.

Figure 7.2 shows the transfer and output characteristics of a DNTT TFT with a channel

length of 0.8 µm, a channel width of 5 µm, and a contact length of 20 µmmeasured initially

and 5 months after the fabrication. Initially, the transconductance is 0.7 S
m
, the e�ective

mobility is 0.7 cm2

Vs
, and the on/o� current ratio is 108. After 5 months, the e�ective

mobility has improved to 0.9 cm2

Vs
and the transconductance to 1.0 S

m
, which is the largest

73



7 Time-dependent e�ects

transconductance reported for an organic transistor. There are a few reports of organic

transistors with a transconductance of 4 S
m
where the gap in a broken carbon nanotube

was utilized as a very short (∼ 10 nm) transistor channel [181], but these transistors were

made in a global back-gate geometry and the on/o� current ratio is only 103.

The characteristics of the DNTT TFT recorded after 5 month show a threshold voltage

shift towards more positive values by 0.1 V and a minor subthreshold swing increase

by 20 mV to 120 mV/decade compared to the pristine characteristics (Figure 7.2). The

nonlinear drain-current increase in the output characteristics disappears after 5 months.

The extracted mobilities are 0.7 cm2

Vs
(pristine) and 0.9 cm2

Vs
(5 months) in the saturation

and 0.2 cm2

Vs
(pristine) and 0.8 cm2

Vs
(5 months) in the linear region. The more distinct

mobility increase in the linear region and the improvement of the linearity of the drain

current for small drain-source voltages suggest a time-dependent improvement of the

contact-resistance.

Figure 7.3: Time dependence of the e�ective mobility of DNTT TFTs with various
channel length. a) Change of the e�ective mobility over a period of 14 days as
a function of channel length. b) Relative mobility improvement as a function of
channel length. For transistors with a channel length longer than 20 µm the e�ective
mobility increases by 20% in the linear and the saturation region. For transistors
with a channel length of less than 20 µm, the increase in relative mobility increases
dramatically, when the channel length is reduced. In the linear region the e�ective
mobility increase is as large as 300%, whereas an increase of only 60% is observed
in the saturation region.

For all subsequent experiments the transistors were measured immediately and 14 days

after the fabrication to ensure that the mechanisms of the mobility improvement are

completed. Figure 7.3a shows the e�ective mobility in the linear and the saturation region

as a function of the channel length (1-60 µm) for pristine and 14 days old transistors. The

relative mobility increase in percent as a function of the channel length is shown in 7.3b.

Recalling the parameter L1/2 ∼ 10-15 µm (describing the transistor channel length for

equal channel and contact resistance, section 6.2.1), the transistors can be roughly divided
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7.2 Time-dependent contact-resistance improvement

into two categories. The channel-dominated TFTs have a channel length that is larger

than L1/2, and the contact-dominated TFTs have a channel length that is smaller than

L1/2. The e�ective mobility increases by only 20% in the channel-dominated TFTs in

both the linear and saturation region. In contrast, for the contact-dominated TFTs the

e�ective mobility increases by 50% in the saturation region, and by as much as 300% in

the linear region. A �t of the data in Figure 7.3a to equation 6.6 yields ∼2.2 µm for

L1/2,after 14 days in the linear and in the saturation region. This means that L1/2 decreases

by as much as a factor of 7 over a period of 14 days, suggesting that the contact resistance

decreases during this period due to a �room-temperature annealing� e�ect.

Comparison to pentacene

Similar results on a room-temperature improvement of the electrical characteristics have

previously been reported for top-contact pentacene transistors (L = 450 µm) by Kalb

and co-workers [182]. In their studies the pentacene TFTs were stored in an ultrahigh-

vacuum chamber to prevent oxidative degradation. The DNTT TFTs discussed in

this work have an excellent air stability, so that the measurements can be performed in

air. For the pentacene TFTs measured by Kalb and co-workers the channel resistance

improved by a factor ∼2, the contact resistance by one order of magnitude, and the trap

density in the pentacene �lm decreased within a few days [182]. Kalb and co-workers

concluded that a reduction of the trap density in the pentacene �lm improves the charge

transport, especially perpendicular to the surface from the contacts to the accumulation

channel. This transport direction can signi�cantly a�ect the contact resistance in top-

contact transistors. Additional experiments at variable temperatures and in variable gas

atmospheres indicated that this processes is driven by thermal energy, rather than by

chemical doping with oxygen.

A thermally driven process is also consistent with XRD measurements on postfabrication

annealed (∼ 50 − 70°C) pentacene �lms [80, 183, 184, 185]. The peak intensity of the

XRD patterns have been stronger for pentacene layers annealed at moderate temperatures

after fabrication which indicates an improvement in �lm crystallinity. For postfabrication

annealing of pentacene transistors several groups reported a mobility increase under am-

bient conditions (channel length ∼50 µm, measured within a few hours after exposure

to ambient conditions) [109, 184, 185], when the channel length is not larger than 50 µm.

Therefore, the signi�cant improvement of the e�ective mobility observed for the DNTT

TFT studied in this thesis (Figure 7.3a) may be attributed indeed to a �room-temperature

annealing� e�ect.
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7 Time-dependent e�ects

7.2.2 Contact and sheet resistance

Figure 7.4: Contact and sheet resistance analysis of DNTT TFTs measured immedi-
ately and 14 days after fabrication. a) TLM to extract the contact resistance,
the sheet resistance and the transfer length of pristine (blue) and 14 days old (red)
transistors. Initially, the contact resistanc is 600 Ω·cm, the sheet resistance 250 kΩ

�
and the transfer length 12 µm. After 14 days the contact resistance is 90 Ω·cm,
the sheet resistance 250 kΩ

� and the transfer length 3-4 µm. b) Contact resistance
as a function of the drain-source voltage. The contact resistance of the pristine
transistors depends on the drain-source voltage, however, after 14 days there is
essentially no dependence on the drain-source voltage. c) Inverse sheet resistance
plotted as a function of the gate-source voltage to extract the intrinsic mobility and
threshold voltage of the DNTT TFTs. Initially, the intrinsic mobility is 3.4 cm2

Vs and
the threshold voltage -1.35 V. After 14 days, the intrinsic mobility is essentially un-
changed (3.2 cm2

Vs ) and the threshold voltage has shifted to -1.21 V. d) XRD pattern
of a 30 nm thick DNTT �lm measured immediately after the fabrication and again
14 days later. There is neither a change in peak position nor in peak intensity and
sharpness, and the lattice plane distance is 16.3 Å for both measurements.

The data shown in Figure 7.3b strongly suggest that the observed improvement is due

to a time-dependent decrease of the contact resistance. In order to rule out that the

observed improvement is caused by a modi�cation of the DNTT sheet resistance during
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7.2 Time-dependent contact-resistance improvement

Pristine After 14 days
Contact resistance (Ω·cm) 600 90
Contact resistivity (Ω·cm2) 0.360 0.031
Channel sheet resistance (kΩ

� ) 25 25
Transfer length (µm) 12 3.5
Intrinsic mobility ( cm2

Vs
) 3.4 3.2

Intrinsic threshold voltage (V) -1.35 -1.21
Lattice plane distance (nm) 1.63 1.63
Crystallite height (nm) 29 26

Table 7.1: Parameters extracted from the XRD and TLM measurements. The same
samples have been used for the pristine and the repeated (after 14 days) measure-
ments.

the observed period further experiments were carried out. The TLM method is useful

to separate the contributions of the contact resistance and the sheet resistance to the

total transistor resistance. In addition, XRD measurements on a pristine DNTT �lm and

14 days later were taken to identify any morphological changes induced by the �room-

temperature annealing�. A summary of the XRD and TLM results is given in table 7.1.

Contact resistance

Figure 7.4a illustrates the TLM for a set of DNTT TFTs with a channel length between

1 and 60 µm and a contact length of 200 µm. The transistors were measured immediately

and 14 days after the fabrication. The data in Figure 7.4a are plotted for an overdrive

voltage VOD = -1.7 V. The overdrive voltage is de�ned as a �xed gate-source voltage

above the threshold voltage, so that the accumulated charge-carrier density in the channel

is identical for both sets of data, even if the TFTs had di�erent threshold voltages. The

pristine transistors exhibit a contact resistance of 600 Ω·cm, a sheet resistance of 250 kΩ
� ,

a contact resistivity of 0.36 Ω·cm2, and a transfer length of 12 µm.

After 14 days, the contact resistance has decreased by a factor of 6 to 90 Ω·cm, which is the
lowest contact resistance reported for organic polycrystalline TFTs (without source/drain

contact modi�cations or doping). Figure 7.4b shows the relation between the contact

resistance and the applied drain-source voltage. The contact resistance of the pristine

transistors exhibits a pronounced dependence on the drain-source voltage. After 14 days

this dependence has disappeared, which also explains the improved linearity of the drain

current in the output characteristics.

77



7 Time-dependent e�ects

Sheet resistance

In contrast to the contact resistance, the sheet resistance of the DNTT TFTS does not

signi�cantly change during the �rst 14 days and remains unaltered at ∼250 kΩ
� . This

is also evident when the intrinsic mobility and threshold voltage of the transistors are

calculated. Following equation 6.5 on page 54 the inverse sheet resistance as a function

of the gate-source voltage for the pristine and 14 days old transistors is plotted (Figure

7.4c). The least-square linear �t yields an intrinsic mobility of 3.4 cm2

Vs
for the pristine

TFTs. After 14 days, the intrinsic mobility is 3.2 cm2

Vs
, which is almost identical to that

of the pristine TFT. The reduction in contact resistance is equivalent to a reduction in

contact resistivity (table 7.1), so that the transfer length is reduced to 3.5 µm after 14

days.

In addition, the molecular order of the pristine and 14 days old DNTT �lms was evaluated

using x-ray di�raction techniques (Figure 7.4d). The �lms have a thickness of 30 nm and

were vacuum-deposited onto a Si/Al/AlOx/SAM substrate. Neither the characteristic

angles of the peaks nor the peak intensities and sharpness change signi�cantly during the

�rst 14 days. (Note, however, that this XRD method is not reliable to identify very small

changes in the molecular order of the DNTT �lm, so that the occurrence of such changes

cannot be completely ruled out.)

7.2.3 In�uence of ambient conditions

Kalb and co-workers observed a reduction of the contact resistance in pentacene transis-

tors independent of the atmospheric conditions, so that a chemical doping of the pentacene

TFTs is excluded [182]. The pentacene TFTs were fabricated in situ, that is without any

exposure to ambient conditions between the pentacene evaporation, the metal contact

deposition, and the electrical characterization in di�erent gas atmospheres. The technical

setup by Kalb and co-workers is very useful to avoid any in�uences introduced by oxygen,

ozone, or water vapor during the manufacturing process and the electrical characteri-

zation. However, the minimum lateral resolution for top-contact transistors fabricated

within that setup is limited to relatively large dimensions of ∼450 µm.

In the present work the focus is placed on very small lateral dimensions (∼1 µm). This
requires to align the stencil masks ex situ. Therefore, it is not possible to protect the

transistors against atmospheric in�uences during the manufacturing process and detailed

experiments on the in�uence of di�erent gas atmospheres are not possible. However, sim-

ple experiments were performed to draw conclusions on the in�uence of ambient conditions

on the TFTs investigated in this work.

In the following paragraphs only the parameters extracted from a single transfer charac-

78



7.2 Time-dependent contact-resistance improvement

Figure 7.5: In�uence of ambient conditions on the contact annealing. a) Normalized
e�ective mobility (extracted in the saturation region) as a function of time for
a DNTT TFT. The transistor was stored for 60 hours in vacuum prior to the
electrical characterization. The channel length is 2 µm, the channel width 50 µm,
and the contact length 200 µm. The e�ective mobility improves �rst on exposure
to ambient conditions. b) Transfer characteristics of DNTT TFTs with a channel
length of 2 µm, a channel width of 50 µm, and a contact length of 200 µm. The
�old contacts� describe the TFT initially fabricated onto this substrate. The �new
contacts� describe the TFT with source/drain contacts fabricated after 52 days
onto the same substrate (sample stored under ambient conditions in a clean room
in darkness). The extracted e�ective mobilities (0.6 cm2

Vs ) and the threshold voltages
(-1.3 V) are identical for both TFTs.

teristics are studied. Nevertheless, all observations are attributed to a contact-resistance

modi�cation and not to a channel-resistance modi�cation. Note that without the experi-

ments discussed in the previous section this conclusion would not be possible.

In the �rst experiment, a DNTT TFT has been fabricated as described in section 4.1, but

it was stored after the source/drain contact deposition for 60 hours in vacuum. Figure

7.5a shows the normalized e�ective mobility (extracted in the saturation region) as a

function of time for this DNTT TFT. The mobility was normalized to its initial value

that was extracted immediately after exposure to ambient conditions. The TFT has a

channel length of 2 µm, a channel width of 50 µm, and a contact length of 200 µm.

Similar to the TFT in Figure 7.1b on page 72 the e�ective mobility is constant for several

hours on exposure to ambient conditions. Then, an increase in e�ective mobility by

∼ 100% within ∼30 h is observed, followed by a �saturation region�. This indicates that

the contact resistance is not decreased when the TFT is stored for 60 hours in vacuum.

Thus, the presence of oxygen, ozone, or water vapor may be required to observe the

�room-temperature annealing�.

In a second experiment, TFTs in a global back-gate con�guration have been utilized.

Here, 30 nm of aluminum have been thermally deposited onto a silicon wafer that was
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7 Time-dependent e�ects

utilized as back-gate electrode. Then, the hybrid gate dielectric was formed on top of the

aluminum �lm and a 30 nm thick (unpatterned) DNTT �lm was vacuum-deposited. Only

the gold source/drain contacts were patterned using a stencil mask.

The DNTT TFT on this substrate has a channel length of 2 µm, a channel width of 50 µm,

and a contact length of 200 µm. The TFT was electrically characterized immediately after

the manufacturing process and is labeled with �old contacts� in Figure 7.5b (blue line).

Then, the substrate was stored for 52 days under ambient conditions in a clean room

in darkness. After this time period of 52 days additional gold source/drain contacts

have been deposited onto the same substrate to pattern a new DNTT TFT (with a 52

days old DNTT �lm). Again, the DNTT TFT has a channel length of 2 µm, a channel

width of 50 µm, and a contact length of 200 µm. The TFT was electrically characterized

immediately after the manufacturing process and is labeled with �new contacts� in

Figure 7.5b (red line). The transfer characteristics of both DNTT TFTs (with the old

and the new contacts) are identical. The extracted e�ective mobilities are 0.6 cm2

Vs
and

the threshold voltages -1.3 V. This experiment supports the hypothesis that the DNTT

�lm itself is not modi�ed on exposure to ambient conditions. Note, also for the TFT with

�new contacts� an increase in mobility on exposure to ambient conditions was observed.

Conclusion

DNTT TFTs have been stored and measured in a clean room (40%-70% humidity) during a

period of 200 days. The extracted e�ective mobility was essentially constant. Actually, for

transistors with a small channel length (< 5 µm), a strong increase in the e�ective mobility

within a few days was observed (followed by a constant value for the remaining period).

Depending on the exact channel length this increase can be as strong as 300% (in the linear

region). The dramatic increase in the e�ective mobility in the linear region is accompanied

by a transition from a nonlinear to an (ideal) linear drain-current increase in the output

characteristics. Further experiments including X-ray di�raction measurements and the

transmission line method show that this increase is attributed to a contact-resistance

reduction from 600 Ω·cm to 90 Ω·cm under ambient conditions. The sheet resistance (=

intrinsic mobility in the TFTs without the in�uence of the contact resistance) and the

crystal structure remain una�ected by this �room-temperature annealing� e�ect.
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8 Organic doping for organic

thin-�lm transistors

The drain current of organic transistors is often limited by the energy barrier at the

interface between the semiconductor and the source/drain contacts (unless the channel

resistance is much larger than the contact resistance). This barrier can be reduced by

choosing a source/drain contact metal with a proper work function that matches the

LUMO/HOMO energy of the organic semiconductor (section 3.3.2, [77]). However, this

method usually works only to a certain extent.

For the bottom-contact geometry a further reduction of the contact resistance is often

possible by modifying the work function of the source/drain contacts with a self-assembled

monolayer [91, 186]. The most prominent example is the modi�cation of gold bottom

contacts with a thiol-based SAM, for which a contact resistance as small as 800 Ω·cm has

been reported [91]. The contact resistance of bottom-contact TFTs can also be reduced by

inserting a thin conducting metal oxide layer between the source/drain contacts and the

organic semiconductor. This oxide layer (usually only a few nanometers thick) can either

be deposited in vacuum (MoOx, WOx) [187] or it can be obtained by oxidizing the surface

of the contacts in an O2-plasma (AuOx). With the latter method, a contact resistance

of 80 Ω·cm has been reported for bottom-contact pentacene TFTs [114]. However, this

approach is not applicable to organic TFTs with a SAM-based gate dielectric, since the

SAM would be destroyed by the oxygen plasma.

In the top-contact geometry the contact resistance can be reduced when a thin layer

of a charge-carrier dopant is inserted between the organic semiconductor and the metal

contacts. This layer can reduce the energy barrier and increase the charge �ow between the

contacts and the semiconductor. This is explained in section 8.1. In section 8.2 the organic

dopant that was utilized for the top-contact TFTs studied in this work is introduced. The

in�uence of contact doping on the TFT characteristics and on the contact resistance, but

also the positional stability of the organic dopant are discussed in sections 8.3, 8.4, and

8.5.

For all experiments discussed here (unless explicitly mentioned), the electrical character-

istics have been recorded within a few hours after the manufacturing process. This is
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8 Organic doping for organic thin-�lm transistors

necessary to avoid any signi�cant contributions from the �room-temperature annealing�

e�ects discussed in the previous chapter.

8.1 Doping of organic semiconductors

Figure 8.1: Mechanism for p-type doping in organic semiconductors. The schematic
illustrates the incorporation of an organic dopant into an organic semiconductor
(host material). The organic dopant is a strong electron acceptor that has its
LUMO energy below the HOMO energy of the organic semiconductor, so that
electrons are transferred from the HOMO of the organic semiconductor into the
LUMO of the dopant, leaving excess holes in the host material.

In silicon MOSFETs, the contact resistance is reduced by incorporating elements from

the third or �fth column of the periodic table into the contact regions. When the dopants

assume positions in the silicon lattice, charge carriers are exchanged between the dopants

and the lattice, thus increasing the free carrier density and the electrical conductivity.

If the dopant atoms introduce additional holes (electrons) the semiconductor is p-doped

(n-doped). In small-molecule organic semiconductors, p-type doping can be achieved by

incorporating �impurity� molecules into the host lattice. If the LUMO energy of the

dopant is smaller than the HOMO energy of the host, electrons are transferred from the

HOMO of the host to the LUMO of the dopant. Thus, excess holes are generated in

the host material and the conductivity increases [29, 30, 31, 188, 189] (Figure 8.1). This

doping concept has been successfully applied to organic light-emitting diodes, in which

the molecular doping greatly reduces the voltage drop across the contacts and along the

transport layers [30, 188].

For organic top-contact TFTs the concept of contact doping has previously been applied

to TFTs with channel lengths between 50 µm and 0.3 µm [25, 93, 125, 190, 191, 192,

193, 194, 195, 196, 197]. This was realized by employing a thin layer of MoOx
1 [192],

1Molybdenum oxide
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FeCl32 [25, 191, 195], m-MTDATA3 [193], Mo(tfd)34 [196], TCNQ5 [93], or F4-TCNQ6

[125, 190, 194, 197] between the semiconductor and the metal source/drain contacts. The

smallest contact resistance of 500 Ω·cm was realized for pentacene transistors doped with

a thin �lm of Mo(tfd)3 [196]. In all these reports, however, a global back-gate electrode

was utilized, so that the contact length was very large (> 100 µm). This has the distinct

advantage that the charge injection from the contact into the semiconductor spreads across

a large contact area (section 6.2.2) [81, 150]. But it has the disadvantage of producing a

large parasitic capacitance that limits the maximum frequency at which the transistors

can be operated (equation 3.30, page 33). So, a key question that has so far not been

addressed is, how useful the concept of contact doping is for organic TFTs with reduced

channel length and contact length (to reduce the parasitic capacitances).

8.2 Organic dopant: NDP-9

Figure 8.2: Doping strength of the organic dopant. a) Cyclic voltammetry measurements
on F4-TCNQ and NDP-9 molecules. The HOMO of NDP-9 is more negative by
0.1 eV than the HOMO of F4-TCNQ (measurements adapted from Novaled AG).
b) Sheet resistance of DNTT �lms without doping, with F4-TCNQ doping and
with NDP-9 doping. Without doping the DNTT �lm has a high sheet resistance of
1013 Ω

� , by doping with a nominally 1 nm thick layer of either F4-TCNQ or NDP-9
on top of the DNTT �lm, the sheet resistance is reduced to 2.2·109 Ω

� and 3.0·108 Ω
� .

The proprietary organic dopant �Novaled dopant p-type, number 9� (NDP-9), which is

useful for p-type doping in organic light-emitting diodes, will be introduced for contact

doping in p-channel top-contact organic TFTs. Many groups utilize the organic dopant

2Iron(III) chloride
34,4,4-trisN-3-methylphenyl-N-phenylamino-triphenylamine
4Molybdenum tris-[1,2-bis(tri�uoromethyl)ethane-1,2-dithiolene]
5Tetracyano-p-quinodimethane
6Tetra�uorotetracyano-p-quinodimethane
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8 Organic doping for organic thin-�lm transistors

F4-TCNQ for contact doping [125, 190, 194, 197], but cyclic voltammetry measurements

indicate that NDP-9 is more electronegative by about 0.1 eV than F4-TCNQ (Figure

8.2a). Therefore, NDP-9 is expected to be a stronger dopant than F4-TCNQ. To elucidate

whether this hypothesis is legitimate, the sheet resistance of 30 nm thick polycrystalline

DNTT �lms doped with a nominally 1 nm thick layer of either the dopant NDP-9 or the

dopant F4-TCNQ was measured. The dopant layers were deposited by vacuum sublima-

tion directly onto the DNTT �lms. During the dopant depositions the substrates were

held at room temperature. Gold was utilized for the contacts. Figure 8.2b shows the

sheet resistance of a DNTT �lm without doping, with F4-TCNQ doping and with

NDP-9 doping. The DNTT layer without doping has a sheet resistance of 1013 Ω
� , but

organic doping reduces this value by more than three orders of magnitude. Note that

the e�ect of NDP-9 is seven times stronger than doping with F4-TCNQ. These measure-

ments suggest that NDP-9 is a more appropriate dopant for DNTT �lms compared with

F4-TCNQ.

Figure 8.3 shows AFM images of a 30 nm thick DNTT �lm on a Si/Al/AlOx/C18-SAM

substrate, onto which a layer of NDP-9 with a nominal thickness of 1, 5, or 15 nm has

been deposited. The Figure indicates that a 1 nm thick layer of NDP-9 deposited on a

DNTT �lm leads to isolated clusters that coalesce into a continuous layer when more than

1 nm NDP-9 is deposited.

Figure 8.3: Growth of the organic dopant on a DNTT �lm. Atomic force microscopy
images (top row: topography images; bottom row: amplitude images) of 30 nm
thick �lms of the organic semiconductor DNTT (deposited on aluminum/aluminum
oxide/C18-SAM structure) without dopant and with three di�erent amounts of
the organic dopant NDP9 deposited on top of the DNTT �lm. The images show
that a nominally 1 nm thick layer of the dopant NDP-9 forms isolated clusters
when deposited on DNTT. When the nominal thickness of the deposited NDP-9 is
increased, the clusters eventually begin to coalesce into a continuous �lm.
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8.3 Electrical characterization of transistors with

doping

The TFTs discussed in this chapter are manufactured with the stencil-lithography process

described in section 4.1. For (area-selective) contact doping two evaporation sources (one

containing the organic dopant NDP-9 and one containing the gold for the source/drain

contacts) are simultaneously mounted into the evaporation chamber. A nominally 1 nm

thick layer of the dopant is vacuum-deposited (substrate kept at room temperature),

immediately followed by the evaporation of the 25 nm thick source/drain gold contacts

without breaking the vacuum.

8.3.1 Electrical activity of the organic dopant

The transfer characteristics of DNTT TFTs with a channel length of 4 µm, a channel

width of 50 µm, and a contact length of 200 µm without doping, with contact doping

and with channel and contact doping are shown in Figure 8.4. The TFT without

doping has an e�ective mobility of 0.6 cm2

Vs
, a threshold voltage of -1.3 V, and an on/o�

current ratio of 106. By contact doping, the e�ective mobility increases by ∼100% to

1.3 cm2

Vs
. The threshold voltage and the on/o� current ratio do not change. The TFT

with channel and contact doping has an e�ective mobility of 1.4 cm2

Vs
and a threshold

voltage of -1.2 V. The on/o� current ratio of 104 is two orders of magnitude smaller than

that of the other two TFTs. These results con�rm that the organic dopant NDP-9 is

indeed chemically active in the DNTT host and in�uences the electrical characteristics of

DNTT TFTs. Two mechanism can account for the observed modi�cation of DNTT TFTs

with doping: a reduction of the contact resistance and a reduction of the trap density. The

analysis of the contact resistance of DNTT TFTs with contact doping will be discussed

in section 8.4 in detail.

The reduction of the trap density is elucidated by comparing the electrical characteristics

of the TFT with channel and contact doping to the TFT with contact doping.

This comparison is useful, since the e�ect of doping on the contact resistance (in other

words the e�ect of dopant molecules underneath the contacts) is expected to be identical

for both TFTs. Thus, the observed di�erences must be attributed to the dopant molecules

deposited into the channel region. The e�ective mobility for the TFT with channel and

contact doping is marginally larger. In addition, the on/o� current ratio of the TFT

with channel and contact doping is two orders of magnitude smaller than that of

the TFT with contact doping. That means, even without the accumulation of charge

carriers by the external gate-source voltage, the TFT channel is conducting. Both e�ects,

the larger mobility and the higher o�-state current, can be explained by excess charge
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Figure 8.4: Electrical characteristics of TFTs with doping. Transfer characteristics of
three TFTs, each having a channel length of 4 µm, a channel width of 50 µm, and
a contact length of 200 µm. The TFTs are fabricated without doping, with (area-
selective) contact doping and with contact and channel doping. Without doping,
the e�ective mobility is 0.6 cm2

Vs , and the on/o� current ratio is 106. By channel and
contact doping, the e�ective mobility increases to 1.4 cm2

Vs , but the on/o� current
ratio reduces to 104. This reduction is attributed to excess holes on top of the DNTT
�lm. The TFT with (area-selective) contact doping has a mobility of 1.3 cm2

Vs , while
the on/o� current ratio is 106 (identical to the TFT without doping).

carriers created by doping with NDP-9. The excess charge carriers �ll the trap states

in the polycrystalline DNTT �lm, so that the charge-carrier mobility (slightly) increases.

When most trap states are �lled, the excess holes produce an intrinsic conductivity in the

DNTT �lm, so that a �nite current for VGS = 0 V is observed. Note that a 30 nm thick

�lm of NDP-9 (without any organic semiconductor) is not electrically conducting, so that

the organic dopant itself cannot account for the �nite current at VGS = 0 V.

To estimate the excess charge-carrier density incorporated in the DNTT �lm, one can

utilize the following approach. The DNTT �lm between the gate dielectric (aluminum

oxide/SAM) and the NDP-9 clusters on top of the DNTT �lm is insulating for VGS = 0 V

(Figure 8.5a). This assumption demands that the excess charge carriers created by doping

are limited to the surface of the DNTT �lm and do not di�use into the bulk. Under this

hypothesis the DNTT �lm can be considered as an additional dielectric, which has a

thickness of 30 nm and a relative permittivity εr of 2-3 [198]. This yields an additional

capacitance per area Csc of 70 nF
cm2 . The additional capacitance dominates over the gate

dielectric capacitance (Ci ∼ 700 nF
cm2 ), so that the total dielectric capacitance per area is

∼70 nF
cm2 ( 1

Ctotal
= 1

Csc
+ 1

Ci
). For the TFT with channel and contact doping one can

estimate a �threshold voltage� Vth,doped of approximately +1 V to turn the TFT o� (at a

drain current of 1 pA). Thus, using the relation

n =
1

e
· Ctotal · V =

1

e
· Ctotal· | VGS − Vth,doped |, (8.1)
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8.3 Electrical characterization of transistors with doping

Figure 8.5: Excess hole density introduced by organic doping. a) The schematic illus-
trates the total capacitance for VGS = 0 V that consists of a series connection of
the gate dielectric capacitance Ci (aluminum oxide/SAM) and the non-conducting
organic semiconductor capacitance Csc. The image describes the e�ective total
capacitance of the TFT, when the drain current is dominated by the excess charge-
carrier density on top of the DNTT �lm.

with the elementary charge e (1.6·10−19 A·s), a surface charge-carrier density of 4 ·
1011 cm−2 created by the organic dopant is estimated (for VGS = 0 V).

8.3.2 Thin-�lm transistors with reduced lateral dimensions

The electrical characteristics of a TFTwithout doping and a TFTwith (area-selective)

contact doping are shown in Figure 8.6. Both TFTs have a channel length of 2 µm,

a channel width of 20 µm, and a contact length of 5 µm. Without doping, the e�ective

mobility is 0.1 cm2

Vs
in the linear region and 0.6 cm2

Vs
in the saturation region, and the on/o�

current ratio is 106. The small contact length of the TFT accounts for a signi�cant con-

tact resistance, so that the drain current increases nonlinearly and the e�ective mobility is

small. In contrast, by contact doping the linearity of the drain-current increase is greatly

improved and the maximum drain current (VGS = VDS = -3 V) is higher compared to the

TFT without doping. Therefore, the e�ective mobility of the TFT with contact doping is

0.4 cm2

Vs
in the linear region (+300% compared to the TFT without doping) and 0.7 cm2

Vs
in

the saturation region (+20% compared to the TFT without doping). The o�-state drain

current (10−13 A for both TFTs), the threshold voltage (-1.2 V), and the subthreshold

swing (∼85 mV/decade) are not a�ected by contact doping .

Nonlinearities

The bene�cial e�ect of contact doping manifests itself in an improved linearity of the

output characteristics (Figure 8.6d). Figure 8.7 shows the schematics of the three mech-

anisms that have been already introduced in section 6.2.2 on page 58 to describe the

nonlinear drain-current increase. In the following, these three models will be taken into

account and discussed in the framework of doped contacts.

� The excess charge density in the semiconductor increases by doping, so that the

screening length in the semiconductor is reduced. Thus, the width of the �eld-
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8 Organic doping for organic thin-�lm transistors

Figure 8.6: Electrical characteristics of DNTT TFTs without doping and with con-
tact doping. The TFTs have a channel length of 2 µm, a channel width of 20 µm,
and a contact length of 5 µm. a, b) Transfer characteristics in the linear (a) and
saturation (b) region of the two TFTs. In the linear region, the mobility increases
from 0.1 cm2

Vs to 0.4 cm2

Vs (+300%) and in the saturation region from 0.6 cm2

Vs to
0.7 cm2

Vs (+20%) by contact doping. c, d) Output characteristics of the TFTs with-
out doping (c) and with contact doping (d). Contact doping greatly improves the
linearity of the output characteristics.

dependent Schottky barrier decreases (Figure 6.5a) and the amount of charge

carriers that tunnel across this barrier increases. Therefore, by contact doping the

contact resistance is decreased and the drain-source voltage drop along the channel

is increased, so that the nonlinear drain-current increase is reduced.

� As introduced in section 6.2.2, the nonlinearity may be also caused by a �eld-

dependent mobility from the contacts down to the accumulation layer (Poole-

Frenkel e�ect). Contact doping reduces the average trap energy and trap density,

so that the thermal energy necessary to release charge carriers is reduced and the

mobility is increased (Figure 8.7b). Thus, the resistance of the limiting contact

88



8.3 Electrical characterization of transistors with doping

Figure 8.7: Possible mechanisms accounting for the reduction of the observed non-
linearities in the output characteristics by organic doping. a) Schottky
barrier at the semiconductor/contact interface. By doping the density of holes in
the organic semiconductor is increased and the width of the Schottky barrier is
reduced and the rate of charge carriers that tunnel across the interface increases.
b) Field-dependent mobility (Poole-Frenkel e�ect) from the metal contacts down
to the accumulation channel at the gate dielectric/semiconductor interface. When
the average trap energy is reduced by the incorporation of excess holes, the thermal
energy necessary to release charge carriers is reduced and the mobility is higher. c)
Space-charge limited current (SCLC) from the metal contacts down to the accu-
mulation channel at the dielectric/semiconductor interface.

region may be decreased and the contribution to the total transistor resistances is

smaller, so that the nonlinearity is reduced.

� The SCLC model was also proposed to account for the nonlinearity in the out-

put characteristics (section 6.2.2). In this model a high charge-carrier density is

assumed that remains in the semiconductor close to the contacts. Previously it was

assumed that the dopants are located on top of the organic semiconductor. Under

this hypothesis doping of the contact area would further increase the charge-carrier

density in semiconductor, so that no bene�cial e�ect on the contact resistance by

contact doping may be expected (Figure 6.5c).

In summary, it may be possible to increase the �eld-dependent mobility perpendicular to

the gate dielectric by doping. However, the equation describing the Poole-Frenkel e�ect

(equation 6.7 on page 62) is dominated by the drain-source voltage rather than the charge-

carrier mobility µ. Therefore, the model which is most likely describing the reduction of

the nonlinear drain-current increase is the �eld-dependent Schottky-barrier model.

89



8 Organic doping for organic thin-�lm transistors

8.4 Contact resistance analysis

Figure 8.8: Electrical characteristics of transistors without doping and with contact
doping. a) Transmission line method for a set of TFTs with a contact length
of 200 µm to extract the contact resistance and transfer length. Without contact
doping, the contact resistance is 600 Ω·cm and the transfer length 12 µm. By contact
doping the contact resistance and the transfer length are reduced to 270 Ω·cm and
5 µm, respectively. b) Extraction of the intrinsic mobility and threshold voltage
for both types of TFTs. The intrinsic mobility is 3.4 cm2

Vs without doping and
3.5 cm2

Vs with contact doping. The intrinsic threshold changes by only 0.1 V. c)
Contact resistance as a function of the drain-source voltage. The drain-source
voltage dependence for TFTs with contact doping is greatly reduced. d) Contact
resistance as a function of the contact length for both types of TFTs indicating the
bene�cial e�ect of contact doping. The TFTs with contact doping have a contact
resistance of 270 Ω·cm (contact length of 200 µm), 450 Ω·cm (contact length of
5 µm), and 2700 Ω·cm (contact length of 0.2 µm).

To analyze the e�ect of contact doping on the contact resistance, the transmission line

method (section 6.2 on page 53) was applied to a set of TFTs without doping and with

contact doping (Figure 8.8 and table8.1). The TFTs have a channel length between

1 and 60 µm, a channel width of 200 µm, and a contact length of 200 µm. The TFTs
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8.4 Contact resistance analysis

without doping with contact doping
Contact resistance (Ω·cm) 600 270
Sheet resistance

(
kΩ
�

)
250 270

Transfer length (µm) 12 5
Contact resistivity (Ω·cm2) 0.36 0.07

Intrinsic mobility
(

cm2

Vs

)
3.4 3.5

Intrinsic threshold voltage (V) -1.35 -1.45

Table 8.1: Electrical characteristics of DNTT TFTs without doping and with contact
doping extracted using the transmission line method.

without doping have a contact resistance of 600 Ω·cm, a sheet resistance of 250 kΩ
� , a

transfer length of 12 µm, and a contact resistivity of 0.36 Ω·cm2. In contrast, the TFTs

with contact doping have a substantially reduced contact resistance of 270 Ω·cm, a
reduced transfer length of 5 µm, and a reduced contact resistivity of 0.07 Ω·cm2. The

DNTT sheet resistance is not a�ected by contact doping. The intrinsic mobility of the

TFTs with contact doping is 3.5 cm2

Vs
and the intrinsic threshold voltage is -1.4 V (Figure

8.8b, extracted using equation 6.5 on page 54), which is in principle identical to TFTs

without doping (section 6.2).

Strictly speaking, the TLM can be only applied when the sheet resistance is constant along

the entire transistor channel [81]. In the TFTs without contact doping, this is indeed the

case, so the TLM can be safely used for these TFTs. For the TFTs with contact doping

the charge-carrier density might not be constant along the entire channel. Therefore, the

TLM results from the TFTs with contact doping have to be taken with caution and serve

here only as a rough guidance.

Figure 8.8c illustrates the contact resistance as a function of the drain-source voltage. For

the TFTs with contact doping the contact resistance is independent of the drain-source

voltage (in contrast to the TFTs without doping). This is consistent with the improved

linearity of the output characteristics.

The contact resistance as a function of the contact length for TFTs without doping and

with contact doping is shown in Figure 8.8d. The principle relation between the contact

resistance and the contact length for TFTs without doping and with contact doping is

identical. However, TFTs with contact doping have a contact resistance of 270 Ω·cm (for

a contact length of 200 µm), 450 Ω·cm (for a contact length of 5 µm), and 2700 Ω·cm
(for a contact length of 0.2 µm, appendix D, Figure D.2 on page 126). The di�erences

between the experimentally obtained results and the theoretically simulated values can

be again explained by the mechanisms discussed in Figure 6.6b on page 63.
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8 Organic doping for organic thin-�lm transistors

8.5 Di�usion of dopant molecules

Organic transistors with contact doping often exhibit transfer characteristics with a high

o�-state drain current [25, 191, 196]. This is most likely induced by unintentional dop-

ing of the transistor channel, so that the excess charge-carrier density in the channel

increases. One reason for this might be the utilization of small charged metallic ions for

doping, which easily di�use along the electric �eld from the source to the drain contact

[25]. Another reason might be an unintentional sliding of the shadow mask when the

evaporation chamber is opened between the dopant and the source/drain contact ma-

terial evaporation. The restart of the vacuum pumps can cause vibrations, so that the

shadow mask shifts between theses two evaporations. Again, in this work the dopant and

the source/drain contact material are deposited without breaking the vacuum. Since the

organic dopants and the host material interact via weak van der Waals forces (∼meV),
the dopant molecules might also di�use (driven by thermal energy) from the contact area

into the channel area.

Bias-stress measurements on a nanoscale DNTT TFT have been performed to verify

the positional stability of NDP-9 molecules in the contact area. The TFT with contact

doping has a channel length of 150 nm, a channel width of 500 nm, and a contact length of

200 nm. Figure 8.9a,b shows the transfer characteristics of the same TFT recorded before

and immediately after the bias-stress measurement. The drain current during bias stress is

also shown. A continuous gate-source voltage and drain-source voltage of -3 V were applied

for one hour. This produces an electric �eld of 5.2 MV
cm

across the gate dielectric and 200 kV
cm

from the source to the drain contact. A large gate-source electric �eld accumulates a large

charge-carrier density in the channel. Thus, the trapping rate is large and the reduction

in drain current is more signi�cant than for a weak gate-source electric �eld [177, 199].

The drain-current decrease and threshold-voltage shift for the DNTT TFT with contact

doping is on the same time scales as observed for DNTT TFTs without doping [177]. More

importantly, the o�-state drain current is not a�ected by the time and bias-dependent

measurement and stays at 1 pA. It can be concluded that no signi�cant amount of the

dopant capable of modifying the drain current is di�using/drifting into the 150 nm long

TFT channel during the observed period.
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8.5 Di�usion of dopant molecules

Figure 8.9: Veri�cation of the positional stability of the organic dopant in nanoscale
transistors. The TFT with contact doping has a channel length of 150 nm, a
channel width of 500 nm, and a contact length of 200 nm. For bias stress a constant
drain-source and gate-source voltage of -3 V was applied for 1 hour. a) Transfer
characteristics recorded before and directly after the bias stress. The o�-state drain
current is below 1 pA before and after the bias stress indicating that no signi�cant
amount of dopants in�uencing the electrical characteristics di�used/drifted into the
channel region. b) Drain current during bias stress. c, d) The output characteristics
of the TFT before (c) and after (d) the bias stress indicate no signi�cant changes.
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8 Organic doping for organic thin-�lm transistors

Conclusion

The strong electron acceptor NDP-9, which proofed useful to increase the excess hole

density and hole transport e�ciency in organic light-emitting diodes, was utilized for

doping DNTT TFTs. It was demonstrated that a nominally 1 nm thick layer of NDP-

9 increases the conductivity of a DNTT �lm by more than four orders of magnitude.

When the organic dopant is area-selectively deposited underneath the contacts, the energy

barrier between the gold contacts and the DNTT �lm is modi�ed. For a contact length of

200 µm the contact resistance is reduced by a factor of two and is 270 kΩ·cm. The most
bene�cial e�ect is achieved for a contact length of 200 nm, in which the contact resistance

is reduced from 9800 kΩ·cm to 2700 kΩ·cm. A DNTT TFT with a channel length of 2 µm

and a contact length of 5 µm has a much higher mobility (0.4 cm2

Vs
) with contact doping

than without doping (0.1 cm2

Vs
). The on/o� current ratio, the subthreshold swing, and

the threshold voltage are not a�ected by contact doping.
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9 Integrated circuits: dynamic

characterization

The investigation of the dynamic properties of organic transistors is essential for their

implementation in real applications, such as active-matrix displays. In this chapter, the

experimental results on the dynamic properties of organic transistors without contact

doping will be presented. There are di�erent possibilities to measure the cut-o� fre-

quency of a transistor, such as the unity-gain method, the dynamic characterization of an

individual inverter, or the utilization of a ring oscillator.

The unity-gain method has the distinct advantage that only one single transistor is

required. The transistor is operated in the transdiode region and the constant drain-

source and gate-source voltages are superimposed with alternating current (AC) voltages

[14, 200]. The AC drain and gate currents are measured as a function of the input-voltage

frequency. The AC gate current is proportional to the frequency (since the displacement

current across the gate dielectric is frequency-dependent). In contrast, the AC drain cur-

rent is independent of the input-voltage frequency. When both AC currents have identical

values, the current gain is zero and the cut-o� frequency is reached (section 3.2). For a

transistor with a channel length of 1 µm, a contact length of 1 µm, a mobility of 1 cm2

Vs
,

and a supply voltage of 1 V a cut-o� frequency of 5 MHz is expected according to equa-

tion 3.30 on page 33. Precise current measurements at such high frequencies are quite

challenging. Therefore, the AC currents are often measured up to a frequency of less than

10 kHz and the cut-o� frequency is extrapolated using a linear regression [14, 200].

In contrast, simple integrated circuits such as individual inverters and ring oscillators

require the recording of high-frequency voltages, which can be done by simply using an

oscilloscope. Therefore, inverters and ring oscillators using the stencil-lithography process

introduced in section 4.1 have been fabricated. Each circuit needs at least one probe pad

with a size of 200 x 200 µm2. If the circuits were made on a silicon wafer with 100 nm SiO2

(33 nF
cm2 ), these probe pads would introduce a parasitic capacitance of 13 pF. However, a

transistor with a channel length of 1 µm, a channel width of 10 µm, and a contact length

of 2 µm has a capacitance of only 0.35 pF (Ci = 700 nF
cm2 ). This means that the dynamic

performance of the circuits would be limited by the parasitic capacitances of the probe

pads, rather than the TFTs. Therefore, all inverters and ring oscillators in this work have
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9 Integrated circuits: dynamic characterization

Figure 9.1: Circuit diagrams of various inverters and ring oscillators. a) Comple-
mentary inverter and complementary 5-stage ring oscillator circuits diagram. b)
Unipolar saturated load inverter and unipolar saturated-load 5-stage ring oscillator
circuit diagram.

been manufactured on insulating substrates (glass) to avoid any limitations introduced

by the probe pads.

The steady-state transfer characteristics of inverters are discussed in section 9.1. Dynamic

measurements on inverters and ring oscillators are presented in section 9.2. Concluding

remarks on the expected dynamic performance of organic transistors with extremely scaled

lateral dimensions (without doping and with contact doping) are discussed in section 9.3.

9.1 Steady-state inverter characteristics

The inverter is the fundamental building block of all digital circuits. It inverts an input

signal (logic �1�, high level) and directs it to the output node (logic �0�, low level). The

inverter is a four-terminal device, consisting of an input, output, supply, and ground node.

Inverters are composed of a drive and a load element and are either complementary or

unipolar. Complementary inverters consist of a p-channel transistor and an n-channel

transistor, in which both transistors alternately work as drive or load element (Figure

9.1a). In contrast, unipolar inverters utilize only p-channel (or n-channel) transistors as

drive and as load elements (Figure 9.1b). The gate electrode of the load element can be

connected to the output node (depletion load) or to the supply node (saturated load). It

is also possible to replace the load transistor with an adequate resistor [201].

The basic mode of operation is identical for all types of inverters. It will be brie�y

discussed for a complementary inverter. Here, the supply voltage VDD is positive (+3 V)

and the input voltage VIN is switched between 0 V and +3 V. When the input voltage is
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9.1 Steady-state inverter characteristics

0 V, the n-channel transistor is in its o�-state and the p-channel transistor is in its on-state

(∆VGS = -3 V). Thus, the output voltage VOUT is +3 V (high level). In contrast, when

the input voltage is +3 V, the p-channel transistor is in the o�-state and the n-channel

transistor is in the on-state, so that the output voltage is 0 V (low level).

The advantage of the complementary design over the unipolar design is the greatly re-

duced steady-state power dissipation. In complementary inverters current �ows only when

switching between the high-level and the low-level state. In the steady-state operation

only the gate leakage current between the gate electrode and the contacts is present. In

contrast, for unipolar inverters there is always a �nite (high) current �owing when the

inverter is in the high-level state.

9.1.1 Complementary inverters

Organic semiconductors for n-channel transistors

Figure 9.2: Electrical characteristics of an n-channel F16CuPc transistor. Transfer and
output characteristics of a hexadeca�uorocopperphthalocyanine (F16CuPc, chemi-
cal structure shown in the inset of graph) transistor with a channel length of 0.8 µm,
a channel width of 100 µm, and a contact length of 20 µm. a) The transconductance
is 0.01 S

m , the e�ective mobility 0.008 cm2

Vs , the on/o� current ratio 107, the sub-
threshold slope 140 mV/decade, the threshold voltage +0.9 V, and the maximum
gate current a few pA. b) The drain current as a function of the drain-source voltage
shows a strong nonlinear increase due to the contact resistance, but a pronounced
saturation for higher drain-source voltages.

Up to this point in this thesis, all experiments were based on the organic semiconductor

DNTT, which is useful to manufacture p-channel transistors. For complementary cir-

cuits the combination of p-channel TFTs and n-channel TFTs on the same substrate is

required. In n-channel TFTs the energy barrier between the source/drain contacts and

the LUMO energy level of the organic semiconductor must be small to allow e�cient elec-
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9 Integrated circuits: dynamic characterization

tron transport between the contacts and the semiconductor. Simultaneously the energy

barrier to the HOMO energy level must be large to avoid ambipolar charge transport.

In the literature this was demonstrated for various organic semiconductors with a low

LUMO energy level (between -2.5 and -3.0 eV) using low-work-function contact metals

(for instance calcium). Electron mobilities of ∼10−1 cm2

Vs
have been achieved with this

approach [202]. However, organic semiconductors and contact metals with such small

electron a�nity easily oxidize. Therefore, electrical measurements on these TFTs require

an inert atmosphere [202, 203]. One strategy towards air-stable electron transport in

organic TFTs is to use a semiconductor in which some or all of the hydrogen atoms are

replaced by �uorine atoms. This reduces the HOMO and LUMO energy levels, so that

a stable transport of electrons is possible. The concept was successfully demonstrated

by Bao and co-workers, who substituted the 16 hydrogen atoms of copperphthalocyanine

(CuPc) by 16 �uorine atoms to realize the molecule hexadeca�uorocopperphthalocyanine

(F16CuPc) [204]. Indeed, the LUMO level of F16CuPc is -4.5 eV [205], which allows the

utilization of high-work-function air-stable metals (for instance gold) as a contact metal

to realize air-stable n-channel TFTs with an electron mobility of 0.03 cm2

Vs
[3]. The rel-

atively small mobility (two orders of magnitude smaller than the mobility in DNTT) of

the charge carriers is explained by the formation of a disordered interfacial layer at the

gate dielectric, which hinders an e�ective charge transport [67, 68]. Recently, the concept

of hydrogen substitution with �uorine was adapted to naphthalene [206] and perylene

[207, 208] derivatives and was useful to fabricate air-stable organic n-channel TFTs with

a mobility as large as 1.3 cm2

Vs
.

In this work, the commercially available F16CuPc molecule was utilized to fabricate n-

channel TFTs. The manufacturing process is similar to that of the DNTT TFTs (section

4.1, page 37). However, during the vacuum deposition of F16CuPc the substrates were kept

at 90°C (as opposed to 60°C for the DNTT TFTs). The source/drain contacts also consist

of a 25 nm thick gold �lm. Figure 9.2 shows the transfer and output characteristics of an

n-channel F16CuPc TFT with a channel length of 0.8 µm, a channel width of 100 µm, and a

contact length of 20 µm. The TFT has a transconductance of 0.01 S
m
, an e�ective mobility

of 0.008 cm2

Vs
, an on/o� current ratio of 107, a subthreshold swing of 140 mV/decade, and

a maximum gate current of 2 pA.

There are reports on F16CuPc TFTs fabricated with a similar process and a mobility of

0.02 cm2

Vs
[12]. However, those transistors have a much larger channel length of 30 µm, so

that the in�uence of the contact resistance is much smaller. Here, in contrast, the channel

length is only 1 µm and the in�uence of the contact resistance is signi�cant, so that the

e�ective mobility is smaller.
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Characterization of complementary inverters

Figure 9.3: Steady-state transfer characteristics of complementary and unipolar in-
verters. a) The complementary inverter employs a p-channel DNTT TFT with a
channel length of 2 µm and a channel width of 10 µm and an n-channel F16CuPc
TFT with a channel length of 2 µm and a channel width of 100 µm. The inverter
shows sharp rail-to-rail switching with a maximum small-signal gain of 60. The
o�-state current is only 0.1 pA, so that the steady-state power consumption is
∼0.1 pW. b) The unipolar saturated-load inverter comprises a p-channel DNTT
TFT as the drive transistor with a channel length of 2 µm and a channel width of
20 µm, and a p-channel DNTT TFT as the load transistor with a channel length of
10 µm and a channel width of 10 µm. The small signal gain of the inverter is 1.7.

Figure 9.3a contains the steady-state transfer characteristics and the small-signal gain of a

complementary inverter. The inverter consists of a p-channel DNTT TFT with a channel

length of 2 µm and a channel width of 10 µm, and an n-channel F16CuPc TFT with a

channel length of 2 µm and a channel width of 100 µm. Both TFTs have a contact length

of 20 µm. The output voltage was measured for input voltages between 0 and 3 V. The

supply voltages were kept at �xed values of 1, 2, and 3 V. The inverter displays sharp

rail-to-rail switching, a maximum small-signal gain of about 60, and a small steady-state

power dissipation of ∼0.1 pW.

99



9 Integrated circuits: dynamic characterization

9.1.2 Unipolar inverters

The steady-state transfer characteristics and the small-signal gain of a unipolar saturated-

load inverter based on DNTT TFTs is shown in Figure 9.3b. The drive TFT has a channel

length of 2 µm, a channel width of 20 µm, and a contact length of 5 µm. The load TFT has

a channel length and width of 10 µm, and a contact length of 5 µm. The output voltage

was measured for an input-voltage sweep between 0 and -3 V. The supply voltages were

kept at �xed values of -1, -2, -3, and -4 V. A maximum gain of 1.7 was extracted. This is

close to the expected value of 2.3 which is calculated by [209]

gain ≤

√(
WD · LL

WL · LD

)
. (9.1)

The indices D and L denote the drive and load transistor, respectively. The output-

voltage swing is 50% of the input-voltage swing for a supply voltage of -4 V. This lack

of full output swing is often observed for unipolar inverters and is caused by the �nite

resistance of the load element for high input voltages (here: -3 V).

9.2 Dynamic characterization

A ring oscillator is an ideal tool to extract the signal delay of an individual transistor.

The ring oscillator consists of an odd number of inverter stages connected in a chain. The

output of the last inverter is connected to the input of the �rst inverter. Like an inverter,

a ring oscillator can be either of complementary or unipolar type (Figure 9.1 on page 96).

One additional inverter is employed to couple the output signal to an oscilloscope for

signal recording. In contrast to an individual inverter, which can be operated and studied

at a speci�c input frequency, a ring oscillator spontaneously starts oscillating when the

supply voltage is above a certain threshold voltage. It always operates at the maximum

frequency for a speci�c supply voltage. The capacitance of every individual inverter stage

delays the signal propagation by a time τ . The output signal oscillates between two

voltages at a frequency f [209]:

f =
1

2 · n · τ
. (9.2)

The number of inverter stages is given by n. The signal delay per stage of the ring

oscillator is simply obtained by calculating τ .
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9.2 Dynamic characterization

Figure 9.4: Dynamic characterization of 5-stage complementary ring oscillators. The
ring oscillators employ p-channel DNTT and n-channel F16CuPc TFTs. a) Signal
delay per stage as a function of the supply voltage for 5-stage complementary ring
oscillators with a channel length of 1 µm and a contact length of 20, 5, and 2 µm.
The reduction of the contact length decreases the parasitic capacitance and in-
creases the dynamic performance. b) Output signal of a 5-stage complementary
ring oscillator with a channel length of 1 µm and a contact length of 2 µm. The
measured signal propagation delay is 30 µs per stage at a low supply voltage of 3 V.

9.2.1 Complementary integrated circuits

Figure 9.4a shows the signal delay per stage as a function of the supply voltage for three

di�erent 5-stage complementary ring oscillators. The TFTs in each ring oscillator has a

channel length of 1 µm, a channel width of 10 µm for the p-channel DNTT TFTs and a

channel width of 100 µm for the n-channel F16CuPc TFTs. The contact length for the

TFTs is 20, 5, and 2 µm. The parasitic capacitances decrease when the contact length is

reduced and the signal propagates faster through the ring oscillator. For a supply voltage

of 5 V a signal delay per stage of 18 µs is measured for the ring oscillator with a contact

length of 2 µm. Note that the speed of these ring oscillators is limited by the smaller

mobility in the n-channel TFTs.

It is also remarkable that all ring oscillators operate at a supply voltage of only 1 V.

However, the signal delay per stage for these low supply voltages is essentially identical

for all three ring oscillators. This e�ect can be explained by the dominating in�uence of

the contact resistance of F16CuPc TFTs for smaller voltages. In analogy to the DNTT

TFTs discussed in section 7.2 and 8.4, the nonlinear drain current increase implies a drain-

source voltage dependent contact resistance. Thus, the voltage drop across the contacts

decreases and the e�ective mobility increases for higher operation voltages.
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9.2.2 Unipolar integrated circuits

Unipolar ring oscillator

The photograph in Figure 9.5a shows an 11-stage unipolar ring oscillator. In contrast

to the saturated-load approach with a single supply voltage VDD shown in Figure 9.1b,

here, the gate electrode is not connected to the drain node and an additional voltage VBias

is required. Figure 9.5b shows the measured signal delay of an 11-stage ring oscillator

employing only p-channel DNTT TFTs. The drive TFTs have a channel length of 1 µm,

a channel width of 72 µm, and a contact length of 5 µm. The load TFTs have the same

channel and contact length, but the channel width is 24 µm. For a supply voltage of 4 V

and a bias voltage of -1 V the output voltage oscillates with a period of 6 µs.

Figure 9.5c summarizes the signal delay per stage as a function of the supply voltage for

two di�erent 11-stage ring oscillators. One ring oscillator has a channel length of 4 µm,

a contact length of 20 µm, and a channel width of 110 µm and 24 µm for the drive and

load TFTs, respectively. The other ring oscillator employs TFTs with a channel length of

1 µm, a contact length of 5 µm, and a channel width of 72 µm and 24 µm, respectively.

The signal delay per stage is as small as 230 ns at a supply voltage of 4.2 V for the ring

oscillator with the smaller lateral dimensions. It is noteworthy that this ring oscillator

has a signal delay per stage of less than 1 µs for a supply voltage of 1.2 V.

Unipolar inverter

In addition, an individual inverter was dynamically characterized using an active probe

needle. Figure 9.5d contains the dynamic characteristics of this unipolar saturated-load

inverter. The DNTT drive TFT has a channel length of 1 µm and a channel width of

20 µm. The DNTT load TFT has a channel length and width of 10 µm. The contact

length for both TFTs is 2 µm. An AC voltage with an amplitude of 3 V at a frequency

of 1 MHz was applied to the input node while the supply voltage was kept at -5 V. Since

the total capacitance of this inverter is only 1.5 pF, a high-input-impedance active probe

needle was utilized. This allows recording the output signal without limitations that are

introduced by the measurement setup capacitances. One possible tool is the Picoprobe®

12C distributed by GGB Industries, which is directly connected to the output node and

conducts the signal to an oscilloscope for signal recording. The output signal in Figure

9.5d clearly follows the input signal for a frequency as high as 1 MHz. Assuming a simple

exponential decay for the charging of the drive TFT
(
∼ exp

(
− t
τ

))
, a time delay constant

of 46 ns is extracted. A DNTT TFT with a channel length of ∼1 µm has a mobility of

approximately 0.7 cm2

Vs
(Figure 7.2b on page 73). For a supply voltage of 5 V and a contact

length of 2 µm one expects a cut-o� frequency of ∼10 MHz (= 50 ns for the charging or
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9.2 Dynamic characterization

Figure 9.5: Dynamic characteristics of 11-stage unipolar ring oscillators and of an in-
dividual inverter. The ring oscillators and the inverter employ p-channel DNTT
TFTs. a) Photograph of an 11-stage unipolar ring oscillator. The resistance of
the load TFT can be tuned using the bias voltage VBias. b) Output signal of a
unipolar ring oscillator with a channel length of 1 µm and a contact length of 5 µm
at a supply voltage of ∼4 V. The measured signal oscillation period is 6 µs. c)
Signal delay per stage as a function of the supply voltage for 11-stage unipolar ring
oscillators with a channel length of 4 µm (contact length of 20 µm) and a channel
length of 1 µm (contact length of 5 µm). For the latter a signal delay per stage
as small as 230 ns was measured. d) AC input and output voltage of a unipolar
inverter at a frequency of 1 MHz. The drive TFT has a channel length of 1 µm and
a channel width of 20 µm, and the load TFT a channel length and width of 10 µm.
The contact length for both TFTs is 2 µm. The output signal clearly follows the
input signal for a supply voltage of -5 V. Assuming a simple exponential decay a
time constant of 46 ns is extracted.
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9 Integrated circuits: dynamic characterization

discharging process) according to equation 33. This result is in good agreement with the

time delay constant of 46 ns that has been measured (Figure 9.5d).

9.2.3 Discussion

Figure 9.6: Literature summary on the signal delay per stage of organic ring oscilla-
tors. The literature summary on the signal delay per stage of organic complemen-
tary (light blue) and unipolar (light red) ring oscillators measured in air is mainly
adapted from [3]. In addition, the signal delay per stage of the complementary
(dark blue) and unipolar (dark red) ring oscillators, each with a channel length of
1 µm, fabricated in this thesis are also shown.

Figure 9.6 contains a literature summary on the signal delay per stage of organic com-

plementary (light blue) and unipolar (light red) ring oscillators measured in air but also

under inert or vacuum conditions. The graph considers reports on organic ring oscillators

between 1995 and 2010 and was mainly adapted from [3]. In addition, the signal delay

per stage of the complementary (dark blue) and unipolar (dark red) ring oscillators, each

with a channel length of 1 µm, fabricated in this thesis are added to the diagram.

For complementary ring oscillators, the record dynamic performance with a stage delay

of less than 1 µs for a supply voltage of 20 V was reported by Bode and co-workers for

p-channel pentacene and n-channel C60 transistors [176]. However, n-channel transistors

based on C60 are not air-stable, so that the ring oscillators had to be measured under inert

conditions. For air-stable complementary ring oscillators the value of 30 µs at a supply

voltage of 3 V obtained in this work is a factor of 100 faster than the previous record at

a comparable supply voltage [12]. It is also within a factor of 3 of the fastest air-stable

organic complementary ring oscillator, which required a much larger supply voltage of

100 V [210].

Among the unipolar (air-stable) ring oscillators the record signal delay per stage of 190 ns

was reported by the IMEC group using pentacene transistors driven at a supply voltage
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of 13 V and with lateral dimensions of 2 µm [211]. This signal delay per stage is only 20%

faster compared to the results reported in this work, however, the supply voltage used

by the IMEC group is 300% higher compared to this work. For low-voltage operation

(< 5 V) the organic ring oscillators demonstrated in this work are the fastest reported.

9.3 In�uence of the contact length - simulation

In section 6.2 on page 53 it was demonstrated that the contact resistance depends on the

contact length. Thus, the e�ective mobility decreases when the contact length is reduced.

Simulations have been carried out for TFTs without contact doping and with contact

doping to elucidate the in�uence of the contact length on the cut-o� frequency.

Without contact doping - simulation

Figure 9.7: Simulations of the relation between the contact length and the cut-o�
frequency of an individual TFT. a) Simulation of the cut-o� frequency as a
function of the contact length for a TFT with a channel length of 1 µm, an intrinsic
mobility of 3.4 cm2

Vs and a supply voltage of 5 V. The graph contains the simulations
for two TFTs without doping. One of those has a constant contact resistance of
400 Ω·cm (black curve), and the other one has a contact resistance that depends
on the contact length (LT = 3.5 µm) (blue curve). In addition, a third TFT
with contact doping and a contact resistance that depends on the contact
length (LT = 2.5 µm) (red curve) is shown. When the contact resistance depends
on the contact length, the strong reduction in e�ective mobility causes a maximum
in the cut-o� frequency. Contact doping is useful to reduce the contact resistance
and to improve the cut-o� frequency. b) Experimentally derived transfer length as a
function of the drain-source voltage for TFTs without and with contact doping. The
transfer length decreases when the drain-source voltage increases. This observation
is attributed to a reduction of the contact resistance for higher drain-source voltages.
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The cut-o� frequency (in the saturation region) is given by

fT =
µeff · (VGS − Vth)

2π · L · (L + 2 · LC)
. (9.3)

If one combines equations 9.3 and 3.34, which describes the mobility under the in�uence

of the contact resistance, one obtains for the cut-o� frequency:

fT = µ0

(
1−

(
µ0 ·W · Ci · RC · (VGS − Vth)

L + µ0 ·W · Ci · RC · (VGS − Vth)

)2
)
· (VGS − Vth)

2π · L · (L + 2 · LC)
. (9.4)

Equation 9.4 is useful to simulate the relation between the cut-o� frequency and the

contact length. This is shown in Figure 9.7a for a TFT with a channel length of 1 µm,

an intrinsic mobility µ0 of 3.4 cm2

Vs
, a constant contact resistance of 400 Ω·cm, and

a supply voltage (VGS − Vth) of -5 V. When the contact length is reduced, the parasitic

capacitances also decrease and the cut-o� frequency increases. When the contact length

approaches the limit LC → 0, the cut-o� frequency reaches a limit.

In reality, however, the contact resistance is not constant, but it depends on the contact

length (chapter 6.2.2). Therefore, the constant contact resistance RC in equation 9.4 must

be replaced by

RC = 2 · Rsheet · LT · coth

(
LC

LT

)
. (9.5)

The e�ect on the cut-o�-frequency simulation of a TFT with a channel length L of 1 µm,

an intrinsic mobility µ0 of 3.4 cm2

Vs
, a supply voltage (VGS − Vth) of -5 V, a sheet resistance

of 560 kΩ
� , and a transfer length of 3.5 µm is shown in Figure 9.7a. For LC > LT the contact

resistance is constant and not a�ecting the e�ective mobility (see equation 6.2 on page 53),

so that the cut-o� frequency is identical to the previous situation for a constant contact

resistance. However, when the contact length approaches the value of the transfer length,

the contact resistance signi�cantly increases. Thus, the e�ective mobility in the TFT

decreases, so that the relation between the cut-o� frequency and the contact length shows

a maximum. When the contact length is further reduced, the cut-o� frequency actually

decreases. This demonstrates that there is an ideal contact length to achieve the highest

possible cut-o� frequency (for a speci�c semiconductor/metal interface).

The simulations assume a contact resistance that is given by the TLM theory (equa-

tion 9.5). However, in section 6.2 on page 53 several mechanisms have been discussed

that can cause a smaller contact resistance in DNTT TFTs than expected. Therefore, the

simulations in Figure 9.7a describe a lower limit of the cut-o� frequency. For instance,

the unipolar DNTT inverter and ring oscillator discussed in section 9 on page 95 exhibit

a cut-o� frequency > 1 MHz, which is slightly higher than simulated in Figure 9.7a.
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9.3 In�uence of the contact length - simulation

With area-selective contact doping - simulation

The relation between the cut-o� frequency and the contact length in Figure 9.7 is also

discussed for a TFT with area-selective contact doping. The contact resistance and the

transfer length of organic TFTs can be reduced by incorporating a thin doping layer

between the source/drain contacts and the organic semiconductor (chapter 8), so that

one expects an increase in cut-o� frequency.

Figure 9.7a contains the cut-o�-frequency simulation of a TFT with contact doping, that

has a channel length L of 1 µm, an intrinsic mobility µ0 of 3.4 cm2

Vs
, a supply voltage

(VGS − Vth) of -5 V, a sheet resistance of 560 kΩ
� , and a transfer length of 2.5 µm. The

overall relation between the cut-o� frequency and the contact length is identical to the

TFT without doping. However, by contact doping the same cut-o� frequency (compared

to the TFT without doping) may be realized with a larger contact length (that is a larger

parasitic capacitance). In addition, the maximum achievable cut-o� frequency may be

also higher.

However, as shown in Figure 9.7b, the di�erence in transfer length between TFTs without

doping and with contact doping is small for high drain-source voltage. Therefore, the

bene�cial e�ect of doping at high voltages cannot be easily con�rmed with experiments.

On the other hand, the di�erence in transfer length is large for small drain-source voltages,

so one would expect a signi�cant bene�t of contact doping whenever the TFTs are operated

with extremely low voltages. Unfortunately, the unipolar ring oscillators presented in

this work require a relatively large supply voltage of more than 1 V which hinders the

experimental veri�cation of this hypothesis.

Remark on the simulation parameters

The sheet resistance and the transfer length for the TFT without doping and for the

TFT with contact doping have been extracted for a drain-source voltage of -1.8 V (Figure

9.7b). This approach is reasonable, since the experiments in this work and the simulations

by Sohn and co-workers [169] demonstrate a reduction of the contact resistance and the

transfer length for higher drain-source voltage. A higher drain-source voltage corresponds

to a higher supply voltage.
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Conclusion

The ultra-thin gate dielectric introduced in section 4.1 and the high-resolution stencil

lithography process allow the fabrication of low-voltage inverters and ring oscillators with

excellent dynamic characteristics. For unipolar ring oscillators based on p-channel DNTT

TFTs with a channel length of 1 µm and a contact length 5 µm a signal delay per stage

of 230 ns was measured at a supply voltage of 4 V. Complementary ring oscillators that

consist of p-channel DNTT and n-channel F16CuPc TFTs with a channel length of 1 µm

and a contact length of 2 µm have a signal delay per stage of 18 µs for a supply voltage of

5 V. These are the smallest signal delays reported so far for unipolar and complementary

organic ring oscillators operating with voltages below ∼5 V.

In addition, a theoretical relation between the cut-o� frequency and the contact length

has been proposed. The increase in frequency due to the reduction of the parasitic ca-

pacitances is competing with a decrease in e�ective mobility when the contact length is

reduced. Thus, the cut-o� frequency shows a maximum value for a certain contact length.

The simulations propose that contact doping might be useful to reduce the limiting in�u-

ence of the contact resistance.
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Organic thin-�lm transistors (TFTs) with aggressively reduced lateral dimensions have

been fabricated and analyzed. The p-channel transistors are based on the recently intro-

duced semiconductor dinaphtho[2,3-b:2´3´-f]thieno[3,2-b]thiophene (C22H12S2, DNTT)

[26]. In general, (organic) TFTs can be processed in a variety of geometries, each of

which has its advantages and disadvantages. Small-molecules (e.g. DNTT) often exhibit

a three-dimensional growth, so that a smooth dielectric/semiconductor interface cannot

be manufactured on top of the semiconductor �lm. Therefore, a bottom-gate struc-

ture was chosen, which has the advantage of a smooth dielectric/semiconductor interface

that promotes a large charge-carrier mobility. The bottom-gate top-contact geometry

(source/drain contacts on top of the semiconductor �lm) has the advantage of a smaller

contact resistance compared to the bottom-gate bottom-contact structure (source/drain

contacts below the organic semiconductor �lm) [23]. Thus, the top-contact geometry is

useful for TFTs with reduced lateral dimensions, so that the relative in�uence of the con-

tact resistance is minimized. However, it is challenging to reduce the lateral dimensions

of top-contact organic TFTs. Standard lithography techniques are not useful to pat-

tern metal contacts on top of small-molecule �lms, since these undergo a phase transition

when exposed to heat [109] or organic solvents [22], so that the TFT characteristics would

degrade.

Shadow-masking has the advantage that neither heat nor organic solvents are required for

patterning metal contacts. In the past it has been possible to reduce the lateral dimensions

of top-contact organic TFTs to ∼10 µm using polyimide shadow masks [12, 177]. The

TFTs are made of a 30 nm thick aluminum bottom-gate electrode and a 5.7 nm thick

hybrid gate dielectric, that consists of a plasma-grown aluminum oxide layer and a self-

assembled monolayer (SAM) of an alkyl chain with a phosphonic acid anchor group. The

manufacturing process is completed by vacuum-deposition of a 30 nm thick layer of an

organic semiconductor and 25 nm thick gold top contacts [12]. Here, this process has

been adapted using high-resolution silicon stencil masks [120, 119] (in cooperation with

the Institut für Mikroelektronik, IMS CHIPS), so that the critical dimensions of

the TFTs are reduced from 10 µm to 0.8 µm.

In order to also realize top-contact organic TFTs with a channel length below what is

currently possible with silicon stencil masks (i.e. 100 nm), a process reported by Yagi and
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co-workers has been adapted [92]. Using electron-beam lithography, a suspended resist

bridge that acts as a high-resolution shadow mask for the source/drain contacts is man-

ufactured. This process is limited to lateral dimensions ranging from 90 nm to 500 nm.

In combination with the silicon stencil mask it is therefore possible to get a complete in-

sight into the device physics of top-contact organic TFTs with lateral dimensions between

0.09 µm and 200 µm.

For the charge-carrier transport in organic transistors the alignment of the molecules

on the gate dielectric is critically important. The growth of thin �lms of DNTT on a

silicon/aluminum/aluminum oxide/SAM structure was investigated using an atomic force

microscopy and X-ray di�raction (XRD). The measurements indicate a three-dimensional

growth of DNTT with the long axis of the molecules perpendicular to the substrate

surface. The obtained results are in good agreement with previous studies on DNTT

single-crystals [34]. The molecular order is bene�cial for an e�ective charge transport in

organic transistors in the direction parallel to the gate dielectric.

The top-contact DNTT TFTs manufactured in this thesis have an intrinsic hole mobility of

3.4 cm2

Vs
. For transistors with large lateral dimensions the in�uence of the contact resistance

can be neglected, since most of the drain-source voltage drops along the channel. The

extracted e�ective mobility of 2.8 cm2

Vs
for a transistor with a channel length of 60 µm

is close to the intrinsic mobility. Using the transmission line method (TLM) a transfer

length of 12 µm has been extracted. The transfer length is the minimum contact length

that is necessary for an e�ective charge �ow between the metal contacts and the organic

semiconductor. The contact resistance strongly increases from 600 Ω·cm (for a contact

length of 200 µm) to 9800 Ω·cm (for a contact length of 0.2 µm). DNTT TFTs with a

reduced contact and channel length (∼0.1 µm) exhibit a much smaller e�ective mobility

of 0.04 cm2

Vs
, since most of the drain-source voltage drops across the contacts and not along

the channel. However, owing to the ultra-thin gate dielectric, short-channel e�ects are

greatly suppressed. Transistors with a channel length of 90 nm have an on/o� current

ratio of 107, a steep subthreshold swing of 170 mV/decade, and a threshold voltage of

-1.3 V, which are comparable to the long-channel transistors.

To reduce the signi�cant in�uence of the contact resistance a common approach is doping

of the contact area. By doping, the excess hole concentration in the organic semiconductor

is increased, so that the energy barrier to the metal contacts is reduced. When a thin layer

of the organic dopant (here: NDP-9, provided by Novaled AG) is deposited between

the organic semiconductor and the contacts, the energy barrier between the gold contacts

and the DNTT �lm is reduced. For a contact length of 200 µm the contact resistance

is reduced by a factor of two and is 270 Ω·cm. The most bene�cial e�ect is achieved

for a contact length of 0.2 µm where the contact resistance decreases from 9800 Ω·cm to

2700 Ω·cm. The relative voltage drop along the channel is increased when the contribution
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of the contact resistance to the total transistor resistance is made smaller. For instance, a

DNTT TFT with a channel length of 2 µm and a contact length of 5 µm has a much higher

e�ective mobility with contact doping (0.4 cm2

Vs
) than without doping (0.1 cm2

Vs
). The

on/o� current ratio, the subthreshold swing, and the threshold voltage are not a�ected

by contact doping, in agreement with theoretical expectations.

Many organic semiconductors rapidly degrade when exposed to oxygen, ozone, or water

vapor [3]. The DNTT molecule utilized in this work has a highest occupied molecular

orbital energy level of -5.4 eV [26], so that the transport of holes in the material is greatly

protected against oxidation. DNTT TFTs have been stored and measured in a clean room

(40%-70% humidity) during a period of 200 days. The extracted e�ective mobility was

essentially constant. Actually, for transistors with a small channel length (< 5 µm), a

strong increase in the e�ective mobility within a few days was observed (followed by a

constant value for the remaining period). Depending on the exact channel length this

increase can be as strong as 300% (in the linear region of operation). The signi�cant

increase in the e�ective hole mobility in the linear region is accompanied by a transition

from a nonlinear to an (ideal) linear drain-current increase in the output characteristics.

Further experiments such as XRD and TLM indicate that this increase can be attributed

to a reduction of the contact resistance from 600 Ω·cm to 90 Ω·cm (for a contact length

of 200 µm). The sheet resistance (= intrinsic mobility in the TFTs without the in�uence

of the contact resistance) and the crystal structure remain una�ected by this mechanism.

To study the dynamic performance of these TFTs, low-voltage organic ring oscillators

employing as many as 22 transistors for one circuit have been fabricated. Unipolar ring

oscillators based on p-channel DNTT TFTs with a channel length of 1 µm and a contact

length of 5 µm have a signal delay per stage of 230 ns at a supply voltage of ∼4 V. Com-
plementary ring oscillators consisting of p-channel DNTT TFTs and n-channel F16CuPc

TFTs that are integrated on one substrate have been also manufactured. The integrated

TFTs have a channel length of 1 µm and a contact length of 2 µm. A signal delay per

stage of 18 µs for a supply voltage of 5 V has been measured. These are the smallest signal

delays reported so far for unipolar and complementary organic ring oscillators operating

with voltages below 10 V.

The combination of the high-resolution stencil lithography process with the ultra-thin gate

dielectric [12] provides excellent uniformity of the TFT parameters. The on-state drain

current, the o�-state drain current, the subthreshold swing, the threshold voltage, and the

gate current of transistors with the same lateral dimensions vary by only a few percent.

For example, the average transconductance of 16 TFTs with a channel length of 1 µm is

(0.47± 0.02) S
m
and the average threshold voltage of 62 transistors is (0.95± 0.03) V.

Owing to the excellent process uniformity and excellent dynamic performance it is possible

to consider more sophisticated integrated circuits. For instance, in cooperation with
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the Institut für Mikroelektronik the integration of as many as 129 p-channel

TFTs on one substrate to manufacture a 6-bit binary-weighted current-steering digital-

to-analog converter was realized [212]. But the demonstrated operation frequency of a

few megahertz for an individual transistor also allows us to consider the realization of an

amplitude modulated (AM) radio, which requires at least one transistor working beyond

one megahertz.

However, this work also depicts that the dynamic performance is often signi�cantly lim-

ited by the contact length of the TFTs, and a theoretical relation between the cut-o�

frequency and the contact length has been proposed. The increase in frequency due to

the reduction of the parasitic capacitances is competing with a decrease in e�ective mobil-

ity when the contact length is smaller than the transfer length (the characteristic length

over which most of the drain current is transfered between the contacts and the semicon-

ductor). Thus, the cut-o� frequency shows a maximum value for a certain contact length

and aggressive scaling of the contact length may not necessarily increase the transistor

performance. For high-frequency (∼MHz) applications it will be necessary to develop

methods that reduce the characteristic transfer length (in organic TFTs) and allow a

higher operation frequency for TFTs with aggressively reduced lateral dimensions. In this

thesis it was demonstrated that the transfer length is reduced by a factor of 2-3 when a

strong electron acceptor is employed underneath the source/drain contacts. The simula-

tions indicate an improvement in the dynamic performance by a factor of two when the

contacts are doped. Thus, the research on even stronger organic dopants should be inten-

si�ed, so that the contact resistance limitations in organic TFTs with reduced dimensions

can be further alleviated.

The simulations by Sohn and co-workers, but also the results in chapter 9, indicated a

dependence of the transfer length on the drain-source voltage. This relation may be further

investigated by scanning photocurrent microscopy (SPCM), which is a powerful method

to anaylze the contact barriers at metal/semiconductor interfaces [174, 175, 213, 214]. It

may be possible with this technique to extract the extension of the active contact region

in a top-contact organic TFT. Thus, the relation between the drain-source voltage and

the transfer length, but also the microscopic contact properties may be analyzed in more

detail.

Preliminary experiments on DNTT TFTs with asymmetric contact lengths for the source

and the drain contact indicated a larger transfer length at the source side than at the

drain side. Systematic experiments on TFTs with di�erent asymmetric contact lengths

are required (ideally in combination with SPCM characterization) to gain a deeper under-

standing of this observation. An asymmetric contact length would be essential in terms of

applications. On the one hand the contact length at the source contact should be larger

to minimize the contact resistance. On the other hand, the contact length at the drain

112



contact should be smaller to minimize the parasitic capacitances.

Recent simulations obtained a non-zero density of charge carriers underneath the contacts,

even if the contact length of a top-contact TFT is reduced to 0 µm, in other words, even

if there is no overlap between the gate electrode and the source/drain contacts [79].

These simulations also indicate that the contact resistance in a staggered geometry (top-

contacts) should be still smaller compared to the coplanar geometry (bottom-contacts),

even without any overlap between the source/drain contacts and the gate electrode. To

verify this proposed important advantage of the staggered over the coplanar organic TFTs,

further experiments focusing on zero-overlap are planned.

But not only a deeper understanding of the in�uence of the transistor geometry on the

electrical performance is necessary. Also further improvements in the functional electronic

materials are desirable. Especially the intrinsic mobility in air-stable n-channel TFTs is

almost one order of magnitude lower than that in air-stable p-channel TFTs. Thus,

air-stable organic complementary circuits are usually limited by the low performance of

the n-channel TFTs. There is already a focus placed on the development of organic

semiconductors with a high electron mobility and excellent air stability [206, 207, 208]. In

addition, the development of strong n-type dopants might be useful to reduce a possible

limiting in�uence of the transfer length in n-channel organic TFTs.

From a technological aspect it is interesting to investigate the limitations in the presented

stencil-lithography process. In this thesis, the silicon stencil masks have a thickness

of 20 µm. In these masks, silicon bars with a width of less than 800 nm (to pattern

source/drain contacts with a spacing of less than 800 nm) easily break by strain during

the mask fabrication or by distortions when aligning the stencil masks on the substrates.

However, there are reports in the literature on the fabrication of metallic nanowires with a

diameter down to 70 nm using silicon membranes with a thickness of 100 nm [128]. In the

future di�erent mask features will be considered to achieve a reproducible source/drain

spacing of less than 800 nm. This task requires di�erent mask geometries (e.g. di�erent

mask thickness), but probably also improvements in the material deposition techniques

to further reduce the geometrical broadening of the patterned structures.

In the past organic transistors have been mainly considered for low-performance applica-

tions such as e-ink displays or large-area sensor arrays, in which the individual transistors

have relatively large lateral dimensions (>10 µm) and operate with frequencies of approx-

imately 1 kHz. Here, it was demonstrated that the critical lateral dimensions of organic

transistors can be reduced to ∼1 µm using a solvent-free, room-temperature manufac-

turing process based on silicon stencil masks. The demonstrated individual transistors

operate at frequencies of more than 1 MHz. In the future it may be possible to develop a

full wafer-scale stencil-mask process to manufacture organic transistors with small lateral

dimensions on large areas. Using such a manufacturing technique organic transistors may
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be considered not only for low-performance applications, but also for high-performance

products such as high-de�nition active-matrix organic light-emitting diode displays (AM-

OLED displays) in which the individual transistors operate with frequencies of about

1 MHz.
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A Silicon stencil mask fabrication

Figure A.1: Silicon stencil mask process �ow. The silicon stencil masks were fabricated
on silicon-on-insulator (SOI) wafers, with the buried SiO2 serving as an etch stop
during the formation and patterning of a 20 µm thick silicon membrane [120, 119].
Apertures in the silicon membrane were opened by electron-beam lithography and
dry etching from the wafer front side. Over an area of 20Ö20 mm2 the bulk silicon
was then removed by etching from the wafer back side (using a SiOxNy masking
layer), leaving the patterned silicon membrane anchored to a robust 5 mm wide
wafer frame.
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B Structure variations in stencil

lithography

A major concern in stencil lithography are variations between the de�ned patterns in the

stencil mask and the processed patterns on the substrate. These discrepancies mainly

depend on a gap between the mask and the substrate, but also on the material composi-

tion, the �lm thickness, the temperature, and the deposition rate, so that the patterned

structures are usually broadened [123, 128]. The structure broadening is separated in a

geometrical and a halo broadening [123]. Note, that a broadening of the source and

drain contacts narrows the transistor channel length, so that is useful to discuss the ef-

fect on the patterned transistor channel in total, and not the in�uence on an individual

contact.

The geometrical channel narrowing (= broadening of the source/drain contacts) is mainly

due to the gap G between the stencil mask and the substrate. This gap causes deposi-

tion of material underneath the stencil mask during the evaporation (Figure B.1a). The

geometrical channel narrowing N can be estimated by [123]

N =
G · S
D

, (B.1)

where S is the evaporation source size (1 cm) and D the distance from this evaporation

source to the substrate (50 cm). For this estimation, S <�< D, N <�< G and A <�< S

(A is the width of the pattern in the stencil mask) is assumed. Vazquez-Mena and co-

workers estimated an intrinsic gap of 5 µm between their 100 nm thick stencil membrane

and the substrate [123]. Considering also a gap of 5 µm between the silicon stencil mask

and the substrate, a source size of 1 cm, a distance between the evaporation source

and the substrate of 50 cm, and using equation B.1, one yields a channel narrowing of

approximately 100 nm. However, di�erent SEM images revealed a geometrical channel

narrowing of less than 100 nm corresponding to a gap G of less than 5 µm.

Stencil membranes with a thickness of a few hundred nanometers can deform on the

surface, so that the gap between mask and substrate increases [215]. Here, the rigid

silicon stencil mask with a thickness of 20 µm (�xed with clamps on the 5 mm wide mask

frame) might prohibit a bending on the substrate, so that the intrinsic gap between the
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B Structure variations in stencil lithography

Figure B.1: Geometrical narrowing and broadening of structures in stencil lithog-
raphy. a) The schematic illustrates the channel narrowing produced by a �nite
gap between the mask and the substrate. b) The schematic illustrates the chan-
nel broadening if the mask pattern is displaced by a certain distance next to the
evaporation source and the unequal source/drain contacts if the mask pattern is
not centered below the evaporation source. c) The graph illustrates the channel
narrowing N and the channel broadening B as function of the distance next to the
evaporation source edge. The superposed e�ect (B+N) of the two independent
mechanisms is also illustrated.

mask and the substrate is not further increased.

However, the �nite thickness t of the stencil mask also causes two disadvantages that are

indicated in Figure B.1b, namely a geometrical channel broadening B (transistor channel

length increases) and an asymmetric slope of the contact edges. The geometrical channel

broadening only appears for structures displaced by a length x from the evaporation source

edge (Figure B.1b, red lines) and is described (for B <�< x) by

B =
x · (t + G)

D
. (B.2)

Here, the stencil mask size is 2 x 2 cm2, so that the structures can be displaced not more

than 0.5 cm from the evaporation source edge (S = 1 cm, when the mask is centered

above the evaporation source). Figure B.1 shows the geometrical channel narrowing N,

the channel broadening B, and the superposed e�ect of the two independent mechanisms

as a function of the distance to the evaporation source edge (for a gap of 1 µm). To keep

the channel length error small, the structures must be displaced by not more than 0.2 cm

from the evaporation source edge.

The �nite thickness t of the stencil mask also causes an asymmetric contact slope. For

structures not exactly centered below the evaporation source, the source and drain con-

tacts receive di�erent amounts of material during the deposition (B.1b, black lines). This

asymmetric contact slopes are also shown in the atomic force microscopy image in Fig-

118



Figure B.2: Asymmetric source/drain contact edges. The Atomic force microscope image
and the corresponding height pro�le illustrate the asymmetry in the 25 nm thick
source/drain contact edges.

ure B.2.

The halo broadening (due to a di�usion of material on the surface) depends on the �lm

thickness, deposition rate and temperature [123]. It can be as small as 400 nm for 45 nm

of aluminum evaporated at 1 Å/s and for a relatively large gap between the mask and

the substrate of 7.5 µm (and the halo broadening is expected to be smaller for a reduced

�lm thickness, deposition rate, and gap between the mask and the substrate) [123]. In

this work, the critical structures (source/drain contacts) have a thickness of only 25 nm

and these have been deposited at a rate of 0.3 Å/s to redcue the halo broadening. To

investigate the halo broadening in more detail, further experiments are required.
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C Transmission line method

Contact and sheet resistance

The �rst reports on the transmission line method (TLM) by Murrmann and Widmann

date back to 1969 [156] and further improvements followed by Berger [157, 158] in 1972.

Here, a more recent approach reported by Schroder [81] will be considered to derive the

most important equations of this theory. The total transistor resistance RTFT is given by

the sum of the contact resistance RC and channel resistance Rch.

VDS

ID
= RTFT = RC + Rch. (C.1)

For simpli�cation the contact resistance will be considered as ohmic for now, even though

this assumption is not re�ecting the true nature of the metal contact/organic semicon-

ductor interface. The contact and channel resistances are inversely proportional to the

channel width W, so that the following normalization is useful:

RTFT ·W = RC ·W + Rch ·W. (C.2)

Considering the relation between the channel resistance and the sheet resistance Rsheet,

Rsheet =
Rch ·W

L
, (C.3)

one can rewrite equation C.2 as follows:

RTFT ·W = RC ·W + Rsheet · L. (C.4)

Therefore, by plotting the width-normalized resistance of the transistors as a function

of the channel length (Figure 6.2a), one can extract the width-normalized contact re-

sistance (in the following called �contact resistance�) at the intersection with the y-axis

RC ·W = RTFT ·W(L = 0) and the sheet resistance from the slope of this relation:

Rsheet =
∆ (RTFT ·W)

∆L
. (C.5)
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C Transmission line method

Figure C.1: Analysis of the transistor resistance and the intrinsic transistor proper-
ties. a) Width-normalized total transistor resistance as a function of the transistor
channel length. From the linear least square �t a contact resistance of 600 Ω·cm,
a sheet resistance of 250 kΩ

� , and a transfer length of 12 µm was extracted. b)
Inverse sheet resistance as a function of the gate-source voltage. From the linear
least square �t an intrinsic mobility of 3.4 cm2

Vs and an intrinsic threshold voltage
of -1.35 V is extracted.

To account for the linear relation between the contact and channel resistance all values

should be extracted at low drain-source voltages.

Transfer length

With the TLM method the transfer length, a characteristic length over which 63% of

the charge �ow between the contacts and the semiconductor transfers, can be extracted

[81, 150]. The contact resistance below the source/drain contacts is considered as a resistor

network, so that the potential distribution below the contact is not uniform, but given by

the relation [81, 154, 157]:
d2V(x)

dx2
=

1

L2
T

V(x), (C.6)

with the characteristic transfer length for a speci�c contact/semiconductor material com-

bination

LT =

√
ρC

Rsheet

(C.7)

and the the contact resistivity ρC. The current �ow is assumed vertical between the

contacts and the semiconductor. Considering the maximum current �owing at the front

contact edge (x = 0) and no current �owing at the end contact edge (x = LC) as boundary

conditions, equation C.6 can be solved analytically [81, 154, 157] to yield the potential
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distribution V(x). The contact resistance, which is also called front contact resistance, is

given by

RC =
V

I
= 2 · Rsheet · LT · coth

(
LC

LT

)
, (C.8)

whereat a factor of two was introduced to account for the condition RS = RD = RC

2
. Equa-

tion C.8 is only valid for staggered transistor geometries (section 3) which have an ex-

tended area (overlap area between the contacts and the gate electrode) available for the

charge �ow between the contacts and the semiconductor. Equation C.8 describes the im-

portant relation between the transfer length and the contact resistance in a general way.

If the contact length LC is much larger than the transfer length LT (LC� LT), equation

C.8 simpli�es to:

RC ≈ 2 · ρC

LT ·W
(C.9)

and the contact resistance is independent on the contact length. In this situation the con-

tact is only partially active (area: LT·W), but the charge �ow between the semiconductor

and the contact is e�ective. On the other side, when the contact length is much smaller

than the transfer length (LC� LT), the contact is too small (area: LC·W) and the charge

�ow is not e�ective. In this limit equation C.8 reads

RC ≈ 2 · ρC

LC ·W
(C.10)

and the contact resistance is inversely proportional to the contact length and increasing

when the contact length is reduced. Inserting equation C.7 and C.9 in C.4 yields

RTFT ·W = Rsheet · (L + 2 · LT), (C.11)

and the transfer length is extracted at the intersection with the x-axis (Figure 6.2a):

LT = −L(RTFT ·W = 0)

2
. (C.12)

Intrinsic material parameters

To extract the intrinsic mobility µ0 and intrinsic threshold voltage Vth for the DNTT

TFTs without the in�uence of the contact resistance, one starts with equation 3.31:

ID =
µ0WCi

L
· (VGS − Vth) · (VDS − IDRC). (C.13)
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C Transmission line method

This equation can be solved for ID and divided by VDS to yield the total transistor

resistance as sum of the contact resistance and the channel resistance.

RTFT = RC +
L

µ0WCi · (VGS − Vth)
= RC + Rch. (C.14)

In equation C.14 the contributions of the contact resistance and the channel resistance are

separated. The later addend reads as sheet resistance multiplied by the channel length

and divided by the channel width (equation C.5), Rch = Rsheet·L
W

, so that one can rewrite

the second summand of equation C.14:

1

Rsheet

=
L

Rch ·W
= µ0Ci · (VGS − Vth) . (C.15)

From the slope of this relation the intrinsic mobility µ0 and from the intersection with

the x-axis the intrinsic threshold voltage Vth is derived (Figure 6.2b).

124



D Supporting DNTT TFTs

Figure D.1: Comparison of coplanar and staggered transistor structure. a) Transfer
characteristics of DNTT TFTs in the coplanar (or bottom-contact) and inverted
staggered (or top-contact) transistor structure, both with a channel length of 60 µm
and a channel width of 200 µm. The staggered transistor has a contact length of
200 µm. The mobility extracted in the saturation region is 0.4 cm2

Vs for the coplanar
and 2.4 cm2

Vs for the staggered transistor. b) Transmission line method to extract
the contact resistance for a set of transistors in the coplanar and in the staggered
geometry. The contact resistance is 21 kΩ · cm for the former and 0.6 kΩ · cm for
the latter geometry.
The signi�cant di�erence in e�ective mobility and contact resistance demonstrates
the superior properties of staggered structures compared to coplanar structures.
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D Supporting DNTT TFTs

Figure D.2: Width-normalized resistance of submicron DNTT TFTs without doping
and with contact doping. b) Width-normalized resistance of 19 DNTT TFTs
without doping and 15 DNTT TFTs with contact doping, all having a channel
length of 150 nm, calculated at a �xed drain-source voltage of -0.1 V. The average
resistance of the transistors without doping is 9.8 kΩ·cm and with contact doping
is 2.7 kΩ·cm. The contact resistance is assumed to be only slightly smaller.
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E Mass spectrum of DNTT

Figure E.1: Mass spectrum of DNTT. The �lm was grown on a aluminum/aluminum ox-
ide/SAM structure as utilized for the organic transistors fabricated in this work. a)
The image shows the mass spectrum taken from a 30 nm thick �lm of DNTT using
a time-of-�ight laser desorption/ionization mass spectrometry. The measured mass
is 340.08 u and corresponds well to the theoretical calculated mass is of 340.04 u.
b) The image illustrates the measured isotope distribution.
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