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ABSTRACT

Organic electronics is a fascinating future technology and has developed tremendously since the
last twenty years, which can be ascribed to the specific properties of electroactive organic
compounds. They enable the use of efficient solution-based processing techniques at low
temperatures and their chemical, physical and mechanical properties can be easily tailored, thus
allowing for the development of new applications such as flexible displays, inkjet-printed
electronics or smart sensors, some of which are not far from being commercialized.

This work focused on three central issues related to organic field-effect transistors (OFETs):
processing, stability and sensing.

The first one, processing, involved the successful implementation and testing of a completely new
modular OFET fabrication line, integrated within a cleanroom environment at the
NanoTecCenter Weiz Forschungsgesellschaft mbH, including equipment definition and
acquisition, process development and optimization as well as device fabrication and
characterization. With this line poly(3-hexylthiophene) (P3HT)- and pentacene-based OFET's
with various source/drain-electrode geometries and channel dimensions were prepared and
thoroughly investigated with respect to short-channel effects and the implications of dielectric
surface modification. Furthermore, well-performing OFETs were developed with solution-
processable silver source/drain electrodes structured by two soft-lithographic techniques, namely
Micromolding In Capillaries and Microtransfer Printing. Finally, organic field-effect transistors
formed on insulating copper wires were fabricated, indicating the potential of combining readily
available mass products with solution-processable organic semiconductors.

The issue stability involved a detailed investigation of the ambient and shelf-life stability of
OFETs containing various polytriphenylamine-derivatives as organic semiconductors with
ionization potentials >5eV. The influences of oxygen, moisture and dielectric surface
modification on the device stability were evaluated and the results were benchmarked against the
well-established transistor materials pentacene and P3HT, the latter also investigated with respect
to operational stability in combination with an ion-conducting dielectric.

Finally, regarding sensing, a novel OFET-sensor concept was developed, which is based on the
application of an analyte-sensitive gate dielectric. It was successfully evaluated with top-
gate/bottom-contact OFETs including various solution-processable, pH-sensitive polymer
dielectrics, which led to a distinct increase of the channel current upon exposure to ammonia at
concentration levels down to 100 ppm. Aside from current-voltage OFET-analysis, also UV/VIS-
spectroscopy, Fourier transform infrared spectroscopy and capacitance measurements were used

to rationalize the underlying sensor mechanism.



KURZFASSUNG

Organische Elektronik ist eine faszinierende Zukunftstechnologie und hat sich in den letzten
zwanzig Jahren ungemein weiterentwickelt, was man den spezifischen Eigenschaften
elektroaktiver organischer Materialien zuschreiben kann. Diese ermdglichen die Anwendung
effizienter Prozesstechnologien bei niedrigen Temperaturen und ihre chemischen, physikalischen
und mechanischen Eigenschaften konnen mafigeschneidert werden. Dadurch ergeben sich neue
Anwendungen wie flexible Displays, tintenstrahlgedruckte Elektronik oder intelligente Sensoren,
von denen manche kurz vor ihrer Markteinfithrung stehen.

Diese Arbeit beschiftigte sich mit drei wichtigen Aspekten von organischen Feldeffekt-
Transistoren (OFETs): Prozessierung, Stabilitit und Sensorik.

Der erste Punkt, Prozessierung, beinhaltete die erfolgreiche Implementierung und Erprobung
einer neuen modularen OFET Fabrikationslinie im Reinraum der NanoTecCenter Weiz
Forschungsgesellschaft mbH, inklusive Geritedefinition und -beschaffung, Prozessentwicklung
und -optimierung sowie Bauelementherstellung und -charakterisierung. Mit dieser Linie wurden
Poly(3-hexylthiophen) (P3HT)- und Pentacen-basiecrende OFETs mit verschiedenen
Source/Drain-Elektrodengeometrien und ~ Kanaldimensionen —hergestellt  und  beziiglich
Kurzkanaleffekten und den Auswirkungen einer Oberflichenmodifikation des Dielektrikums
untersucht. Weiters wurden OFETs mit Source/Drain-Elektroden entwickelt, die aus einer
Silber-Nanodispersion mittels zweier soft-lithographischer Techniken, ,Micromolding In
Capillaries“ und ,Microtransfer Printing®, hergestellt und strukeuriert wurden. Schlieflich
wurden organische Feldeffekt-Transistoren auf isolierenden Kupferdrihten erzeugt, die das
Potential einer Kombination von allddglichen Massenprodukten mit aus der Losung
verarbeitbaren organischen Halbleitern aufzeigen.

Der Punkt Stabilitit involvierte eine detaillierte Analyse der Luftstabilitit und Lagerfihigkeit von
OFETs mit verschiedenen Polytriphenylamin-Derivaten als organische Halbleiter, die
Ionisierungspotentiale >5 eV aufweisen. Die Einfliisse von Sauerstoff, Luftfeuchtigkeit und
Oberflichenmodifikation des Dielektrikums auf die Bauelementstabilitit wurden bestimmt und
die Ergebnisse mit den etablierten Transistormaterialien Pentacen und P3HT verglichen, wobei
letzteres auch beziiglich Betriebsstabilitit in Kombination mit einem ionen-leitenden
Dielektrikum untersucht wurde.

SchlieSlich, was die Sensorik betrifft, wurde ein neues OFET-Sensorkonzept basierend auf der
Anwendung eines sensitiven Dielektrikums entwickelt. Dieses wurde erfolgreich mit
Bauelementen evaluiert, die verschiedene, aus der Losung verarbeitbare, pH-sensitive Polymere
als Dielektrika beinhalteten und unter Exposition von gasformigem Ammoniak bis zu einer
Nachweisgrenze von 100 ppm mit einer Zunahme des Kanalstroms sensitiv reagierten. Neben der
elektrischen Charakterisierung der OFETs wurden auch spektroskopische Untersuchungen im
sichtbaren und infraroten Wellenldngenbereich sowie Kapazititsmessungen durchgefiithrt, um

den zugrundeliegenden Sensormechanismus zu erkunden.
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e INTRODUCTION

Organic electronics is a fascinating future technology and has developed tremendously since the
last twenty years, which can be ascribed to the specific properties of electroactive organic
compounds. They enable the use of efficient solution-based processing techniques at low
temperatures and their chemical, physical and mechanical properties can be easily tailored, thus
allowing for the development of new applications such as flexible displays, inkjet-printed
electronics or smart sensors, some of which are not far from being commercialized.

This chapter provides a brief historical overview of the major developments in the field of organic

electronics and illustrates the scope of this thesis.



INTRODUCTION

1.1. Historical Overview

First investigations on the semiconducting properties of organic materials date back to the late
1940s and beginning 1950s.!") They focused on the photoconductive behavior of small organic
molecules, in particular acenes, in the crystalline state.>?

In 1963 Pope and co-workers were the first to report on electroluminescence in an organic
semiconductor, namely single-crystalline anthracene.? The applied materials exhibited semi-
conducting behavior but with low performance and therefore they were considered to have only
little potential for applications.

Molecularly doped polymers appeared in the mid-1960s"!, showing higher semiconducting
performance. For these materials small organic pigments are integrated into a matrix polymer,
thus combining photoconductive properties with specific mechanical features. Since the 1970s
these photoconductors have been employed in xerographic devices.

The discovery of metallic-like behavior of doped polyacetylene by Alan ]. Heeger, Alan G.
MacDiarmid and Hideki Shirakawa in 1977,7% for which they received the Nobel Prize of
Chemistry in 2000, was an important milestone in the field of organic (semi)conductors and
has induced a lot of research since then.

Today electroactive organic materials provide great possibilities for new applications. The ability
to tailor their electrical, optical and mechanical properties enables the use of low-cost deposition
and structuring techniques at low temperatures on large areas of rigid, flexible, organic, inorganic
or even biological substrates. Just imagine printing an integrated circuit with your own home-
office inkjet printer. This might be possible in the not too distant future. Moreover, this class of
materials allows for the development of high-performing sensors, as optimized sensitivity and
selectivity with respect to a target analyte can be easily induced.

The successful integration of electroactive organic materials has led to a number of very
promising applications and devices. In the late 1980s electroluminescent organic vacuum-
evaporated dye films with high performance were demonstrated.">'") Moreover, field-effect
transistors based on polythiophene!’*'¥ and on small conjugated oligomers"*'>! were reported.
In 1990 Burroughes and co-workers demonstrated the first conjugated polymer LED (PLED).!¢!
Aside from organic light-emitting diodes (OLEDs), organic field-effect transistors (OFETs) and
corresponding circuits,'7181920:21:2223.24251 a]50 organic solar cells,?**”! organic photodiodes®! and
organic lasers®**" have emerged. “Plastic electronics” have become a key word in this regard.

Even flexible displays are not a vision any more®®"*? and first commercial products appear on the

market.



INTRODUCTION

This thesis is focusing on organic field-effect transistors. The basic principle of the field-effect
transistor (FET) was proposed by Lilienfeld as early as 1925 and patented in 1930.%% FETs based
on inorganic semiconductors such as metal-oxide-semiconductor field-effect transistors
(MOSFET) have become workhorses in modern microelectronics both as discrete devices and in
integrated circuits.®**! The first silicon-based MOSFET was realized in 1960.°¢ Compared to
bipolar transistors, which, invented in 1947,57%% marked the birth of modern microelectronics,
field-effect transistors generally operate at significantly smaller amounts of power.

The field effect in organic semiconductors was demonstrated for the first time more than three
decades ago.?*" However, OFETs have been considered as having only little potential for
applications until 1987.1'">3) Since then a lot of research has led to a significant increase of the
device performance, which is nowadays comparable to that of thin-film transistors based on
amorphous hydrogenated silicon (a-Si:H), the latter being mainly applied as display drivers.
However, compared to the latter, OFETs also make use of the advantages associated with
electroactive organic materials and will find their application as switching devices in active matrix
flat panel displays,??'#42%] as sensors,**44¢47] in radio-frequency identification tags (RFIDs) and
low-end smart cards. All-polymer integrated circuits*®! and even organic electronics fabricated on
paper! have been demonstrated already.

The real challenge for the following years to come will be to integrate organic semiconductor
based sensors with organic electronics for fabricating reliable and cheap sensor tags and labels,
which will open up new applications with distinct advantages over existing sensor products

regarding cost and applicability.



INTRODUCTION

1.2. Scope of this Thesis

This work focused on three main aspects related to organic field-effect transistors: fabrication

techniques and processes, ambient and operational stability, OFET-based sensing.

Chapter 2 provides a brief introduction into organic semiconductors and organic field-effect
transistors. After describing the chemical structures and electronic configurations of small
conjugated molecules and semiconducting polymers, excited states and the various models
describing charge transport in such materials will be shortly reviewed. Then OFET architectures
and fabrication techniques as well as the operating principle and important device parameters will
be described. Finally stability issues and the current developments of OFET-based sensors will be

summarized.

Chapter 3 deals with processing issues. At first the implementation and testing of a completely
new modular OFET fabrication line, integrated within a cleanroom environment, is described,
including equipment definition and acquisition, process development and optimization as well as
device fabrication and characterization. In this section rr-P3HT- and pentacene-based OFETs
with various source/drain-electrode geometries and channel dimensions, prepared with the newly
established line, are investigated with respect to short-channel effects and the implications of
dielectric surface modification with hexamethyldisilazane. The next section deals with the
fabrication and analysis of well-performing bottom-gate/bottom-contact OFETs based on
rr-P3HT with silver source/drain electrodes defined by two soft-lithographic techniques, namely
Micromolding In Capillaries and Microtransfer Printing. Finally, organic field-effect transistors
formed on insulating copper wires (wireOFETSs) are presented, indicating the potential of
combing readily available mass products with solution-processable organic semiconductors for the

fabrication of smart, textile-compatible, low-cost organic electronics.

Chapter 4 relates to ambient, operational and shelf-life stability of organic field-effect transistors.
Bottom-gate/bottom-contact OFETSs containing various polytriphenylamine-(PTPA)-derivatives
as organic semiconductors with ionization potentials > 5 eV are investigated with respect to their
ambient and shelf-life stability. The results are benchmarked against the well-established
transistor semiconductors rr-P3HT and pentacene. Although the latter two exhibit larger field-
effect mobility values, corresponding OFETs are degraded upon air exposure mainly due to

oxygen/moisture-induced doping or charge-carrier trapping.
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On the contrary, device parameters of PTPA-OFETs remained rather stable, even after storage
under dark ambient conditions for several months. Moreover, when the substrate surface was
hydrophobized by HMDS pre-treatment, the stability of the investigated semiconductors was
found to be distinctly increased. Finally, also the operational stability of a rr-P3HT-based top-
gate OFET with polyvinyl alcohol as gate dielectric is analyzed and the observed channel current

drifts upon bias stress are explained by the movement of residual mobile ions within the dielectric.

Chapter 5 deals with OFET-based sensing. A novel OFET-sensor concept is presented, which is
based on the application of an analyte-sensitive gate dielectric. In detail, the organic dielectric
material is chemically adapted to change its electronic properties upon contact with an analyte for
generating a response which is electrically detectable through an OFET. Various solution-
processable, pH-sensitive, ring-opening metathesis polymerized dielectric materials were
extensively investigated with gaseous ammonia as model analyte using UV/VIS spectroscopy,
Fourier transform infrared spectroscopy, capacitance measurements and atomic force microscopy.
By employing these materials in bottom-contact OFETs with a meander-shaped top-gate
structure, ammonia concentrations as low as 100 ppm could be detected by an irreversible source-
to-drain current increase, while devices based on a reference dielectric bearing no pH-sensitive
groups showed negligible response. The obtained results support the reaction mechanism
proposed at the beginning of this chapter, which is closed by a detailed response explanation, also

including calculations based on a standard device model to roughly quantify the interactions.

The appendix at the end of this thesis includes a list of publications and the bibliography.
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This chapter provides a brief introduction into organic semiconductors and organic field-effect
transistors. After describing the chemical structures and electronic configurations of small
conjugated molecules and semiconducting polymers, excited states and the various models
describing charge transport in such materials will be shortly reviewed. Then OFET architectures
and fabrication techniques as well as the operating principle and important device parameters will
be described. Finally stability issues and the current developments of OFET-based sensors will be

summarized.
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2.1. Organic Semiconductors

The following sections provide a brief introduction into organic semiconductors, summarizing a

more detailed description in [50].

2.1.1. Chemical Structures and Electronic Configurations

Figure 2.1 illustrates the chemical structures of typical organic p-type semiconductors, which are

commonly applied for OFET-applications.
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Figure 2.1: Chemical structures of typical organic p-type semiconductors applied in OFETs:
a) pentacene; b) rubrene; ¢) O-sexithiophene (6T); d) copper phthalocyanine (CuPc);
e) regioregular poly(3-hexylthiophene) (rr-P3HT); f) polytriphenylamine (PTPA).

The central element of organic materials is carbon.’" Carbon comprises six electrons and in its
ground state it exhibits the electronic configuration 1s*2s?2p?, including two unpaired electrons
in the 2p atomic orbitals (Figure 2.2 left). However, due to the low energetic difference between
the 2s and 2p states one of the two 2s electrons can easily be promoted to the vacant 2p state,

which results in an excited electronic state with the configuration 1s*2s'2p® (Figure 2.2, middle).
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25 4 ' 2s = ! 2sp*—— 2sp® ——2sp’—— i
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Figure 2.2: Electronic configurations of atomic carbon in the ground state (left), in the excited state
(middle) and in sp*-configuration (right).
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This configuration, however, could not explain the experimentally observed regular tetrahedral
shape of methane with four equivalent C-H bonds. The problem was solved by L. C. Pauling,
who introduced the concept of hybridization."? For organic semiconducting molecules and their
solids the sp? hybridization of carbon is very important, where one s orbital and two p orbitals
(e.g. 2s, 2px and 2py) are linearly combined to three equivalent sp? hybrid orbitals, with the third
p orbital (2p,) remaining unaltered. Figure 2.2 right shows the corresponding electronic

configuration and Figure 2.3 the trigonal planar structure of an sp* hybrid orbital.

2p, 2sp’
2sp’
2sp’ 2p,
2sp’ 2sp’ 2sp’
Side view Top view

Figure 2.3: Sp? hybrid orbital.

In conjugated molecules or polymers!™” the sp? hybrid orbitals of neighboring atoms form highly
localized 0-bonds and the corresponding unmodified p, orbitals a delocalized Teelectron system,
which ideally spans the entire molecule. According to a simple band picture using the Hiickel
molecular orbital method, conjugated polymers are expected to exhibit metallic behavior: the
N 2p, orbitals (unpaired electrons) of the participating carbon atoms lead to N Temolecular
orbitals. Due to the overlap of the orbitals between neighboring atoms the Tetelectron
wavefunction delocalizes over the chain, resulting in a Teband for high /V. Since each carbon atom
contributes one unpaired electron, the corresponding band is half filled and a metallic behavior is
expected. However, experiments revealed that conjugated molecules or polymers are insulating or
at best semiconducting. This could be explained by the Peierls distortion,5 which results in the
alternation of the bond-length between single (0-) and double (0- + 7-) bonds® and hence in a
metal-to-insulator transition with an energy gap between a filled Teband and an empty Tt-band.
The energetically highest occupied molecular orbital of the Tkband is shortened to HOMO and
the lowest unoccupied molecular orbital of the T-band to LUMO.

The interaction between the Teelectron system of an organic molecule with those of its neighbors
basically leads to the formation of molecular solids, which are held together by weak van der

Waals forces.

* “Conjugated” refers to the alternating sequence of single and double bonds in a molecule.
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2.1.2. Excited States

In order to transport charge and/or emit light the semiconductor has to be excited and for charge
transport these excitations have to be mobile as well. There is a large difference between excited
states in organic semiconductors and those found in their inorganic counterparts. While the latter
exhibit rigid three dimensional lattices formed by strong covalent forces, organic solids are formed
by weak van der Waals forces and conjugated polymer chains are rather flexible. Therefore the
formation of excited states is associated with structural relaxation and consequently charge
localization.!"*> In polymers with a degenerate ground-state® such as trans-polyacetylene a soliton
appears as neutral or charged defect, where two structures of different bond order are combined.
For polymers with a non-degenerate ground state, which are most of the applied in organic

electronic devices, the participating charge carriers are polarons and bipolarons.

2.1.2.1. Polarons

When an electron is added to the LUMO of a conjugated polymer or removed from its HOMO,
the chain is deformed in the region around the charge and consequently the electronic energy of
the added charge is lowered. The extent of the lattice deformation (usually several monomers
along the polymer chain) is determined by a minimum of the total system energy, which includes
the increased elastic deformation energy and the reduced electronic energy.

This quasi-particle composed of the electron (or hole) and its accompanying local lattice
distortion is referred to as negative (or positive) polaron. As polarons are “self-trapped’ or “self-
localized” by electron-lattice coupling, they have to overcome an energy activation barrier while
moving through the material (thermally activated hopping).

Accordingly, the two energetic states of the polaron are found within the TETT gap between the
HOMO and the LUMO, exhibit bonding and anti-bonding character, respectively, and can be

occupied by zero, one, three or four electrons (Figure 2.4).

A‘ A

|

A

... ..

Neutral polymer  Positive polaron  Negative polaron Positive bipolaron Negative bipolaron
Charge: 0 Charge: +e Charge: -e Charge: +2e Charge: -2e bipolaron bands
Spin: 0 Spin: 1/2 Spin: 1/2 Spin: 0 Spin: 0

|

Figure 2.4: Energy levels of the neutral polymer and of various polaronic states in organic
semiconductors.

® The single and double bonds can be interchanged without altering the total energy of the ground state.



FUNDAMENTALS

Bipolarons are formed when two electrons are withdrawn from or added to a polymer chain.
Accordingly, when more than two electrons are added or removed, bipolaron energy bands arise

within the TETT gap at the cost of states from the band edges, hence increasing the gap energy.

2.1.2.2. Excitons

Basically, an exciton is an electrically neutral quasi-particle which can move as an entity. It arises,
when an electron is removed from the HOMO and placed into its LUMO leaving back a hole.
Both, electron and hole are bound to each other due to Coulomb (electron-hole) interaction,
forming an exciton. Excitons can be created e.g. by photon absorption or by injection of positive
and a negative polarons that meet each other (as used in an OLED). Again the excitation is
associated with a structural relaxation of the surrounding molecular geometry. Excitons in organic
materials are usually so-called Frenkel excitons, which are small-radius excitons and exhibit
binding energies in the range of 0.1-0.5 ¢V. In contrast, more delocalized so-called Wannier
excitons with smaller binding energies are usually found in inorganic semiconductors. Figure 2.5
schematically illustrates the electronic configurations of the ground state and the excitonic states

in organic semiconductors.

LUMO
—— boanm el T —_—
v
maclkcass: SEd f ,,,,,
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Ground state  Singlet exciton S Triplet exciton T
Charge: 0 Charge: 0 Charge: 0
Spin: 0 Spin: 0 Spin: 1

Figure 2.5: Energy levels of the ground state and excitonic states in organic semiconductors.

As electrons and holes exhibit spin *}2, they can combine to a net spin of zero or one.
Accordingly singler and triplet excitons can be formed. The exciton can be characterized by a
wavefunction, which, according to Pauli’s principle, has to be antisymmetric with respect to

particle exchange. Hence, antisymmetric spatial part implies a symmetric spin part with a net spin

of one. This is possible in three different ways (T T), (l l) and %[(T ! )+(l 1 )], leading to

triplet excitons. A symmetric spatial part requires an antisymmetric spin part, which is only

1
possible with the configuration —2[(T ! )— (l 0 )], yielding spin zero and hence a singlet exciton.

2

The electronic ground state is usually a singlet state. Triplet states are energetically lower
compared to the corresponding singlet states due to lower electron-electron repulsion. The

migration of excitons mainly is described by energy transfer (Forster-, Dexter-transfer).

10
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Radiative decay of excitons formed by injected polarons is used in OLEDs, dissociation of photo-
excited excitons in solar cells and photodetectors. Details about the optical properties and

processes in organic semiconductors can be found in [50].
2.1.3. Charge Transport

2.1.3.1. Electrical Conductivity and Charge-Carrier Mobility

Charge transport is associated with the electrical conductivity 0 of a material, which depends on
the density of mobile charge carriers and their mobility. When mobile electrons and holes are

present, Tis calculated as:®

O =enfd, +epld, (2.1)
e... elementary charge; n/p... electron/hole density; f4/L4,. .. electron/hole mobility.
Accordingly, o also depends on temperature. While metals exhibit increasing conductivity with
decreasing temperature, 0 of semiconductors becomes larger upon heating.

One of the most important parameters related to charge transport is charge carrier mobility 4,

which at low applied electric fields is defined by:

.l 2.2)

U ... average drift velocity of the charge carriers; E ... electric field.

The mobility can also be calculated by considering a charge carrier with charge ¢ and effective
mass 7', being scattered after an average time T:

qt

m

(2.3)

MU=

Amongst others, the mobility can be determined by Hall measurements, Time-of-Flight (TOF)
measurements, Space charge limited current (SCLC) measurements and field-effect

measurements.

2.1.3.2. General Issues

Conjugated materials are intrinsically semiconducting' with energy gaps in the range of 1-3 eV.
Organic semiconductors either show p-type, n-type or ambipolar® behavior, with most of them

studied so far being p-type.

¢ Due to commonly observed unintential doping they can also be regarded as compensated semiconductors.

11
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N-type materials are more difficult to synthesize and are often unstable under ambient conditions.
Moreover, SiO; has often been applied as gate dielectric for investigations on the charge transport
behavior of organic semiconductors and the polar silanol groups on its surface were found to act
as traps for mobile electrons (and also holes)."®

Due to the formation of polaronic states in conjugated materials charge transport differs
significantly from band transport in wide energy bands formed by strong covalent bonds in
inorganic single-crystal semiconductors. The latter also exhibit long-range order, thus resulting in
high mobility values (e.g. for silicon in the range of [1000 cm?/Vs at room temperature).

The degree of order is also strongly associated with the charge transport properties of organic
semiconductors. A larger overlap between the Trorbitals of adjacent molecules (TETT stacking)
results in larger charge-carrier mobilities and spatial and energetic disorder due to structural
defects (twists, kinks, grain boundaries) and chemical impurities lead to charge-carrier trapping
and thus reduced mobilities. Several transport models have been developed for single-crystalline,
polycrystalline and disordered organic semiconductors, which are, however, often connected to
particular systems due to the complexity of these materials and their structures. A detailed review
can be found in [50]. Highest charge-carrier mobility values are found with organic single crystals.
In naphthalene, for instance, hole mobility values as high as 400 cm?/Vs at 10K were observed in

[57,58,59,60]

time-of-flight measurements. In field-effect transistors highest room temperature

mobilities are on the order of 15-35 cm?/Vs and were obtained with rubrene and pentacene

61,62,63,64

single-crystals.! I'In OFETs based on polycrystalline pentacene mobility values are in the

range of 1 cm?/Vs!®-%! and best-performing disordered polymer semiconductors (rr-P3HT)

exhibited values on the order of 0.1 cm?/Vs.[41:67:68.69.70]

2.1.3.3. Charge Transport in Organic Single Crystals

Similar to single crystals based on inorganic semiconductors, the charge carrier mobility in ultra-
pure organic molecular crystals was found to increase with decreasing temperature, which can be
explained by the theory of polaronic transport.!'87172737475761 At low temperatures delocalized
charge carrier are assumed to move in bands, similar to carrier transport in silicon at room
temperature. With increasing temperature electron-phonon interaction becomes stronger and so-
called “large polarons” are formed, moving in bands with reduced bandwidths of [D.1eV.
Accordingly, the mobility decreases. Finally, at higher temperatures a small polaron is formed and
charge transport is dominated by phonon-assisted hopping between neighboring sites, similar to

hopping between impurity states in inorganic semiconductors (see also section 2.1.3.5).177.7879,80]

12
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Generally, polaronic models do not account for the presence of disorder (traps), which, however,

can strongly affect charge transport in organic semiconductors.

2.1.3.4. Charge Transport in Polycrystalline Materials

Thin films of evaporated small conjugated molecules and oligomers commonly are of
polycrystalline nature, in which crystallites (grains) are separated by grain boundaries. Here
mobilities usually exhibit a thermally activated behavior and charge transport is mainly described
by the multiple thermal trapping and release (MTR) model®-#? and the grain boundary (GB)

model [83,84,85

I The MTR model suggests that charge carriers can move freely in a narrow
delocalized band of extended states, but most of them are trapped by localized states (deep or
shallow traps) within the energy gap, resulting from homogenously distributed structural and
chemical defects. Trapping and thermally activated release of the carriers determines the effective
mobility. The MTR model could not account for the temperature-independent mobility at low
temperatures observed by various groups./”#3¢ This led to the GB model, which assumes that
carrier traps only reside in grain boundaries and grains are trap-free. At high temperatures carriers
overcome the energy barriers at grain boundaries by thermal excitation (thermionic emission). At

low temperatures (temperature-independent) tunneling across the grain boundaries becomes the

dominant mechanism, while it is thermally activated tunneling at intermediate temperatures.

2.1.3.5. Charge Transport in Disordered Conjugated Polymers

87.88.89] focus on the

Models describing charge transport in disordered conjugated polymers!
localized states and the shape of their energy distribution, which mirrors the disorder of the
system. Charge carriers are believed to move by phonon-induced hopping between localized states
(sites) on the same and on neighboring chains, if the corresponding wavefunctions overlap
sufficiently.
The hopping model developed by Miller-Abrahams® can be used for the charge transport
description in Tkconjugated polymer systems. Assuming weak electron-phonon coupling (neglect
of polaronic effects) and a single-phonon activated charge transport, the transition rate Wj of
carriers from an occupied localized state 7 to an unoccupied localized state j is given by:
£ -¢
W, =v, e~ 218, ) (_ b7 ] s
1, £ <¢

(2.4)

Vp... attempt-to-hop (phonon) frequency; ) ... inverse of the localization length determined by the wavefunction
overlap between the sites; Rj... distance between localized states (sites) i and j; &, &... energy at state 7 and j,
respectively; 4s... Boltzmann constant; 7... absolute temperature.

13
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While the first exponential term in eqn. (2.4) represents the tunneling probability between sites
and becomes dominant at high temperatures, the second takes into account the probability to
absorb a phonon for jumps upward in energy. For a jump downward in energy it is assumed that
the charge carrier can always create a phonon to lose its energy. W includes the positions and
energies of localized states and hence hopping transport strongly depends on structural and
energetic disorder.

Other hopping rates including polaronic effects and multi-phonon processes have been developed
by Emin®” and Marcus®". The Miller-Abrahams hopping model was further extended to the
variable range hopping (VRH) model by Sir N. Mott, in which the localized states are assumed to
be distributed over the entire energy gap.’>***! Although the VRH model describes well the
temperature-dependence of the electrical conductivity in disordered organic semiconductors, it
does not account for the empirically observed electric field-dependence of the charge carrier
mobility (In g O E ).195965798.99

This behavior was first theoretically explained by Bissler® in the Gaussian Disorder Model
(GDM), who applied eqn. (2.4) and performed Monte Carlo simulations, assuming a Gaussian
density of localized states! and including energetic and positional (spatial) disorder. Later
Gartstein and Conwell"-1° extended Bissler’s model to the Correlated Gaussian Disorder Model
(CDM), also including spatial correlations between site energies.

For the description of the temperature- and gate-voltage dependence of the field-effect mobility
in disordered organic semiconductors, Vissenberg and Matters!"*? developed a percolation model
based on Mott’s VRH model, in which they assumed an exponential density of states and derived
an expression for the electrical conductivity and, accordingly, the field-effect mobility in a
transistor as a function of temperature and gate voltage, which was in good agreement with
experimental data. It ascribed the gate-voltage dependence of the mobility to increasing carrier
concentration, which leads to a filling of the localized states, resulting in an increase of the
average energy, thus facilitating the jump to the transport energy.

Later Tanase and co-worker!"®® demonstrated that in the energy range in which field-effect
transistors operate the exponential DOS is a good approximation of the tail states of the Gaussian
DOS, which is used for the charge transport explanation in polymer LEDs.”” In that way both

models for LEDs and FET's based on Ttconjugated polymers could be unified.

4 due to observed Gaussian-shaped absorption spectra of polymer materials.
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2.2. Organic Field-Effect Transistors

The following section summarizes the most important issues regarding OFETs. A more detailed

introduction is provided in [50].

2.2.1. Architectures and Fabrication Techniques

For organic field-effect transistors!'®!*?223245] two architectures are mainly applied: the bottom-
gate structure (or inverted staggered configuration) and the top-gate structure (or staggered

configuration). Figure 2.6 illustrates the differences.

() (b) (©

Figure 2.6: a) Bottom-gate/top-contact architecture; b) Bottom-gate/bottom-contact architecture;
¢) Top-gate/bottom-contact architecture.

For the bottom-gate structure a gate electrode is formed on a substrate, which is then covered by
a layer of an appropriate dielectric material and an organic semiconductor forming the active
channel layer. Moreover, two electrodes (source and drain) are provided on top (bottom-gate/top-
contact configuration, Figure 2.6a) or the organic semiconductor is in fact deposited after the
definition of the source/drain electrodes (bottom-gate/bottom-contact configuration,
Figure 2.6b). For the top-gate structure source and drain are formed on a substrate, followed by
the deposition of the organic semiconducting material, which is then covered by a dielectric.
Finally a gate electrode is deposited on top (top-gate/bottom-contact configuration, Figure 2.6c¢).
In another subtype of this architecture, similar to the bottom-gate/top-contact configuration, the
organic semiconductor can also be deposited before the definition of the source/drain electrodes
(top-gate/top-contact configuration, not shown). Several intermediate layers to promote charge
carrier injection or for other purposes can be inserted in both configurations to improve the

device performance.
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2.2.1.1. Substrates

Considering the solution-processability at low-temperatures of many electroactive organic
compounds, substrates may be made of virtually any material type and shape; from rigid to
flexible, from flat to cylindrical, everything, even paper, can be applied.!*104105106.107.108]

For investigations on organic semiconductors highly doped silicon wafer pieces with a SiO; layer
are often used, as the silicon can be applied as gate electrode and SiO, as gate dielectric, the latter

forming nice interfaces to silicon and exhibiting a rather smooth surface. However, as mentioned,

the associated polar silanol groups act as traps for mobile charge carriers.>®

2.2.1.2. Organic Semiconductors

Semiconductors in OFETs are required to exhibit good charge transport properties, an efficient
injection of charge carriers, good processability and environmental stability. Various types of
materials can be applied, ranging from small molecules forming single crystals and polycrystalline
films to conjugated polymers leading to layers with more or less disordered morphology
(see Figure 2.1). In this thesis pentacene, rr-P3HT and polytriphenylamine-derivatives were used.
Single-crystal OFETs are fabricated either by applying an organic crystal, which is grown by the
Physical Vapor Transport (PVT) method, to OFET structures via electrostatic bonding or by direct
fabrication on the crystal surface."!

Polycrystalline films are mainly deposited by thermal evaporation in high and ultra-high vacuum
units and polymer semiconductors are usually solution-processed by techniques such as spin-
coating, drop-casting or inkjet printing. The latter therefore enable the fabrication of all-solution
processed devices, for which the solution-compatibility with adjacent layers is an important issue
to ensure that an already deposited layer is not dissolved again by subsequent layer deposition.
This can be obtained by using orthogonal solvents or an appropriate curing procedure to render
the already deposited layer insoluble.

As the charge transport takes place within the first few monolayers close to the interface with the
dielectric layer, typical values of the semiconductor layer thickness are 10-50 nm.

Generally, the deposition of the semiconducting film and the corresponding parameters

(substrate temperature, deposition rate, base pressure, spin-speed etc.) strongly influence the

OFET performance.
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2.2.1.3. Gate Dielectrics

Aside from the semiconductor, another important layer material determining the device
operation and performance of an organic field-effect transistor is the gate dielectric.!'*'% Within
the last years there has been intense research on various kinds of insulating materials, ranging
from inorganic oxides and polymeric dielectrics to self-assembled monolayers (SAMs). Generally,
polymer dielectrics are interesting, as they enable all-solution processed devices. Just increasing
the charge-carrier mobility of the organic semiconductor material does not lead to high-
performing devices. Overall performance is determined by the combination of all constituting
layer materials, including semiconductor, insulator and electrode metals. Dielectrics with high
relative permittivity are suggested for low operating voltages, as upon their use larger charge
densities can be induced at lower gate voltage. However, there is still discussion how the relative
permittivity influences the field-effect mobility. While some groups found increasing
mobility with increasing dielectric constant,'""'>!3] others observed higher  values with low-k
dielectrics."" The latter attributed this to increased energetic disorder and enhanced carrier
localization at the semiconductor/dielectric interface, when polar (high-k) gate insulators are
applied.

It is also well known that the application of ion-conducting (electrolyte) gate dielectrics can lead
to a strong reduction of the operating voltage by generating large charge carrier densities
(>10"cm™?) in an OFET channel through ions moving to the interfaces or even into the

r 5678 119,120 21121 The jnteractions are mainly ascribed to the formation

semiconducto
of electric double layers (EDLs) at the interfaces (leading to very large capacitance values)
or to electrochemical doping (oxidation/reduction processes). On the other hand, mobile
ions within the dielectric are also responsible for usually undesired hysteresis

109,123,124,125,126,127,128,129,130.131] wwhich, however, if non-volatile, can be used for the fabrication

effects,!
of organic memory elements.!3%13%134

Moreover, surface modification of the dielectric with self-assembled monolayers based on e.g.
silanes (e.g. n-octadecyltrichlorosilane, OTS) or siloxanes (e.g. hexamethyldisilazane, HMDS)

was found to have a strong influence on device performance and stability.!"*> This will be

described in detail in chapters 3 and 4.

2.2.1.4. Electrodes (Source/Drain/Gate)

Typical electrodes in OFETs are made from metals (e.g. gold, silver) or from conducting
polymers (e.g. doped poly(ethylenedioxythiophene) (PEDOT:PSS) or polyaniline (PANI)). As

mentioned, also highly doped silicon may act as gate.
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Proper choice of the electrode material in terms of e.g. work function is fundamental for good
charge-carrier injection into and ejection out of the organic semiconductor.*355%13¢157 Basically,
charge-carrier injection from a metal into an organic semiconductor can be described as tunneling
from (thermally excited) metal states into randomly distributed localized polaronic states of the
organic molecule (thermally assisted tunneling, field-assisted thermionic injection).!* In real
contacts dipole layer formation (e.g. by a thin oxide layer) at the interface between metal and
organic semiconductor can result in significant energy barriers, even if the metal work function
matches to the conduction level of the semiconductor."3*

Various methods for the fabrication and structuring of source/drain electrodes have been applied,

such as vacuum evaporation, sputtering, photolithography, inkjet printing,5% 13,140,141, 142]

electrochemical polymerization of monomers,''? screen printing,!'*

! photochemical patterning®!
or soft-lithography (see also chapter 3.2). Non-solution-processed techniques typically are more
expensive and require sophisticated instrumentation. Moreover, photolithography is difficult to
apply for top-contact OFETs, because the electrical properties of the organic semiconductor are

often degraded when exposed to corresponding processing solvents and chemicals. Figure 2.7

illustrates examples of OFETs with inkjet-printed source/drain electrodes based on the

conductive polymer PEDOT:PSS and a silver-copper nanoparticle dispersion.

SEE

Pt

Figure 2.7: Bottom-gate/bottom-contact rr-P3HT-OFETs with inkjet printed PEDOT:PSS- (left and

middle) and silver-copper nanoparticle-based source/drain electrodes.>*13%140)

2.2.2. Operating Principle, Device Characteristics and Parameters

Basically, an OFET resembles a capacitor with one plate providing a conducting channel between
two ohmic contacts, the source and the drain electrodes. A voltage applied to the second plate,
the gate electrode, modifies the density of charge carriers in the channel. Upon application of a
drain voltage these carriers move from the source across the channel into the drain. Hence, just
by applying a field across the dielectric layer the device is turned into its “on”- or “off’-state,

respectively.
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Ideally, no current is needed for switching and so the corresponding power consumption is
reduced to - or nearly to - zero. OFETs, like a-Si:H TFTs, operate in the accumulation regime,
which means that the charge carriers responsible for the off-current conduction and those
accumulated in the channel to yield the on-current are of the same type (positive or negative
polarons). Hence, there is no depletion region between the conducting channel and the substrate
as found e.g. in MOSFETs and low off currents, which are necessary for high switching abilities,
can only be achieved by the low off-conductivity of the organic semiconductor.

Figure 2.8 depicts the two basic operational regimes in an OFET, depending on the applied gate
voltage Vi and drain voltage V. Roughly speaking, the linear regime is found for |Vp| < | V| and

the saturation regime for |Vp| > |Vl

Figure 2.8: Operational regimes in an OFET; left: linear regime; right: saturation regime
(red = accumulation region, blue = depletion region).

A comprehensive model for these two regimes was developed by Horowitz and co-workers.!*
Although only drift currents are considered, the presence of parasitic contact resistances is
neglected and constant field-effect mobility, not depending on the gate voltages, is assumed, the
derived equations are commonly used to quantify the performance of devices.

The model is based on the gradual channel approximation developed by W. Shockley,?*%! which
assumes that the charge density related to the variation of the drain electric field is much smaller
then that related to a variation of the gate electric field. Hence, the channel potential is gradually
changing with position x along the channel, varying only slightly over distances on the order of
the insulator thickness. As the voltages applied to gate and drain electrodes in an OFET are often
of the same magnitude, the gradual channel approximation holds when the insulator thickness is

much smaller than the channel length.
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Neglecting diffusion contributions, the channel current density jp and the corresponding source-

to-drain channel current / are given by:

dv
Jp =qnv=gqnUE = gqnil — (2.5)
dx
dv dv
I, = qgnu—W =|Q(x )Ju—W (2.6)
dx dx

g... elementary charge; n... surface charge density; (... field-effect mobility; E... electric field in x-direction (along
the channel); V... channel potential; W... channel width; Q(x)... surface charge at position x.

The surface charge Q(x) consists of the charge induced into the accumulation layer Qs(x) and the
charge present in the bulk Qo (e.g. due to doping). Assuming that there is no depletion region
and that, hence, Qs(x) spans the complete channel length (corresponding to Figure 2.8 left,

|Vb| < |V&)), Qois constant and the surface charge can be calculated according to:

Q(x)=Q(x)+Q,==C,|[V, =V =V(x)=V(x)|£ gn,d, (2.7)

C.... insulator capacitance per unit area; V... flat band voltage (work function difference between semiconductor
and gate-metal); Vi(x)... ohmic drop across the semiconductor; V(x)... channel potential; 7... density of free charge
carriers at equilibrium; ds... semiconductor thickness.

The sign of the last term in eqn. (2.7) is related to the majority carriers. For gate voltages larger
than a few volts most of the voltage drops across the insulator and Vs(x) can be neglected.®?

Combining equations (2.6) and (2.7) and integrating from source (x =0, V'=0) to drain (x =L,
V= Vp) under the assumption of constant mobility, this leads to the equation for the channel

current /p in the linear regime (|Vo| < |V5)):

117 V2
I, = uc{(vc -v, WV, —70} (2.8)

=+ —q”éds +V, (2.9)

i

v

th

The zero voltage or threshold voltage V) results from the non-zero channel current at Vi = 0V.
The sign in eqn. (2.9) is again related to the majority carriers and inverse to the polarity of Ve.
For small V) the quadratic term in eqn. (2.8) can be neglected.

When V) exceeds Vi, a depletion region containing no free charge carriers is formed near the
drain electrode beyond the point where V(x) = Vi (corresponding to Figure 2.8 right).

Within this region the effective conductive thickness of the semiconducting film is reduced and

the corresponding channel current /p is given by:

¢ This contradicts to the threshold voltages extracted from experimentally measured OFET characteristics, which
usually exhibit the same sign as V.
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v
Ip= tgnlds ~d, (x )]EW (2.10)

duep(x). .. thickness of the depletion layer.

17]

Neglecting the flat-band voltage Vs, duy(x) can be expressed as:!

ddep(x):%wHZC"Z[ZJE,’;)_VG] —1} (2.11)

1

&... permittivity of the semiconductor; V... dopant concentration.

When assuming that the accumulation layer extends from the source (x = 0) to a point x where
V(x) = Vi and is replaced by a depletion layer beyond this point, the channel current in the

saturation regime /p,, can be calculated as follows:

W VG W VDm

I = TIUCZ' J-(VG _Vzly _V)dV+Tﬂqna Hds _dng(X)]dV (2.12)
0 Ve

Solving the integrals in eqn (2.12), introducing a pinch-off voltage and assuming that the

concentration of dopants NV is equal to the free charge carrier density at equilibrium 7, the

Horowitz model leads to the following equation for Ip.: (|Vp| > |Va|):
w
T = HC Ve =V, ) (2.13)

Equations (2.8) and (2.13) are the basic formulas describing the linear and the saturation regime
observed with OFETs, with the assumptions mentioned above.

The electrical characterization of OFETs usually yields two important sets of curves. The output
characteristics are measured by sweeping the drain voltage at various fixed gate voltages.
Accordingly, the transfer characteristics are recorded by sweeping the gate voltage at various fixed
drain voltages. For determination of the operational stability, a double sweep from low to high
values (forward) and back to low values again (reverse sweep) is often performed. Figure 2.9
illustrates typical device characteristics. In particular in the left plot the saturation of the drain

current for |Vp| > |Vi| becomes obvious.
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Figure 2.9: Typical output (left) and transfer (right) characteristics of an OFET; filled symbols: sweeps

from positive to negative voltages; open symbols: reverse sweep.

2.2.2.1. Field-Effect Mobility

The field-effect mobility = can be derived from the standard equations (2.8) and (2.13)

according to:

ol W L (oI
= = CcCV = D 2.14
gm a VG V =const L ﬂFE l D ﬂFE WCZ VD a VG Vi =const ( )
2
o7, 2L
= —== U—- 2.15
/’IFEA‘ﬂt a VG W Evi ( )

Vp=const

Zn is the so-called transconductance. These equations do not account for a gate-voltage dependent
mobility (hence neglecting the existence of traps) and parasitic resistances at the contact.

As mentioned, the gate-voltage dependence of the field-effect mobility is believed to be associated
with the induced charge carrier density. Increasing Ve leads to a filling of charge carrier traps
within the semiconductor, at the dielectric/semiconductor interface and/or within the dielectric.
Consequently the concentration of free charge carriers in the conducting channel is increased,
which translates into a higher field-effect mobility."” Nevertheless, for a first estimation
equations (2.14) and (2.15) are often applied (also within this thesis). Another method to extract

Mez, which also takes into account contact resistance, will be described in chapter 2.2.2.5.

2.2.2.2. Threshold Voltage and Switch-on Voltage

For inorganic metal-insulator-semiconductor-FETs (MISFETs) the threshold voltage is
determined by the onset of strong inversion and therefore a physically relevant parameter.!
However, as OFETs operate in the accumulation regime, the parameter has no physical meaning
with these devices. Nevertheless it is often extracted from transfer curves by linearly fitting the
absolute value (linear regime) or the square root (saturation regime) of the channel current and

extrapolating the fit line to zero current, as shown in Figure 2.10.
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Figure 2.10: Transfer curve (linear and semi-logarithmic) and corresponding fits for the extraction of
threshold voltage V, switch-on voltage Vo and subthreshold slope S.

Due to Vj; being only a fit parameter, Meijer and co-workers!'* defined a switch-on voltage Vso.
Below Vso the variation of the channel current with Vi is zero, while the channel current
increases with Vi > Vso. Hence, Vio is the gate voltage at which the channel starts to form. For an
OFET this parameter is physically more meaningful than Vj,. The corresponding extraction from
the semi-logarithmic transfer curve is also illustrated in Figure 2.10.

Both the switch-on and the threshold voltage are associated with the quality of the
semiconductor/dielectric interface and the doping level of the semiconductor. Ideally Vso should
be OV. However, as mentioned, when traps are existing, they are filled by the first injected charge
carriers so that for a p-type semiconductor Vso (and accordingly V) is more negative. On the
other hand, when doping increases the bulk charge carrier density, in a p-type OFET Vi and V,

shift to more positive values.

2.2.2.3. On/Off-Current Ratio

The on/off-current ratio 7,./Ly is the ratio of the channel current in the on-state of a transistor
(Zn), given at a distinct high Vi and Vb (usually in the saturation regime), to the corresponding
value in the off-state (1), given at low Vi (usually Vi =0V) and the same Vp as used for 7.
Well-performing OFETS exhibit on/off-current ratios larger than 10°.

2.2.2.4. Subthreshold Slope

The subthreshold slope § is also an important device parameter, being defined as follows:

v,

S=——&— (2.16)
d(logI,)

Basically, it is a measure of how much gate voltage has to be applied to increase the channel

current by one order of magnitude. Its unit is therefore V/dec.
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The subthreshold slope is also associated with the quality of the semiconductor/insulator interface.
Accordingly, the maximum number of interface traps Nz can be derived from § with eqn.

(2.17), assuming that the densities of deep bulk states and interface states are independent of

energy:[146’147’148]

T mas Sthgle) ;1S (2.17)
’ kT /q q

e...Euler’s constant; k... Boltzmann constant; 7... absolute temperature; 4...elementary charge; C....insulator
capacitance per unit area.

2.2.2.5. Contact Resistance

The presented OFET model for the description of the current-voltage characteristics assumes an
ideal device, in which the complete applied drain voltage drops across the channel. As already
mentioned, in real devices parasitic resistances related to contacts exist, which often limit the
performance of a device, as they might be comparable or even higher than the channel

resistance [34,35,149,150,151,152,153,154,155]

The parasitic resistances are associated with the injection
barriers at the metal/semiconductor interfaces. Their magnitude is affected by many parameters,
including work function difference between metal and semiconductor, interface morphology,
trap concentrations, doping levels, interfacial dipole layers, chemical and physical reactions near
the interface, temperature and sample geometry. Contact resistance usually increases with
decreasing temperature, considering that charges are injected by thermally assisted tunneling
across these barriers, Furthermore, its influence on device performance increases with decreasing
channel length £."5¢ This will be discussed in more detail below.

Contact resistances in an OFET wusually depend non-linearly on gate- and drain voltage.
Increasing V5 leads to a larger induced carrier density near the metal/semiconductor interfaces,
which in turn reduces contact resistance.” However, although the absolute value becomes smaller,
its relative influence might increase, as the channel resistance also decreases with increasing Ve
due to the increasing field-effect mobility. Moreover, the gate-voltage dependence of the contact
resistance can also influence the experimentally determined gate-voltage dependence of f4zx.
Basically, when eqn. (2.14) is applied for the determination of the field-effect mobility of OFETs
with various channel lengths Z, different m(Ve)-curves for different L are obtained,® which

would imply that mobility is a device parameter rather than a material parameter.

fThis is similar to contact doping in inorganic semiconductors.
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The apparent decrease of 4z with decreasing L results from parasitic series resistances at the
contacts. Compared to long-channel devices, in shorter channels a relatively larger fraction of V)
drops over the parasitic contact resistance Rp (= sum of source and drain contact resistances).

A parameter extraction method which accounts for contact resistance, is the zransfer line method
(TLM),[150.152153.1561 which was originally developed for a-Si TFTs.”! It enables a separate
extraction of the contact resistance Rp and the channel resistance R.;,. The device resistance R,, can

be calculated as the sum of R., and Rp:

L

_ ov,
W, C, (VG - Va)

on a[

D v, -0V,

=R, (L)+R, = +R, (2.18)
While the channel resistance Ry is assumed to increase linearly with L, the parasitic contact
resistance Rp is independent of the channel length. Consequently, the relative influence of the
contact resistance increases as the channel length is reduced.

Plotting R,, (=Vb/Ip) as a function of the channel length L for different gate voltages Vi and
performing a linear fit to the corresponding curves yields straight lines, the slopes of which reveal
the channel resistivity (channel resistance R, per unit length), while the parasitic contact

resistance Rp is obtained by the extrapolation of the fit curves to zero channel length.

-1
The channel conductivity can be calculated as the inverse of the channel resistivity: (AALM) .
Deriving this expression with respect to Vs yields the field-effect mobility 4z corrected for the
a|:( ARon

AL

oy T He (V. )WC, (2.19)

parasitic series resistance Rp:

The pre-values obtained from (2.19) are higher than those derived from eqn. (2.14), which does
not consider contact resistance. Meijer and co-workers,!"*® who used this method for OFETs
based on conjugated polymers, confirmed that the mobility values derived from equation (2.14)
for devices with longer channels are closer to the corrected values, which implies that the
influence of R, is smaller for long-channel OFETs. Further details will be described in chapter 3.

Another, method for the determination of device parameters, which are not affected by parasitic
contact resistances, is the 4-probe measurement. Here four electrodes are applied, two for charge
injection providing the channel current and two for determining the voltage drop across their

distance.
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2.2.2.6. Short-Channel Effects

As mentioned, OFETs will also find their application in integrated circuits e.g. for radio-

frequency identification tags,*”

which requires operating frequencies in the MHz region
and accordingly device miniaturization,®*3>'58! as the charge carrier mobility in organic
semiconductors is low and the relevant cut-off frequency scales with (Vp/L?. However, when the
channel length is reduced without reducing the dielectric layer thickness, the gradual channel
approximation described above is not valid any more and short-channel effects arise, which are
well known from inorganic MOSFETSs.B43515%. 160 Channel-length modulation is one such effect,
which is related to an inability of the channel current to saturate for |Vp| > |Vi|. This results from
the fact that for increasing V) the width of the depletion region near the drain electrode becomes
comparable to the length of the accumulation region (see Figure 2.8 right), which results in a
significant reduction of the conductive channel length. According to eqn (2.13) the saturation
current /p. scales with 1/L and therefore becomes dependent on Vb, when the effective L is
reduced. Another implication of short-channel effects is a shift of the switch-on voltage (and
accordingly also the threshold voltage), transferring a device from enhancement mode (normally
off) to depletion mode (normally-on). This can be ascribed to completely depleted channels, in
which the channel current enters the space charge limited current (SCLC) regime. The
corresponding current density scales with #Vp?/L?, so that Ip. becomes largely dependent on V)

(non-destructive punch-through).
2.2.3. Device Stability

2.2.3.1. Environmental Stability

In order to yield well-performing low-cost OFETs, essential properties of the applied organic
semiconducting materials include solution-processability, high field-effect mobility, compatibility
with adjacent layers, in particular with the gate dielectric and the charge-injecting electrodes, and
stability with respect to ambient conditions. One of the most common and best-performing
polymer-based organic p-type semiconductor materials employed as active layer in OFETs is
poly(3-hexylthiophene) (Figure 2.1e), exhibiting nano- or micro-crystalline film morphologies,
anisotropic charge transport and a rather large field-effect mobility with highest values on the
order of 0.1 cm?/Vs, the latter usually obtained when the substrate surface was pre-treated with a
self-assembled monolayer.67-10%161.162]

However, when exposed to oxygen, moisture or air, P3HT is not very stable, as has been shown

in several reports.[135163164165166,167.168169.17017L172] Dye to the rather extensive m-conjugation of
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polythiophenes!"”?! their ionization potential (energy difference between HOMO and vacuum
level) is usually rather low (4.4 —4.8 €V for P3HT)!"741” and therefore the formation of a

reversible charge-transfer complex with oxygen is facilitated (Figure 2.11).1164165)

R R
/ + 02 —_— @“'“02
S n 6n

Figure 2.11: Poly(3-alkylthiophen)-oxygen charge transfer complex; figure taken from [165] and modified.

Hence, exposure of P3HT to O,, in particular in combination with light, leads to an increase of
the bulk dopant density and consequently of the hole conductivity of the semiconductor,
associated with a decrease of the field-effect mobility.[16>166:168]

Furthermore, adsorbed water molecules (moisture, humidity) have also a strong influence on
P3HT-based OFETs."! A rather low packing between the polymer chains, a large amount of
pinholes and/or many grain boundaries exhibiting wide gaps within the film might facilitate the
penetration of oxygen and water molecules thus affecting the charge-transport properties.

In P3HT-based OFETs oxygen- and/or moisture-induced doping typically leads to an increase of
the off-current, a decrease of the on-current and, consequently, a decrease of the on/off-current
ratio, a reduction of the field-effect mobility, a shift of the switch-on voltage to more positive
values and a degradation of the saturation behavior. Also other well-established organic
semiconductors such as pentacene degrade under ambient conditions, leading to changes in the
device characteristics of corresponding OFETs. Stable air operation therefore involves expensive
device encapsulation or a top-gate architecture, where the semiconductor is shielded by an
appropriate dielectric material.'”*"7 Another possibility is the application of materials with larger

ionization potentials. This will described more in detail in chapter 4.

2.2.3.2. Operational Stability

High trap-densities within the semiconducting layer, at the semiconductor/dielectric interface or
within the dielectric (Figure 2.12) lead to a reduction of the free charge carrier density within the
channel, thus reducing the performance of OFETs.5¢178179.1801811 Thege traps mainly arise from
chemical and/or structural impurities in the applied materials and are most “efficient” under high

applied gate voltage (gate-bias stress).
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Figure 2.12: Schematic representation of charge trapping in organic semiconductors.

Charge-carrier trapping has several effects on the device characteristics of OFETs. Usually it leads
to hysteresis in double sweeps, where the forwardly recorded channel currents are larger than the
reversely recorded.¢ Accordingly, for the investigation of the operational stability of an OFET the
channel current is often measured at a fixed (high) gate and drain voltage as a function of time.
Charge-carrier trapping also causes switch-on voltage (and accordingly threshold voltage) shifts, as
an applied gate potential is effectively screened by the build-up of a space charge resulting from
trapped carriers. Moreover, gate-bias stress is responsible for the fact that the channel current at a
particular Vp and (high) V& is often larger in the transfer characteristics than in the output
characteristics, because a high gate voltage (leading to charge trapping) is longer applied in the
latter. Trapped carriers can be released again either upon light exposure (photo-induced de-
trapping), by heating or by the application of positive gate-bias stress. When the substrate is pre-

treated e.g. with a self-assembled monolayer, the interface trap density can be reduced.

2.3. OFET-based Sensors

OFETs are also believed to find their application as smart (disposable) sensor devices!'® in
health-, food- and environmental monitoring, diagnostics and control, ranging from light- and
chemical vapor sensors to transducers for ions and biological substances.['#184185186 Syuch devices
are intended to detect miscellaneous analytes like e.g. oxygen, ammonia, alcohol vapors, ions,
acids, bases, aromatic compounds or biomolecules. In fact, the drawback of low environmental
stability related to some organic semiconductors can be used for sensing ambient gases like
oxygen or humidity levels, provided that the material exhibits sufficient selectivity. Nevertheless,
ambient stability of the applied materials is generally very important in OFET-sensors. Other
requirements include high sensitivity, reproducibility, reliability, robustness and portability. A key
target in this field is the establishment of all-solution-processed integrated smart sensor devices.
Low switching speeds due to low mobility are not so much an issue for sensing, as response time

on the orders of seconds or minutes are often required. Aside from the common aforementioned

¢ The appearance of hysteresis is, however, also strongly influenced by the effective measurement time.
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advantages associated with the use of organic semiconductors, OFETs have a number of
advantages related to their device architecture. In particular, compared to resistor-based sensors
(chemiresistors), field-effect transistors generally have the advantage of being more sensitive due
to the inherent amplification of the sensing event. Moreover, they usually exhibit higher response
times, higher sensitivity, low power consumption, the ability to implement multi-parameter
sensing as well as the possibility to be integrated in complex circuits including signal processing.
Several sensors based on the OFET device have been demonstrated already!'®>'3418%); for instance,
gas- or vapor-sensitive OFETs, mainly of bottom-gate type, for gases like No!'8), O8], NO, 88,

H19L192.193,194193] |ike alcohols, with the semiconducting layer as sensing

051819 or organic vapors!
layer, where its electrical conductivity is modulated upon direct interaction with an analyte;
humidity-sensitive OFETSs,“>%l which show a reduction of the hole mobility by the presence of
traps resulting from the polar water molecules; pH-sensitive (or ion-sensitive) OFETs! ¢! based
on inorganic dielectrics with an ion-sensitive surface, where the potential drop at the interface
between the dielectric and an electrolyte solution is modified when the pH value changes in the

197 where a specific enzymatic layer is added to

latter; biochemical OFET-sensors e.g. for glucose,
a pH-sensitive OFET; the enzyme leads to the formation of gluconic acid, which, upon
dissociation, yields a change in the local pH value. Moreover, organic transistor sensors with a
layer of immobilized antibodies or DNA for the detection of the corresponding antigens or
complementary target DNA have been proposed, in which direct charge transfer processes or
charge displacements induced by complex formation lead to the sensor signal.[*184

OFET-sensors were also integrated into arrays for multi-species detection (“E-nose”)"*! or into
textiles (see chapter 3.3) and they were shown to be applicable for artificial skin

applications.!"?%1%7)
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This chapter at first describes the implementation and testing of a completely new modular
OFET fabrication line, integrated within a cleanroom environment, including equipment
definition and acquisition, process development and optimization as well as device fabrication
and characterization. In this section rr-P3HT- and pentacene-based OFETs with various
source/drain-electrode geometries and channel dimensions, prepared with the newly established
line, are investigated with respect to short-channel effects and the implications of dielectric
surface modification with hexamethyldisilazane. The next section deals with the fabrication and
analysis of well-performing bottom-gate/bottom-contact OFETSs based on rr-P3HT with silver
source/drain electrodes defined by two soft-lithographic techniques, namely Micromolding In
Capillaries and Microtransfer Printing. Finally, organic field-effect transistors formed on
insulating copper wires (wireOFETs) are presented, indicating the potential of combing readily
available mass products with solution-processable organic semiconductors for the fabrication of

smart, textile-compatible, low-cost organic electronics.
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3.1. Implementation and Testing of a New Modular OFET Fabrication Line

3.1.1. Introduction

During this thesis the startup of a new company, namely the NanoTecCenter Weiz
Forschungsgesellschaft mbH, 2 was intensively assisted, in particular with the focus on the setup
and testing of a new modular pilot and demonstration fabrication line for the development of
organic electronic devices on 1" x 1" and 2" x 2" substrates up to 4" wafers. This involved the
planning, acquisition, implementation and testing of equipment for substrate pre-treatment, layer
deposition, photolithography and device characterization. Furthermore, as the fabrication line
was partially set up within a 150 m*> cleanroom environment," an appropriate cleanroom
management had to be implemented, which enabled the certification as ISO class 7 and later even
as ISO class 6 cleanroom according to ISO 14644 standards, assuring the preparation of high-
quality devices. With the new equipment a photolithographic lift-off process for structuring
OFET source/drain electrodes and a process for dielectric surface modification with
hexamethyldisilazane (HMDS) was developed, tested and optimized. Finally, well-performing
rr-P3HT- and pentacene-based OFETs with various source/drain-electrode geometries and
channel dimensions were fabricated with the new line and investigated with respect to short-
channel effects and the implications of dielectric surface modification with HMDS.

The data presented in this chapter were obtained in close collaboration with Arno Meingast. Parts

of them are therefore also published in his diploma thesis.*"

3.1.2. Equipment

Figure 3.1 depicts the implemented photolithography equipment. For substrate pre-treatment
and solution-based layer deposition a wet bench? with laminar flow modules providing an ISO
class 5 environment was designed, consisting of a deionized water tap, hand shower and basin,

2031 with a 30 | tank, a heatable ultrasonic

attached to a Millipore Elix 3 deionized water system!
basin (Powersonic P1100 D)%, two Siiss®*! Delta 6 RC spincoaters, one SSE?*! Optihot VB20
HMDS hotplate, one Siiss?® Delta 8 HP hotplate and an integrated disposal system for solvents,

acids and bases.

" Part of the equipment was also implemented in a (145 m? grey room situated adjacent to the cleanroom.
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For UV exposure a high-precision EVG 620 top-side mask aligner,?”) equipped with a split-field
microscope, a NUV lamp house with a 500 W mercury lamp, a 4" x 4" mask holder and a
100 mm wafer chuck was installed, being able to handle soft-, hard-, vacuum-contact and

proximity exposure modes for printing resolutions down to 0.6 pm.

Figure 3.1: Photolithography equipment implemented in an ISO class 6 cleanroom environment,
including a custom-made wet bench (left) and an EVG 620 top-side mask aligner (right).

(d)

Figure 3.2: a) Argon glove-box cluster for solution-based processing, metallization, small molecule evaporation

and device characterization in grey room environment; b) glove-box with fully automated vapor
deposition unit;?™ c) glove-box with high vacuum thermal evaporation unit and sputter coater in
cleanroom environment; all boxes are connected via locks; d) integrated Siiss Delta 6 RC spin-
coater; e) high vacuum heating unit; f) Stiss PM5 probe station including four triax manipulators,
triax chuck, probe-card holder and optical microscope with USB-camera; g) B1500A parameter

analyzer, E5250A/E5252A switch matrix and E4980A LCR-meter from Agilent Technologies.
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For metallization, polymer solution preparation and processing, small-molecule layer deposition
as well as device characterization under inert conditions, a Jacomex'?®! glove-box cluster
consisting of four connected argon glove-boxes was designed, including sophisticated high
vacuum evaporation and heating units,?* an EMITECH K575X sputter coater,'* an integrated
fridge, a Stiss Delta 6 RC spin-coater and a Siiss PM5 probe station. Via appropriate feed-
through connectors the latter can be connected to a B1500A parameter analyzer with an
E5250A/E5252A switch matrix and an E4980A LCR-meter from Agilent Technologies.' The
pictures in Figure 3.2 give an impression.

Moreover, for substrate surface modification, aside from the mentioned HMDS hotplate, a

S[211

Femto plasma etch plant from diener electronics®?'! with oxygen as process gas was implemented

within the cleanroom. For process evaluation and device analysis an Olympus BX51 optical

[212

microscope,?'? enabling transmitted light-, reflected light-, bright field-, dark field-, polarization-,
Normarski differential interference contrast- and fluorescence microscopy, an Olympus SZX-10
stereo microscope,'? a Veeco Dimension V Scanning Probe Microscope with a NanoScope V

controller?™ and a Kriiss DSA 100 contact angle meter? were installed.

3.1.3. Process Implementation and Device Fabrication

With the new equipment well-performing bottom-gate/bottom-contact OFETs were to be
fabricated, including appropriate device design and process development for substrate pre-
treatment, source/drain-electrode definition and organic semiconductor layer deposition.
Figure 3.3 shows typical target designs with various types of source/drain-electrode geometries,
including structures with variable channel lengths down to 2.5 pm for evaluation of contact
effects with the transfer line method (see chapter 2.2.2.5), interdigital structures with a large W/L-
ratio for high source-to-drain channel currents at low operating voltages and ring-type structures

[166]

for reduced parasitic leakage currents,'® which arise when the semiconductor layer is not

patterned.

" For electrical device characterization further equipment was implemented, such as 2612 dual-channel sourcemeters,
2700 and 2701 DMM/data acquisition systems including multiplexer modules, a 2182A nanovoltmeter, a 6221
AC/DC current source, a 6517A electrometer (all from Keithley) as well as a DSO80204B Infiniium oscilloscope, a
8114A pulse generator and a 33220A function/arbitrary waveform generator (all from Agilent Technologies).
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Figure 3.3: Target designs of bottom-gate/bottom-contact OFETs with various types of (gold)

source/drain-electrode geometries; left: structures with variable channel lengths;
middle: interdigital structures; right: ring-type electrodes.

As substrates for the OFETs, n**-Si wafer pieces (dimensions: 1" x 1", resistivity: 3-5 Qcm) with a
200 nm thick, thermally evaporated SiO; layer (capacitance per unit area C; = 17.3 nF/cm?) from
austriamicrosystems AGP*®! were applied. For the definition of the source/drain electrodes

215.216] a5 chosen, because it involves no wet-chemical

photolithographic lift-off processing!
etching of metals. Appropriate shadow masks with the target structures were designed with

AutoCAD™ and manufactured by Photronics.?'”? Figure 3.4 shows an example.

Figure 3.4: Typical 4" x 4" photolithography shadow mask (chrome on quartz glass), divided in 1" x 1"
sectors  with  various target structures; critical dimension: 2 pm + 0.1 pm,
no defects/cm? > 2 pm.

3.1.3.1. Development and Optimization of a Photolithographic Lifi-Off Process for Structuring
OFET Source/Drain Electrodes

At first the backside of a wafer piece was scratched with a diamond cutter on several spots to
create a contact to the n**-Si acting as common bottom gate. After blowing off with N, the
substrate was cleaned with acetone and isopropanol, then put into an isopropanol ultrasonic bath
for 1-3 min and finally rinsed with deionized water (DI-H,O). After each cleaning step the wafer
piece was dried with N, and finally also spin-dried at 4500-5000 rpm for 100 s. Then the lift-off
process as schematically depicted in Figure 3.5 was applied using ma-N 1407 photoresist
(resolution: 1 pm), ma-D 533/S developer and mr-Rem 660 remover from micro resist

technology GmbH.*'8l
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Figure 3.5: Process flow of applied photolithographic lift-off process for structuring OFET source/drain
electrodes, including photoresist deposition and softbake, UV exposure through a chrome
mask, resist development, metallization and lift-off (removal of resist and metal on resist).

For process optimization several parameters were varied, including spin speed, spin acceleration,
softbake time, exposure mode, exposure dose, proximity distance and development time, and the
obtained results were evaluated with optical microscopy.? The final recipe consisted of the
following procedure: after a dehydration bake (200°C, 4 min: 1 min N,, 2 min vacuum,
1 min N,) [#00 pl photoresist was spin-cast (3000 rpm, 30 s, nominal thickness: 700 nm),
followed by a softbake at 110°C for 60-120 s, an UV exposure (dose: 70-100 m]J/cm? at 365 nm
(i-line)) in proximity mode (2-5 pm)*and a dip-development within a developer bath (room
temperature, 48 s). After rinsing the sample with DI-H,O, drying it with N, and spin-drying it
(5000 rpm, 100s), a 2 nm chromium layer (deposition rate: 0.2 Als) and a 50 nm gold layer
(deposition rate: 2 A/s) were thermally evaporated (p < 5x10¢ mbar).! Lift-off, i.e. removal of
resist and metal on resist, was performed by immersion into an ultrasonic remover bath (50°C,
(b min), followed by rinsing with DI-H,O, drying with N, spin-drying at 5000 rpm for 100 s
and an optical inspection with the Olympus BX51 microscope. Figure 3.6 shows typical results
for source/drain structures with variable channel lengths (3 x 2.5 pm, 3 x 10 pm, 3 x 25 pm and
3 x50 pm). For enabling a fast process evaluation, scale bars were implemented on the
photolithography mask with defined line widths and distances (2.5 pm, 5 pm, 10 pm, 20 pm and
40 pm).

I corresponding to only 20-30% of manufacturer’s recommended dose

K Proximity mode, i.e. no contact between mask and substrate, was chosen to reduce mask contamination.

' OFETs with source/drain electrodes without chromium as adhesive layer were also fabricated via lift-off. However,
as expected, most of the gold was detached during resist stripping.
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(d) (e)
Figure 3.6: Typical sample in various stages during photolithographic structuring of source/drain electrodes
with variable channel lengths: a) after exposure and development of photoresist; b) after Cr/Au-
evaporation; ¢) after lifc-off; d) scale bars for fast and easy process evaluation; e) source/drain
electrodes with LZ=2.1 pm (nominal: 2.5 pm) and W= 2.85 mm; f) source/drain electrodes

with L =25 ym and W= 2.85 mm.

The channel lengths after lift-off were slightly smaller than the resist bars defining L. This is due
to the fact that the developed lift-off photoresist exhibits side walls with an undercut profile,
which are therefore not covered during metal deposition and thus enable removal of the metal-
covered resist (see Figure 3.5). This undercut was also confirmed by analytical transmission
electron microscopy (TEM) of a cross-section lamella of a completed top-gate/bottom-contact
OFET, fabricated on an n*-Si/SiO, substrate with rr-P3HT as organic semiconductor and
including PVA as gate dielectric (Figure 3.7). The corresponding preparations and investigations
were performed at the FELMI, Graz University of Technology, using a focused ion beam
instrument (dual beam NOVA200 nanolab, FEI) and an energy-filtering transmission electron
microscope (FEI Tecnai F20 equipped with a Gatan Energy Filter). The trapezoidal form of the
gold electrode resulting from the undercut profile of the developed lift-off resist is clearly visible.
For analyzing the chemical composition energy-filtering TEM (EFTEM) was used, yielding the
spatial distribution of selected elements. The figure below shows a superposition of three
differently colored elemental maps (red = carbon, blue = sulfur, green = oxygen). The SiO,
substrate is identified by its oxygen content (green), the organic semiconductor (rr-P3HT) by its

sulfur content (blue) and pure carbon (red) reveals the distribution of the dielectric (PVA).
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Figure 3.7: EFTEM cross-section (by FELMI, Graz University of Technology) of a top-gate/bottom-
contact OFET fabricated on an n™-Si/SiO; substrate and including rr-P3HT as organic
semiconductor and PVA as gate dielectric; colors correspond to chemical elements
(elemental mapping): red = carbon, blue = sulfur, green = oxygen.

3.1.3.2. Process Development and Optimization for Substrate Pre-treatment with HMDS and
Evaluation with Contact Angle-, AFM- and XRD-measurements

After the successful implementation of the lift-off process also a procedure for dielectric surface

modification with hexamethyldisilazane (HMDS, Figure 3.8) was developed, tested and

optimized.
HaCo _N.__CH
s sl
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Figure 3.8: Chemical structure of hexamethyldisilazane (HMDS).

Aside from being used as adhesion promoter in photolithography,*'”» HMDS can also be applied
for improving OFET performance, as it lowers the surface energy of the gate dielectric by
removing residual surface water and replacing hydroxyl groups on the SiO, surface by apolar

methyl groups. The corresponding reaction is as follows: 22021

SiOH + NH|(CH, ), Si|, = Si, ~0 = Si(CH), + NH, (3.1)

Generally, the application of self-assembled monolayers (SAMs) such as HMDS before organic
semiconductor deposition is assumed to induce structural changes within the semiconductor film,
leading to a higher order (surface-mediated molecular ordering).[4"68222223) Moreover, as pointed
out, OH-groups act as interfacial traps for mobile charge carriers in organic semiconductors and
thus removal or coverage of them also enhances charge carrier mobility and even may enable

n-type conduction in seemingly p-type semiconductors.%224
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Still controversial is the effect of SAMs on the grain size of the semiconductor. Some groups
observed the formation of larger grains of e.g. pentacene with SAM-treated or generally
more hydrophobic dielectric surfaces, some did not (probably due to the induced
roughness), still obtaining a larger mobility with a SAM-treated OFET.[224225,226,227,228,229]
However, the morphology in the first few monolayers, where charge transport takes place, might
be different from the final film structure often investigated e.g. by AFM or SEM, so that
seemingly smaller grain sizes can still yield larger mobility values in OFETs.

For HMDS pre-treatment of our samples the HMDS hotplate shown in Figure 3.9 was applied,

which is integrated in the wet bench described above.

Figure 3.9: Picture of HMDS hotplate (SSE Optihot VB20) and schematic description;! %!
1 = HMDS-supply, 2 = Na-purge/ventilation, 3 = chamber exhaust, 5 = vacuum supply.

With this hotplate gaseous HMDS, stored in a bubbler in its liquid form, is applied to a substrate
surface within a vacuum chamber in a defined manner with air as carrier gas. Vacuum controls
the distribution of the vapor and heating the substrate during priming accelerates the
hydrophobization, after which HMDS is removed by N,-purging. Hexamethyldisilazane was
purchased from Sigma-Aldrich (Prod. No. 440191, reagent grade, purity = 99%).13!

Before HMDS application, one substrate was also exposed to oxygen plasma for 10 min
(p(O2): [Bx10" mbar) to create a hydrophilic substrate surface, which is believed to facilitate the
growth of SAMs.[?%

The priming process was evaluated by comparing the static advancing contact angles of DI-H,O
on untreated and pre-treated SiO; and glass substrates and also on gold electrodes, applying the
sessile drop method. Generally, the contact angle @is the angle at which a liquid/vapor interface
meets the solid surface (Figure 3.10).% It is a measure of the hydrophobicity and determined by

the equilibrium of the three interfacial tensions, expressed by Young’s equation:

yﬂ/ = sl +y[y [6056 (32)

Yiu-.. solid-vapor surface tension, V... solid-liquid surface tension, Yj... liquid-vapor surface tension.
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Young’s equation assumes a perfectly smooth, homogenous and rigid solid surface, not taking
into account roughness, impurities, chemical and physical interactions between droplet and solid

or droplet evaporation, for which extended models have been developed. 23]

Y

’Ys'\- ,Yslh_
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Figure 3.10: Contact angle of a liquid on a solid substrate.

The HMDS process was optimized to obtain DI-H,O contact angles on pre-treated SiO, of at

least 90°. Several parameters were varied, including process temperature, duration of HMDS

bubbling, priming time and number of priming repetitions.*"!

The final process, performed at a temperature of 120°C, consisted of the following steps:

. Dehydration bake (repeated 3 times): 3 min vacuum, 30 s N,-purging;

o 1 min vacuum;

. HMDS priming (repeated 3 times): 3 s vacuum + HMDS bubbling; 30 s further HMDS
bubbling without vacuum; 20 min priming time (sample left in HMDS atmosphere),
30 s N,-purging + chamber exhaust; 1 min vacuum;

. Ventilation: 2 min N,-purging + chamber exhaust; 30 s chamber exhaust only.

Figure 3.11 and Table 1 compare the contact angles of DI-H,O on SiO: and on gold after the

lift-off process and a vacuum-bake™ (120°C, 1h, p < 1x10° mbar) as well as after HMDS-

treatment without and with O,-plasma exposure.

Figure 3.11: Droplet of DI-H,O on SiO; after various pre-treatments for contact angle determination:
left: after lift-off and vacuum-bake; middle: after lift-off, HMDS-treatment and vacuum-

bake; right: after lift-off, O,-plasma exposure (10 min), HMDS-treatment and vacuum-
bake.

™ The vacuum-bake was performed to remove residual surface water before deposition of the organic semiconductor.
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Table 1: Contact angle values of DI-H,O on SiO; and gold after various pre-treatments determined with a Kriiss
DSA 100 contact angle meter.

Contact After lift-off process | After lift-off; HMDS After lift-off, O: plasma exposure
a:nle :n Native | and vacuum-bake treatment and vacuum- | (10 min), HMDS treatment and
& at 120°C for 1 b bake at 120°C for 1 h vacuum-bake at 120°C for 1 h
Si0; ~65° 65-70° -90° -90°
Gold ~80° -75-80° -80° -80°

The contact angles of the dielectric increased from ~65° to ~90° upon application of HMDS,
proving the successful implementation of the priming process. In contrast, gold seems to be
negligibly affected by the surface modification, although exposure to O,-plasma for 10 min led to
a strong reduction of the contact angle not only on SiO; (20-25°), but also on gold (L55°).
A cleaned glass substrate was also exposed to HMDS with the described process (without O,-
plasma treatment), resulting in an increase of the DI-H,O contact angle from [10° to [770°. The
application of the process on a cleaned SiO; substrate before photolithographic lift-off structuring
led to problems with photoresist adhesion due to over-priming,?'' so that HMDS-treatment was
performed only after source/drain-electrode structuring.

Aside from contact angle measurements, the implications of dielectric surface modification on
pentacene were investigated with atomic force microscopy. The organic semiconductor was
purchased from Sigma-Aldrich with a certified purity =99.9% and processed without further
purification. 30-40 nm thick pentacene layers were evaporated on glass, untreated SiO, and
HMDS-treated SiO; (deposition rate: 0.1 Als, 2 < 6x10® mbar), with the substrates kept at room
temperature. Before semiconductor deposition all substrates were cleaned according to the

procedure described in section 3.1.3.1, but no lift-off process was applied.
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3.0um

Figure 3.12: Top: AFM-height images of pentacene on glass (4= 41 nm, Rrys = 7.2nm, left), on untreated
SiO, (d=41nm, Rrys=7 nm, middle) and on HMDS-treated SiO, (4= 30nm,
Rrus = 5.4 nm, right); scan size: 3 pm; color code from black to white corresponds to a z-data
range of 50 nm (left), 35 nm (middle) and 30 nm (right); bottom: corresponding 3D AFM-
height images.

Figure 3.12 depicts the corresponding AFM-height images, revealing a pentacene layer thickness
d between 30 nm and 40 nm and showing mainly dendritic grains, in particular on SiO..
Obviously, the average size of the pentacene grains increases from a few 100 nm on glass to
! pm on untreated SiO; and to [2.5 pm (up to 4 pm) on HMDS-modified SiO., correlating
well with the contact angle data and suggesting that more hydrophobic substrates lead to a larger
grain size. However, during these investigations the surface roughness of the uncoated substrates
was not determined, which also has a large influence on the morphology and grain size of organic
semiconductors such as pentacene.?®® The lowest RMS-roughness Rrys of the semiconductor
film was obtained with the HMDS-treated sample. However, the values are influenced by the
homogeneity of the surface and the image right shows only one grain. Therefore they have to be
considered with care.

An AFM depth histogram analysis of the pentacene layer on the HMDS-treated SiO; revealed a
001 interplanar distance dooi of [015.6 A, corresponding to the thin-film phase (literature value

[15.4 A), which is a substrate-induced structure different from the triclinic bulk phase of

pentacene Wlth dOOl l:l 144 A.[178,226,237,238,239,240,241]
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This was also confirmed by X-ray diffraction measurements (XRD, Figure 3.13)" and is not
surprising, since the pentacene bulk phase is known to start beyond a critical film thickness,
which depends strongly on the substrate temperature. For a substrate kept at room temperature
during deposition this critical thickness is least 100 nm. The XRD measurements did not reveal a

significant difference between HMDS-treated and untreated substrates.
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Figure 3.13: X-Ray diffraction spectra of pentacene on various substrates; the peak at 33° is a reflection
of silicon.

3.1.3.3. Completion of Devices

After source/drain-electrode definition and an optional HMDS surface treatment, a sample was
vacuum-baked (p < 5x10° mbar) at 120°C for 1 h to reduce residual surface water. Then the
organic semiconductor was deposited. For solutions based on regioregular poly(3-hexylthiophene)
(M,: 26900 g/mol; M,: 37600 g/mol,° regio-regularity > 98%, Figure 2.le), provided by the
group of Prof. Scherf,?* an amount of the material was heated at 120°C in high vacuum for
several hours to remove moisture and dedope the semiconductor. Then it was dissolved in
spectrally clean chloroform (CHCL) to a concentration of 2 mg/ml under inert conditions.
[B00-350 pl of a solution were spin-cast onto the source/drain structures in argon (1500 rpm,
40 s).P Then the film was cured on a hotplate (60°C, 10 min) in argon and dedoped for 1 h at
100-120°C in high vacuum (p < 5x10° mbar). When, instead, pentacene was applied by thermal
evaporation of [0 nm thick films through a shadow mask (deposition rate: 0.1 A/s,
p < 6x10°® mbar, room temperature), no dedoping bake was performed after semiconductor

deposition.

" The XRD measurements were performed by Heinz-Georg Flesch on a Bruker D8 Discover diffractometer in Bragg
Brentano-focusing condition using a copper sealed tube with its characteristic wavelength of 1.5406A. Primary side
slits optics as well as secondary side slits and receiving slit were set to 0.2 mm.

° M,...number average molecular weight, M,... weight average molecular weight

P Sometimes substrates were also cleaned with spectrally clean CHCI; before solution deposition.
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Finally the sample was fixed on a single-sided copper board using conductive silver paste and a
frame was scratched within the organic semiconductor layer around every single device in order to
reduce parasitic leakage currents. Conductive silver paste was also applied on the source/drain
pads for easy contacting and devices were electrically characterized in argon using the equipment

shown in Figure 3.2f and g. The corresponding results are presented in the following section.

3.1.4. Device Characteristics of OFETs with Various Source/Drain-Electrode Geometries,

Channel Dimensions and Substrate Pre-treatments

3.1.4.1. OFETs with Ring-Type Source/Drain-Electrode Structures

The presented OFETs with ring-type source/drain electrodes were prepared with one of the first
non-optimized fabrication routines on a wafer-edge substrate with an UV-exposure dose of
350 mJ/cm?* and a resist development time of 33s. Moreover, an older rr-P3HT batch
(M,: 37900 g/mol, M,: 53700 g/mol) was applied, the semiconductor film was not dedoped by
baking and also not patterned, n**-Si was contacted by scratching the SiO,-layer on top-side, no
conductive silver paste was applied on the pads and no HMDS pre-treatment was performed.
Still, the results are shortly illustrated to show the influence of the device geometry, when the
semiconductor layer is not patterned, in particular regarding parasitic leakage currents.!'*®
Figure 3.14 includes a sample picture, an optical micrograph of a single OFET and a scheme of
the sample architecture. The textured semiconducting layer is attributed to the omitted dedoping

bake with this sample, which, when applied, would have led to a smoother film. Figure 3.15

shows the electrical characteristics of a typical device.

Figure 3.14: Sample with rr-P3HT-based OFETs with ring-type source/drain electrodes (left) and
optical micrograph of a single device (middle, L =25 pm, W= 9.5 mm), contacted with
manipulator needles; right: scheme of sample architecture.

43



OFET FABRICATION TECHNIQUES AND PROCESS DEVELOPMENT

I , 10"
0.0 3.0x10°f 110°
-3.0x10°t 2.5x10°} {10°
-6.0x10° 2.0x10°} 1107
— — it =
< 90x10°} < 1.5x10°} 0=
— = " 1107 o
-1.2x10°} 1.0x107r 110
1 5x10° | 5.0x10° {10™
' 0.0} 110™
_ Sl . . . -13
1807460 80 60 40 20 0 10

AN VoM

Figure 3.15: Output (left) and transfer (right, linear and semi-logarithmic) characteristics of a typical
OFET with ring-type source/drain electrodes (L = 25 pm, W= 9.5 mm) measured in argon.

The switch-on voltage Vso was determined to 6V and the field-effect mobility was
8.0x10 cm?/Vs (Vp = -25V, Vi =-80V) in the linear regime and 1.1x107 cm?/ Vs (Vp = -100V,
Vi =-80V) in the saturation regime. What is more interesting, however, is the very low off-
current of LI10 pA, attributed to the ring-type geometry, which prevents parasitic currents outside
the channel region. This led to a very large on/off-current ratio of 2.5x10” (!) for Vp=-85V
(L Vo =-100V, Lg Vi =0V), underlining the importance of always considering such parasitic

currents, when other geometries are applied and the organic semiconductor is not patterned.

3.1.4.2. OFETs with Interdigital Source/Drain-Electrode Structures

The devices were fabricated according to the description in section 3.1.3 with rr-P3HT as organic
semiconductor and without HMDS pre-treatment. Figure 3.16 includes a sample picture, an
optical micrograph of a single device and a scheme of the sample architecture. Figure 3.17

illustrates the device characteristics.

Figure 3.16: Sample with rr-P3HT-based OFETs with interdigital source/drain electrodes (left) and
optical micrograph of a single device (middle, L =25 pm, W= 32.8 mm) with drops of

conductive silver paste; right: scheme of sample architecture.
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Figure 3.17: Output (left) and transfer (right, linear and semi-logarithmic) characteristics of a typical
device with interdigital source/drain electrodes (L =25 pm, W= 32.8 mm) measured in
argon; filled symbols: sweeps from positive to negative voltages; open symbols: reverse
sweep.

As expected, the large W/L-ratio of this geometry leads to high channel currents at low operating
voltages. The switch-on voltage was [DV and the field-effect mobility values were
1.1x107% cm?*/ Vs (Vp =-10V, Vi =-50V) in the linear regime and 8.5x10* cm?/Vs (Vb = -50V,
Vi =-40V) in the saturation regime. The on/off-current ratio was 5x10* for Vp=-50V
(Lo Vi =-50V, Ly Vo= 0V) and gate leakage currents were below 60 nA. Compared to the ring-
type OFET in Figure 3.15, the off-currents were [BO times larger, again emphasizing the
implications when choosing for a specific device geometry. Figure 3.18 depicts transfer curves of
several devices with interdigital source/drain electrodes, indicating a small device-to-device

variation and proving the successful implementation of the lift-off process described above.
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Figure 3.18: Transfer curves (linear and semi-logarithmic) at Vp=-50V of several devices with

interdigital source/drain electrodes (L = 25 pm, W= 32.8 pm) measured in argon.
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3.1.4.3. OFETs with Various Channel Lengths - Short-Channel Effects and Influence of Substrate
Pre-treatment with HMDS

a) rr-P3HT-based OFETs
Figure 3.19 illustrates a typical sample with rr-P3HT-based OFETs comprising source/drain-
electrodes with variable channel lengths, fabricated according to the description above. The figure

also includes an optical micrograph of a single device and a scheme of the sample architecture.

Figure 3.19: Typical sample with rr-P3HT-based OFET's comprising source/drain electrodes with variable
channel lengths (left) and optical micrograph of a single device (middle, L =25 pm,

W= 2.85 mm) with drops of conductive silver paste; right: scheme of sample architecture.

Figure 3.20 shows AFM-height images of the rr-P3HT film within the channel of OFETs
fabricated on untreated SiO2,% on HMDS-treated SiO; and on O»-plasma + HMDS-treated SiO..
The film thickness was determined to ~16 nm, ~20 nm and ~18 nm, respectively. On the
untreated substrate the rr-P3HT average grain size was 50-70 nm and the RMS-roughness
~0.2-0.3 nm. When HMDS was applied, no matter if in combination with O,-plasma exposure
or not, the roughness increased to ~0.5 nm and the grain size was reduced to 20-35 nm (HMDS-

treated) and 20-30 nm (Os-plasma + HMDS-treated).

Figure 3.20: AFM-height images of rr-P3HT within the channel of OFETs fabricated on untreated SiO,
(left), on HMDS-treated SiO> (middle) and on Os-plasma + HMDS-treated SiO, (right);

scan size: 2 pm; color code from black to white corresponds to a z-data range of 5 nm.

9 “Untreated” relates only to the application of HMDS.
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Figure 3.21: Transfer curves (linear and semi-logarithmic) at Vp =-10V (left) and Vp =-75V (right) of
several rr-P3HT-based OFETs with channel lengths of [2.5 pm (black), (10 pm (red),
[R5 pum (green) and [50 pm (blue), fabricated on untreated SiO; (top), on HMDS-treated
SiO; (middle) and on O,-plasma + HMDS-treated SiO, (bottom); measured in argon.

Figure 3.21 depicts the transfer curves of several devices on the three samples for a low and a high
drain voltage V. The graphs very well show the appearance of short-channel effects (see chapter
2.2.2.6). The switch on voltage Vso, in particular of devices with small channel lengths
(L=2.5pm and L =10 pm), becomes apparently dependent on Vp. This is due to the fact that
for small L the electric field between source and drain (Esp = Vp/L) becomes comparable to the
transversal gate field (Eg= Vo/dy), in particular at low Vi, so that the gradual channel
approximation is no longer valid. The space charge limited current regime is entered and the
source-to-drain channel currents become much larger than the gradual channel approximation

predicts, accompanied by the observed shift of Vo to more positive values.
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Short-channel effects could be observed for all three samples and become also very obvious in
Figure 3.22 and Figure 3.23, where the electrical characteristics of a long- and a short-channel
OFET are directly compared. While the device with L =25 pm exhibits nice current saturation,
the saturation behavior is largely degraded for the OFET with L=2.5 pm. As described in
chapter 2.2.2.6, this originates from channel-length modulation and non-destructive punch-

through.
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Figure 3.22: Output (left) and transfer (right) characteristics of a typical rr-P3HT-based OFET
(L=25pm, W=2.85mm) fabricated on untreated SiO, measured in argon; filled
symbols: sweeps from positive to negative voltages; open symbols: reverse sweep.
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Figure 3.23: Output (left) and transfer (right) characteristics of a typical rr-P3HT-based OFET
(L=2.5pm, W=2.85 mm) fabricated on untreated SiO, measured in argon; filled
symbols: sweeps from positive to negative voltages; open symbols: reverse sweep.

Moreover, contact resistance has a relatively larger influence in OFETs with small Z, which
results in the curvature change of the output curves at low Vp in Figure 3.23 left. Also the
hysteresis of the transfer characteristics is largely increased with the short-channel OFET, which is
ascribed to charge carrier traps, having a larger influence when channel length is reduced. These

effects were observed for all pre-treatments.
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When comparing the different substrate pre-treatments (Figure 3.21, Figure 3.24 and Table 2),
in particular for larger channel lengths, where short-channel effects are not an issue, obviously the
OFET:s fabricated on HMDS-treated SiO; substrates without O-plasma exposure exhibited the

best device performance.
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Figure 3.24: Transfer curves (linear and semi-logarithmic) at Vp=-75V of rr-P3HT-based OFETs
(L=25pm, W=2.85 mm) fabricated on untreated SiO,, on HMDS-treated SiO, and

on O;-plasma + HMDS-treated SiOj; measured in argon; filled symbols: sweeps from
positive to negative voltages; open symbols: reverse sweep.

Table 2: Relevant OFET parameters of typical rr-P3HT-based devices (L =25 mm, W= 2.85 mm) fabricated on
SiO; with various pre-treatments including also the parameters obtained with the transfer line method; field-effect
mobilities pz;, and p71a determined (at Vp = -10V, Vi = -60V) with equations (2.14) and (2.19); switch-on voltage
Vo, subthreshold slope S, maximum interfacial trap density N7 and on/off-current ratio L./Ig (Ln: Vi =-100V,
Lg Vo =0V) determined from transfer curve at Vp = -75V; IpmulO-T) is percentage of Ip at Vp = Vi =-100V in
output characteristics with respect to value in transfer characteristics; Lo is length of transitional layer between gold
electrode and semiconductor; (RyW)y is gate-voltage independent part of width-normalized parasitic resistance

RpW; RpW determined at Vp = -10V, Vi = -70V.

Substrat N7 max IDmas

p:"e—s 2 Vo Hiin HTIM L/lg N [;'”_2 (g T) Lo (ReW)o | ReW
2 2 o 0 -

treatment [V]'| [em?IVS] | [em?/Vs] [Videc] V] [%] [um] [Qem] | [Qcm]

No HMDS | -10 | 6.5x107% | 7.5x107% | 4xI10P 4.9 8.8x107 61 2 210 | 6.4x10°

HMDS -2 1.2x10° 1.4x10° | 7x10P 57 1.0x107 72 3.6 4x10° 5.0x10°

Ox-plasma

and +8 | L.7x107% | 2.3x107 | IxI®P 13.1 2.4x107 53 1.6 <0 5.1x10°

HMDS

The on-currents are highest with the HMDS-only treated devices and the switch-on voltages are
slightly shifted to more positive values with respect to the untreated devices, accompanied by a
small increase of off-current, which is a sign for reduced interfacial trap densities. In contrast, the
devices made on substrates exposed to O,-plasma exhibited positive switch-on voltages, the largest

off-currents and the lowest on-currents.
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This is ascribed to the fact that plasma-activated polar groups on SiO, acting as dopants?*? at
lower gate voltages and at the same time as traps?***! at higher Vg, were not completely covered
by the subsequent HMDS-treatment. The reduced (increased) interfacial trap densities of the
HMDS-treated (O>-plasma + HMDS-treated) sample with respect to the untreated sample are
also revealed by the increased (reduced) field-effect mobility. For the HMDS-only treated device
this is ascribed to the coverage of silanol groups acting as traps, possibly in combination with a
change of the morphology of rr-P3HT close to the interface with the dielectric.'®® Moreover, as
mentioned, a large difference between the /p values at a particular V5 and (high) Vi in the
transfer characteristics and output characteristics (corresponding to a small value for /p,. O-7 in
Table 2), is also a sign for higher trap densities. The subthreshold slope, from which a
corresponding maximum interfacial trap density N7 according to eqn. (2.17) was extracted,
was slightly larger with the HMDS-only treated device. The results are qualitatively in good
agreement with similar work performed by other groups.” Generally, the performance
improvements by HMDS pre-treatment were not as high as might have been expected, which is
also ascribed to the applied bottom-contact architecture, exhibiting a lower performance than
top-contact devices.

With this device series also the transfer line method (TLM, see chapter 2.2.2.5) was applied in
order to evaluate the influence of contact resistance. The important TLM parameters are
summarized in Table 2. Figure 3.25 depicts the corresponding device resistance as a function of
the channel length for the HMDS-only treated sample. When extrapolating the linear fits, they
cross at Lo=3.6 pm and (RpW)y = 4x10% Qcm. Ly corresponds to the length of an additional
transitional layer between gold electrode and organic semiconductor, adding to the channel
length, and (R»W), to the gate-voltage independent part of the contact resistance, being associated
with the hole injection barrier. The transitional region seems to be largest for the HMDS-only
treated device and smallest for the O,-plasma + HMDS-treated device. It is known!!>%24>24] that
O;-plasma and UV/ozone treatments of gold lead to the formation of a surface gold oxide layer,
which is accompanied by an increase of the surface energy and of the work function of gold, thus
resulting in a strong reduction of the contact resistance. This is consistent with the apparently
negative value of (RpW)y, which does not mirror real negative contact resistances, as it is within
the standard errors of the linear fits. It just suggests that contact resistance is small. An apparently
negative (RprW)y was also observed by other groups.?*”! Also the contact-angle measurements in
chapter 3.1.3.2, which revealed a reduction of the contact angle of gold after O,-plasma exposure,

rendering its surface more hydrophilic, are in accordance with these results.
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Figure 3.25: TLM-graph of rr-P3HT-based OFETs fabricated on HMDS-treated SiO:> (in zoomed area
only curves Vg=-70V, -80V, -90V and -100V are shown).

Figure 3.26 left shows that the parasitic resistance decreases with increasing gate voltage, which is
expected, as charge carriers are more easily injected into the channel when the gate field is
increased. Figure 3.26 right compares the field-effect mobility values of the several HMDS-only
treated devices with various channel lengths, also including the mobility obtained from TLM.
The values of the individual devices were calculated with eqn. (2.14), which does not take into
account contact resistance. Due to the fact that contact resistance has a smaller influence in long-
channel OFETs (see chapter 2.2.2.5), this neglect results in an apparent increase of mobility with
increasing channel length, approaching the TLM mobility corrected for Rp. The graph also shows
very well mobility degradation at higher gate voltages for all curves, which results from the fact
that with increasing Vi charge carriers gradually concentrate near the semiconductor/insulator

interface, where trap densities are higher, hence reducing mobility.?*
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Figure 3.26: Left: width-normalized parasitic resistance obtained from TLM as a function of gate
voltage of rr-P3HT-based OFETs fabricated on HMDS-treated SiO»; right: field-effect
mobility of four devices extracted with eqn. (2.14) and from TLM (eqn. (2.19)).
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Basically, channel dimensions are targeted to be as small as possible, as the switching speed (cut-
off frequency) of an ideal transistor is proportional to 1/L2. However, the results presented here
confirm that the more the channel length is reduced, the more contact-resistance limited devices
become.

b) Pentacene-based OFETs

Also pentacene-based OFETs with variable channel lengths were fabricated on an untreated SiO,-
and a HMDS-only treated SiO, substrate according to the procedure described above. No devices
were prepared on Or-plasma+HMDS-treated SiO,. Figure 3.27 illustrates a typical sample and an

optical micrograph of a single device. Clearly observable is the patterned semiconductor layer.

Figure 3.27: Typical sample with pentacene-based OFETs comprising source/drain electrodes with
variable channel lengths (left) and optical micrograph of a single device (right, L = 25 pm,

W= 2.85 mm) with drops of conductive silver paste.

Figure 3.28 includes AFM images of pentacene films in the transitional region between a gold
electrode and the channel as well as within the channel of OFETs fabricated on the two
differently pre-treated substrates. The average film thicknesses were determined to ~30 nm and
~40 nm, respectively. The average grain size is smaller (< 750 nm) than expected, when taking
into account the results in chapter 3.1.3.2. This is attributed to the fact that the samples
presented here were processed with the photolithographic lift-off process and hence residuals of
the corresponding chemicals might have an impact. Between treated and untreated substrate no
significant difference in grain size is observable, corresponding to some reports in literature.**?*!
Furthermore, the amplitude error images clearly illustrate that the average grain size on the
electrode is smaller than within the channel, which is well known from literature.*”’

For the untreated substrate the RMS-roughness of the organic semiconductor was ~-6.2 nm both
within the channel and on the electrode, while it was ~6.3 nm within the channel and -5.2 nm
on the electrode for the HMDS-treated sample. In accordance with the rr-P3HT-based OFETs,
the roughness of the semiconductor within the channel is slightly larger, when HMDS surface
modification is performed. This was in contrast with the findings in chapter 3.1.3.2, where,

however, no lift-off process was applied.
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Figure 3.28: AFM-height images of a pentacene film on gold and untreated SiO; near the electrode edge
(left) and within the transistor channel (middle); right: amplitude error image; scan size:
5 pm (left and right), 2 pm (middle); color code from black to white corresponds to a
z-data range of 150 nm, 50 nm and 500 mV, respectively.

Figure 3.29: AFM-height images of a pentacene film on gold and HMDS-treated SiO; near the
electrode edge (left) and within the transistor channel (middle); right: amplitude error
image; scan size: 5 pm (left and right), 2 pm (middle); color code from black to white
corresponds to a z-data range of 150 nm, 50 nm and 500 mV, respectively.

Figure 3.30 shows the transfer curves of several devices on each substrate, exhibiting a low device-
to-device variation. Although the shift of the switch-on voltage of short-channel devices is more
pronounced with the HMDS-treated sample, short-channel effects also appeared for devices on

the untreated SiO, substrate at higher V) (not shown).
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Figure 3.30: Transfer curves (linear and semi-logarithmic) at Vp =-25V of several pentacene-based
OFETs with channel lengths of [2.5 pm (black), (10 pm (red), [25 pm (green) and
(50 pm (blue), fabricated on untreated SiO; (left) and on HMDS-treated SiO; (right);

measured in argon.
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Figure 3.31: Left: transfer characteristics (linear and semi-logarithmic) of a typical pentacene-based OFET
(L=25pm, W=2.85mm) fabricated on HMDS-treated SiO, measured in argon;
right: transfer curves (linear and semi-logarithmic) at Vp = -25V of pentacene-based OFETs
(L =25 pm, W= 2.85 mm) fabricated on untreated SiO; and on HMDS-treated SiO;; filled

symbols: sweeps from positive to negative voltages; open symbols: reverse sweep.

Figure 3.31 left shows typical transfer characteristics of a HMDS-treated pentacene-OFET. The
devices performed reasonably, showing a rather large on/off-current ratio. Similar to the
rr-P3HT-based devices, the short-channel OFETs exhibited a larger hysteresis in the transfer
characteristics (not shown). Figure 3.31 right and Table 3 compare two devices with and without
HMDS-surface modification, showing qualitatively similar tendencies as observed by other
groups.?*8 HMDS-treatment led to a small positive shift of the switch-on voltage and doubled
the field-effect mobility and on/off-current ratio, in accordance with the results of the rr-P3HT-
based devices. We didn’t observe an off-current reduction by the treatment with HMDS as Yagi
et al.,”*" who, however, applied the top-contact architecture. As with the rr-P3HT-based OFETs,
performance improvements by HMDS pre-treatment of pentacene-based devices were not as high
as might have been expected, which is again ascribed to the applied bottom-contact architecture.

Table 3: Relevant OFET parameters of typical pentacene-based devices (L =25 mm, W= 2.85 mm) fabricated on
SiO; with and without HMDS-pre-treatment; field-effect mobility g, determined (at Vp = -10V, Vi = -30V) with
eqn. (2.14); switch-on voltage Vo, subthreshold slope S, maximum interfacial trap density N7 and on/off-current

ratio L/l (Ln: Vi = -50V, Ly Vi = 0V) determined from transfer curve at Vp = -25V; Ipuu (O-T) is percentage of I

at Vp = Vg =-50V in output characteristics with respect to value in transfer characteristics.

I Dmax
Device Vso HlLin S NTmax
Parameter | [V] | [em?/Vs] Lon/Log [Videc] | [em? eV] (?9-/0?
No HMDS | -2 | 1.8x107 | 4x10° 1.7 2.9x107 74
HMDS 0 3.0x10° | Ix107 1.8 3.1x107 82
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3.2. Structuring of Silver Source/Drain Electrodes by Micromolding In
Capillaries (MIMIC) and Microtransfer Printing (pTP)

The data presented in this chapter were obtained in close collaboration with Alexander Bliimel.
Parts are also published in: Micromolding in capillaries and microtransfer printing of silver
nanoparticles as soft-lithographic approach for the fabrication of sourceldrain electrodes in organic
field-effect transistors; A. Bliimel, A. Klug, S. Eder, U. Scherf, E. Moderegger, E. J. W. List,
Org. Electron. 2007, 8, 389.

3.2.1. Introduction

Within the past years there has been much effort in developing and improving new techniques
for the processing of advanced functional materials used in promising applications like micro-
optics or organic electronics. Much attention has been paid to solution-based techniques, which
enable low-cost processing and new possible developments like flexible displays or inkjet-printed
electronics. An alternative approach to inkjet printing is soft lithography, which is a collective
term for a number of non-photolithographic techniques and has become an important tool for

292501 T recent years a large number

structuring materials on the micro- and nanometer scale.!
of publications in various fields such as microelectronics (nano-wires!®!'), OLEDs!#?%-253],
OFET B!24255:256257.258]) or biology (patterned cell growth™?) has emphasized its flexibility and
applicability in many different areas. There are several soft-lithographic techniques utilizing
different principles like capillary action (Micromolding In Capillaries (MIMIC))260-261262] o self
assembly of molecules (Microcontact Printing (uCP))2%32%4!. The use of an elastomeric stamp
peeled from a rigid master is the common element of all these techniques. This stamp is used for
structuring different materials with processes both similar to and quite different from
conventional pattern printing.

Here MIMIC was used for the fabrication of source/drain electrodes based on a solution-
processable silver nano-dispersion (CABOT AG-IJ-G-100-S1)%%) in well-performing bottom-
gate/bottom-contact OFETs with regioregular poly(3-hexylthiophene) as active layer material. By
making use of a system of capillaries between a stamp and a substrate, this technique combines
the advantage of solution-processability with high lateral resolution for accurate patterns.
Depositing a droplet of the desired material at one end of a capillary makes the liquid enter the
microchannel due to capillary action.

In addition, Microtransfer Printing (pTP) was applied, the miniaturized counterpart to
conventional letterpress printing, as a means to fabricate OFET source/drain electrodes based on

the same silver nano-dispersion as used for the MIMIC-devices.
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Here the stamp is set onto an inking pad so that the protruding surfaces of the stamp come into
contact with the dispersion. With the inked stamp the silver fluid is directly transferred to the

substrate.
3.2.2. Device Fabrication

3.2.2.1. Fabrication and Analysis of MIMIC Source/Drain Structures

For MIMIC stamps spin-cast, exposed and developed photoresist films on pre-cleaned glass pieces
cut from microscope slides were used as master structures.”®"! Accordingly, a positive photoresist
(Microposit S1813 from Shipley?*®)) was spun onto the slides at 4000 rpm for 40 s, leading to a
nominal film thickness of 1.3 pm, followed by a softbake at 105°C for 210 s. The resist was then
exposed to UV light for 14 s through a chrome mask using an EVG 620 mask aligner®” with
standard settings in a cleanroom and developed in a Microposit 351 developer bath for [0 s
(dilution ratio developer/distilled water: 1/5). Afterwards the master samples were rinsed with
distilled water and dried with CO,. In order to get electrically separated silver electrodes, the

resist lines were finally scratched with a needle. Figure 3.32 shows a typical photoresist master.

Figure 3.32: Photoresist master for MIMIC stamps.

The stamps themselves were formed from polydimethylsiloxane (PDMS) using Sylgard 184 from
Dow Corning.”” The two-component system, consisting of prepolymer (base) and curing agent,
was fabricated with a weight ratio of 10:1 (base : curing agent) and then carefully poured over the
master structures. After curing at [100°C for 1 h, the stamps were peeled from the masters.

As OFET substrates, highly n-doped silicon (n**-Si) wafer pieces (dimensions: 25 mm x 25 mm)
with a 247 nm thick, thermally grown silicon dioxide (SiO,) layer (capacitance per unit area
C: = 14 nF/cm?) from austriamicrosystems AG?*®) were used. The n**-Si served as common gate

electrode, the SiO; layer as gate dielectric.
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The backside of the substrate was scratched with a diamond cutter on several spots to create a
contact to the n**-Si by removing the native oxide. The substrates were then pre-treated with an
O;-plasma in a custom-made plasma chamber for 15 s (p(O5): 5x10"! mbar) and immersed into
deionized water to obtain a hydrophilic surface. Afterwards the PDMS stamp was placed onto the
substrate to make conformal contact and two droplets of CABOT AG-IJ-G-100-S12%! silver
nano-dispersion were deposited near the open ends of the capillaries. Due to capillary action the
channels were filled with the liquid, which is a very slow process depending on geometric
parameters of the microchannel as well as dynamic viscosity, surface tension of the carrier fluid
and advancing contact angles on both the substrate and the stamp.?" The sample was stored
under ambient conditions until the filling process was completed (14 h) and after curing at
150°C for 1 h, the stamp was carefully removed. Figure 3.33 schematically depicts the applied
MIMIC process flow.

(o) (d)

Figure 3.33: Process flow of silver source/drain-electrode structuring by MIMIC: a) PDMS stamp and
substrate; b) stamp on substrate; ¢) silver nano-dispersion entering the microchannels due
to capillary action; d) cured silver pattern on the substrate forming source/drain electrodes.

The ready-fabricated MIMIC silver lines were characterized by optical and atomic force
microscopy, showing well-defined structures with high lateral resolution (Figure 3.34). The
electrode height was determined to approximately 600 nm (for comparison, the capillary height

was 1.3 pm).
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Figure 3.34: a) Optical micrograph of typical source/drain electrodes fabricated by MIMIC after curing;
b) 3D AFM-height image of a silver line; ¢) cross-sectional shape of a silver line.

The cross-sectional shape differed slightly from the rectangular shape of the master, as the top of
the electrodes showed a height depression of 50-60 nm with respect to their edges. This was
ascribed both to sagging of the stamp and diffusion of the carrier fluid into the stamp.?*”

Figure 3.35a depicts a single silver MIMIC line between two drops of conductive silver paste.
The resistivity of the material was calculated from the current-voltage characteristics of this line
(Figure 3.35b right) and its dimensions, the latter being determined by optical microscopy and
AFM. Its value was in the range of 15-25 pQcm, which is significantly above the value of
1.49 pQemP (1.587 pQcem)™? for bulk silver, but well in the range of the specification for the

ink (4-32 pQcm according to CABOT data sheet).
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Figure 3.35: a) Optical micrograph of MIMIC silver line between two drops of conductive silver paste;

b) corresponding current-voltage characteristics.

3.2.2.2. Fabrication and Analysis of TP Source/Drain Structures

As the lateral dimensions of the photoresist masters for MIMIC stamps were too small for the
pTP process, pTP master structures were directly printed onto transparency sheets using a
conventional 600 dpi office laser printer, yielding a lower lateral resolution (Figure 3.36). The

stamps were also fabricated from PDMS using Sylgard 1841’ according to the description above.
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Figure 3.36: Laser-printed master for pTP stamps.

For the “inking pad” a small amount of CABOT AG-IJ-G-100-S17 silver nano-dispersion was
drop-cast onto a microscope slide. The dispersion spread over a large area due to the hydrophilic
glass surface. For more accurate printing the inking pad was stored under ambient conditions for
several hours to increase viscosity by evaporation of low-boiling components of the silver nano-
dispersion. After inking the stamp, it was put onto a glass slide for several times to get rid of
excess ink and obtain well-defined structures. Then the actual printing process was performed
either by placing the stamp onto the n**-Si/SiO; substrate’ for [B s or leaving it there and baking
substrate and stamp for 2 h at 80°C. Both methods typically resulted in defined source/drain
electrodes. After removing the stamp, the samples were baked again at 150°C for 1 h. Figure 3.37
schematically illustrates the pTP process flow and Figure 3.38 shows typical source/drain

electrodes obtained by pTP. The channel lengths L varied between 140 pm and 190 pm.

(© (d)

Figure 3.37: Process flow of silver source/drain-electrode structuring by pTP: a) inking pad, substrate

and stamp; b) stamp in ink; c) inked stamp transferred onto substrate; d) transferred silver
pattern forming source/drain electrodes.

" The substrates for pyTP-OFET's were not pre-treated with O,-plasma and deionized water.
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Figure 3.38: Optical micrograph of typical source/drain electrodes fabricated by pTP after curing.

The structures exhibited regions of incomplete pattern transfer. The rather high edge roughness is
attributed to the different approach in master production. Moreover, the applied nano-dispersion
was optimized for inkjet printing and hence exhibited a too low dynamic viscosity to yield well-
defined pTP structures. Nevertheless, one major advantage of Microtransfer Printing is that
electrode structuring is performed in a single and fast step, while MIMIC is a very time-

consuming procedure related to capillary action. 260261

3.2.2.3. Completion of MIMIC- and yTP-OFETs

As organic semiconductor rr-P3HT (M, = 37900 g/mol, M, = 53700 g/mol) from the Scherf

[242]

group*! was applied. The preparation of the corresponding CHCI; solutions (2 mg/ml) was
similar as described in chapter 3.1.3.3. The substrates with the pre-defined MIMIC and pTP
source/drain structures were baked at 110°C in vacuum for 1h to remove surface water and
afterwards the semiconductor solution was deposited under inert conditions by drop-casting
(MIMIC structures) and spin-casting (pTP structures, spin parameters: [1500 rpm, 40 s),
respectively.® After a drying step at 50°C for 10 min the substrates were fixed on a single-sided
copper board using conductive silver paste. A frame was scratched around every single device
within the rr-P3HT layer, thus isolating each OFET on a substrate in order to reduce parasitic
leakage currents across the gate dielectric and within the organic semiconducting layer. Finally a
baking step was performed at 180°C for 1.5 h under high vacuum to dedope the rr-P3HT film
even more. Before and after device separation as well as after the baking procedure the OFETs

were electrically characterized under argon atmosphere with an E5262A parameter analyzer from

Agilent Technologies.

*Due to the hydrophilization of the substrates in the MIMIC process spin-coating of rr-P3HT did not yield
homogenous films. Therefore drop-casting was applied for MIMIC-devices and spin-casting only for pTP-OFETs.
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3.2.3. Device Characteristics of MIMIC- and pTP-OFETs

3.2.3.1. OFETs based on MIMIC Source/Drain Electrodes

Figure 3.39 depicts the output characteristics of a well-performing MIMIC-OFET before and
after device separation. By isolating the devices from each other, gate-leakage currents could be
reduced by more than one order of magnitude (e.g. from 4.9x107 A to 3.1x10®* A at Vp = -2V,
Ve =-85V), which in particular is observable at high potential difference between gate voltage Ve
and drain voltage Vb (note e.g. the crossing output curves at Vp =0V in Figure 3.39 left).

The off-current (/p at Vi = 0V) was slightly reduced as well.
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Figure 3.39: Output characteristics of a MIMIC-OFET (L = 94 pm, W= 1920 pm) before (left) and
after (right) device separation measured in argon; filled symbols: sweeps from positive to
negative voltages; open symbols: reverse sweep.
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Figure 3.40: Output (left) and transfer (right) characteristics of a MIMIC-OFET (L =94 pm,
W=1920 um) after baking at ~-180°C for 90 min measured in argon;
filled symbols: sweeps from positive to negative voltages; open symbols: reverse sweep.

Figure 3.40 depicts the corresponding electrical characteristics after the baking procedure in order

to dedope the semiconductor film, which had no influence on parasitic leakage currents.
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In particular the output characteristics clearly do not reveal a quadratic behavior of the source-to-
drain current /p with respect to Ve in the saturation regime, which would be expected according
to eqn. (2.13). This is ascribed to the inhomogeneous rr-P3HT layer obtained by drop-casting
and the hydrophilization of the substrate, which both result in high trap-densities and hence in a
pronounced gate-bias induced carrier trapping (see chapter 2.2.3.2). Gate-bias stress is also
responsible for the fact the /p values at a particular V5 and (high) Ve are larger in the transfer
characteristics (e.g. Ip at Vp =V =-85V in Figure 3.40 left is only [54% of the corresponding
value in Figure 3.40 right). Moreover, trapping of charge carriers is revealed by the hysteresis in
the transfer characteristics above.

The rather linear behavior of /p at low drain voltages and the well-defined current saturation
suggest that contact resistance is small in these devices so that charges are assumed to be well
injected from the silver MIMIC electrodes into the rr-P3HT. However, in OFETs with larger
channel lengths (here L =94 pm) the influence of contact resistance generally is reduced due to
the larger channel resistance (see chapter 2.2.2.5).

Figure 3.41 compares the transfer curves at V5 = -85V and the field-effect mobility values ps. in
the saturation regime (determined with eqn. (2.15)) before and after device separation as well as
after the baking procedure and Table 4 summarizes important device parameters extracted at the

various fabrication stages.
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Figure 3.41: Left: transfer curves (linear and semi-logarithmic) at Vp=-85V of a MIMIC-OFET
(L=94 pm, W=1920 pm) before device separation, after device separation and after

baking at ~180°C for 90 min measured in argon; filled symbols: sweeps from positive to

negative voltages; open symbols: reverse sweep; right: corresponding field-effect mobility

in the saturation regime.
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Table 4: Device parameters of a MIMIC-OFET (L = 94 pm, W= 1920 um) based on rr-P3HT at various fabrication
stages; switch-on voltage Vso and on/off-current ratio 1,./I,y determined from semi-logarithmic transfer curves at
Vb =-85V (L Vi =-85V, Ly Vi =0V); field-effect mobility ps. (at Vb = -85V, Vi = -60V) extracted from transfer

curves using eqn. (2.15).

Fabrication stage | Vso [V] | Lg[A] | I [A] | L/l | ppsa [em*/V5]
Before device 05 | 77x10% | 5.3v10° | 710" | 3.2x10°
Sfpﬂrﬂflﬂﬂ

After device 07 | 3.6x10% | 5.1x10° | Ix10? |  4.9x10°
Sfpﬂﬂltlo}’l

After baking [-15 | 1.9x10° | 2.4x10° | 1«10 | 4.2x10°

While device separation mainly affected the gate-leakage currents, baking obviously led to a
strong reduction of the off-current /7 and hence an increased on/off-current ratio® due to
dedoping of the semiconductor film (see chapter 2.2.3.1). As a consequence traps at the
semiconductor/dielectric interface became a larger influence, resulting in a shift of switch-on
voltage Vso to more negative values. However, after device baking the magnitude of hysteresis was
strongly reduced (Figure 3.41 left), which might be attributed to a better morphology of the
rr-P3HT layer, leading to a reduced trap density within the semiconductor film and possibly an
increased TETT stacking of the polymer chains. Gate-leakage currents and the high doping level
(high bulk conductivity) due to the thick drop-cast semiconductor layer are also responsible for
the peak of ps. at low Vi in Figure 3.41 right, which becomes less pronounced after device
separation and even more so after baking. Generally, the obtained mobility values were well in the
range expected for disordered rr-P3HT without any substrate pre-treatment.

Figure 3.42 shows the time dependence of the channel current at fixed Vi=-85V and
Vb =-100V of a MIMIC-OFET after various bias-stress conditions, investigating the operational
device stability. Obviously, applying a negative gate voltage led to a reduction of /p with time,
because mobile positive charge carriers were trapped within the dielectric or at the
dielectric/semiconductor interface. On the application of a positive Vi the trapped charge carriers
were released again and accordingly the subsequent time measurement revealed a strong increase
of Ip (compare red and green curve). Finally, after applying zero gate and drain voltage for 100 s,
with this device nearly the pristine /p(#)-characteristics was obtained again. Such measurements
performed after film-dedoping by baking revealed a smaller decrease of /p with time at fixed Ve

and V) (not shown), which is also an indication of a reduced trap density within the active layer.

* Also the on-current 7,, was reduced after baking, but relatively less than the off-current.
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Figure 3.42: Source-to-drain channel current /p at Vi = -85V and Vp = -100V as a function of time of a
MIMIC-OFET (L =94 pm, W= 1920 um) after various bias-stress conditions measured

in argon after device separation.

3.2.3.2. OFETs based on uTP Source/Drain Electrodes

Figure 3.43 shows a typical sample with several pTP-OFETs fixed on a single-sided copper board.

The regions of incomplete pattern transfer are clearly visible on the pTP source/drain electrodes.

Figure 3.43: Sample with several pTP-OFETs fixed on a single-sided copper board.

As with the MIMIC-OFETs, the reduction of parasitic leakage currents due to device isolation
becomes obvious by comparing the output characteristics of a yTP-OFET before and after device

separation (Figure 3.44).
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Figure 3.44: Output characteristics of a pTP-OFET (L = 159 pm, W= 5814 pm) before (left) and after
(right) device separation measured in argon; filled symbols: sweeps from positive to
negative voltages; open symbols: reverse sweep.
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In fact, isolating the pTP-device shown above also decreased gate-leakage currents by more than
one order of magnitude (e.g. from 1.1x10°¢ A to 6.0x10® A at Vp=-2V, Vi=-85V) and was
accompanied by a small reduction of off-current.

Figure 3.45 shows the corresponding device characteristics after dedoping the semiconductor film

by baking, which again had no influence on the parasitic leakage currents.
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Figure 3.45: Output (left) and transfer (right) characteristics of a pTP-OFET (L= 159 pm,
W=5814 pm) after baking at ~180°C for 90 min measured in argon; filled symbols:

sweeps from positive to negative voltages; open symbols: reverse sweep.

Similar to the MIMIC-OFETs, the channel current saturates well for |Vp| > |Vs|. However, in
contrast to the device characteristics shown in Figure 3.40, the pTP-OFETs exhibited a super-
quadratic behavior of 7p with respect to Vi in the saturation regime. This is expected when trap
densities are rather low and when the field-effect mobility increases with gate bias, as commonly
observed with organic small molecule and polymeric semiconductors. The lower trap densities are
ascribed both to the spin-casting process (more homogeneous, thinner films than drop-casting)
and the absence of the substrate hydrophilization. They are also reflected by the smaller difference
of Ip values in the output and transfer characteristics at a particular working point (e.g. Ip at
Vb =V =-85V in Figure 3.45 left is [D1% of the corresponding value in Figure 3.45 right), by
the smaller magnitude of hysteresis in the transfer characteristics (same measurement speed as
with the MIMIC-OFETs) and by the lower absolute values of the switch-on voltage (see Figure
3.46 and Table 5). Similar to the MIMIC-OFETs, the linear behavior of /p at low drain voltages
and the well-observable current saturation suggest low contact resistance between the silver pTP
electrodes and the rr-P3HT. Still, the influence of contact resistance on device characteristics is
rather low compared to channel resistance when channel lengths are large (here L = 159 pm).

Figure 3.46 left and Table 5 compare the transfer curves at Vp = -85V at the various fabrication
stages and the corresponding device parameters, respectively. Figure 3.46 right shows the device-

to-device variation of several fTP-OFETs.
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Figure 3.46: Left: transfer curves (linear and semi-logarithmic) at Vp=-85V of a pTP-OFET
(L=159 pm, W= 5814 pm) before device separation, after device separation and after
baking at ~180°C for 90 min measured in argon; filled symbols: sweeps from positive to
negative voltages; open symbols: reverse sweep; right: transfer curves (linear and semi-
logarithmic) of several pTP-devices after baking with W/L-ratios between 19 and 36.

Table 5: Device parameters of a pTP-OFET (L =159 pm, W= 5814 pm) based on rr-P3HT at various fabrication
stages; switch-on voltage Vso and on/off-current ratio 7,./I,y determined from semi-logarithmic transfer curves at
Vb =-85V (L Vi=-85V, Ly Vi =0V); field-effect mobility ps. (at Vi = -85V, Vi = -60V) extracted from transfer
curves using eqn. (2.15).

Fabrication stage | Vso [V] | Lg[A] Ln [A] | Loflyg | posue [em®/VS]
Before device 1| 32x10° | 27106 | Sxi0? 2.6x10°
Sfpﬂrﬂflﬂﬂ

After device 33 | 1.6x10° | 2.4x10° | 1.5x10° |  2.3x10°
Sfpﬂrﬂflﬂﬂ

After baking 07 | 21x10% | 2.1x10° | 1x10° 2.0x10°

Compared to the MIMIC-OFETs, the more homogenous and thinner semiconductor film of the
pTP-devices resulted in a lower doping level and thus a smaller bulk conductivity, which explains
the about one order of magnitude smaller off-currents and the correspondingly larger on/off-
current ratios. As expected, baking the devices led to an increase of the on/off-current ratio due to
dedoping of rr-P3HT, an effect which was, however, less pronounced than observed with the
MIMIC-OFETs. The slightly lower field-effect mobility values are also ascribed to the lower
doping level.

Figure 3.47 shows the time dependence of the channel current at fixed Vi=-85V and
Vp=-100V of a pTP-OFET after various bias-stress conditions, which also revealed charge
trapping behavior. Compared to the MIMIC-OFET (Figure 3.42), the pTP-device exhibited a
much smaller relative decrease of Ip with time (e.g. in the first bias-stress measurement (black
curve) [23% versus [52% for the MIMIC-device), which also reflects the lower trap density

within the more homogeneous rr-P3HT layer formed by spin-casting.
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Figure 3.47: Source-to-drain channel current /p at Vi = -85V and Vp = -100V as a function of time of a
pTP-OFET (L =159 pm, W= 5814 pm) after various bias-stress conditions measured in

argon after device separation.

3.3. WireOFETs

3.3.1. Introduction

Electroactive organic materials are also becoming more and more interesting in the field of

711 which involves embedding circuitry, sensor systems and

electronic textiles (e-textiles),!
electronic devices directly on or into fabric, possibly even during its manufacturing, for the
development of e.g. smart clothing. Several e-textile products are already commercially available,
featuring either embedded sensors for acquiring physiological parameters, textile control panels
on jackets for electronic devices like MP3-players or integrated LEDs and displays.””? Most of
these applications are, however, based on the incorporation of conventional planar silicon-based
components into garment, partly also implementing conducting fiber networks.

Due to their specific electrical and mechanical properties, electroactive organic materials provide
new opportunities within this field as well. In particular, they allow for cost-effective processing at
low temperatures, exhibit low weight, high elasticity and mechanical flexibility and can be easily
tailored, also enabling the implementation of sensing functionalities.

So far only few organic electronic devices on fibers or wires have been demonstrated, including

2731 and an organic solar cell.?”* The

OFETSs, 106107181 a5y organic wire electrochemical transistor
main challenge is to develop cheap structuring processes and technologies compatible with textile
fabrication, in particular with cylindrical substrates. A simple transfer of the manufacturing
techniques used for device fabrication on planar substrates (photolithography, inkjet printing,
spin-casting, etc.) is obviously very difficult. Most of the OFETs on fibers presented so far

applied the bottom-gate/top-contact architecture and were fabricated on metal wires, which were

coated with a dielectric layer, followed by organic semiconductor deposition (usually pentacene)
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and source/drain-electrode definition via evaporation through crossing wires as shadow masks or
via a soft lithographic process.

Within this thesis a readily available mass product, namely an enameled copper wire, i.e. a wire
covered with a thin insulation layer, was tested in combination with a solution-processable
organic semiconductor for the fabrication of low-cost bottom-gate/bottom-contact OFETs, in
the following termed “wireOFETs”, which are compatible with fabric manufacturing. Generally,
such insulating wires are used for the construction of e.g. transformers, inductors, electric motors
or electromagnets. When applied in an OFET, the copper wire can be employed as gate electrode
and the insulating material as gate dielectric, both together acting as mechanical support at the

same time. Figure 3.48 schematically depicts the corresponding architecture.

Figure 3.48: WireOFET architecture with copper wire as gate electrode and insulation layer as gate
dielectric; OSC... organic semiconductor.

3.3.2. Device Fabrication

Enameled copper wires (conductor diameter: 125 pm, 99.9% purity, product index: CU005895)
from Goodfellow,?” featuring a 2 pm thick insulating polyesterimide layer, were fixed onto a
microscope slide acting as support with hot-melt adhesive. At the wire ends the dielectric was
removed with a scalpel and the uncovered copper acting as gate was contacted with conductive
silver paste. In order to isolate the devices on a single wire, stripes of scotch tape were also fixed
onto the glass support. As shadow masks thin crossing wires with a diameter of [BO pm were
applied. Gold source/drain electrodes with a nominal thickness of (130 nm were thermally
evaporated (p < 1x10° mbar) in a custom-made evaporation plant without rotating the insulating
wires during deposition, leading to a non-uniform metal coverage. Assuming that half of a wire
was covered with gold, a channel width Wof [200 pm was estimated from the wire diameter. For
preventing parasitic leakage currents or shorts between the devices, a piece of transparency sheet

was fixed between glass support and wires before gold evaporation.
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Figure 3.49 shows corresponding pictures of a sample before and after metal deposition.
Figure 3.50 depicts optical micrographs of typical source/drain electrodes before and after

removal of a crossing wire acting as shadow mask.

Figure 3.49: Three enameled copper wires fixed on a microscope slide together with crossing wires
acting as shadow masks before (left) and after (right) gold evaporation.

-
100 um

Figure 3.50: Optical micrograph of typical gold source/drain electrodes on an enameled copper wire
before (left) and after (right) removal of a crossing wire acting as shadow mask.

As organic semiconductor the same rr-P3HT as for the MIMIC- and pTP-OFETSs was used and
the corresponding CHCls-based solution (1 mg/ml) was prepared similarly. The wires with
defined source/drain structures were baked under high vacuum at 110°C for 1.5 h to remove
surface water and then the semiconductor solution was drop-cast onto the channel area of each
device in argon, followed by a film drying step at 50°C for 10 min. After replacing the gold- and
rr-P3HT-contaminated transparency sheet by a new one, the individual wireOFETs were
contacted with conductive silver paste. They were then baked at [160°C for [2 h in high vacuum
to dedope the organic semiconductor. Electrical characterization in argon was performed with an

Agilent E5262A parameter analyzer before and after baking.

3.3.3. Device Characteristics of WireOFETS

Figure 3.51 shows the output and transfer characteristics of a typical wircOFET before dedoping
the rr-P3HT film by baking. Clearly, the measured source-to-drain channel current exhibits a
pronounced ohmic behavior due to the inhomogeneous drop-cast semiconductor film, leading to
a large bulk conductivity and hence a suppressed field-effect. When subtracting 7,5 at Vi = 0V,

the latter becomes more obvious.
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Figure 3.51: Output (left) and transfer (right) characteristics of a wircOFET (L = 65 pm, W= 200 pm)
before baking at ~160°C for 2 h measured in argon; top: as measured; bottom: after

subtracting Iz at Vi = 0V; filled symbols: sweeps from positive to negative voltages; open

symbols: reverse sweep.
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Generally, gate-leakage currents were found to be below 200 pA. As with the MIMIC-OFETs,
baking the devices led to a strong reduction of the off- and on-current due to semiconductor
dedoping and the field-effect behavior became more pronounced (Figure 3.52).

However, overall device performance was rather low and therefore no detailed device analysis and
no further device testing regarding e.g. mechanical flexibility, dielectric reliability and operational
stability was performed. For sure material selection, deposition processes and operating voltages
of the presented wireOFETs are far from being optimized for e-textile fabrication. Nevertheless,
the results indicate the potential of combining readily available mass products with solution-
processable organic semiconductors for the textile-compatible fabrication of low-cost organic

electronics.

3.4. Summary and Conclusions

In summary, this chapter thoroughly described the development and optimization of several
OFET fabrication techniques and processes as well as their effects on the performance of
corresponding devices. A new OFET fabrication line was successfully implemented and tested
within a cleanroom environment, yielding highly reproducible and well-performing OFETs with
low device-to-device variation. Within this section important geometric issues were emphasized,
also taking into account their effects on parasitic leakage currents and operating voltages. The
implications of SiO; surface modification with HMDS were thoroughly investigated by contact
angle measurements, atomic force microscopy and OFET-device characterization, exhibiting a
distinct performance increase for rr-P3HT- and pentacene-based OFETs. Also the appearance of
short-channel effects was analyzed in detail. Although a large part of the results and conclusions
in this section is common knowledge, it does not only prove the successful realization of a new
fabrication line, but also emphasizes important issues for a successful design and processing of
organic field-effect transistors and hopefully contributes to a commercialization of these
wonderful devices.

Moreover, it was shown that the soft-lithographic techniques Micromolding In Capillaries and
Microtransfer Printing can be applied for the structuring of solution-processable silver
source/drain electrodes in OFETs. The attained performance was comparable with OFET's based
on commonly used gold source/drain electrodes. Tuning of the ink parameters such as solid
content, dynamic viscosity and surface tension will improve the process flow, decrease the process
time and yield more accurate and smaller structures, which altogether will be crucial for industrial
scale applications. In addition, after the deposition of the electrodes with MIMIC the substrate

should be hydrophobized, for instance, by applying a non-polar self-assembled monolayer such as
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HMDS, which would facilitate the applicability of spin-casting for better film morphology. With
these improvements, MIMIC and pTP could become standard methods in OFET fabrication.

Finally, wireOFETs formed on cheap enameled copper wires were presented, with the copper
applied as gate electrode and the insulation layer as gate dielectric. Although the performance of
the presented devices was rather low compared to the other OFETs fabricated within this thesis,
the results still indicate the potential of combining readily available mass products with solution-
processable organic semiconductors for the fabrication of smart low-cost organic electronics being

compatible with textile manufacturing.
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e STABILITY ISSUES OF
ORGANIC FIELD-EFFECT
TRANSISTORS

Ambient, operational and shelf-life stability are important prerequisites for low-cost applications
based on organic field-effect transistors. Aside from device encapsulation, another approach to
obtain air-stable OFETs is the use of organic semiconductors with large ionization potentials. In
this chapter bottom-gate/bottom-contact OFETs containing various polytriphenylamine-
(PTPA)-derivatives as organic semiconductors with ionization potentials > 5 eV are investigated
with respect to their ambient and shelf-life stability. The results are benchmarked against the
well-established transistor semiconductors rr-P3HT and pentacene. Although the latter two
exhibit larger field-effect mobility values, corresponding OFETs are degraded upon air exposure
mainly due to oxygen/moisture-induced doping or charge-carrier trapping. On the contrary,
device parameters of PTPA-OFETs remained rather stable, even after storage under dark ambient
conditions for several months. Moreover, when the substrate surface was hydrophobized by
HMDS pre-treatment, the stability of the investigated semiconductors was found to be distinctly
increased. Finally, also the operational stability of a rr-P3HT-based top-gate OFET with
polyvinyl alcohol as gate dielectric is analyzed and the observed channel current drifts upon bias

stress are explained by the movement of residual mobile ions within the dielectric.



STABILITY ISSUES OF ORGANIC FIELD-EFFECT TRANSISTORS

4.1. Introduction

As pointed out in chapter 2.2.3, for well-performing low-cost organic field-effect transistors stable
device parameters under ambient conditions and operational stability are very important issues.
Aside from encapsulation of the organic semiconductor, another possibility to induce
air-stability is the application of semiconducting materials, which exhibit ionization
potentials larger than 5 eV, thus preventing or at least reducing doping effects.!'>276-277]
An interesting class of such materials is the one of hole-transporting polytriphenylamines
(PTPAS) .[22,109,114,278,279,280,281,282,283,284,285]

Various types of oligomeric and polymeric triarylamine-derivatives have already been used in
xerographic applications,?® in OLEDs!287:28:289290.291 and in organic solar cells!?87288:292:293,294.295]
due to their photo-conducting properties and their large hole mobilities, resulting - amongst
others - from the easy oxidizability of the involved nitrogen atom (= electron donating).

Besides being rather stable with respect to air and moisture, most chemical modifications of
PTPAs exhibit good solubility properties and corresponding films show an amorphous
morphology, which both enables easy processing with low-cost deposition and structuring
techniques including inkjet printing, as morphology effects can largely be neglected and charge
transport is regarded isotropic. This makes these materials interesting for the application in all-
solution processed OFETs, even if they are known to exhibit lower field-effect mobilities (due to
their amorphous nature) compared to well-established semiconductors such as rr-P3HT.
Veres and co-workers were the first to apply such nitrogen-containing aromatic polymers as
organic semiconductors in OFETs and investigated their performance also in combination with
low-k dielectrics.[1%114278.279]

Within this work four different PTPA-derivatives were compared in bottom-gate/bottom-contact
OFETs, being extensively tested with respect to their ambient and shelf-life stability and
benchmarked against rr-P3HT and pentacene. The best performing among them was investigated
in more detail with respect to influences of oxygen and moisture after the implementation of a
new stability measurement plant. Moreover, the effects of substrate surface modification with
HMDS on the ambient stability of OFETs containing various organic semiconductors were
evaluated. Finally, rr-P3HT was employed and investigated in top-gate/bottom-contact devices
with polyvinyl alcohol (PVA) as gate dielectric, which is known to contain residual ions
remaining in the material after saponification.

Most of the work presented in this chapter was performed in close collaboration with Raphael

Pfattner, Gerhild Wurzinger and Matthias Baumann. Accordingly, some of the data are also
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published in their diploma theses.'">*¢ %71 Moreover, a corresponding publication is in

preparation.

4.2. Materials

The chemical structures of the employed PTPA-derivatives are depicted in Figure 4.1. They were
synthesized by the group of Prof. Scherf in two major steps:'**® at first functionalized dibromo
triarylamine monomers with different substituent on the side phenyl group were obtained by
Buchwald-Hartwig-type palladium-catalyzed amination of two equivalents of 1-bromo-4-
iodobenzene by the corresponding aniline compound. Then functionalized monomers were
accordingly polymerized via a Yamamoto-type aryl-aryl coupling polymerization reaction.

The substituent on the side phenyl groups was varied in order to investigate its influence on the
processability, stability and general performance of corresponding field-effect transistors.

PTPA, and PTPA; have already been applied by Veres and co-workers.[0%114278.279]

:,N : :N: :,N\: : N :
n n n n
PTPA, PTPA, PTPA; PTPA

Figure 4.1: Chemical structures of applied polytriphenylamines.

The molecular weights, the band-gap energies and the energetic position of the HOMO levels,
determined by the Scherf group®® with gel permeation chromatography, UV/VIS-absorption
spectroscopy and UV photoelectron spectroscopy, respectively, are listed in Table 6, in
comparison with corresponding values of rr-P3HT and pentacene. Poly(3-hexylthiophene) was
also synthesized by Prof. Scherf’s team via the Grignard metathesis polymerization.” Pentacene
was purchased from Sigma Aldrich with a certified purity 2 99.9% and processed without further
purification. The UV/VIS-spectroscopy!®**! of both solutions (with CHClI; as solvent) and
films revealed similar broad and unstructured absorption bands for all PTPA-materials with
maxima centered between 370 nm and 390 nm, hence confirming the amorphous nature of the
materials and implying that the substituent of the side phenyl groups has no large influence on

the optical properties.
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The photoluminescence spectra were rather unstructured as well and exhibited emission maxima

centered in the range between 420 nm and 430 nm for films and solutions.

Table 6: Relevant material parameters of applied organic semiconductors: M,... number average molecular weight,
M,... weight average molecular weight, PDI... polydispersity index; data for PTPAs obtained from the group of Prof.
Scherf:?® M,, M,, determined with gel permeation chromatography, HOMO levels measured with an AC-2 surface
analyzer from Riken Keiki Co.; band-gap energies determined from onsets of UV/VIS-absorption bands; data for

P3HT and pentacene (M, is here molecular weight) taken from literature.>6:13%174175.276300,301.302]

Organic semiconductor M, [g/mol] | M, [g/mol] | PDI | Bandgap [¢V] | HOMO (eV)

PTPA,; 3500 6500 1.9 3.22 5.13

PTPA; 5000 26200 52 3.17 5.10
38000 69000 1.8

PTPA; (top = barch 1, bottom = batch 2) 15300 71200 47 3.21 5.06

PTPA 8800 21400 2.4 3.20 5.12

rr-P3HT (regio-reg. > 98%; top = batch 1, 37900 53700 1.4

bottom = barch 2) 26900 37600 1.4 21-23 4449

Pentacene - 278.35 - 1.9-2.2 4.9-5.2

The values for the HOMO levels have to be considered with care, when estimating contact
resistances between the organic semiconductor and the source/drain electrodes. As mentioned in

chapter 2.2.1.4, dipole layers formed at the interface can lead significant energy barriers, even if

the metal work function matches to the HOMO level.[!3]

4.3. Ambient and Shelf-life Stability

4.3.1. First Investigations

For the first series of bottom-gate/bottom-contact OFETs fabricated for ambient stability
investigations at the Graz University of Technology all polymers including rr-P3HT (batch 1)
were dissolved in spectrally clean chloroform (2-3 mg/ml) under ambient conditions without
previously heating the polymer for dedoping. Figure 4.2 depicts the sample architecture and a

typical realization including an optical micrograph of a single source/drain structure.
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Figure 4.2: Left: sample architecture of first series of bottom-gate/bottom-contact OFETs for stability
investigations; middle: typical realization; right: optical micrograph of a single source/drain
structure.

4.3.1.1. Device Fabrication

Devices were fabricated on n*-Si wafer pieces (dimensions: [12.5 mm x 25 mm,
25 mm x 25 mm) with a thermally grown 247 nm thick SiO; layer (C; = 14 nF/cm?) provided by
austriamicrosystems AG.! After removing the native oxide on the substrate backside with a
diamond cutter to create contact to the n**-Si acting as common bottom gate, [B0 nm thick gold
source/drain  electrodes (L =10-50 pm, W=2mm) were thermally evaporated
(p < 3x10° mbar) through a shadow mask, which was equipped with tungsten wires of
13-50 pm diameter defining the channel lengths. The samples were baked at 110-120°C for
[1.5-3 h in vacuum to remove residual surface water and then cleaned with CO, and pure
CHCl;, followed by organic semiconductor deposition via spin-casting under ambient conditions
([1500 rpm, 40 s). After transfer into an argon glove box they were attached to a single-sided
copper board with conductive silver paste and devices were isolated by scratching the
semiconducting layer to reduce parasitic leakage currents. Electrical device characterization was

performed with an Agilent E5262A parameter analyzer.

4.3.1.2. Device Characteristics

The OFETs were consecutively characterized under argon atmosphere, in air, after storage in air
and darkness for 1-2 weeks and after storage in air and ambient light for [l week."

Figure 4.3 contains plots with transfer curves at Vp=-25V of several PTPA-devices on each
sample, measured in air and ambient light. All materials revealed field-effect behavior, but device-
to-device variation for some samples was rather large. This was ascribed to channel-length

variations, resulting from varying under-evaporation of the wires defining the channel.

* Measurements were performed at room temperature and ambient relative humidity levels between 30% and 60%.
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The largest on-currents were obtained with the PTPAs-based OFETs. PTPA4-devices exhibited
the lowest performance (in term of field-effect mobility). The rather high negative switch-on
voltages of the OFETs around -30V are probably due to residual surface water and/or SiOH
groups on the SiO; (semiconductors were spin-cast in air), influencing the film-forming

properties of the semiconductor and acting as charge-carrier traps.

80 60 40 20 0 20 80 60 40 20 0 20
V.,V V, V]

(c) (d)

Figure 4.3: Semi-logarithmic transfer curves at V= -25V of several PTPA-based OFETs measured in
air and ambient light: a) PTPA; (L =35-50 pm, W=2 mm); b) PTPA, (L= 30-35 pm,
W=2mm); ¢) PTPA; (L =41-46 pm, W=2 mm, batch 1); d) PTPA; (L =15-22 pm,
W=2 mm).

Figure 4.4 shows the electrical device characteristics of a single device on each sample before and
after storage in air and darkness for 1-2 weeks. Except for the PTPAs-based OFET, all other
devices exhibited a small channel-current increase after storage. Still, they can be regarded as
rather stable compared to OFETSs based on rr-P3HT or pentacene (see below). Due to the low /p
values, in particular observed with PTPA, and PTPA, gate-leakage currents had a relatively larger
influence, as can be seen by the crossing output curves around Vp =0V and by the upward

bending of the transfer curves at low V).
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Stable operation of PTPA-based OFETs after storage in air and darkness is also proven by the
graphs shown in Figure 4.5. While PTPAs- and PTPAs-devices had similar transfer curves before
and after storage, their PTPA;- and PTPA,-counterparts exhibited a small shift of the switch-on
voltages and a small increase of on- and off-currents, which might be ascribed to the lower
shielding of oxygen and moisture by the side group substituents of the latter. Also a less dense
packing of the polymer chains might be involved. And the presumably slightly thicker film of
PTPA; and PTPA,, which were deposited from a 3 mg/ml chloroform solution (PTPAs; and
PTPA4 from 2 mg/ml), might also have an influence on that behavior.

Taking into account performance in terms of both field-effect mobility and ambient stability,
clearly PTPA; is the “winner” material, followed by PTPA,. PTPA; and PTPA share the 3™ place,
with the former exhibiting larger field-effect mobility and the latter higher ambient stability.

Table 7 below summarizes the corresponding device parameters.

107} aa ' ‘ © V=25V | ‘ ‘ ' V=25V

Il [A]

80 60 40 =20 0 20
v, V]

(b)

15l [A]

80 60 40 -20 0 20 80 60 40 20 0 20
Vs V] Ve V]
(© (d)
Figure 4.5: Semi-logarithmic transfer curves at Vp =-25V of a PTPA-based OFET on each sample
measured in air and ambient light (black), after storage in air and darkness
(PTPA:: [2 weeks, others: [l week, red) and after further storage in air and ambient light
for 1 week (green); a) PTPA; (L =43 pm, W= 2 mm); b) PTPA; (L= 35 pym, W=2 mm,
batch 1); ¢) PTPA; (L = 46 pm, W= 2 mm, batch 1); d) PTPA; (L =20 pm, W= 2 mm).
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Interestingly, when devices were stored in air and ambient light for several days, they reveal a
more distinct change of their electrical characteristics, including a shift of Vso to more positive
values and increased on- and off-currents. This is most probably due to the violet and UV
portions of ambient light that create photo-excited states, in particular when considering the
mentioned absorption maxima of the PTPAs centered at 370 nm-390 nm. In addition, it may
well be the case that exposure to ambient light for a longer time induces the release of charge
carriers trapped within the semiconductor or at the semiconductor/dielectric interface.
Accordingly, after storage for several days or even weeks under dark inert conditions, the first
transfer curves measured in air generally showed more negative switch-on voltages and reduced
on- and off-currents compared to those measured in argon and ambient light before storage (see
Table 7). Most likely mobile charge-carrier, which had been created by photo-induced de-
trapping during measurements in argon and ambient light, relaxed or were trapped again during
storage in argon and darkness. This behavior was also observed for investigated rr-P3HT-based

OFETs.

Table 7: Relevant OFET parameters of typical devices based on PTPAs and rr-P3HT measured in air and ambient
light; field-effect mobilities p1:, (at Vp=-10V, Vi = -60V) and . (at Vo= -85V, Vi = -60V) extracted from transfer
curves with equations (2.14) and (2.15), switch-on voltages Vso determined from transfer curve at Vp = -25V; on/off-
current ratio L,/Ly (L. Vi =-85V, Iy Vi =0V) determined from transfer curve at Vp = -85V; values measured in
argon and ambient light (1* value) and in air and ambient light (for PTPAs after several minutes in air = 2™ value,
for rr-P3HT after 5 min = 2™ value and after 50 min = 3™ value) after storage in argon and darkness.

Organic HlLin Hsar Vso
Semiconductor Llpml | W lpm] [em?/Vs] | [em?/Vs] | [V] Ln/Log
41x10° | 1.6x107 | 29 | Ix10°
PTPA; 43 1950 4.7x10° | 1.8x10% | -29 Ix10°
8.4x10° | 2.1x107% | -25 | 8xI¢?
PTPA; 35 1950 1 g 5105 | 1.9v107 | 33 | 3x10°
24x107 | 4.8x10% | -13 | 5xI¢?
PTPA; 6 20001 5 107 | sox10% | 31 Ix10P
7.0x10° | 2.5x10° | 25 | 2x10?
PTPAs 20 1860\ 109 25¢10° | -31 | 2x10°
1.3x107% | 1.9x10* -31 7x10P
m-P3HT 40 2000 7.4x10° | 6.6x10° -23 3xI?
2.0x10° | 3.1x10° | +11 | 2xI0'
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With these results the best performing material, PTPA;, was investigated in more detail in
OFETs and compared with the stability properties of rr-P3HT-based devices, also including
electrical characterization after storage in air and darkness for [4 months.” The applied
semiconductors were still from batch 1.

Figure 4.6 depicts a transfer curve of a PTPAs- and a rr-P3HT-based OFET at Vp = -85 V and its

transformation during device exposure to air and ambient light for 50 min.

o —m— after -5 min 7 V,=-85V
e —e— after ~10 min 107 ¢ ;
7 after ~20 min
107 —w— after ~30 min 3 8
3 after ~40 min 107

»— after ~50 min

3 9| —m—after~5min

—e— after ~10 min \
after ~25 min (N

10| —w— after ~30 min 1l "j

1077 after ~40 min \f E

»— after ~50 min ®

Il 1Al

[ V=85V

80 60 40 20 0 20 80 60 40 20 0 20
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Figure 4.6: Time evolution of a transfer curve at Vp=-85V of a PTPAs-based (left, L=11 pm,
W=2 mm) and a rr-P3HT-based (right, L =40 pm, W= 2 mm) OFET measured in air
and ambient light.

While the rr-P3BHT-OFET showed a rather strong increase of the off-current (/p at Vi = 0V)
from [B50 pA to [P nA and a strong positive shift of the switch-on voltage from -21V to +13 V,
ascribed to oxygen- and/or moisture-induced doping (see chapter 2.2.3.1), the corresponding
values of the PTPAs-device remained rather constant (Z;7=200-300 pA, Vso=-20V).
Accordingly, the on/off-current ratio of the latter didn’t change much (2-3x10%), while Z./Ly of
the rr-P3HT-OFET reduced from ~300 to ~20 within the first 50 min in air and ambient light.
The saturation field-effect mobility of the presented devices at Vp=-85V and Vi=-60V,
derived from eqn. (2.15), also remained constant for PTPA; at [2x10* cm?/Vs, while it was
reduced from 6.6 x 10° cm?/Vs to 3.1 x 10° cm?/Vs with the rr-P3HT-device. Moreover, the
amount of hysteresis became much larger with the latter (Figure 4.7), which resembles the
increased charge-trapping due to oxygen and moisture. The large hysteresis of the PTPA;-OFET
is ascribed to its short channel length (see also chapter 3.1.4.3), but it remains constant during air

exposure.

¥ The samples were also exposed to a white LED light, which, however, had no significant effect on the PTPAs,
because its emission spectrum was not in the range of the corresponding absorption maxima of the materials.
Therefore the results are not shown.
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Figure 4.7: Transfer characteristics of an OFET based on PTPA; (top, L=11 pm, W=2 mm) and
rr-P3HT (bottom, L =40 pm, W= 2 mm) measured in air and ambient light after 5 min
(left) and after 50 min (right); filled symbols: forward sweep, open symbols: reverse sweep.

The graphs in Figure 4.8 correspond to those in Figure 4.5 and compare the shelf-life stability of
a PTPAs- and a rr-P3HT-OFET, proving the rather stable properties of the nitrogen-containing
aromatic polymer even after storage in air and darkness for [# months, although this device
seems to have “remembered” its storage in air and ambient light. In Figure 4.8 right also the first
transfer curve measured in air after 5 min is included (black, open symbols) to emphasize the
degradation of rr-P3HT upon air exposure. The corresponding reduction of on- and off-currents
and the negative shift of Vso after storage in air and darkness is ascribed to the mentioned

relaxation or trapping of photo-induced mobile charge carriers created in the measurement before.
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Figure 4.8: Semi-logarithmic transfer curves at Vp = -25V of a PTPA;-based (left, L= 11 pm, W= 2 mm)
and a rr-P3HT-based OFET (right, L =40 pm, W= 2 mm) measured in air and ambient light
(black, open symbols: after [5 min, filled symbols: after [50 min), after storage in air and
darkness for I week (red), after further storage in air and ambient light for (01 week (green)
and after further storage in air and darkness for (4 months (blue).™

The plots in Figure 4.9 underline the results above, showing the development of the OFET
parameters under various conditions and also providing a good performance comparison of the
investigated materials, with the main message that PTPA-derivatives are rather stable, except
when stored in argon and ambient light, and rr-P3HT clearly degrades upon air exposure,
exhibiting a reduced on/off-current ratio and field-effect mobility and a more positive switch-on
voltage due to oxygen- and/or moisture-induced doping. The distinct increase of L./Iy (in
particular for PTPA,) and the more negative Vso (in particular for PTPA;) of the PTPA-devices
after storage in argon and darkness for several weeks is ascribed to the mentioned relaxation of

photo-excited charge-carriers created during the measurement in argon and ambient light.
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Figure 4.9: Development of device parameters of various OFETs based on PTPAs and rr-P3HT; step 1: argon
and ambient light; step 2: air and ambient light after several minutes in air; step 3: after storage in

air and darkness for 1-2 weeks; step 4: after storage in air and ambient light for [ week;
rr-P3HT-OFET had two more steps (exposure to white LED) between 1-2 and 2-3.
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The presented results are in good agreement with those of other groups that have performed

similar investigations.!28?

4.3.2. Influence of Oxygen, Moisture and Surface Modification with HMDS

After the implementation of the new fabrication line at NTC Weiz also a new stability
measurement plant was integrated in the grey room and thus the tested organic semiconductor
materials were employed in the newly established OFET structures and their stability properties
were investigated even more in detail, differentiating between the influences of oxygen and
humidity. Moreover, the implications of substrate pre-treatment with HMDS on the ambient

stability of devices were analyzed. The main results will be summarized in the following sections.

4.3.2.1. Stability Measurement Plant and Probe Chamber

Figure 4.10 depicts a scheme of the stability measurement plant, which was installed for testing
organic field-effect transistors and other devices under various environmental conditions,

297

including air, oxygen and humidity.””” Humidity is generated by bubbling gaseous N, through
hot deionized water. Before exposing the device under test (DUT) in the probe chamber to
moisture, the relative humidity values are first set in a reference jar. Ambient air is sucked
through the chamber by a membrane vacuum pump and devices can be reset to their pristine

state by evacuation with a high vacuum pumping station, consisting of a rotary vane pump and a

turbomolecular pump.

N, — e T s T =
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B H Vacuum
| .5,/// \ \ Pump |->|

S J w Pl Exhaust
4 //‘ Vacuum J
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V// ~ - Station
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e g with DUT

Parameter
Analyzer

Figure 4.10: Scheme of new stability measurement plant implemented in the grey room at NTC Weiz.
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Figure 4.11 depicts the corresponding probe chamber™”! made from stainless steel. For device
testing under ambient light a quartz glass was integrated, which can be covered for measurements
in the darkness. Gas in- and outlets consist of 4" tubes and two stainless steel Parker 3-way ball
valves. Tightness with respect to air was verified with compressed air and evacuation. The
dimensions were chosen to ensure that the chamber could be transferred into argon glove boxes
via the corresponding locks with a diameter of [l15 cm. With this limitation, samples with
dimensions of [l1” x 1" can be assembled in the chamber. For electrically connecting devices,
feed-through connectors were integrated, each consisting of twelve contacts, and fixed with an
epoxy resin to ensure air-tightness. The corresponding probe head was made from PMMA and
consists of 30 pogo pins for device contacting. OFETs are connected to the parameter analyzer
and individually switched via an appropriate switch box with BNC-connectors. For temperature
and humidity measurements, a Peltier element, a Pt-100 sensor and a Sensirion SHT15 sensor!**?!

was implemented with corresponding plugs in the switch box.

(b)

() (d)

Figure 4.11: a) Sealable probe chamber for electrical characterization of OFETs under various
environmental conditions; b) interior with Peltier element and humidity and temperature
sensors; ¢) probe head with pogo pins for device contacting; d) switch box for connecting
the devices to be tested with a parameter analyzer.

4.3.2.2. Device Fabrication

This setup was applied for the characterization of PTPA-, rr-P3HT (both from batch 2 in Table
6) and pentacene-based devices under various conditions. In contrast to the first series described
in chapter 4.3.1, the semiconductor solutions (CHCI;, 2 mg/ml) for this series were prepared
under inert conditions, including a dedoping bake both of the raw material and the later deposited

semiconductor film for 1-2 h at 100-120°C in high vacuum.
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Evaporation of pentacene and device fabrication in other respects was performed as described in
chapter 3.1.3, using the OFET geometry with variable channel lengths (Figure 3.3 left). For
investigating the influence of surface modification on stability, both untreated and HMDS-
treated substrates were applied. Electrical characterization was performed with an Agilent B1500A
parameter analyzer in argon, vacuum (the latter as reference), under air flow (room temperature,
relative humidity [B5%), in oxygen atmosphere and upon exposure to dry and humidified N, at
various relative humidity levels. In between the samples were more or less reset to their pristine

states by evacuation for several hours.

4.3.2.3. PTPAs-based OFETs

Figure 4.12 compares the transfer characteristics of a PTPAs-based OFET (L =25 pm,

W= 2.85 mm) fabricated on untreated SiO, and on HMDS-treated SiO, measured in vacuum.
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Figure 4.12: Transfer characteristics of a PTPAs-based OFET (L =25 pm, W= 2.85 mm) fabricated on
untreated SiO> (left) and on HMDS-treated SiO, (right) measured in vacuum;
filled symbols: sweeps from positive to negative voltages; open symbols: reverse sweep.

As with the rr-P3HT and pentacene-based devices presented in chapter 3.1.4.3, pre-treating the
SiO;-surface with HMDS doubled the saturation field-effect mobility from 3.7x10 cm?/Vs to
7.2x10% cm?/Vs (at Vp = -75V, Vi = -40V) and the on/off-current ratio from 1.7x10° to 3.3x103
(at Vp =-75V; L. Vo =-100V, L Vi = 0V). Moreover, the switch-on voltage was reduced from
-14V to -8V (at Vp =-75V) due to covering of interfacial traps by HMDS and the subthreshold
slope was slightly increased from 4.8 V/dec to 5.74 V/dec.

The plots in Figure 4.13 include transfer curves of the two devices recorded in various
environments. As expected, when exposed to air, both devices with and without HMDS pre-
treatment were rather stable during the first 80-90 min, exhibiting only a slight increase of
hysteresis in combination with a small reduction of the on-current, which confirmed the results
of the first stability investigations. Oxygen seemed to have no large influence on both OFETs,

either.
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More interesting is the behavior of the devices when exposed to humidified N,. Generally, both
OFETs exhibited a shift of the switch-on voltage to more negative values, an increase of the
amount of hysteresis and a reduction of the on-current with increasing relative humidity levels.
However, these changes were much more significant with the PTPA;-OFET fabricated on the
untreated sample. They most likely are ascribed to moisture-induced charge-carrier traps formed
within the semiconducting layer or at semiconductor/dielectric interface and as the HMDS-
treated substrate was much more hydrophobic than the untreated one, the influence of moisture

was reduced and corresponding devices were more stable.
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Figure 4.13: Semi-logarithmic transfer curves at Vp=-75V of a PTPAs-based OFET (L =25 pm,
W=2.85 mm) fabricated on untreated SiO. (left) and on HMDS-treated SiO, (right)

measured under various conditions in ambient light; filled symbols: sweeps from positive
to negative voltages; open symbols: reverse sweep.
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HMDS-treatment of devices based on PTPA; had similar effects, but in accordance with the

results above, corresponding OFETs showed lower mobility and stability. Long-term stability

measurements of the new devices also confirmed the findings of the first OFET series.'"”

4.3.2.4. yrr-P3HT based OFETs

The effect of HMDS-treatment on device stability was even more pronounced with OFETs

containing rr-P3HT as organic semiconductor, as can be seen in Figure 4.14, where again the

transfer curves of an untreated device and a HMDS-modified OFET are shown. As expected,

these devices were unstable in air, no matter if HMDS-pretreatment was applied or not.
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Figure 4.14: Semi-logarithmic transfer curves at Vp =-75V of a rr-P3HT-based OFET (L =25 pm,
W=2.85 mm) fabricated on untreated SiO. (left) and on HMDS-treated SiO, (right)

measured under various conditions in ambient light; filled symbols: sweeps from positive
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However, oxygen seems to be the major factor determining stability (at least under ambient light),
as the changes observed in air such as positive switch-on voltage shifts and increase of on- and off-
currents were found in a similar manner upon oxygen exposure and not so much under
humidified N3, in accordance with results of other groups.!'®®?! Nevertheless, the HMDS-treated
device was generally more stable than the untreated one (at least found in the short-term stability
investigations), which may be ascribed to a more compact packing of the polymer chains and a
more hydrophobic surface, both aggravating the penetration of oxygen and moisture into the
semiconductor or to the semiconductor/dielectric interface. These results were corresponding to
those found by Majewski and co-workers.!"” In particular they correlate higher stability with
lower RMS surface roughness and their more stable devices exhibited similar RMS surface

roughness values as ours on the order of [D.5 nm (Figure 3.20).

4.3.2.5. Pentacene-based OFETs

Finally, the new OFET fabrication line was also applied in combination with the implemented
stability measurement plant to investigate the ambient stability of pentacene-based devices on
untreated and HMDS-treated n**-Si/SiO, substrates. Generally, as shown in Figure 4.15, devices
exhibited a behavior expected already from literature results.!>304305306.3073083091 The decrease of
on-current and increase of hysteresis upon air exposure can be ascribed to moisture-induced
formation of charge-carriers traps mainly in the region of the grain boundaries and near the
semiconductor/dielectric interface, -3 effects, which were also proposed to be used for
humidity sensing. The shift of the switch-on voltage to more positive values, associated with an
increase of the off-current, is ascribed to photo-induced oxygen-doping (formation of acceptor-
like states)*43973%81 and possibly also water-induced doping.?!

Exposure to air of the untreated sample led to a more pronounced decrease of the on-current and
a lower positive shift of the switch-on voltage (and thus a smaller increase of the off-current) than
observed for the corresponding rr-P3HT-based OFET. Accordingly, while rr-P3HT seems to be
more sensitive to oxygen, pentacene is more sensitive to humidity, which is also confirmed when
looking at the behavior upon exposure to O, and moisture. Again, the SAM-treated pentacene-
OFET was more stable than the untreated®® and even showed no significant degradation when
exposed to oxygen, which can be ascribed to a more dense packing of the small molecules in
combination with the water-repelling surface properties. Moreover, Wang and co-workers have
shown that ambient gases also have an influence on the contact resistance of a device,*'” which,

considering our results, might be reduced by surface modification with HMDS.
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Figure 4.15: Semi-logarithmic transfer curves at V= -75V of a pentacene-based OFET (L =25 pm,
W=2.85 mm) fabricated on untreated SiO (left) and on HMDS-treated SiO, (right)
measured under various conditions in ambient light; filled symbols: sweeps from positive
to negative voltages; open symbols: reverse sweep.

Although AFM investigations revealed no large difference in the morphology of both untreated
and HMDS-treated samples (Figure 3.28, Figure 3.29, at least in the final film structure), the
results described in this section and in chapter 3.1.4.3 prove that surface modification with
HMDS does not only improve device performance by covering the amount of interfacial traps on
SiO;, but also increases ambient stability of a device. Nevertheless, neither rr-P3HT- nor

pentacene-based OFETs were as stable under ambient conditions as PTPA;.
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4.4. Operational Stability

As pointed out in chapter 2.2.1.3, aside from the semiconductor another important layer material
determining device performance and device stability of an OFET is the gate dielectric.

The following section illustrates operational device instabilities caused by the movement of
mobile impurities in a rr-P3HT-based top-gate OFET with polyvinyl alcohol (PVA) as gate

dielectric.

4.4.1. Polyvinyl Alcohol (PVA)

*

* n
OH

Figure 4.16: Chemical structure of polyvinyl alcohol (PVA)

Figure 4.16 depicts the chemical structure of PVA. The polymer is synthesized by saponification
(hydrolysis), where basically poly(vinyl acetate) dissolved in methanol is converted into PVA with
sodium hydroxide (NaOH) as catalyst. The content of residual vinyl acetate after saponification,
which is influenced by the catalyst concentration, reaction temperature and reaction time, defines
the grade of hydrolysis.®'") PVA has several properties, which makes it interesting as gate
dielectric in OFETs. It is soluble in water and highly resistant against organic solvents, hence
being compatible with many well-established polymeric organic semiconductors that can only be
dissolved in organic solvents. It forms smooth homogenous films that are impermeable to gases
such as oxygen, nitrogen and carbon dioxide. Moreover, it can be polymerized to exhibit low
viscosity, which enables deposition via spin-coating or inkjet printing at considerable solid

101 Furthermore, it exhibits a rather large dielectric constant between 6 and 10,1121

content.!
leading to reduced operating voltages. However, PVA films also absorb moisture, which causes
swelling and affects the film properties. Basically, the water resistance can be increased by heat-
treatment, cross-linking (e.g. with glyoxal®'?) or by UV irradiation.

Another disadvantage of PVA is its content of mobile ions, which, if not removed, lead to

hysteresis and operational drift. These ions were identified by us!"?*'*4 and others!'*”!

to originate
mainly from sodium acetate, a by-product of saponification. By dialysis, which is mainly based on
the diffusion of low-molecular weight solutes across a semi-permeable membrane due to a

concentration gradient, the salt content can be largely reduced.
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4.4.1.1. Solution Preparation and Dialysis

PVA with the brand name Mowiol (5-88)" from Clariant®¥! was chosen for its high solubility,
low viscosity and low surface tension of water solutions. The PVA granules were dissolved in bi-
distilled or de-ionized water to a concentration of 15-20 wt%, while being stirred and heated up
to 90°C. Purification was performed by dialyzing the solution for several times in bi-distilled or
deionized water using an 18 mm dialysis tube (Part No. 132720) from Spectra/PorP'¥ with a
molecular weight cut-off of 3500 dalton. Dialysis reduced the solid content to 8-9 wt%, which

for some devices was later increased up to 12 wt% by slow evaporation of water.

4.4.2. Device Fabrication

Figure 4.17 schematically illustrates the sample architecture, together with a picture of a typical
realization on an n*-Si/SiO, substrate (oxide thickness: 247 nm, dimensions:
[12.5 mm x [R5 mm). Such devices are actually dual-gate OFETs. Either the top-gate electrode
(aluminum) can be used in combination with PVA as gate dielectric (top-gate mode) or n**-Si is

biased in combination with SiO; as gate dielectric (bottom-gate mode).

Al - Gate

PVA

Figure 4.17: Sample architecture, cross-section of a device and typical realization.

After scratching the substrate backside with a diamond cutter and cleaning with CO,, [BO nm
thick gold source/drain electrodes were thermally evaporated (p < 5x10°° mbar) through a shadow
mask equipped with tungsten wires defining the channel lengths.

After heating the sample in high vacuum at 110°C for 1 h to remove residual surface water and
cleaning with pure CHCls, rr-P3HT (batch 1 in Table 6) was spin-cast (1500 rpm, 40 s) in
argon from a CHCI; solution (2 mg/ml) and then dried (50°C, 5 min). Devices were separated to
reduce parasitic leakage currents and the semiconductor film was dedoped in high vacuum for

several hours.

v According to datasheet: molar mass M,: 37000 g/mol; degree of hydrolysis: 87.7 mol%; residual acetyl
content: 10.8 wt%; maximum ash content (Na,O): 0.5%.
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PVA was spin-cast ([P0O rpm, 60 s) from a dialyzed hydrogel (12 wt%, ;=1 pm) in air and
dried in argon at [J110°C for 1 h and afterwards in high vacuum at [50°C overnight. Finally, a
(150 nm thick aluminum top-gate electrode, thermally evaporated (p < 5x10° mbar) through a
shadow mask, completed the OFETs. Electrical characterization was performed with an Agilent

E5262A parameter analyzer in argon.

4.4.3. Device Characteristics

Figure 4.18 depicts the electrical characteristics of a device operated in top-gate and bottom-gate
mode, respectively. Both modes yield about the same maximum channel currents in the output
graphs, which, however, is not the case in the transfer characteristics, already indicating the
presence of mobile ions within the dielectric. Generally, when bias-induced charge-carrier
trapping is the predominant effect in an OFET, for the measurement routines applied within this
thesis the transfer characteristics usually exhibit larger /p values (at the same working point),
because a high negative gate voltage is longer applied in the output characteristics. In Figure 4.18
this is observable for bottom-gate operation mode and corresponds to the direction of the
hysteresis in the transfer characteristics, exhibiting lower currents in the reverse sweep.

However, when mobile ions are present, they move to the different interfaces depending on the
applied voltage difference between drain and gate. During the recording of the first output curves
Vp is generally more negative than V5 for a longer time so that positive ions move to the drain
electrode. Only in the last two output curves (Vi =-65V and Vi =-85V) Vi becomes more
negative than V) for a longer time, but the short timescale of the drain-voltage sweep and the
finite mobility of the ions “confine” them near the drain electrode. The opposite holds for the
transfer curves, where positive ions are more pushed away from the drain electrode during their
recordings. As a consequence, interactions between mobile ions and rr-P3HT are more
pronounced in the output characteristics, leading to larger channel currents at the same working
point. Moreover, the hysteresis in top-gate mode, exhibiting higher channel currents in the

reverse sweep, also indicates the presence of mobile ions.
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Figure 4.18: Output (left) and transfer (right) characteristics of a rr-P3HT-based OFET (L =43 pm,
W=2 mm) with dialyzed PVA as gate dielectric, operated in top-gate mode (top) and
bottom-gate mode (bottom); filled symbols: sweeps from positive to negative voltages;
open symbols: reverse sweep; measured in argon.

To investigate this behavior in more detail, bias stress measurements were performed, where the
channel current at fixed gate and drain voltage was monitored as a function of time after various
bias-stress conditions, similar as in chapter 3.2.3. Figure 4.19 depicts the corresponding graphs,
recorded in top- and bottom-gate operation mode.

In bottom-gate operation (n**-Si as common gate and SiO, as gate dielectric) /p (at fixed Vi and
Vp) clearly decreased with time, indicating the expected charge-trapping behavior. Due to gate-
bias stress mobile carriers are trapped by chemical and/or structural impurities within the
semiconductor bulk, at the rr-P3HT/SiO,-interface and/or within SiO; (see chapter 2.2.3.2).

In top-gate operation mode the situation is different. In accordance with the direction of the
hysteresis in the transfer characteristics, the channel current (at fixed Vp and Vi) was increasing
with time. Moreover, it exhibits larger currents after negative gate-bias stress, which are
decreasing with time, and smaller currents after positive gate-bias stress, which are more rapidly

increasing with time.
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Figure 4.19: Source-to-drain channel current /p at Vi = -85V and V) = -100V as a function of time of a
rr-P3HT-based OFET (L =43 pm, W=2 mm) with dialyzed PVA as gate dielectric after
various bias-stress conditions measured in argon in top-gate operation (left) and in bottom-
gate operation (right).

Figure 4.20 gives a possible explanation, assuming positive mobile ions and negative (less mobile)
counter-ions, which is reasonable, as we and others identified mobile Na* ions to be the main
cause for hysteresis.!'?*'2*12) Upon stressing the device at Vi = -85V and Vp = -100V the Na* ions
within PVA are assumed to move to the drain electrode, where they most likely reduce the
contact resistance by electrochemical contact doping and influence the pinch-off region. Rep and
co-workers also ascribed device instabilities of P3HT-based OFETs on glass substrates to the
electric field redistribution of Na* ions during operation, causing changes of the bulk and contact
resistances.®" The ions were identified to originate from the glass substrate. Edman and co-
workers reported on an electrochemical method to improve charge injection by implementing
mobile ions in the semiconductor, which form electric double layers at the source/drain electrodes

516 These findings support the proposed mechanism in our devices.

increasing the on-current.
On the source side, negative less mobile counter-ions possibly lead to a space-charge polarization,
thereby enhancing the gate field. They might also reduce the injection barrier, form an electric
double layer at the interface to rr-P3HT and/or dope the semiconductor via electrochemical
doping. All these effects can lead to the observed small but distinct channel-current increase with
time (black curve). When the device is stressed at Vi = -85V and Vp = 0V, the Na* ions move to
the gate electrode and negatively charged (mobile or immobile) counter-ions reside near the
interface or within the semiconductor layer. As a consequence, during the next measurement step
(red curve), the positive polarons in the channel still “feel” the space charge of the negative ions,
enhancing the gate-field and/or forming an electric double layer, which explains the larger
channel current at the beginning of the curve. However, /p is reduced with time, as Na* ions

move to the drain compensating the negative charge of the counter-ions. When the ions have

rearranged, channel current increases again.
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When applying Vi = +85V and Vp = OV for 100 s, mobile positive ions are forced to move to the
PVA/rr-P3HT interface or into the semiconductor without channel-current flowing. Therefore in
the following measurement (green) /p is lower at the beginning, as positive polarons feel the
positive space charge of the ions, hindering their injection and aggravating channel formation.
But as ions seem to rearrange rapidly, /p increases rather fast. The application of Vi = Vi = 0V for
100 s has, as expected, no effect on the ion distribution and therefore the channel current in the
subsequent measurement (blue curve) starts at about the same value at which the green curve

stopped.

V, =-85V 1" stress

V, =-85V

V, =+85V

Figure 4.20: Possible explanation for operational drift of a rr-P3HT-based OFET with dialyzed PVA as gate
dielectric operated and stressed in top-gate mode.

Generally, also negative mobile ions within the gate dielectric resulting form residual water might
have an influence.['2¢130317]

The results above show that although hysteresis is much reduced by dialysis, not all ions can be
removed from the dielectric, leading to a small but distinct operational drift. Similar results were
obtained with rr-P3HT in combination with water-based gum arabic as gate dielectric.””® The
instabilities, however, seem to be reduced, when combining PVA or gum arabic with PTPA;,
which might be associated with the higher ionization potential of PTPA;. Further investigations

are ongoing.
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4.5. Summary and Conclusions

In conclusion, the ambient and shelf-life stability of bottom-gate/bottom-contact OFETs based
on various organic semiconductor materials was extensively investigated. PTPA-based OFET's
were found to exhibit lower field-effect mobilities compared to their rr-P3HT-based (and, as
expected, also their pentacene-based) counterparts. However, when exposed to air, PTPA-devices
are much more stable with respect to switch-on voltage shifts and on-current-, off-current- and
field-effect mobility changes. In contrast to rr-P3HT and pentacene, moisture/oxygen-induced
doping has a minor influence on PTPA, ascribed to the larger ionization potential, which makes
expensive device encapsulation unnecessary. Among the PTPA-derivatives PTPA; was the best-
performing, probably due to its specific substituent on the side phenyl group, aggravating the
interaction with oxygen and moisture very effectively.

The detailed analysis of the influences of oxygen, moisture and HMDS pre-treatment on device
stability confirmed that rr-P3HT-based OFETs are more sensitive to oxygen, while pentacene-
based counterparts exhibit larger response to moisture. High relative humidity levels also had an
impact on PTPA;. However, when the substrate was pre-treated with HMDS, all investigated
semiconductors exhibited improved stability, which most likely is due to the hydrophobic surface
properties in combination with a more dense packing of molecules, aggravating the penetration of
water and oxygen into the semiconductor and to the semiconductor/dielectric interface.

The last section in this chapter illustrated the implications of moving ionic impurities within a
PVA-based dielectric on the operational stability of rr-P3HT-based top-gate OFETs, including a
possible explanation for the observed channel-current drifts under gate-bias stress.

The results presented in this chapter have clearly demonstrated that a lot of issues have to be
considered, when selecting materials for OFET fabrication. The realization of well-performing,
air- and operationally stable, all-solution processed OFETs without device encapsulation is, for
sure, possible. However, to reach this aim further research both in material chemistry and device

physics will be needed.
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Aside from other target applications, organic field-effect transistors are also promising devices for
sensing various kinds of analytes. In this chapter a novel OFET-sensor concept is presented,
which is based on the application of an analyte-sensitive gate dielectric. In detail, the organic
dielectric material is chemically adapted to change its electronic properties upon contact with an
analyte for generating a response which is electrically detectable through an OFET. Various
solution-processable, pH-sensitive, ring-opening metathesis polymerized dielectric materials were
extensively investigated with gaseous ammonia as model analyte using UV/VIS spectroscopy,
Fourier transform infrared spectroscopy, capacitance measurements and atomic force microscopy.
By employing these materials in bottom-contact OFETs with a meander-shaped top-gate
structure, ammonia concentrations as low as 100 ppm could be detected by an irreversible source-
to-drain current increase, while devices based on a reference dielectric bearing no pH-sensitive
groups showed negligible response. The obtained results support the reaction mechanism
proposed at the beginning of this chapter, which is closed by a detailed response explanation, also

including calculations based on a standard device model to roughly quantify the interactions.



OFET-BASED SENSORS WITH SENSITIVE
GATE DIELECTRICS USED FOR LOW-CONCENTRATION AMMONIA DETECTION

5.1. Introduction

As discussed in chapter 2, the chemical and physical properties of electroactive organic materials
can be easily tailored in order to enable, increase or optimize sensitivity and selectivity with
respect to an analyte of interest. This, in combination with the possibility to use advanced low-
cost solution-based processing techniques such as inkjet printing, has led to the fact that organic-
based devices like OFETs are also promising candidates as smart (disposable) sensor elements.

So far sensor approaches involving organic field-effect transistors have been mainly based on the

following principles:

. using the semiconducting layer (channel) as sensing part, with its electrical conductivity
being modulated upon direct interaction with an analyte;

. providing a reactive dielectric surface e.g. in contact with an electrolyte for pH
measurements (change of voltage drop near dielectric/electrolyte interface upon pH
change);

. providing an additional specific detection layer comprising e.g. enzymes, antibodies or
DNA for bio-sensing, usually on top of the dielectric;

. using the gate electrode as sensitive part.

Within this thesis a novel OFET-sensor concept based on the top-gate/bottom-contact

architecture was developed and tested with ammonia (NH3) as alkaline gaseous analyte. Sensing

of ammonia is relevant e.g. for analysis of environmental conditions, for the automotive and
chemical industry as well as for medical diagnostics. Moreover, ammonia is a marker for fish

3183193200 A detailed introduction into ammonia sensors and their

freshness and meat spoilage.
applications and requirements is given by Timmer and co-workers.?!) Organic field-effect
transistors in combination with NH; have already been investigated by some groups.!'6232323)
They either focused on the direct interaction between NHj; and the organic semiconductor or
integrated reactive self-assembled monolayers into OFETs, which chemically dedoped the
adjacent semiconducting layer upon NHj exposure.

The work presented in this chapter was performed under assistance of Martin Denk. Accordingly,
parts of the presented data were also published in his diploma thesis.***! Furthermore, a
corresponding patent application (OFET-based Sensor for Detecting an Analyte; E. J. W. List,
A. Klug, C. Slugovc, M. Denk, UK patent application No. 0906204.3, 2009) was submitted and
a publication (Organic field-effect transistor based sensors with sensitive gate dielectrics used for low-

concentration ammonia detection; Andreas Klug, Martin Denk, Thomas Bauer, Martina

Sandholzer, Ullrich Scherf, Christian Slugove, Emil J. W. List) is in preparation.
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The structure of the OFET-sensor proposed within this work, in the following termed
“SensFET”, possible sensing mechanisms and the advantages of the concept are described in the

chapter below.

5.2. The SensFET Concept

The gate dielectric strongly determines the device operation of a field-effect transistor. As
mentioned in chapter 4, we have identified mobile Na* ions resulting from sodium acetate to be
responsible for the hysteresis found in OFETs including PVA as gate dielectric. By reduction of
the ion concentration via dialysis hysteresis was reduced and by deliberately adding NaPSS
hysteresis was increased again, making such PVA-based OFETs quasi sensitive to Na* ions.
Moreover, as discussed in section 2.2.1.3, when ions contained in electrolyte gate dielectrics move
to the interfaces or even into the semiconductor, they can induce charge carrier densities
>10"cm™? in an OFET channel by the formation of electric double layers or due to
electrochemical doping. Such effects have already been used in light-emitting electrochemical cells
(LECs)P%! or in organic electrochemical transistors.®? Furthermore, space charge polarization in
ion-dispersed gate dielectrics has also been applied for tuning the threshold voltage of an
OFET.5%

These findings were a motivation to combine the ion-conducting abilities of electrolyte gate
dielectrics with a sensing functionality in one layer and test this concept in a corresponding
OFET device. Generally, the SensFET contains an organic dielectric material as active-sensing
matter which is chemically adapted to change its electronic properties upon contact with an
analyte. Transistor parameters should be easily influenced by chemical interaction between the
analyte and an appropriately designed active-sensing dielectric, yielding a corresponding sensor
response.

Figure 5.1 depicts the basic proposed sensor architecture based on the top-gate/bottom-contact
configuration. In order to enable direct contact between the analyte and the sensitive dielectric,
the top-gate electrode may be structured laterally in a comb- or meander-like shape, which allows
for optimized access of the analyte to the organic dielectric layer, in particular over the channel
region. Alternatively or in combination, a thin top-gate electrode could be used or the electrode

may be made of an analyte-permeable material, not interacting with the analyte.®

* Generally, also analyte diffusion from the substrate side to the sensitive dielectric layer could be provided for by
realization with appropriate analyte-permeable materials or by employing a permeable structure with channels for
analyte diffusion.
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Structuring the electrode has the advantage of leading to reduced sensor response times, as the
active dielectric layer is directly exposed and analyte penetration through various inactive layers is
not required.

Gate Gate
['[ i~ | Sensitive Dielectric

Sensitive Dielectric -] ]
Source — Drain

Figure 5.1: Principle SensFET-device architecture (left: cross-section, right: top-view) with meander-

|

shaped top-gate for direct contact between analyte and sensitive gate dielectric;
OSC... organic semiconductor.

Dielectric backbone

Dielectric backbong

F'-'"-:rional
Sroup

Dielectric backbone
a .- ]

Figure 5.2: Possible reaction mechanisms between a target analyte and a dielectric material containing

9roup

: F"ﬂﬂtinna,

an active-sensing functional group.

When exposed to the target analyte, the sensitive dielectric material will undergo certain specific
responses. Figure 5.2 schematically illustrates two possible reaction mechanisms between an
analyte and a sensitive dielectric, which consists of a non-conjugated backbone and an active-
sensing functional group. The analyte may dock to the functional group and induce direct charge
transfer processes or charge displacements caused by complex formation, resulting in a
microscopic change of the dielectric constant of the material. Alternatively, the analyte might be
ionized by the interaction with the functional group, resulting in the generation of mobile ions
and immobile counter-ions. As mentioned above, in an OFET under operation the mobile ions
move within an jon-conducting dielectric (depending on the sign and mobility of the charges)
due to the applied electric fields, contributing - together with the immobile counter-ions - to an
enhanced polarization and thereby leading - possibly in combination with the formation of

electric double layers - to an increase of the mobile charge carrier density within the channel.
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Moreover, when reaching the interface to or even moving into the organic semiconductor, the
mobile ions may change the concentration of free charge carriers within the channel by doping,
trapping or de-trapping mechanisms. Both reactions illustrated in Figure 5.2 will change the
electrical properties of the dielectric layer, which in turn modifies the current-voltage
characteristics of an OFET in terms of e.g. the on/off-current ratio, the switch-on voltage, the
subthreshold slope and/or the magnitude of hysteresis.

The specific sensing functionality can be provided by appropriate chemical design of the dielectric
material (e.g. by covalently bonding specific functional groups to the dielectric backbone during
synthesis) or by blending a dielectric material (host) with sensing molecules (guest). For both
approaches it is important to obtain high sensitivity and selectivity with respect to the target
analyte. In order to ensure that the sensor response originates solely from the reaction/interaction
of the active-sensing dielectric with the analyte, all other materials constituting the device should
be insensitive to the analyte and also to other substances the device will get into contact with
during operation. Reversibility of the sensor is obtained by applying suitable procedures which
restore the pristine state, e.g. for an oxygen sensor by heating and/or evacuation to remove
absorbed oxygen or for a sensor for alkaline gaseous analytes by exposure to an acidic gas. Even if
the sensing event cannot be reversed, the sensor could still find its application as cheap disposable
device.

One important advantage of this concept, which combines the dielectric with the sensing feature
in one layer, is a reduction of the fabrication effort, making the application of an additional
sensing layer obsolete. Moreover, by separating the sensing mechanism from the charge-transport
functionality of the organic semiconductor, established well-performing semiconductor materials
with high mobility can be applied and synthetic effort for optimizing both sensing and charge-
transport behavior of a material at the same time is no longer required. In addition, the concept
allows for the implementation of device geometries difficult to realize when detecting via the
organic semiconductor. Taking into account the top-gate architecture, the semiconducting layer
is largely protected against exposure to ambient atmosphere by the dielectric. Therefore particular
encapsulation of the semiconductor material, often being sensitive to environmental influences
such as oxygen and/or moisture (see chapters 2 and 4), is not necessary and less air-stable,
otherwise well-performing organic semiconductors can be used for the channel layer.

For evaluating this concept, within this work various solution-processable, pH-sensitive, ring-
opening metathesis polymerized (ROMP) materials were employed as active-sensing gate
dielectrics in rr-P3HT- and PTPAs-based bottom-contact OFETs with a meander-shaped top-

gate structure and the devices were tested with ammonia as gaseous analyte.
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Upon exposure to NH; at concentration levels down to 100 ppm, the device response was
monitored and compared with OFETs based on a reference dielectric bearing no pH-sensitive
groups. Aside from current-voltage OFET-analysis, also UV/VIS-spectroscopy, Fourier transform
infrared (FTIR) spectroscopy, capacitance measurements and atomic force microscopy were used
to thoroughly investigate the active-sensing dielectrics and to rationalize the underlying sensor

mechanism. The applied materials are described in the following section.

5.3. Applied Dielectric Materials

As mentioned, the sensitive dielectrics have to be chosen to ensure high sensitivity and selectivity
with respect to the target analyte. Thus, for NHj, being an alkaline gas, dielectric polymers
containing pH-sensitive groups were applied, which were synthesized by the group of Prof.

C.BZS

Slugow.

! Figure 5.3 depicts the corresponding chemical structures.

Ic

Figure 5.3: Chemical structures of applied dielectric materials: (14) statistic co-polymer with eosin Y as
NH;-sensitive group (m = 300, n = 3); (18) statistic co-polymer with 2,7-dichlorfluorescein as
NH;-sensitive functional group (m = 300, n = 3); (I¢) reference polymer.

The two active-sensing dielectrics 12 and 14 are composed of xanthene-dye molecules, namely
eosin Y or 2,7-dichlorfluorescein (DCEF), which were connected to a polymerizable norbonene
group and co-polymerized with a chemically inert monomer, namely endo,exo-
bicyclo[2.2.1.]hept-2-ene-5,6-dicarboxylic acid dimethylester, as bulk-monomer using ring-
opening metathesis polymerization. As non-sensitive reference material, the homopolymer of
endo,exo-bicyclo[2.2.1.]hept-2-ene-5,6-dicarboxylic acid dimethylester (I¢) was used. In order to
prevent aggregation of the pH-sensitive dyes, for polymers 14 and 15 only 1 mol% of dye-bearing
monomers was mixed with the corresponding bulk-monomer. Furthermore, the sensing
capabilities of the statistic copolymer 1d (Figure 5.4), comprising the same amount of OH-

groups on each active unit as 14 and 16, were also tested, but only in OFET devices.
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/
0O O
Mo

14

Figure 5.4: Chemical structure of ROM-polymerized statistic co-polymer 1d (m = 300, n = 1.5).

Detailed information about the synthesis and ROMP in general can be found in

literature [329,330,331,332

I Basically, ROMP is a polymerization method, which is highly functional
group tolerant, very efficient, versatile and well-controllable regarding molecular weight and
polydispersity. Xanthene dyes are characterized by high absorption coefficients and high
fluorescence quantum yields and have been used e.g. for labeling applications in biology or
medicine, as sensitive fluorescent pH-indicators, as photosensitizers or photoinitiators.

Table 8 provides information about relevant material parameters of the applied dielectrics,

including values for two different batches of polymers 12 and Ic.

Table 8: Relevant ROMP material parameters: M,... number average molecular weight; PDI... polydispersity index;
(data determined by the group of Prof. Slugovc with gel permeation chromatography)

ROMP Material M, [g/mol] | PDI

Eosin Y-based ROM-polymer 1a - batch 1 35430 1.78

Eosin Y-based ROM-polymer 1a - batch 2 44700 1.24

DCF-based ROM-polymer 1b 40480 1.11

Dimethylester-homo-polymer 1c - batch 1 46100 1.14

Dimethylester-homo-polymer Ic - batch 2 53370 1.07

ROM-polymer 1d 62990 117

The proposed reaction mechanism between the dielectric and NHj3 is schematically depicted for
the eosin Y-based polymer Iz in Figure 5.5. Ammonia deprotonates the dye’s OH-group by
capturing the hydrogen atom, thus creating mobile ammonium ions (NH4*) and immobile
counter-ions, which should lead to a change of the electrical behavior and thereby result in a

detectable sensor signal.
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Figure 5.5: Deprotonation reaction between ammonia and ROM-polymerized statistic co-polymer Ia
with eosin Y as NH;-sensitive group (m = 300, n = 3).

Sandholzer and co-workers have already proven a deprotonation reaction of ROMP materials

upon exposure to triethylamine (NEt;) vapor.?*)

5.3.1. Preparation of ROM-Polymer Solutions

An amount of each polymer la-d was dissolved in spectrally clean chloroform (CHCL) to a
concentration of 60 mg/ml in argon atmosphere. The solutions were heated at 50°C for 5-10 min
to facilitate dissolution. While I4- and 1b-based solutions appeared in an orange color, those
containing I¢ and Id were yellow (Figure 5.6). The rather high solution concentration
(60 mg polymer/ml) was chosen in order to obtain dielectric films thick enough for low gate-

leakage currents and high signal-to-noise ratios of later fabricated OFET-sensors.

Figure 5.6: Typical solutions of ROMP dielectrics in spectrally clean CHCI; (60 mg/ml); from left to right:
eosin Y-based polymer 14, DCF-based polymer 1, reference polymer I¢ and polymer 14.

5.3.2. UV/VIS-Absorption Spectroscopy

In order to verify the disposition of the dye-bearing dielectrics to deprotonate in solid state, the
change of optical properties of polymers Ia-c upon exposure to NH; and hydrochloric acid
(HCI) vapor was studied by UV/VIS spectroscopy of corresponding films under ambient

conditions.
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As already shown in [329], the reaction of the active-sensing polymers with alkaline substances is
expected to lead to an increase of the absorption intensity due to deprotonation.

Glass substrates (microscope slides, dimensions: [25 mm x [25 mm) were cleaned in the same
way as the wafer pieces described in chapter 3.1.3.1. After a vacuum bake (p < 5x10° mbar,
150°C, 1 h) to remove residual surface water, the substrates were spin-cast with spectrally clean
CHCI; (1500 rpm, 40 s) in argon and then dried for 10 min at room temperature. Finally films
of Ia-c (batch 1) were spin-cast from CHClI; solutions (1500 rpm, 40 s) and then dried for
10 min at 130°C on a hot plate in argon. AFM measurements revealed a film thickness of
(P90 nm for polymer 14, [B80 nm for polymer 16 and (1070 nm for Ic. UV/VIS-absorption
measurements were performed under ambient conditions using a SHIMADZU UV-1800
UV-VIS-Spectrophotometer.” After optically analyzing the as-prepared films, they were exposed
to 100% ammonia gas for 30 min, then to fumes of a 37% HCI solution for 1 min and finally to
100% NH; gas for 30 min for a second time, each exposure followed by a corresponding
UV/VIS-absorption measurement.

Figure 5.7 depicts the obtained film spectra of reference polymer I¢ and eosin Y-bearing polymer
la. As expected, Ic did not show any response to NH;3 and HCl in the investigated spectral range
between 300 nm and 700 nm. Polymer Ia, in the as-prepared state, displayed a vibronically
resolved absorption spectrum with peak maxima centered at 453 nm, 478 nm, 505 nm and
539 nm, in good agreement with the results in [329]. The peak at 539 nm of the pristine film
might have resulted from a small amount of already deprotonated eosin Y moieties. Upon NHj3
exposure the intensities of the two peaks at 505 nm and 539 nm were strongly increased, while
they were suppressed when exposed to HCI fumes. The peaks appear again upon the second NHj3
exposure, proving the deprotonation and protonation reactions of the active-sensing group.

Figure 5.8 shows sample pictures illustrating the color change of the corresponding films due to

NHj3 and HCl exposure.

¥ The UV/VIS spectrometer is situated at the Institute for Chemistry and Technology of Materials, Graz University
of Technology.
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Figure 5.7: UV/VIS-absorption film spectra of reference polymer Ic (batch 1, left) and active-sensing
eosin Y-based polymer Iz (batch 1, right) upon exposure to gasecous NH3; and HCI
all curves normalized to maximum peak of 14 at 539 nm.
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Figure 5.8: UV/VIS-sample pictures with films of the reference polymer I¢ (top, batch 1) and the
eosin Y-based polymer 1a (bottom, batch 1) on glass substrates; (a) as prepared; (b) after
100% NHj exposure for 30 min; (c) after exposure to 37% HCI vapor for 1 min; (d) after
2™ exposure to 100% NH; for 30 min.

The spectra of the DCF-based polymer 14 did not reveal such a distinct response to NHj as
found with polymer 14 and in [329] (Figure 5.9). Possibly, the DCF-dyes of this material have

already been deprotonated to a larger extent by alkaline gases in the laboratory atmosphere.
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Figure 5.9: UV/VIS-absorption film spectra of active-sensing DCF-based polymer 14 upon exposure to
gaseous NH; and HCI; all curves normalized to maximum peak at 467 nm.
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Still, there was a small response in the region around the peak at 528 nm, which becomes more

obvious by calculating the relative change of the spectra with the following equation:

= (A1)

4 = A(A,n)

y, —IJDOO (5.1)

A(A)... measured absorption intensity at a specific wavelength A, 7... film condition (z=1: as prepared,
n = 2: exposed to 100% NHj for 30 min, 7 = 3: exposed to HCI fumes for 1 min, 7 = 4: 2™ exposure to 100% NH;
for 30 min).

This relates a spectrum of the film in a specific state to the one measured in advance and the
reaction to ammonia and HCl is now distinctly recognizable for polymer 14 (Figure 5.10).
250
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Figure 5.10: Relative change of UV/VIS-absorption film spectra of DCF-based polymer 14 upon exposure to

gaseous NHj; and HCI; each curve represents a spectrum related to the one measured in advance.

5.3.3. FTIR Spectroscopy

The proposed reaction mechanism is also supported by the results of the FTIR analysis. For these
measurements native silicon wafer pieces (dimensions: 15 mm x [l15 mm) were used as
substrates, being transparent for the investigated mid-infrared region between 4000 cm™ and
400 cm™. The samples were prepared similar to those used for UV/VIS-absorption spectroscopy.
The film layer thickness, determined by AFM, was [590 nm for polymer I4, [500 nm for 15
and [520 nm for I¢. Figure 5.11 illustrates the already NH3- and HCl-exposed samples.

() (b) (©

Figure 5.11: FTIR-sample pictures with films of the eosin Y-based polymer Iz (a), the DCF-based
polymer 15 (b) and the reference polymer Ic¢ (c) on native Si substrates after analyte exposure.
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FTIR investigation was performed using a Bruker IFS 66v/S FTIR spectrometer” in standard
normal incidence transmission mode. The equipment comprises a silicon carbide MIR source
(spectral range: 7500 cm™ - 30 cm™) and a liquid-N; cooled mercury-cadmium-telluride (MCT)
detector, the latter exhibiting an intrinsically low noise level and allowing for a high read-out rate
(60 kHz). For each recorded film spectrum 2048 sample scans were performed for averaging, the
resolution was set to 4 cm™ and the number of background scans to 1. A cleaned native silicon
wafer piece was applied as reference. The samples with the polymer films were measured and
exposed to NH3 and HCI as described for the UV/VIS spectroscopy.® Before each measurement
the sample chamber was evacuated for 30 min to a pressure below 4 mbar. Figure 5.12 depicts
the obtained transmittance 7 as a function of wavenumber U for polymers I¢ and Ia, calculated

as follows:

r(r)=10) 52

Here [ is the intensity of the sample with the ROM-polymer film and /y the intensity of the

pristine native silicon substrate without the film.
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Figure 5.12: FTIR-transmittance film spectra of reference polymer I¢ (batch 1, left) and active-sensing
eosin Y-based polymer I (batch 1, right); all spectra are referenced against a cleaned
pristine substrate.

No strong difference can be observed between both graphs. The film spectra of polymer 16 were
similar as well (not shown). This is attributed to the fact that only 1 mol% of dye-bearing groups
were implemented in polymers 14 and 154 (see above) and hence the absorption is dominated by

the bulk material common to all three polymers.

* The FTIR spectrometer is situated at the Institute of Solid State Physics, Graz University of Technology.
* HCI exposure was performed for 2 min instead of 1 min, which, however, should have no large influence on the

qualitative reaction behavior.
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The broad increasing peak centered at [B260 cm™ resulted from the increasing contamination of
the sample chamber and the liquid-N, cooled detector by condensation water each time the
chamber was opened. Further peak intensities were observed at the following wavenumbers (cm™),
in good agreement with the results in [329]: 3004-2860 with main peak at 2954 (s,Vi,cn),
1734 (s, Vo), 1437 (s), 1382 (m), 1337 (m), 1263 (w), 1201 (m), 1171 (m), 1003 (w),
971 (W, Viansc=), 746 (w).

In both graphs the transmittance 7 is larger than 1 in a broad wavenumber range, which would
correspond to a seemingly larger IR-beam absorption of the pristine substrate without additional
polymer film. This is a result of mainly two effects: first, the rougher surface of the samples with
the polymer films and multiple reflections also at the interface between the silicon surface and the
ROMP dielectric most probably deflect more IR intensity to the detector than the pristine
substrate. Second, only one background scan of the native silicon substrate was recorded
compared to 2048 scans of the ROMP samples, resulting in a reduced accuracy. However, for
material characterization and verification of the deprotonation reaction absolute transmittance
values are not as relevant as peak positions and their intensity changes upon analyte exposure.
Unfortunately, due to the small amount of NH;-sensitive dye-bearing units in polymers 14 and
15, there is also not much difference between the FTIR spectra of a ROM-polymer in the various
states. In the standard normal incidence transmission spectroscopy the IR beam only travels a
short way through the sample and so the signal change after exposure to NH; and HCI was not
much pronounced. Remedy for increasing the optical pathway and hence the signal response
would be found e.g. with Brewster angle spectroscopy, reflection absorption infrared spectroscopy
or attenuated total reflection infrared spectroscopy.333334

Nonetheless, similar as with the UV/VIS-absorption film spectra of polymer 14 (Figure 5.10), an

FTIR-transmittance spectrum of a ROM-polymer recorded in a specific state was related to the

T
one measured in the state before by calculating the relative change Ea with the following

equation:

AT T(An+1)
T

—[%] = T(An) —JJDOO (5.3)

T(A)... measured transmittance intensity at a specific wavelength A, #... film condition (7 =1: as prepared,
n = 2: exposed to 100% NHj for 30 min, 7 = 3: exposed to HCI fumes for 2 min, 7 = 4: 2™ exposure to 100% NH;
for 30 min).
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Figure 5.13 displays the corresponding results for the active-sensing polymer Ia. According to
literature,®! characteristic vibrations of ammonium ions should be recognizable by very strong
intensities in the range 3335-3030 cm™ and strong intensities in the region 1490-1325 cm™.
The former range was covered by the peak resulting from the increasing amount of condensation
water within the chamber and on the detector. However, for Iz a change of the peak found
around 1353 cm™ could indeed be identified, not being present in the IR data of the reference
material I¢."® Although the response is rather small, which is again ascribed to the low
concentration of eosin Y-dyes (1 mol%) within polymer Iz and the short pathway of the IR-
beam through the sample, it still provides another indication for the proposed reaction

mechanism described above.
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Figure 5.13: Relative change of the FTIR-transmittance spectra of ROMP dielectrics (batch 1) upon
NH; and HCI exposure; dashed lines: reference polymer I¢; solid lines: eosin Y-based
polymer Ia; each curve represents a spectrum related to the one measured in advance.

5.4. Equipment for Electrical Device Characterization

For the electrical characterization of capacitors and OFETs under inert conditions and upon NH3
exposure a similar sealable probe chamber as for the stability measurements (see section 4.3.2.1)
was fabricated, including appropriate switch boxes with BNC plugs for connecting the feed-
through connectors of the chamber with an LCR-meter or parameter analyzer and for switching

the individual devices on a sample.« The pictures in Figure 5.14 give an impression.

% For polymer 1& the IR data did not reveal such a distinct response to NH; and HCI and are therefore not shown.
< This was in fact the first-generation chamber and did not include a humidity sensor.
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d (e)

Figure 5.14: a) Sealable gas-measurement chamber for electrical characterization of capacitors and
OFETSs under various conditions; b) interior with SensFET sample on Peltier element;
¢) probe head with pogo pins for device contacting; d) & e) switch boxes for connecting
the devices to be tested with an LCR-meter or parameter analyzer.

The probe chamber was integrated into a simple gas measurement plant (Figure 5.15) with
14" tubing and two gas bottles, one containing argon, one pure or diluted NH3 (100 ppm or 1%).
The gas flow into the chamber and the setting of the NH; concentration was controlled via
appropriate valves and two manually adjustable rotameters. Moreover, a rotary vane pump was

applied for probe chamber evacuation.
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Figure 5.15: Scheme of gas measurement plant integrated in a fume hood at the Institute of Solid State
Physics, Graz University of Technology; MFC... Mass Flow Controller.

5.5. Capacitors based on ROMP Dielectrics

Each polymer Ia-c was electrically characterized in capacitor structures, consisting of 125 nm
thick, patterned indium tin oxide (ITO) bottom-electrodes on a glass substrate, a spin-cast 600-
1000 nm thick Ia-, 16- or Ic-polymer film and 100 nm thick aluminum comb-shaped top-

electrodes.
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In addition, capacitors with PVA (Mowiol 5-88, see chapter 4.4) as dielectric were fabricated and

analyzed. Figure 5.16 schematically depicts the sample architecture.

Figure 5.16: Scheme of sample with eight ITO/dielectric/aluminum-capacitor structures with comb-
shaped top-electrodes.

5.5.1. Device Fabrication

Glass substrates (dimensions: 1" x 1") with a structured® ITO layer (sheet resistance: 15 Q/sq,
KINTEC) were cleaned and then coated with the ROMP dielectrics (batch 1) in the same way as
described for the UV/VIS samples. For the PVA-capacitors a dialyzed PVA-hydrogel (9-10 wt%,
Figure 4.16) was spin-cast (2500 rpm, 60 s), then dried for 1 h at 110°C on a hot plate in argon
and afterwards baked for 3 h at 60°C in vacuum (p < 5x10¢ mbar). The corresponding layer
thicknesses determined with AFM are shown in Table 9 in the next section. The aluminum
comb-shaped top electrodes were thermally evaporated (p < 5x10° mbar, deposition rate: 8 A/s)
through a shadow mask. A typical sample is depicted in Figure 5.17. For good contacts with the

pogo pins of the probe chamber conductive silver paste was applied.

Figure 5.17: Typical sample with eight ITO/dielectric/aluminum-capacitors based on polymer Iz with
comb-shaped top-electrodes (left) and optical micrograph of a single device (right).«

The samples were then individually assembled in the sealable probe chamber (see section 5.4)

under argon atmosphere and capacitance measurements were performed with an Agilent E4980A

LCR-meter.

44 Fully ITO-covered glass substrates were masked with two stripes of adhesive tape and then structured by etching in
37% HCI acid, applying also tin powder for reaction enhancement.

¢ The pronounced polymer structures in the middle of the sample resulted from excess material being sucked to the
substrate backside by the vacuum chuck of the spincoater.
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5.5.2. Device Characteristics

5.5.2.1. Frequency Dependence

At first absolute impedance |Z] and phase angle @ data were recorded as a function of frequency
at a test-signal amplitude level of 1Vrus. Figure 5.20 depicts the obtained values of typical
capacitors on the four samples in a frequency range between 200 Hz and 100 kHz. An ideal
capacitor exhibits a phase angle of -90°, an ideal resistor 0°.%%¢337) Obviously the PVA dielectric

contained the largest ohmic contribution, which will be explained below.
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Figure 5.18: Absolute impedance |Z| and phase angle © as a function of frequency of a typical
ITO/dielectric/aluminum-capacitor with comb-shaped top-electrode on each sample.

For the devices an equivalent circuit model consisting of a capacitance Cp and a resistance Rp in
parallel is assumed.??***”) The corresponding values are obtained from |Z] and @ by coefficient
comparison of equations (5.4) and (5.5), also applying Euler’s equation and leading to eqn. (5.6).
Z is the impedance, Xc the capacitive reactance and @ the angular frequency of the applied test

signal.

+ jaC, (5.4)

1 1 _o 1 ..
— = =—[ﬂcosa—]5m9) (5.5)
z |7 2|
I 4
C,=—— Qin@; R, =2 5.6
r a)[]]Z| " " os @ 6

Figure 5.19 shows the extracted Cp and Rp values as a function of frequency of typical capacitors
based on the four tested dielectric materials. The capacitance is rather constant for the ROM-
polymers in the investigated frequency range. As expected, Ry is reduced with increasing

frequency, proving that the dielectric becomes more conductive.
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PVA also exhibits a frequency-dependence of Cp and in addition lower Ry values compared to the
ROMP dielectrics, which most likely can be ascribed to residual mobile Na* ions not removed by

dialysis (see also chapter 4.4).
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Figure 5.19: Parallel capacitance Cp and parallel resistance Rp as a function of frequency of a typical
ITO/dielectric/aluminum-capacitor with comb-shaped top-electrode on each sample;
values calculated from measured absolute impedance and phase angle.

From the Cp values of all capacitors on each sample the relative permittivity & of the
corresponding dielectric was calculated according to eqn. (5.7), with 4, being the dielectric layer
thickness, A the capacitor area and & the vacuum permittivity:

£ = ¢, ld, (5.7)
&,

The layer thickness was determined with AFM measurements and the capacitor area with optical
microscopy. Table 9 summarizes the average & values for all materials at 1 kHz. The value
obtained for PVA is well in accordance with literature values between 6 and 10 (see chapter 4.4).
Polymer 154 seems to be less polar than the other two ROMP dielectrics.

Table 9: Average relative permittivity & of ROMP dielectrics and PVA (average values of eight capacitors on each
sample); extracted from Cp values according to eqn. (5.7).

ROMP Material d; [nm] | & at 1 kHz
Eosin Y-based ROM-polymer 1a - batch 1| 1000 5.6
DCF-based ROM-polymer 1b 600 45
Dimethylester-homo-polymer 1c - batch 1 1020 55
PVA 840 8.4
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5.5.2.2. DC-Bias Dependence

In order to test for the operational stability of the capacitors, also DC-bias measurements were
performed by sweeping a DC-bias voltage, superimposed by the AC test signal (test-signal
amplitude: 1Vrus, test-signal frequency: 1 kHz), and recording the absolute impedance |Z| and
phase angle ©. The DC voltage was swept from 0V to +40V, then to -40V and back to 0V with
1V steps. Again, the corresponding C, and R, values as a function of DC-bias voltage were

calculated using eqn. (5.6) (Figure 5.20).
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Figure 5.20: Parallel capacitance Cp and parallel resistance Rp as a function of DC-bias voltage of a
typical ITO/dielectric/aluminum-capacitor with comb-shaped top-electrode on each
sample; values calculated from measured absolute impedance and phase angle.

Obviously, the devices were rather stable. No large hysteresis between the forward and reverse
sweep was obtained. PVA shows a slight voltage-dependence of the capacitance and a lower
resistance compared to the other materials, again ascribed to residual sodium acetate within the
material. Also DCF-based polymer 14 seems to contain mobile ions, as the corresponding
resistance shows a distinct voltage-dependence. This will be investigated more in detail in the next

section.

5.5.2.3. Exposure to Ammonia

Finally each of the samples was exposed to 100% ammonia. In detail, after 110 s of argon-
flushing, the chamber was flushed with 100% NH; for 200 s, then sealed for 1200 s and finally
flushed again with argon for 500 s. One capacitor on each sample was selected and corresponding
impedance and phase angle data were recorded during NHj exposure (test-signal frequency:
1 kHz, test-signal amplitude: 1Vrus, no DC bias, time interval: 10 s). Figure 5.21 depicts the
calculated Cp and Ry values and Figure 5.22 the parallel capacitance and resistance normalized to

their value at 110 s, the start time of NH3 inlet.
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Figure 5.21: Parallel capacitance Cp and parallel resistance Ry of a typical ITO/dielectric/aluminum-
capacitor with comb-shaped top-electrode upon exposure to argon and 100% NH; gas;
a) PVA; b) reference polymer I¢; c) eosin Y-based polymer 14; d) DCF-based polymer 14.
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Figure 5.22: Parallel capacitance Cp and parallel resistance Rp (normalized to their values at 110 s) of
typical ITO/dielectric/aluminum-capacitors with comb-shaped top-electrodes upon
exposure to argon and 100% NHj gas.

The active-sensing polymers revealed the strongest response to ammonia exposure, leading to a
capacitance increase of [B% and a resistance decrease of [50%, which was ascribed to the

creation of mobile NH4" ions by the deprotonation of the corresponding pH-sensitive groups.
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The small change of the capacitance when using reference polymer I¢ is most probably a
consequence of minor amounts of COOH groups present in the material, which do apparently
not lead to the creation of a large amount of mobile ions upon NHj; exposure, as the low relative
decrease of Rp in Figure 5.22 right suggests. PVA-capacitors showed hardly any response.

The creation of mobile ions within the active-sensing dielectrics becomes even more evident,
when investigating the effect of ammonia exposure on the normalized Cp and R, values as a

function of DC-bias voltage (Figure 5.23).
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Figure 5.23: Parallel capacitance Cp and parallel resistance Rp (normalized to their values at 0V) as a
function of DC-bias voltage of a typical ITO/dielectric/aluminum-capacitor with comb-
shaped top-electrode on each sample before (left) and after (right) NH; exposure.

The C,(V)-curves are rather similar before and after NH; exposure. PVA exhibits the strongest
C,(V)-dependence, which is ascribed to the orientation of the rather polar molecules of this
material upon DC-voltage application and the formation of space-charges due to moving ions.
Before NH; exposure the parallel resistances of reference polymer I¢ and eosin Y-based polymer
1a only depend slightly on the DC-bias voltage. For PVA and DCF-based polymer 16 R is
distinctly reduced with increasing voltage. As mentioned, this is most probably due to mobile
ions contained in the pristine materials, corresponding also to the presumably larger amount of
already deprotonated active-sensing dyes observed in the UV/VIS-absorption spectra of

polymer 15 (Figure 5.9).
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However, after NH3 exposure the situation changes: while PVA and the reference polymer show a
similar G,(V)-behavior, indicating that the same amount of ions is present in the material, the
reduction of R, with increasing DC voltage is much more pronounced for the active-sensing
polymers. This clearly demonstrates the reaction with ammonia, leading to an increased

concentration of mobile (most probably NHy*) ions within polymers 14 and 14.

5.6. NH3-SensFETs

With the findings of the UV/VIS-, FTIR- and capacitance measurements, top-gate/bottom-
contact OFETs including the investigated ROM-polymers were to be fabricated. The following

sections show the relevant results.

5.6.1. Preliminary Work - OFETs with Comb-shaped Top-Gate Electrode

In order to verify proper functioning of devices comprising a laterally structured top-gate
electrode, two OFET samples including PVA as gate dielectric were prepared as described in
chapter 4.4.2,% one comprising a solid-shaped and one a comb-shaped aluminum common top-
gate electrode.” Both architectures are schematically depicted in Figure 5.24, together with

pictures of typical realizations.

Figure 5.24: Schematic architectures and typical realizations of top-gate/bottom-contact OFET-samples based
on PVA and rr-P3HT, one with a solid-shaped and one with a comb-shaped aluminum
common top-gate electrode.

Figure 5.25 compares the transfer characteristics of two corresponding OFETs, showing that
both perform comparably well, with the device including the solid-shaped top-gate electrode
exhibiting slightly larger maximum source-to-drain currents, which most likely might be due to
the effectively larger channel area covered by aluminum. With these results the architecture based
on a laterally structured top-gate electrode was positively evaluated and could be applied to

fabricate OFETs including active-sensing ROMP dielectrics.

F\With this device series PVA was dried at [(P0°C in argon overnight after spin-casting.
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Figure 5.25: Transfer characteristics of typical top-gate/bottom-contact OFETs (L =20 pm, W=2 mm)
based on PVA and rr-P3HT with solid-shaped (left) and comb-shaped (right) aluminum
top-gate electrode; measured in argon; filled symbols: sweeps from positive to negative
voltages; open symbols: reverse sweep.

5.6.2. First OFET-based Sensors

The applied ROM-polymers could only be dissolved in organic solvents such as CHCl; or THEF.
Accordingly, a semiconductor film of rr-P3HT or PTPA would have been dissolved by the
subsequent deposition of a ROM-polymer layer. As a consequence, first devices including the
ROMP dielectrics were prepared at Graz University of Technology with thermally evaporated
pentacene as organic semiconductor, which, however, was also detached during ROM-polymer
layer deposition in most OFETSs.?*! Therefore first top-gate/bottom-contact OFETSs containing

the active-sensing ROM-polymers were realized according to the schemes depicted in

Figure 5.26a and b.

| Al

ROM-polymer

PVA

(a) (b) @)
Figure 5.26: a) Scheme of SensFET device cross-section; b) 3D-scheme of 1%-generation SensFET
samples (substrate dimensions: 0.5"x 1", SiO,-layer thickness: 200 nm); ¢) 3D-optical
micrograph of a device with a meander-shaped aluminum top-gate in the channel region.

Because of the mentioned solution-incompatibility, water-based polyvinyl alcohol (Mowiol 5-88,
see chapter 4.4) was applied as intermediate layer material, so that adjacent layers were deposited
by orthogonal solvents. Due to the hydrophilic nature of PVA corresponding coatings are known

to be highly resistant and impermeable to most organic solvents.'"
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Moreover, as found with the capacitance measurements, PVA does not react with ammonia, but
conducts ions (even when dialyzed), in accordance with the results in chapter (4.4).

Source/drain-electrode definition and rr-P3HT-layer deposition of the presented devices were
performed similar as described in chapter 4.4.2. PVA was spin-cast (2500 rpm, 60s) from a
[D wt% dialyzed hydrogel, dried for 1 h at 110°C in argon and then for several hours at 60°C in
vacuum. ROMP dielectricss were spin-cast (1500 rpm, 40 s) from 60 mg/ml CHCI; solutions
and dried for 10 min at 130°C on a hotplate. Finally, a (100 nm thick meander-shaped common
top-gate aluminum electrode covering six source/drain structures' was thermally evaporated
(p < 3x107° mbar) through a shadow mask and devices were contacted with conductive silver paste.
Figure 5.26¢ shows a 3D-optical micrograph of a device. The samples were then individually
assembled in the sealable probe chamber (see section 5.4) under argon atmosphere and electrical
device characterization was performed with an Agilent E5262A parameter analyzer.

The OFETs were alternately exposed to 100% argon and 1% and 3% ammonia (time interval:
2 min), respectively, during which the best-performing device was measured in active operation
mode, meaning that the source-to-drain channel current at fixed Vi = -85V and Vp = -100V was
recorded as a function of time. Figure 5.27 shows the sensor response in terms of the relative

change of the channel current, normalized to the /p value at 480 s, the start time of NH3 inlet.
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Figure 5.27: Relative change of source-to-drain channel current /p (at V5 = -100V, Vi = -85V, normalized
to Ip value at 200 s) as a function of time of first OFETs (L = 50 pm, W= 2 mm) based on
various ROMP dielectrics upon exposure to argon, 1% and 3% NHs.

& For this device series an older batch of reference polymer Ie¢ (M,: 54110 g/mol, PDI: 1.12), eosin Y-based
polymer la (M,: 49050 g/mol, PDI: 1.12) and DCF-based polymer 14 (M,: 55350 g/mol, PDI: 1.13) was applied.

" One source/drain structure is fully covered by the top-gate electrode for easy contacting within the probe chamber.
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The devices based on the active-sensing ROMP dielectrics exhibited a distinct response to
ammonia, in particular the DCF-based OFET with an overall increase of >2000% with respect to
the start value at 480 s. At first the response was an accumulated one, meaning that the sensor
signal resembles the total integrated analyte concentration exposed to the sensitive dielectric so far,
which, however, saturated later on, most probably due to the limited number of “deprotonate-
able” active dyes in these materials. Figure 5.28 depicts the output and transfer characteristics of

typical devices containing the three ROMP dielectrics before and after NH3 exposure.
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Figure 5.28: Output (left) and transfer (right) characteristics of typical OFETs (L =50 pm, W= 2 mm)
based on reference polymer I¢ (top), eosin Y-based polymer 1z (middle) and DCF-based
polymer 15 (bottom) before (filled symbols) and after (open symbols) NH; exposure.

While the OFET including reference polymer I¢ showed a small change of the characteristics
after analyte exposure, the devices containing the active-sensing dielectrics exhibited highly

increased off- and on-currents afterwards.
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A detailed possible response explanation will be given in section 5.6.6. Generally these OFETss
showed high gate-leakage currents, a large device-to-device variation and poor reproducibility.
Therefore, after the establishment of the new OFET fabrication line described in chapter 3.1, the
sensor concept was realized and brought to demonstrator level with the new and highly
sophisticated equipment within the cleanroom environment at NTC Weiz GmbH. The results

are presented in the sections below.

5.6.3. Second-Generation SensFET's

Figure 5.29 schematically illustrates the 2™-generation SensFET architecture with twelve devices
on an n**-Si wafer substrate (dimensions: 1"x 1") with a thermally evaporated, 200 nm thick SiO,

layer.

Figure 5.29: 2"-generation SensFET sample architecture.

5.6.3.1. Device Fabrication and Microscope Analysis

Substrate pre-treatment (without HMDS application), source/drain-electrode structuring
(L=25pm, W=2.85mm) and deposition and dedoping of the organic semiconductor film
(rr-P3HT: M,: 26900 g/mol, M,: 37600 g/mol, layer thickness: 15-20 nm) was performed as
described in chapter 3.1.3. A [700 nm thick PVA intermediate layer was then deposited onto the
organic semiconductor by spin-casting (2500 rpm, 60 s) from a 9-10 wt% dialyzed hydrogel. The
samples were dried for 1 h at 110°C on a hot plate in argon and for 3 h at 60°C in vacuum
(p < 5x10°° mbar). Afterwards a [V00 nm thick Ia-, 16-, Ic- or 1d-ROM-polymer layer (batches
1 and 2) was spin-cast (1500 rpm, 40 s) from 60 mg/ml CHCl;-solutions in argon and dried at
130°C for 10 min on a hot plate.
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Devices were completed by thermal (shadow mask) evaporation of two (100 nm thick, meander-
shaped aluminum top-gate electrodes (p < 5x10°° mbar, deposition rate: 8 A/s), each of which
covered six source/drain structures® and enabled direct contact between analyte and ROMP
dielectric. The samples were fixed on a single-sided copper board using conductive silver paste,
which was also applied to the top-gate and source/drain-electrode pads’ for good contacts with
the pogo pins of the probe chamber. For comparison, PVA-based OFET's without an additional
active-sensing ROMP dielectric were prepared as well (PVA-layer thickness: [B50 nm, spin

parameters: 1500 rpm, 60 s). Figure 5.30 shows typical samples in various preparation stages.
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Figure 5.30: Typical SensFET samples in various preparation stages; a) after spin-casting rr-P3HT and device
separation; b) spin-casting of PVA; ¢) curing of PVA layers; d) after spin-casting and drying
ROM-polymer film; €) after evaporation of 100 nm aluminum top gate; f) single OFET-sensor;
g) sample fixed on copper board and pads contacted with conductive silver paste.

 One source/drain structure is fully covered by each gate electrode for easy contacting within the probe chamber.
I ROMP and PVA layer were scratched with a manipulator needle for electrical contact to source/drain electrodes.
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Figure 5.31: AFM-height images of various PVA/ROM-polymer dielectric films in OFET-devices:
a) PVA + reference polymer Ic¢ (d=1360 nm); b) PVA +cosin Y-based polymer Ia
(d= 1440 nm); ¢) PVA + DCEF-based polymer 16 (4= 1350 nm); d) PVA solely (4= 850 nm);
¢) PVA + eosin Y-based polymer 1a (4= 1360 nm, other sample); scan size: 5 pm; color code
from black to white corresponds to a z-data range of 20 nm (for e: 50 nm).

Figure 5.31 illustrates AFM-height images of various PVA/ROM-polymer films in OFET devices,
showing similar layer thickness for all dielectrics. While most films were rather smooth, few
samples exhibited similar surface morphology as shown in Figure 5.31e. This might have resulted
from a partial crystallization within some PVA layers due to mutual orientation of the polar
polymer chains,?'"**%3% which can also influence the morphology of the ROM-polymer film
deposited on top. Heat treatment might have been responsible for the formation of such
crystalline regions. However, the reason, why some layers revealed such morphology and some
did not, could not be completely identified. Nevertheless, the sensor response was similarly

observed for both smooth and structured surface morphologies.
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5.6.3.2. Electrical Characteristics of Sensor-OFETs

After their fabrication the samples were transported to Graz University of Technology under
sealed conditions, where they were individually assembled in the sealable probe chamber
described in section 5.4 under argon atmosphere. Electrical device characterization was performed

with an Agilent E5262A Parameter Analyzer.

a) Before ammonia exposure

Figure 5.32 shows the output and transfer characteristics of typical OFETs based on the ROM-
polymers and PVA before NH; exposure, measured in argon. Table 10 below summarizes
important device parameters. The OFETs exhibited good performance with well-defined
saturation behavior, on/off-current ratios between 10* and 10° and low gate-leakage currents. The
device including eosin Y-based polymer Iz showed the largest difference between the channel
current values at a particular Vp and (high) Vi (e.g. at Vp = Vi = -85V) in the transfer and output
characteristics, which is a sign for charge-trapping behavior (see also chapter 3.2.3). This is also
confirmed by the large hysteresis and the rather large subthreshold slope, the latter being linked
to the maximum interfacial trap density (see chapter 2.2.2.4). For the OFET with DCF-based
polymer 156 hysteresis is negligible and channel currents at e.g. Vp = Vi = -85V are similar in the
output and transfer characteristics, which indicates that charge-trapping is not an issue and
probably results from already present ions in the material, corresponding to the results of the
UV/VIS- and capacitance measurements (see also chapter 4.4). This will be made clearer in
section 5.0.0.

The devices based on PVA alone exhibited the largest off- and on-currents, the largest field-effect
mobility values and positive switch-on voltages, which is ascribed to the thinner dielectric layer in
combination with semiconductor doping by the hydrogel®! and possibly a space charge
polarization and/or formation of an electric double layer due to residual mobile Na* ions, effects,
which seem to be reduced by the addition of a ROM-polymer dielectric. The device-to-device

variation on each sample will be shown later.
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Figure 5.32: Output (left) and transfer (right) characteristics of typical OFETs (L =25 pm,
W=2.85 mm) based on ROMP dielectrics (batch 1) and PVA before NHj exposure;
from top to bottom: reference polymer I¢, eosin Y-based polymer Iz, DCF-based
polymer 16 and PVA-solely; filled symbols: sweeps from positive to negative voltages;
open symbols: reverse sweep.
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b) During ammonia exposure
For a single device the source-to-drain channel current /p at Vp = -100V and Vi = -85V was then

monitored upon exposure to 1% ammonia at a flow rate of 10 I/h.
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Figure 5.33: Left: source-to-drain channel current /p (at Vp = -100V, Vg = -85V) as a function of time of OFET's
based on various ROMP dielectrics (batch 1) upon exposure to argon and 1% NHs;
right: corresponding sensor response in terms of the relative change of channel current (normalized
to Ip value at 200 s) including also a device based on PVA solely; for all: L =25 pm, W= 2.85 mm.

Figure 5.33 left illustrates the corresponding /p(t)-curves for OFETs including either ROM-
polymer 1a, 16 or 1c. While devices containing reference material I¢ showed hardly any response,
there is an immediate increase of /p of OFETs including the two active-sensing dielectrics /4 and
15. When calculating the relative change of the channel current, normalized to the /p value at
200 s, the start time of NHj inlet, and plotting it as a function of time (as done in Figure 5.33
right), the channel current was found to increase to [1800% after 600 s of NHj; exposure. After
stopping the analyte exposure, the sensor signal remained almost constant. The corresponding

gate-leakage currents did not change significantly during NH; exposure (Figure 5.34).
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Figure 5.34: Source-to-drain channel current /p and gate-leakage current /i (at Vp = -100V, V5 = -85V)
as a function of time of an OFET-sensor (L=25pm, W=2.85mm) comprising
eosin Y-based polymer 14 upon exposure to argon and 1% NHs.
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¢) After ammonia exposure
Figure 5.35 illustrates the corresponding output and transfer characteristics after exposure to
1% NH; for 600 s. Note the different scale on the y-axes compared to Figure 5.32, in particular

for the devices including the active-sensing dielectrics.
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Figure 5.35: Output (left) and transfer (right) characteristics of typical OFETs (L =25 pm,
W=2.85 mm) based on ROMP dielectrics (batch 1) and PVA after exposure to
1% NHs; from top to bottom: reference polymer Ic, eosin Y-based polymer Ia,
DCF-based polymer 14 and PVA-solely; filled symbols: sweeps from positive to negative

voltages; open symbols: reverse sweep.
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The sensor response becomes even more evident in the graphs shown in Figure 5.36, where the

semi-logarithmic transfer curves at Vp = -85V of several devices on each sample are compared

before and after 1% NH; exposure for 600 s. They also reveal the low device-to-device variation

on each sample. The comparison in Figure 5.37 proves that the response is obvious even at small

drain voltages.
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Figure 5.36: Semi-logarithmic transfer curves at Vp=-85V of several OFETs (L=25pm,
W=2.85 mm) based on ROMP dielectrics (batch 1) and PVA before (filled symbols)
and after (open symbols) exposure to 1% NHs; a) reference polymer I¢; b) eosin Y-
based polymer 14; c) DCE-based polymer 14; d) PVA solely.
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Figure 5.37: Semi-logarithmic transfer curves at Vp=-10V of several OFETs (L=25 pm,
W=2.85 mm) based on ROMP dielectrics (batch 1) before (filled symbols) and after
(open symbols) exposure to 1% NHs; left: eosin Y-based polymer 14; right: DCF-based

polymer 1.
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While the characteristics of PVA-only devices and OFETs including reference polymer Ic¢
exhibited rather small changes after NH; exposure, the OFETs based on the active-sensing
polymers I1a and 14 showed a distinct response, reflected by a large increase of on-currents,
off-currents™ and field-effect mobility values as well as a large shift of the switch-on- and
threshold voltages to more positive values. Table 10 summarizes the relevant device parameters.
When comparing the channel current values at a particular working point (e.g. Vp = Vi =-85V)
in the output and transfer characteristics after NH; (Figure 5.35), they are distinctly larger in the
former, in particular for the active-sensing devices. Also the hysteresis of OFET-sensors in the
transfer characteristics is much reduced (polymer 1a4) or even exhibits an increasing channel
current between forward and reverse sweep (polymer 15). Similar behavior has also been observed

in chapter 4.4. A detailed explanation for these changes will be given in section 5.6.6.

Table 10: Relevant device parameters of OFETs (L =25 mm, W= 2.85 mm) before (1* value in a field) and after
(second value in a field) exposure to 1% NHs; C; was calculated assuming a dual layer dielectric with relative
permittivity values from Table 9 and a layer thickness 4; of 680 nm for the ROM-polymer and PVA layer,
respectively; for the device including PVA solely ; was 850 nmy; ps (at Vp = -10V, Vi =-60V) and ps. (at Vo = -
85V, Vi=-30V) were calculated with equations (2.14) and (2.15), Vso, Vi, S and L./Ly (Ln: Vi = -85V, Ly Vi = OV)

were extracted from the transfer curves at Vp = -85V; gate-leakage currents / were determined at Vi = Vp = -85V.

OFET / SensFET G HLin Hsar Vso Vs S LJL Ic
based on [nFlem?] | [em?/Vs] | [em?/Vs] | [V] %i [Videc] ol | mA]
Reference polymer 433 6.0x10° | 3.2x10° -19 27 8.1 2x10°P [20
Ic- batch 1 ’ 5.8x10° | 2.1x10° -19 -31 9.0 4xl P /8
Eosin - Y-based 3.6x10° | 1.5x10° | +5 | -14 | 267 | 2102 | 6
ROM-polymer 1a 4.37 5 3
basch I 1.4x10r 6.8x10r >+20 +54 n.e. 5 [BO
DCF-based 3.5¢10° | 2.4x10° | -15 | -2I 84 | 2x10° | 20
ROM-polymer 1b 3.82 R R y
bateh 1 2.2x10° 2. 1x10° >+20 +18 n.e. Ix10 [10
1.8x107° | 2.1x107 +11 +1 8.7 3x1? [280
PVA solely 875 1 oc107 | 18107 | 411 +2 166 | Ix10° | [Boo

d) Determination of detection limit and sensor response as a function of concentration

The graphs in Figure 5.38 illustrate the sensor response of OFETs including ROM-polymers 14,
Ic (both from batch 2) and Id, indicating that it is easily possible to detect ammonia
concentrations as low as 100 ppm with such a SensFET device. Moreover, when monitoring the
change of the slope of the Ip(#)-curves, response times on the order of seconds can be obtained.
Compared to the device with polymer 14, the OFET including 1d exhibited a slightly smaller

response.

“ The off-current was increased relatively more than the on-current, resulting in a reduced on/off-current ratio.
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Figure 5.38: Left: source-to-drain channel current /p (at Vp =-100V, V= -85V) as a function of time
of OFETs based on various ROMP dielectrics (batch 2) upon exposure to argon and
100 ppm NHj3; right: corresponding sensor response in terms of the relative change of

channel current (normalized to Ip value at 200 s); for all: L =25 pm, W= 2.85 mm.
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Figure 5.39: Output (left) and transfer (right) characteristics of typical OFETs (L =25 pm,
W=2.85 mm) based on ROMP dielectrics (batch 2) before (filled symbols) and after
(open symbols) exposure to 100 ppm NHj; from top to bottom: reference polymer I,
eosin Y-based polymer 14 and polymer 14.
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Figure 5.39 again confirms the capability of the OFET-sensors by comparing the corresponding
output and transfer characteristics before and after exposure to 100 ppm NHj; for 900 s.

Figure 5.40 left shows an /p(t)-curve of an OFET-sensor with eosin Y-based polymer 14 upon
exposure to increasing concentrations of NHj3, also including linear fits of the channel current
increase. While no significant difference is observable between the current increase rates during
0.66 ppm and 10 ppm NHj3 exposure, exposure to 100 ppm reveals a distinct change, confirming
that the current increase rate is associated with the NHj; concentration and also revealing a
detection limit of 100 ppm at this particular working point. Figure 5.40 right shows the transfer

curves of the corresponding device before and after analyte exposure.
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Figure 5.40: Left: source-to-drain channel current /p (at Vp = -100V, Vi = -85V) as a function of time of an
OFET-sensor (L=25pum, W=2.85mm) with eosin Y-based polymer Iz (batch 1) upon
exposure to argon and increasing NHj concentrations; right: corresponding transfer curves
(linear and semi-logarithmic) before and after NHj exposure.
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Figure 5.41: Increase rate of the source-to-drain channel current /p (at Vp=-100V, Vi =-85V) as a
function of NH; concentration of various ROMP-based OFETs (L =25 pm,
W= 2.85 mm); determined by linear fits of the corresponding /p(t)-curves.
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The plot in Figure 5.41 shows the channel current increase rates (at Vp = -100V, Vi =-85V) of
several ROMP-based OFETSs as a function of NH; concentration, calculated from linear fits of
the corresponding /p(t)-curves. Obviously, the rates exhibit a distinct concentration-dependence.
However, at least the value at 0.66 ppm must be interpreted with care, as it may just be ascribed

to a drift of a small amount of ions already present within the PVA/ROM-polymer layers.

¢) Sensor behavior after storage in air

The output and transfer characteristics of an OFET-sensor including eosin Y-based polymer 14
(batch 1) in Figure 5.42 were also recorded before and after exposure to 1% ammonia. However,
the devices of this sample were stored under ambient conditions for [l16 h before," still showing a

distinct sensor response afterwards.
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Figure 5.42: Output (left) and transfer (right) characteristics of a typical OFET-sensor (L =25 pm,
W=2.85 mm) with eosin Y-based polymer Iz (batch 1) before (filled symbols)™ and
after (open symbols) exposure to 1% NHj for 10 min; stored in air for [I16 h.

5.6.4. OFETs based on ROM-Polymers and PTPA; as Organic Semiconductor

In order to test for the influence of the organic semiconductor on the sensing behavior, top-
gate/bottom-contact OFETs including the ROMP dielectrics were prepared with PTPA;
(M,: 15300 g/mol, M,: 71200 g/mol, CHCI; solution concentration: 2 mg/ml, see Figure 4.1) as
organic semiconductor and investigated upon exposure to 1% NH;. The device fabrication was
similar as for the rr-P3HT-based devices. Figure 5.43 and Figure 5.44 show the corresponding
results. Obviously, the devices did not exhibit a very distinct response to gaseous NHs. Although
the channel current of the PTPA;-OFET including active-sensing polymer /4 showed an increase

of Ip at the beginning of NH; exposure, it soon started to decrease again.

""The sample was also assembled in the probe chamber under ambient conditions (see Figure 5.14b).
™ The curves before 1% ammonia exposure (filled symbols) were recorded after the device had already been exposed
to 100 ppm NHj for three times (in total 480 s).
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Opverall, the channel current reduction observed with PTPA;-based OFETs is ascribed to charge-
trapping behavior. Thus, it seems that only an appropriate material combination of active-sensing
ROMP dielectric and organic semiconductor leads to the desired sensing behavior. This will

become clearer in section 5.6.6, where a detailed possible explanation for the sensor response will

be given.
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Figure 5.43: Source-to-drain channel current /p (at Vp=-100V, Vi =-85V) as a function of time of
OFETs (L =25 pm, W=2.85 mm) based on ROMP dielectrics 14 and I¢ (batch 2) and

PTPA; as organic semiconductor upon exposure to argon and 1% NHs.
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Figure 5.44: Output (left) and transfer (right) characteristics of typical OFETs (L =25 pm,
W=2.85mm) based on ROMP dielectrics (batch 2) and PTPA; as organic
semiconductor before (filled symbols) and after (open symbols) exposure to 1% NHs;
top: reference polymer I¢; bottom: eosin Y-based polymer Ia.
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5.6.5. Direct Interaction between rr-P3HT and Ammonia

Assadi and co-workers have already observed that mobility and conductivity of P3BHT-OFETs

decrease upon exposure to NH3 gas, which was ascribed to changes in the hopping conditions for

charge transfer between the polymer chains.’*

I Similar results were also obtained by other

groups.?3# As the SensFET's presented above exhibited a channel-current increase during NH;

exposure, this proves that the sensor response can not be ascribed to a direct interaction between

rr-P3HT and NH;. Nevertheless, due to the results of the previous section and in order to verify

the findings of Assadi and co-workers with our materials and device configuration, corresponding

bottom-gate/bottom-contact OFETs were fabricated according to the procedure described in

chapter 3.1.3. The scheme is depicted in Figure 5.45 left.
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Figure 5.45: Left: scheme of a sample with twelve bottom-gate/bottom-contact OFETs based on
rr-P3HT; right: source-to-drain channel current /p as a function of time of a

corresponding device (L =25 pm, W= 2.85 mm) upon exposure to argon and 1% NHs.

The Ip(t)-curve in Figure 5.45 right proves that also our devices revealed the expected reduction

of the channel current upon NH; exposure.™ The electrical device characteristics in Figure 5.46

show a reduction of the maximum channel current to [11/3 of the values before analyte exposure.
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Figure 5.46: Output (left) and transfer (right) characteristics of a typical bottom-gate/bottom-contact
OFET (L=25pum, W=2.85 mm) based on rr-P3HT before (filled symbols) and after
(open symbols) exposure to 1% NHj for 10 min.

™ The Ip reduction during the first 200 s is ascribed to charge-carrier trapping at the rr-P3HT/SiO»-interface.
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5.6.6. Explanation of the Sensor Response

5.6.6.1. Qualitative Explanation

Analyzing the results above, an interaction between aluminum and NHj can be excluded to be
responsible for the obtained sensor signal, since this metal was applied as top-gate electrode in all
devices. Moreover, PVA-based OFETSs without an additional active-sensing ROMP dielectric did
not show any response to NHj3, corresponding to the results of the capacitance measurements. As
for a possible interaction between analyte and organic semiconductor, we observed the expected
channel-current reduction in rr-P3HT-based bottom-gate/bottom-contact OFETs upon
ammonia exposure, hence excluding this mechanism in the top-gate OFET-sensors as well.
Therefore, taking also into account UV/VIS-, FTIR- and capacitor analyses, the sensor response
is most likely induced by NH4* ions and corresponding counter-ions, which are created by the
chemical interaction between ammonia and the dye-bearing, pH-sensitive groups of the active-
sensing ROM-polymers. The mobile NH4* ions are assumed to move within the dielectric
materials into the direction of the drain electrode. During ammonia exposure and recording of
the corresponding /n(t)-curves the devices were operated in the saturation regime at Vi = -85V
and Vp =-100V, resulting in a potential difference between top-gate and drain electrode of 15V
and hence a corresponding electric field (Ecp = Vi-Vp/d;) with a field strength of [10° V/cm,
taking into account a total dielectric layer thickness of 1400 nm. This certainly leads to the
described movement of the ions. They localize near the drain region at the PVA/semiconductor
interface or even in the rr-P3HT layer, where they increase the density of mobile positive

polarons in the semiconductor by several possible interactions (Figure 5.47).
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Figure 5.47: SensFET response explanation (green circles = NH; molecules, red circles = NH4* ions,
& = space charge resulting from immobile (or less mobile) negatively charged counter-ions,
+ = positive polarons in the channel.
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As pointed out in chapter 4.4, the ions might reduce the charge-¢jection barrier between gold and
rr-P3HT and thus the associated contact resistance by the formation of a thin electric double
layer or by electrochemical doping as found in an LEC.B'5?'®l The width of the depletion region
is most likely also reduced by the presence of positive ions near the drain side, which would
explain the observed non-saturated channel currents for |Vp|> |Vs| after NH; exposure
(Figure 5.35). Moreover, trapped charges within rr-P3HT, at the PVA/rr-P3HT interface or
within PVA might be released due to the positive space charge of the NH4* ions.

Near the source electrode the density of positive ions is most likely reduced due to an electric field
between source and gate (Egs) pointing into the direction of the gate (the source potential was
always kept at 0V). Therefore a space charge (&) resulting from immobile negatively charged

128 and/or reduce the charge-injection barrier between gold and

counter-ions may enhance Egsl
rr-P3HT, accordingly increasing the charge carrier density in the channel. Possibly, also mobile
negative ionic impurities are contained within the dielectrics, leading to an electric double layer
near the source side or even to electrochemical doping of the semiconductor (see also chapter
2.2.1.3).5%340 In fact, doping of rr-P3HT was only excluded for direct interaction with gaseous
NHj; (chapter 5.6.5).

The fact that devices including PTPA; did not reveal a pronounced sensing response, which
apparently depends on an appropriate material combination, might be associated with its larger
ionization potential compared to rr-P3HT (see also chapter 4), making the material more
“resistant” against e.g. electrochemical doping.

All these interactions, electrochemical doping of the contacts and/or the semiconductor,
formation of electric double layers near the interfaces, reduction of the depletion width near the
drain electrode, charge-carrier de-trapping and space charge polarization of the dielectric, would
result in the observed increase of on-currents, off-currents and field-effect mobility values, the
degraded saturation behavior and the large shift of the switch-on voltages (and accordingly of the
threshold voltages) to more positive values.

However, an additional interface-related effect at the PVA/ROM-polymer boundary layer,
resulting in e.g. a release of fixed Na* ions also contributing to the charge carrier increase in the
rr-P3HT layer, cannot be rigorously excluded. Furthermore, a possible intermixing of PVA with
the ROMP-dielectric during film drying at elevated temperatures might have had an influence,

too.
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In order to test for the reversibility of the sensors some samples were also evacuated after NH3
exposure. However, since induced ions are not very likely to be removed by evacuation, no large
difference was found in the corresponding device characteristics before and after evacuation (not
shown). Exposure to HCI vapor for sensor resetting was not performed, as it most likely would
have also harmed the aluminum top-gate electrodes.

With the proposed explanation of the sensor response the larger channel-current values observed
in the output characteristics after NH; exposure at a particular working point compared to the
corresponding values in the transfer characteristics (Figure 5.35, Figure 5.39) can be rationalized
similar as in chapter 4.4.3. Mobile NH4" ions within the dielectric move to the different
interfaces depending on the applied voltage difference between drain and gate. During the first
Vb sweeps in the output characteristics the drain voltage is more negative than Vg for a longer
time and hence NH4* ions are forced to move to the drain. Only in the last two output curves
(Vo =-65V and Vi =-85V) Vi becomes more negative than Vp for a longer time, but the short
timescale of the sweeps and the finite mobility of the ions “confine” them near the drain electrode.
Accordingly, positive ions are more pushed away from the drain electrode during the
measurement of the transfer curves. Therefore effects resulting from NHy" ions are more
pronounced in the output characteristics and the corresponding channel current at a particular
working point is larger after NHj exposure. Before ammonia treatment bias-induced charge-
carrier trapping seems to be predominant, in particular for the OFET including eosin Y-based
polymer Ia, where the transfer characteristics exhibit larger /p values compared to the output
curves and hysteresis with lower channel currents in the reverse sweep (Figure 5.32).

The interaction with NH4* ions is also responsible for the fact that the hysteresis of OFET-
sensors in the transfer characteristics was much reduced (polymer I4) or even showed larger
channel currents in the reverse sweep (polymer 15) after NH; exposure (Figure 5.35).

According to the proposed explanation, making V) even more negative with respect to Vi would
more strongly attract the induced ions to the drain, thus enhancing the effects of the described
interactions. This is in fact the case, as shown in Figure 5.48, where transfer curves of an NHj;-
exposed OFET-sensor are compared before and after 40 s of bias stress at Vp=-100V and

Ve =+85V (Veop = +185V!). As expected, the stress results in a distinctly increased channel current.
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Figure 5.48 Transfer characteristics (left) and semi-logarithmic transfer curves at Vp = -85V (right) of a
typical NHs-exposed OFET-sensor (L=25pm, W=2.85mm) with eosin Y-based
polymer 1a (batch 1) before (filled symbols) and after (open symbols) 40 s bias stress at
VD = —100\/ and VG = +85V.

The graphs in Figure 5.49 might also be an indication for moving ions, which interact with the
organic semiconductor. They were recorded right after the bias stress measurements at
Vp=-100V and Vi = +85V, which most likely had resulted in a large NHy" ion density close to
the drain electrode. A subsequent application of Vp =-100V and Vi = -85V resulted in a small
but distinct further increase of /p, as more NHy* ions were attracted to the drain (Figure 5.49 left).
When immediately afterwards the channel is depleted by applying Vb = +100V and Vi = +85V,
the /p(t)-curves resemble a current of positive polarons moving from the drain to the source. The
fact that /p is at first decreasing might be ascribed to NH4* ions that are leaving the drain region,
heading towards the source electrode. Due to their finite mobility, the rearrangement is delayed
and only after [50 s “travel time” contact doping, possibly in combination with other described

mechanisms, becomes effective again and the depletion current is slightly increased.
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Figure 5.49 Consecutively measured Ip(t)-curves (left: Vp=-100V, Vg =-85V, right: Vp=+100V,
Vi = +85V) after bias stress at Vp=-100V and V= +85V of a typical NH;-exposed
OFET-sensor (L =25 pm, W= 2.85 mm) with eosin Y-based polymer 14 (batch 1).
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1 who explained such current

Similar effects have been observed by Bicklund and co-workers,!
reductions by the pinch-off region growing near the source electrode faster than the (doping) ions
can move (drift/diffusion) from drain to source.

Another interesting effect could be observed with the SensFETs, in particular when they were also
operated in bottom-gate mode, meaning that the n**-Si and SiO, of the substrate were used as
common bottom-gate electrode and gate dielectric, respectively, with the top-gate left unbiased.
Figure 5.50 depicts the transfer curves of several devices on a sample including DCF-based
polymer 15 measured in bottom-gate operation mode before and after NH3 exposure, with the
latter being recorded immediately after top-gate operation.

Although all devices had similar channel dimensions, they exhibited decreasing channel currents
in the order that they were measured (indicated by the arrow), with the first measured after top-
gate operation showing the largest values. Most likely, by consecutively measuring several devices
the channel formed near the PVA/rr-P3HT interface during top-gate operation was gradually
moved to the rr-P3HT/SiO; interface, at which charge-carrier trapping (e.g. due to SiOH

groups) is dominant, thus leading to the gradually observed reduction of on- and off- currents

and the shift of the switch-on voltages to more negative values.

15l [A]

Figure 5.50: Semi-logarithmic transfer curves at Vp=-85V of several OFET-sensors (L =25 pm,
W=2.85 mm) with the DCF-based polymer 15 measured in borrom-gate operation mode
(SiO; is dielectric) before (filled symbols) and after (open symbols) exposure to 1% NH3;
arrow indicates order in which devices were consecutively measured after NH; exposure.

Similarly, when several transfer characteristics of a single NHs-exposed OFET were consecutively
recorded in bottom-gate operation mode immediately after top-gate operation, the channel
moving gradually to the rr-P3HT/SIiO; interface was mirrored by a reduction particularly of the
off-current (Figure 5.51). The decrease, however, is not much pronounced, because, as
mentioned, during the recording of the transfer characteristics the gate voltage is only for a short

time at high negative values, hence being not very “effective” in charge-carrier trapping.
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Figure 5.51: Semi-logarithmic transfer curves at Vp=-85V of an NH;s-exposed OFET-sensor
(L=25pm, W=2.85 mm) with the DCF-based polymer 14 measured consecutively in
bottom-gate operation mode (SiO;, is active dielectric) immediately after top-gate operation.

Accordingly, when changing from bottom-gate operation mode (SiO; = dielectric) back to top-
gate operation (PVA/ROMP = dielectric), the channel is moved back to the PVA/rr-P3HT
interface and the effects described above become dominant again, leading to increased on- and

off-currents (Figure 5.52).

20

Figure 5.52: Semi-logarithmic transfer curves at Vp = -85V of an NHj-exposed OFET (L =25 pm,
W=2.85 mm) with the DCF-based polymer 16 measured consecutively in top-gate
operation mode (ROM-polymer is dielectric) immediately after bottom-gate operation.

Finally, the graph in Figure 5.53 indicates that the DCF-based polymer 15 apparently contained
a small amount of ions already before NH3 exposure, because the consecutively measured transfer
curves (filled symbols) shift to more positive switch-on voltages and channel current is increased.

However, exposure to ammonia leads to a much stronger change in device characteristics.
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Figure 5.53: Semi-logarithmic transfer curves at Vp=-85V of an OFET-sensor (L =25 pm,
W=2.85 mm) with the DCF-based polymer 16 measured in rop-gate operation mode
before (filled symbols, several consecutively performed measurements) and after (open
symbols) exposure to 1% NHs.

5.6.6.2. Quantitative Estimations

In this section standard device equations will be applied to model the transfer curves in the
saturation regime (at Vp=-85V) of an OFET-sensor with DCF-based polymer 14 before and
after exposure to 1% ammonia. Although extracted device parameters in combination with rough
but reasonable assumptions will be used, this will, on a quantitative level, provide an even better
idea of the possible mechanisms leading to the sensor response. The electrical characteristics and
parameters of the modeled device are depicted in Figure 5.32, Figure 5.35 and Table 10.

The field-induced charge within an OFET and the corresponding charge carrier density prr can

be derived from:
Q=elpy :Ci[(VG_V;h) (5.8)

For instance, with C; = 3.82 nF/cm? and V), = -21 V (see Table 10) eqn. (5.8) yields a density of
positive field-induced charge carriers of [11.5x10"* cm™? at Vo = Vp = -85V.

With this equation the source-to-drain channel current in the saturation regime can be expressed
by eqn. (5.9), assuming a combination of a bulk current 7y (at Vi = 0V), resulting from the

pristine doping level within the semiconductor, and an additional field-induced current (see also

chapter 2.2.2):
w
Ip, = ]oﬁf + (Z (i L Dy EQVG =V, )) (5.9)

Equation (5.9) is only valid for (Vi - Vi) <0, as it would else yield 7,4 at Vo =V} and not at
Ve = 0V. Moreover, as already mentioned in chapter 2.2.2, it does not take into account the gate-

voltage dependence of the field-effect mobility and also neglects contact resistance.
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From the extracted off-current at Vo= 0V (2.4 nA) an off-conductivity of 2.5x10"* S/sq can be
calculated using eqn. (5.10) (L = 25 pm, W= 2.85 mm).

o,=elp,, U Lol (5.10)
off of Hof v, W

With an extracted mobility in the off-state f4g7 (Vo= 0V) of 1.3x10° cm?/Vs a pristine doping
level of [1.2x10'* carriers per cm? can be estimated. When taking into account also an extracted
saturation field-effect mobility of 4x10° cm?/Vs before NHj; exposure, the transfer curve at
Vb =-85V could be well reproduced with eqn. (5.9) in the region between Vj; and Vi =-85V
(Figure 5.54), which is of course expected, as only extracted parameters were applied.

Now let the device be exposed to 1% ammonia. [500 pl of the solution with the active-sensing
ROM-polymer (concentration: 60 mg/ml) was applied by spin-casting, thus containing [BO mg
solid content. Assuming that 20 mg of the material formed the ROM-polymer film, with the rest
not remaining on the substrate due to centrifugal forces, the number of polymer chains within
the film can be calculated by using the number average molecular weight of the DCF-based
polymer 16 (M,: 40840 g/mol) and Avogadro’s constant N, leading to a value of [Bx10' chains.
As 1 mol% of dye-bearing monomers was mixed with the corresponding bulk-monomer, this
leads to [Bx10" active-sensing groups within the film. If they are homogenously distributed
within the film and an area of 10 mm?* would actively contribute to the sensor response during
operation of a single device, then [1.6% (substrate dimensions: 25.4 mm x 25.4 mm) of active
groups would be found within this area, in numbers [#.6x10%. All active groups are assumed to
be ionized upon 1% NH; exposure and presumably 1 ppm ([#.6x107) NHy" ions per second
reach the rr-P3HT/PVA interface near the channel region at Vio=-85V and Vp=-100V
(Ecp =10° V/em). If each of those ions would “create” only one positive charge carrier, 4.6x107
new charge carriers per channel area (2.85 mm x 25 pm) per second would result in a charge-
carrier density increase rate Ap/Ar of [1.5x10'" positive polarons per cm? per second. Accordingly,
a channel-current increase rate of [I150 nA/s at Vi = -85V and V) = -100V is then estimated from
eqn. (5.11), corresponding to the measured /p-increase rate (Figure 5.41).

A]Dmt :K P —
Low = o, 0L, -v,) 5.11)

This value is obtained with the field-effect mobility and threshold voltage values of the pristine
device before NH; exposure. For sure mobility will increase and V,, will shift to more positive

values already during NHj exposure.
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Therefore, the assumed values for the number of ions reaching the interface per second and their
“carrier-creation” efficiency have to be seen as rough estimations. For instance, assuming average
mobility and threshold-voltage values of 1x102 ¢cm?/Vs and 0V, respectively (in the following
termed “other values”), would result in about the same /p current increase rate with a Ap/At of
[2x10" charge carriers per cm? per second.

With the estimated Ap/Az, after 600 s NH; exposure this would lead to a total charge-carrier
density increase due to interaction with NH¢ ions of [B.9x10" cm? (other values:
[1.2x10" cm™?), adding to the pristine doping level of [1.2x10"* cm?, which is only [B% (other
values: [10%). Accordingly, the channel-current increase rate of [150 nA/s leads to a total
Ip increase of [P0 pA at Vi =-85V and Vi =-100V after 600 s NH3 exposure, as was observed
also in the measurements (Figure 5.33 left).

Using eqn. (2.17), the maximum interfacial trap density calculated from the subthreshold slope
of the device before ammonia exposure is N7 = 3.4x10"2 cm™ eV When comparing this value
with the estimated total increase of the mobile charge carrier density due to interaction with
NHy* ions, it might be concluded that the increase cannot be ascribed to de-trapping alone.
Assuming a new larger off-state mobility (at Vo=0V) of 8x10° cm?/Vs (other values:
2.5x10" cm?/Vs) after exposure to NH; (due to the higher charge carrier density), the new off-
conductivity, resulting from the pristine doping level plus the charge carrier density induced by
NHy¢ ions, would be [5.1x10° S/sq (other values: 5.3x10' S), corresponding to a new off-
current of [b pA (same for other values) derived from eqn. (5.10), which corresponds to the
measured value.

Taking into account the new threshold voltage value after NH; exposure according to Table 10,
the field-induced charge carrier density prz at Vo= Vb = -85V is modified to [2.5x10"*/cm? In
combination with the new larger saturation field-effect mobility of 2.0x10% cm?/Vs in the on-
state after NH; exposure (due to the higher charge carrier density), the corresponding transfer
curve at Vp=-85V could again be well reproduced with eqn. (5.9). Figure 5.54 compares the

measured and modeled curves before and after NH; exposure.
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Figure 5.54: Semi-logarithmic transfer curves at V) = -85V of an OFET-sensor (L =25 pm, W= 2.85 mm)
with the DCF-based polymer 16 measured before (filled symbols) and after (open symbols)
exposure to 1% NHj3, including modeled curves.

Of course, for the modeled transfer curves many parameters extracted from the measured data
were applied so that in fact the good agreement between model and experiment is not surprising.
Moreover, rough assumptions were made and possible interactions with immobile (or less
mobile) counter-ions were not taken into account. Nevertheless, the estimations in this section

provide a more detailed picture of the possible mechanisms in a SensFET when exposed to NHs.

5.7. Summary and Conclusions

A novel OFET-sensor concept based on the application of a sensitive gate dielectric was proposed,
which could be successfully realized by the application of solution-processable, pH-sensitive
ROM-polymers in bottom-contact OFETs with meander-shaped top-gate electrodes. Upon
exposure to NHj at concentration levels down to 100 ppm, the devices exhibited a distinct
irreversible source-to-drain current increase, while OFETs comprising a reference dielectric
without pH-sensitive groups showed negligible response. The sensor mechanism was thoroughly
investigated, also including UV/VIS-, FTIR- and capacitance measurements. It was ascribed to
the deprotonation of OH-groups in the active-sensing dielectrics, leading to the creation of
mobile ammonium ions, which, upon application of an electric field, move to the
dielectric/semiconductor interface or even into the semiconductor. By electrochemical doping of
the contacts and/or the semiconductor, the formation of electric double layers near the interfaces,
the reduction of the depletion width near the drain electrode, charge-carrier de-trapping and/or
by space charge polarization of the dielectric, the mobile ions induce an increase of the charge
carrier density within the semiconductor, resulting in the observed sensor response.

The sensing behavior was shown to depend on an appropriate material combination of active-

sensing dielectric and organic semiconductor and could be observed even after storage in air.
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The fact that capacitors based on the sensitive dielectrics showed minor response to the analyte
underlines the potential of the OFET as sensor element.

Even if the sensors were irreversible (at least reversibility could not be demonstrated), they could
still be applied as cheap single-use detection elements e.g. for monitoring fish freshness or meat
spoilage.

As the sensor response only depends on the applied potential difference, the operating voltage can
easily be reduced and lower concentrations of ammonia, possibly even in the ppb region, could be
detected at response times on the order of seconds, when monitoring the slope of the /n(2)-curves.
Expensive source/drain-electrode structuring via photolithography could be replaced by the
application of efficient large-scale structuring techniques such as inkjet printing or soft
lithography, possibly also in combination with flat or cylindrical flexible substrates, enabling
SensFETs to be implemented e.g. into textiles.

Furthermore, the application of solvent-compatible active-sensing dielectrics and organic
semiconductors will reduce costs and processing effort, as PVA would not be required. The device
performance may, however, also be enhanced by including additional intermediate layers to
increase selectivity (e.g. upon application of semi-permeable membranes), ambient and
operational stability or charge-carrier transport and injection.

By using appropriate dielectrics the concept could be extended to other analytes such as ions or
bioactive materials even in aqueous environments. Multiple analyte detection could be enabled,
when a number of SensFETs comprising individually adapted dielectric materials is integrated
into an array.

For sure, the presented devices leave room for improvement. Nevertheless, the results in this
chapter will hopefully contribute in paving the way to all-solution-processed, integrated, smart

and flexible (bio)sensor systems.
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