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Abstract

The presented work focuses on the development of novel photoreactive materials for
applications in organic electronics.

Photopatternable dielectrics are realized by utilizing crosslinking reactions of
polynorbornene derivatives with bisazide compounds, as well as by side reactions
of the photo-Fries rearrangement. Furthermore, a versatile approach that provides
an easy patterning method for cellulose thin films by means of photolithography,
is presented. The main concept of this approach is to exploit the acid-induced
desilylation reaction of trimethylsilyl cellulose (TMSC) by the use of photoacid
generators (PAGs). This method provides the possibility to realize either positive- or
negative type structures, depending on the development conditions, with resolutions
down to the sub-micrometre range. This biopolymer-based material can therefore be
considered as a dual-tone photoresist. The potential application of these dielectric
materials in organic electronics is demonstrated by assembling organic thin film
transistors (OTFTs) with photopatterned gate dielectrics, exhibiting good perfor-
mance compared to established materials and processes. These photopatternable
dielectric materials enable the realization of electrical interconnects, as required for
the fabrication of demanding organic electronic circuits.

For the realization of photopatternable electrodes, which are compatible with
processes in organic electronics, the photo-induced crosslinking of stabilized gold
nanoparticles with a bisazide compound is further explored. Photolithographic
patterning of this material leads to nanoparticle patterns with resolutions in the
single-digit micrometre range, allowing the fabrication of electrically conductive
gold structures by a subsequent sintering step at temperatures below 250 °C. The
suitability of these photopatternable electrodes is shown by assembling OTFTs, using

such photopatterned gold nanoparticle films as source/drain electrodes.
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Kurzfassung

Die vorliegende Arbeit beschéftigt sich mit der Entwicklung neuartiger photoreaktiver
Materialien fiir Anwendungen im Bereich der organischen Elektronik.

Photostrukturierbare Dielektrika kénnen sowohl durch eine Vernetzung von Poly-
norbornenderivaten mit Bisaziden, als auch durch Nebenreaktionen bei der Photo-
Fries Umlagerung, realisiert werden. Weiters wird ein Verfahren zur Strukturierung
von Cellulose-Diinnschichten anhand photolithographischer Methoden vorgestellt.
Das Konzept dieser Strukturierungsmethode basiert auf einer saurekatalysierten
Desilylierung von Trimethylsilylcellulose anhand von Photosduregeneratoren (PAGs).
Die hier beschriebene Methode erlaubt, je nach Entwicklungsmethode, die Herstellung
von Positiv- oder Negativstrukturen mit einer Auflésung bis in den Submikrometer-
bereich. Dieses auf Biopolymeren basierte System kann daher als Zweitonphotolack
(engl. dual-tone photoresist) betrachtet werden. Das Potential der untersuchten
Materialien fiir Anwendungen in der organischen Elektronik wurde anhand von
OTFTs mit photostrukturierten Dielektrika gezeigt. Diese photostrukturierbaren
Materialien ermoglichen die einfache Herstellung von elektrischen Verbindungen,
welche fiir komplexe organische Schaltkreise ben6tigt werden.

Fiir die Realisierung von photostrukturierbaren Elektroden, kompatibel mit Prozessen
in der organischen Elektronik, wurde die lichtinduzierte Vernetzung von stabil-
isierten Gold-Nanopartikeln mit Bisaziden untersucht. Eine photolithographische
Strukturierung dieses Materials fiihrt zu vernetzten Gold-Nanopartikelfilmen mit
Auflésungen im Bereich weniger Mikrometer, welche in einem darauffolgenden Sin-
terschritt unter 250 °C zu leitfahigen Strukturen umgewandelt werden konnen. Die
Eignung dieses Materials fiir die organische Elektronik wird anhand von OTFTs mit

photostrukturierten Source/Drain Elektroden gezeigt.



Contents

1

General Introduction

1.1 Organic Electronics . . . . . . . ... ... ...

1.1.1  Organic Thin Film Transistors (OTFTs)
1.1.2  Properties of Organic Semiconductors
1.1.3 OTFT Gate Dielectrics

1.1.4 OTFT Electrodes . . . . . .. ... ... ... ... .....
1.2 Photochemistry . . . . . . . ...

1.2.1  Photo-Induced Crosslinking of Polymers
1.2.2  Photo-Fries Rearrangement
1.3  Photolithographic Techniques

1.3.1 Two-Photon Absorption (TPA) Lithography . . . . ... ...

1.3.2 Interferometric Lithography

Photo-Induced Crosslinking of Polynorbornenes

2.1 Introduction . . . . . . . . . ...

2.2 Results and Discussion . . . . . . . . . ..
2.2.1 Synthesis . . . . . ...

2.2.2  Crosslinking of Polynorbornenes

2.2.3 Application of Poly-NDPE as a Gate Dielectric . . . . . ...
2.3 Experimental . . . . . ... ..
2.3.1 Materials . . . . ...
2.3.2 Methods . . . . . . .

2.3.3 Monomer Synthesis
2.3.4  Polymer Synthesis

2.3.5 Synthesis of the Grubbs-IIT Type Catalyst

2.4 Summary and Conclusions

Photolithographic Patterning of Cellulose

3.1 Introduction . . . . . . . . .

VI

10
13
14
15
16

18
18
20
20
21
30
33
33
33
36
37
39
40

42



3.2 Results and Discussion . . . . . . ... ... 0000 45
3.2.1 Characterization of Trimethylsilyl Cellulose (TMSC) Films . . 45

3.2.2  Dielectric Properties of Regenerated Cellulose Films . . . . . . 48

3.2.3 Photo-Induced Desilylation of TMSC . . . . . ... ... ... 50

3.2.4 Investigation of the Surface Properties of Photopatterned TMSC 58

3.2.5  Contact Lithography . . . . . ... ... ... ... ...... 59

3.2.6 Two-Photon Absorption (TPA) Lithography . . . .. ... .. 64

3.2.7 Holographic Lithography . . . . . .. ... ... .. ... ... 67

3.2.8 Application of Photopatterned TMSC as Gate Dielectric . . . 68

3.3 Experimental . . . . . .. ... 70
3.3.1 Materials . . . . ... 70

3.32 Methods . . . . . . . 70

3.4 Summary and Conclusions . . . . . . .. .. ... ... ... .. ... 73

4 Photo-Induced Crosslinking of Gold Nanoparticles 75
4.1 Introduction . . . . . . . .. .o 75
4.2 Results and Discussion . . . . . . . . ... 77
4.2.1 Synthesis of Stabilized Au-Nanoparticles . . . . . . ... ... 7

4.2.2 Au-Nanoparticle Characterization . . . . . . . ... ... ... 78

4.2.3 Preparation of Conductive Au-Nanoparticle Films . . . . . . . 83

4.2.4 Photo-Induced Crosslinking of Au-Nanoparticles . . . . . . . . 85

4.2.5 Contact Lithography . . . . . .. .. .. ... ... ... ... 90

4.2.6 Fabrication of Conductive Au-Nanoparticle Patterns. . . . . . 92

4.2.7 Holographic Lithography . . . . . .. ... .. ... ... ... 93

4.2.8 Application as OTFT Source/Drain Electrodes . . . . . . .. 94

4.3 Experimental . . . . .. .. ... 96
4.3.1 Materials . . . ... 96

4.3.2 Methods . . . . . ... 96

4.3.3 Synthesis of Alkanethiol Stabilized Au-Nanoparticles . . . . . 98

4.3.4 Synthesis of Triphenylphosphane Stabilized Au-Nanoparticles. 99

4.4 Summary and Conclusions . . . . . . .. .. ... L. 100
Appendix 102
Bibliography 109

VII



1 General Introduction

1.1 Organic Electronics

Since the development of molecularly doped polyacetylene, a conductive conjugated
polymer, by Heeger, MacDiarmid and Shirakawa in 1977, a rapid growth of the field
of organic semiconducting materials was encouraged.!!! The invention of the first
organic light emitting diodes (OLEDs) with small molecules by Tang and Van Slyke
in 1987, followed by the first conjugated polymer OLEDs by Burroughes et al. in 1990,
enabled the development of large-area electronic devices with significantly decreased
cost per area compared to conventional (inorganic) light emitting devices.>% The
main research on organic thin film transistors (OTFTs), one of the basic elements for
any organic logic circuit, also emerged in the late 1980s, focusing on both polymers!4”!
and small molecules®. Despite the comparably low performance of these initial
devices, much effort was devoted in research to improve their performance, considering
the potential of organic electronics.

The main advantage of this technology is the possibility of solution processing,
enabling a simplified large-area device fabrication with a reduced number of vacuum
steps. This also facilitates up-scaling of the manufacturing process "from lab to
fab". Processing can typically be performed at temperatures below 200 °C, thus also
enabling the use of inexpensive polymer substrates for the realization of lightweight
and flexible electronics.[”) The capability to deposit organic materials from solution
further allows to pattern functional materials, using printing methods such as inkjet-,
gravure- or screen printing, leading to the concept of printed electronics. 8 Moreover,
when using organic materials, the comprehensive toolbox of organic chemistry is
available for tailoring electrical, optical, rheological or chemical properties, leading
to highly customizable functional materials. !

These favourable properties open the way for an economical fabrication of a
multitude of electronic devices, including OLEDs, OTFTs, organic photovoltaic
devices (OPV), sensors, batteries, microelectromechanical systems (MEMs) or radio-

frequency identification (RFID) tags. Furthermore, novel highly innovative products



such as rollable displays, disposable diagnostic devices, printed flexible batteries,
"lab-on-a-chip" devices or "smart textiles" can be realized, to name just a few.[1%
However, the main drawbacks of organic electronics, particularly when utilizing or-
ganic semiconductors, are a comparably low device performance and a high sensitivity
to environmental influences such as oxygen, moisture or UV-radiation with organic
compounds being generally susceptible to ageing. Nonetheless, the wide range of
applications and possible uses for organic electronics are of substantial interest for
research and industrial appliances and currently gain progressively increasing market

attractiveness. [10-12]

1.1.1 Organic Thin Film Transistors (OTFTs)

The basic principle of the field effect transistor (FET) was first proposed in 1930
by Lilienfeld.[3] In these devices, the density of charge carriers in the channel
between two electrodes is modulated by a bias applied to a third electrode. FETs
can serve as switching- and amplifying components in electronic circuits and even
though the field effect in organic semiconductors was first reported in 1970 by several
authors™1 organic field effect transistors (OFETs) have only been identified as
potential components in electronic devices in 1987.1%

The charge carrier mobility u, besides other parameters, is often cited to compare
the performance of different OTFT materials and fabrication techniques. Organic
FETs with a thin film transistor architecture were used extensively from the early
1990s when the mobility in devices with small molecule materials, particularly
pentacene, exceeded 0.1 cm?/V's and began to approach values obtained in hydro-
genated amorphous silicon (a-Si:H), lying in the range of 0.5-1cm?/V's. Since then,
the mobility of these OTFTs has continued to improve, with the highest values now
in excess of 10cm?/V s.[16:17]

Different OTFT structures can be realized by arranging a dielectric layer, a semi-
conducting layer and the three respective electrodes in several specific configurations
as shown in Figure 1.1, depending on the used materials and targeted processing
methods. Each of the possible OTFT configurations possesses its advantages and
drawbacks, influencing device properties as well as the possibilities for fabrication.
However, due to the sensitivity of most organic semiconductors, a deposition of the
semiconductor on top of the layer stack is advantageous and, therefore, the large
majority of current OTFTs are built according to the bottom-gate architecture (see

Figure 1.1a-b). The layer setup also influences the feasibility for different patterning



techniques of the electrodes (e.g. photolithography or shadow mask evaporation).
The achievable resolution of these patterning techniques further determines the device

performance. ']

Substrate Substrate

OSC: organic semiconductor

Figure 1.1: Possible configurations of thin film transistors: bottom-gate, staggered
(a), bottom-gate, coplanar (b), top-gate, staggered (c) and top-gate,
coplanar architecture (d)

1.1.2 Properties of Organic Semiconductors

Two main classes of organic semiconductors can be distinguished: 1) low molecular
weight materials, which are often referred to as small molecules and 2) polymers.
Both material classes exhibit a conjugated m-electron system being formed by the
p,-orbitals of sp?-hybridized carbon atoms (see Figure 1.2), which is responsible for

the ability of the material to transport charges.

@————n-bond————@
’ c-bond a
————nbond————

Figure 1.2: o- and m-orbitals between sp?-hybridized carbon atoms. Figure adapted
from [18!

These w-bonds result from an overlap of two p,-atomic orbitals, leading to bonding-
and antibonding molecular orbitals, as shown in Figure 1.3. In this case, two

electrons occupy the bonding m-orbital, lying at a lower energy level than the two



non-interacting p,-atomic orbitals. In conjugated systems, the electrons in the
m-orbitals are delocalized within the molecule or along the conjugated polymer
backbone, enabling the flow of charge carriers in the material. In solids, these
filled bonding m-orbitals form the highest occupied molecular orbital (HOMO) and
the empty antibonding 7w*-orbitals form the lowest unoccupied molecular orbital
(LUMO). These energy levels can be thought of as corresponding to the valence-
and conduction bands in conventional inorganic semiconductors and are used in the
same way to represent the band offsets between the different components of a specific

device structure.

antibonding
n*-molecular orbital

antibonding

I 2
O T H T 0

bonding

bonding
n-molecular orbital

Figure 1.3: Occupation of the bonding w-orbital from electrons of the non-
interacting p,-orbitals. Figure adapted from 8

Due to the fact that m-bonds are significantly weaker than o-bonds, the lowest
electronic excitation of conjugated molecules is the m-7*-transition (HOMO-LUMO),
as shown in Figure 1.4, with an energy gap typically lying between 1.5 and 3eV. This
energy gap leads to the absorption or emission of light in the visible spectral range
and can be controlled by the degree of conjugation in a molecule, offering a wide
range of possibilities to tune the optoelectronic properties of organic semiconducting

materials. 19
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Figure 1.4: Energy levels of m-conjugated molecules at the example of ethene

Some representative and widely used organic semiconducting materials with a con-
jugated structure are shown in Figure 1.5. From the class of polymers, polyfluorene-
and poly(3-alkylthiophene) derivatives are often used in OTFTs, with highly regio-
regular poly(3-hexylthiophene) reaching mobility values up to 0.1 cm?/V's. For the
fabrication of p-type OTFTs based on small molecules, pentacene and oligothiophenes
are the most important materials with mobilities up to 6cm?/Vs and 1cm?/V's,
respectively. A further high electron-mobility material, often used in n-type OTFTs is

buckminsterfullerene (Cgg), exhibiting a charge carrier mobility up to 0.5 cm?/V's.[1]

Pentacene Buckminsterfullerene

Figure 1.5: Chemical structure of selected organic semiconducting materials

1.1.3 OTFT Gate Dielectrics

Besides the organic semiconductor, the dielectric material is similarly important

for realizing an appropriate electrical device performance in gate-insulated OTFTs.



General requirements for dielectric materials are a good interface between the
dielectric and organic semiconductor with a smooth surface, low leakage currents,
low pinhole densities and a high breakdown field of the dielectric, in excess of several
MV /cm. Other desirable OTFT attributes include a low voltage operation and the
possibility for solution processing. ")

Over the past decade, a wide range of dielectric materials has been successfully
employed as gate dielectrics in OTFTs. These materials can basically be classified
into four groups, distinguished by their chemical composition or their assembly as
a dielectric layer. A distinction between inorganic dielectrics, organic dielectrics,
self-assembled monolayer (SAM) dielectrics, and multilayer or multi-component
dielectrics can be made. Furthermore, a fifth group can be defined as multifunctional
dielectrics, comprising all materials described above by extending the classification
beyond their insulating properties. !

From the mentioned material classes, organic dielectrics are especially versatile
with respect to tuning their physical and chemical surface properties, in order to
improve the OTFT performance. In the bottom-gate configuration of OTFTs, the
insulator is capable of affecting the morphology of the semiconductor layer, with its
surface energy strongly influencing the nucleation and growth mechanism of vapour
deposited organic semiconductor films. According to standard nucleation and growth
models, an increasing surface energy leads to an increase of the nucleation rate and
therefore to a decrease of the grain size of the organic semiconductor.?? The effect of
the grain size of the organic semiconductor on the performance of OTFTs is currently
still a matter of research and not fully understood. However, based on conventional
theories on charge transport in polycrystalline semiconductors it can be expected
that the mobility increases with bigger grain size.?!! This can be explained by a
decrease of the number of grain boundaries, leading to improved charge transport.
Besides morphological effects, the type of insulator may also have chemical and
electrical consequences with the use of either high dielectric constant (high-x) or
low dielectric constant (low-x) gate insulators. In general, low-x dielectrics influence
the OTFT performance by reducing parasitic capacitance, enabling faster switching
speeds and a lower power consumption. The interest in high-x organic dielectrics
arises from the gate voltage dependence of the mobility. High capacitance leads to
high charge-carrier concentrations at low gate voltages, hence mobility is expected
to be higher. The respective advantages of low-x and high-x dielectrics thus seem

contrary and are still a matter of research.17]



1.1.4 OTFT Electrodes

For the fabrication of organic electronic devices, inexpensive, non-oxidizing electrodes
present a challenge. Source/drain and gate electrodes based on noble metal thin
films, including Au, Pd, Pt are widely used in OTFTs and also other metals such as
Al, Cr, Cu, and Ni have been investigated comprehensively.?? Many metal layers
also enable a surface modification e.g. with self-assembled monolayers, to tune the
layer- and device properties.? For OTFT fabrication, evaporation or sputtering
techniques are often used for the deposition of the gate metal electrodes, with
additional lithography steps to define them. For top-gate structures with a polymer
gate dielectric, this may be less practical due to an incompatibility of commonly
used dielectrics with the lithographic process. Therefore, solution processing is a
viable option for top-gate OTFTs, also allowing a fabrication without the need for
time-consuming and cost-intensive vacuum steps. [10:17]

Widely used solution-derived conductive layers include conducting polymers, such
as doped polyaniline and poly(3,4-ethylenedioxythiophene) doped with polystyrene
sulfonate (PEDOT:PSS), as well as dispersions of inorganic metallic nanoparticles.

The chemical structure of these representative polymeric materials is depicted in

Polyaniline

7\
(0] O
PR
S n m
SO5°

PEDOT:PSS

Figure 1.6.

Figure 1.6: Chemical structure of selected conductive polymers

In some cases, however, conducting polymers contain dopants to increase their
conductivity, which may migrate during device operation and can affect the oper-

ational stability of devices. Furthermore, particle-based systems often require low



molecular weight stabilizers to maintain solubility, which either lead to an increased
resistance or must be removed to sinter these particle-based layers. Such polymeric
and particle-based systems present an additional challenge when fabricating devices
on polymeric substrates, in which the solvent must be removed or where particles
must be sintered at temperatures exceeding 150 °C. Therefore, polymer substrates
with a high thermal and chemical stability are required.??

Nonetheless, these solution-based materials are well suited for large area fabrication
techniques including roll-to-roll processing. Additionally, the high transparency of
some organic conductors (e.g. PEDOT:PSS) renders these materials an appropriate

alternative for electrodes based on indium tin oxide (ITO), in some applications. 1%:7]

1.2 Photochemistry

Photochemistry plays an important role in modern semiconductor electronics and
is concerned with reactions which are initiated by electronically excited molecules
due to an absorption of light, preferably in the visible and near ultraviolet region
of the electromagnetic spectrum. One of the fundamental principles relating to
photochemistry is the Grotthuss-Draper law, which states that only light which is
absorbed by a chemical entity can cause photochemical change. Another important
principle in this regard is the Stark-Einstein law, stating that the primary act of light
absorption by a molecule is a one-quantum process, where for each photon absorbed
only one molecule is excited. However, when very intense light sources such as lasers
are used for irradiation, concurrent or sequential absorption of two or more photons
may also occur. ?4

In order to trigger photochemical reactions, molecules must exhibit an electronic
configuration where the absorption of one photon promotes an electron from the
HOMO to the LUMO. These reactions are only possible, if the incident light con-
tains photons having exactly the energy corresponding to a specific HOMO-LUMO
transition. The absorbed energy E hereby equates to the product of the Planck
constant h and the frequency of the absorbed photon v, which is a function of the

speed of light in vacuum ¢ and its wavelength A, as shown in Equation 1.1.

AE:h*V:h*§ (1.1)

With an excitation of a molecule from its singlet ground state (Sp) to an excited

singlet state (S,*), one electron is promoted into the next higher orbital under spin



conservation (see Figure 1.7). From this excited state, the molecule can revert back to
its ground state in different ways through either radiative- or non-radiative primary
and secondary processes. A schematic representation of the absorption process of a
photon and the possible emission processes of a molecule from its excited state are

illustrated in a Jablonski diagram in Figure 1.8.

—— LUMO —}— LUMO
—+— Homo —+4— Homo
SO Sn*

Figure 1.7: Schematic representation of a singlet ground Sy state and an excited
singlet state S,*
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Figure 1.8: Jablonski diagram of the electronic states of a molecule and its transi-
tions. Figure adapted from [

A molecule in an excited singlet state S,* rapidly decays to the lowest excited
singlet state S;* by non-radiative processes (internal conversion and vibrational
relaxation), allowing further chemical reactions. An electronically excited molecule
in the S;* state can then revert back to its ground state Sy by vibrational relaxation
or by emission of a photon (fluorescence). However, the energy gap between the
excited state and the ground state can be smaller than that of the original excitation.
Therefore, a shift of the wavelength of the emitted light to higher wavelengths is
observed. Another possibility for a molecule in an excited singlet state to revert back
to the ground state is by intersystem crossing (ISC), which is thermodynamically

favoured, although in principle forbidden by quantum mechanics. Hereby, the



electron in the HOMO changes its spin, leading to the energetically more feasible
excited triplet state T;*. A molecule in the T;* state with a lifetime in the order
of t > 107*s can return back to the ground state either by a release of heat, by
emission of a photon (phosphorescence) or by undergoing chemical reactions. In
the case of phosphorescence, the energy gap between the excited triplet state T1*
and the ground state Sy is smaller than the gap between S; and Sy. Therefore, light
emitted by phosphorescence has a higher wavelength than both the initial incident

light and the fluorescence emission. 2426

1.2.1 Photo-Induced Crosslinking of Polymers

Intermolecular crosslinking, caused by the formation of covalent bonds between
polymer chains, results in an increase of the average molar mass and eventually
leads to the formation of a three-dimensional insoluble network. Crosslinking of
macromolecules can be achieved in various ways, including reactions of electronically
excited side groups on the polymer chains or reactions of photo-generated reactive
species in polymeric systems. Typical examples for the former reaction type are [2+2]
cycloadditions that occur at C=C bonds of unsaturated polymers e.g. in the case of
poly(vinyl cinnamate). An important example for the latter type are reactions of
nitrenes generated in polymeric systems, containing azide groups. "

Crosslinking reactions with photo-generated species have found widespread appli-
cation in photolithography and resist technology, with organic azides being a suitable
and widely studied functional group.?¥ These azide groups can either be chemically
attached to polymer chains or, alternatively, low molecular mass bisazide compounds
containing two azide moieties can be added to a polymer to achieve photo-induced
crosslinking of a variety of linear polymers. Upon absorption of a photon, a decom-
position of the azide group takes place, leading to an electrically neutral and very
reactive nitrene intermediate. This intermediate is in an electronically excited singlet
state and can decay to the ground state, the triplet nitrene state (see Figure 1.9).

R-N;  —e (ReN)' ¢ N

(R-N)" ——  °(R-N)

Figure 1.9: Photo-induced decomposition of azide groups, leading to singlet- and
triplet nitrene groups
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Both singlet and triplet nitrene are highly reactive species and can be used for
crosslinking of polymers. Singlet nitrene can insert into C-H bonds of a polymer and,
in the case of unsaturated polymers, can also add to C=C bonds and form aziridine

groups, both in single step processes (see Figure 1.10).

, . | H |
(R-N)" + H—C|)— R—N—(ll—
C|3H <|:H
(R-N)" + I R—NTI
(R-N) CH “CH

Figure 1.10: Possible reactions of singlet nitrene with saturated and unsaturated
polymers

Triplet nitrene can abstract hydrogen atoms, thus forming an amino radical and
a carbon (macro)radical as shown in Figure 1.11a. These two radicals can either
couple or the amino radical can form a primary amine by hydrogen abstraction from
a different molecule (see Figure 1.11b and c). Moreover, crosslinking can either occur
by coupling reactions of macro-radicals (see Figure 1.11d), or after a reaction of both
azide groups in the case of bisazides as shown in Figure 1.11e. The rearrangement of
aryl nitrenes by the photolysis of aryl azides can further lead to the formation of
azepine derivatives as side-products. 2729

Other important reactions for a photo-induced crosslinking are free radical mecha-
nisms of benzophenone or acetophenone derivatives, which either directly abstract
hydrogen from a polymer chain, or decompose into free radicals capable of abstracting
hydrogen as shown in Figure 1.12, leading to crosslinking by a recombination of
macro-radicals. In this regard, also organic peroxides are widely used as efficient

thermal and photo-reactive crosslinking agents. *7]

11
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Figure 1.11: Possible reactions of triplet nitrene
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Figure 1.12: Generation of (macro)radicals from electronically excited benzophe-

none (a) and acetophenone derivatives (b)
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1.2.2 Photo-Fries Rearrangement

The Fries reaction, discovered by Fries and Finck in 1908, describes the rearrangement
of phenolic esters to the corresponding hydroxy aryl ketones under catalysis of a
Lewis acid.? The light-induced Fries reaction, which is referred to as photo-Fries
reaction, was first described by Anderson and Reese in 1960, showing that aryl esters
rearrange to hydroxyketones under UV-illumination.®] The widely accepted radical
mechanism of the photo-Fries rearrangement was postulated by Kobsa, Finnegan

and Mattice and is shown in Figure 1.13.[3233
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Figure 1.13: Photo-Fries reaction of aromatic esters

In this reaction, the absorption of photons leads to the electronic excitation of
aromatic esters to their excited singlet state S;*. A homolytic cleavage of the
C-O bond then leads to the corresponding acyl- and phenoxy radicals. These
radicals can either react in the solvent cage and form the original compound or
recombine to ortho- and para-cyclohexadienone derivatives. Tautomerism results in
the corresponding ortho- and para-hydroxyketones. When phenoxy radicals escape
from the solvent cage, phenol is generated under H-abstraction, but also other side
products such as carboxylic acids and hydrocarbons, are generated. 334 In addition
to the photo-Fries rearrangement of phenolic esters, this reaction is also observed
in other aromatic compounds, such as aromatic amides or urethanes. Polymers,
containing these photoreactive side groups can also be used as photoresists, by

(35]

exploiting either changes in polarity under UV-illumination!> or crosslinking due

36,37]

to coupling reactions of the photo-generated radicals . Both approaches allow
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a selective removal of the exposed or non-exposed areas by using an appropriate

solvent. [38:39]

1.3 Photolithographic Techniques

The principle of photolithography is based on the interaction of electromagnetic or
particle radiation with thin layers of a radiation-sensitive material, which is usually
referred to as photoresist. In general, the ideal photoresist replicates the exact shape
of the designed or intended pattern in the plane of the substrate, with vertical walls
through the thickness of the resist. Thus, the final resist pattern should be binary
with parts of the substrate completely covered with resist and parts, which are
completely uncovered. This binary resist behaviour is needed for pattern transfer,
since the parts of the substrate covered with resist will be protected from etching
or other pattern transfer mechanisms. Photoresists are categorized as positive or
negative, whereby the exposure to light either causes the exposed patterns to be

7400 The general sequence of a

removed or to remain after a development step.
subtractive patterning process is depicted in Figure 1.14 and involves the deposition
of a uniform film of a resist material on a substrate, lithography to create a positive-
or negative image of the desired pattern, as well as etching and stripping processes
to transfer the pattern onto the substrate.
Resist - E
Substrate
l Exposure

Mask - _l l—l l—

/ Development
— E—

l Etching l
l Stripping l
Positive mode Negative mode

Figure 1.14: Schematic representation of the lithographic process

14



The basic methods of exposing a photoresist through a photo-mask (e.g. on
a mask-aligner) are contact- and proximity lithography, offering reasonably high
resolutions down to approximately the wavelength of the radiation. However, practical
problems, such as mask damage and a significantly increased resolution limit in
proximity lithography due to diffraction effects, led to the development of a variety
of alternative exposure methods.*” For the last two decades, the most common
exposure method in the semiconductor industry has been projection lithography,
where an image of the mask is projected onto the wafer with a demagnification ratio
up to 4x. Regarding a periodic structure consisting of lines and spaces, the minimum
achievable feature size or critical dimension (CD) of this technique, can be estimated
with the aid of Equation 1.2.
kA
CD = VA (1.2)
In this equation, A is the wavelength of the exposure light and k; is a system
parameter, depending on various factors such as resist response, pattern geometry,
etc. The numerical aperture NA is defined by Equation 1.3 as a function of the

refractive index n and the acceptance angle of the lens .74

NA = nsinf (1.3)

1.3.1 Two-Photon Absorption (TPA) Lithography

The existence of two-photon absorption (TPA) was predicted theoretically in 1931 by
Goppert-Mayer and experimentally demonstrated in 1961 by Kaiser and Garrett. 4142
TPA describes the excitation of a molecule to an energy level hv; = 2his by the
simultaneous absorption of two photons via a virtual intermediate state with a
lifetime of several femtoseconds. This process is only possible when both photons
are spatially and temporary coincident and occurs with a probability proportional to
the square of the light intensity. A schematic representation of the TPA process is

illustrated in Figure 1.15.

S,/ — Excited state S ———
hvz

hv, Virtual intermediate state =~ ----- i
hv,

So Ground state Sy ————

Figure 1.15: Schematic representation of the two-photon absorption process
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Two-photon absorption can be induced when focussing a pulsed femtosecond (fs)
laser using an objective lens with a high numerical aperture and allows the initiation
of photoreactions at a laser power of a few milliwatts. Due to the fact that the TPA
rate is proportional to the square of the laser intensity, two-photon abortion only
occurs in a confined area near the focal point, where the laser intensity exceeds a
certain threshold value (see Figure 1.16a). This allows for a selective initiation of
photochemical reactions inside a photoresist layer, which is transparent for the laser
wavelength, typically lying in the range of A = 800nm. When scanning the focus
spot of the laser inside the photoresist material, three-dimensional patterns with
sub-micrometre resolution can therefore be fabricated as schematically illustrated in
Figure 1.16b. %3]

(a) fs laser (b) fs laser

I——

Resist

Focal spot \/ Substrate

Figure 1.16: Illustration of the TPA excitation inside a resist layer (a) and 3D
microfabrication by means of TPA lithography (b)

Resist

1.3.2 Interferometric Lithography

The interferometric exposure of photoresists with two or more coherent light beams
provides a facile technique for a large-area fabrication of periodic patterns with
resolutions down to the nanometre-scale.* Typically, a coherent laser source is split
into two beams, which are incident on a thin photoresist layer at an angle of +6 and
—60. For two-beam interference, the pitch of the interference pattern A is defined as

shown in Equation 1.4, with a minimum achievable pitch of \/2.

A
A=
2sin 0

While any suitable laser source can be used for interferometry, the most widely used

(1.4)

lasers are argon-ion lasers and Nd:YAG lasers, operated at wavelengths that closely
match the required wavelengths of the used photoresist. Typical configurations
of interference lithography are either a split-beam setup, where the split coherent

beam is overlapped, or a Llyod mirror setup, in which the top half of the beam is

16



reflected onto the sample by a mirror. Both interferometric set-ups are illustrated in
Figure 1.17.14449]

Laser source

(a) Mirror (b) Beam
splitter

Laser source .
Mirror

Sample
Sample —

Figure 1.17: Interferometric setup consisting of a Lloyd mirror (a) and split-beam
setup (b)
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2 Photo-Induced Crosslinking of Polynorbornenes

Parts of the work in this chapter have been published previously in Organic

(46l AFM measurements, device fabrication and electrical characteri-

Electronics.
zation were performed at the Institute for Surface Technologies and Photonics at
the Joanneum Research Forschungsgesellschaft mbH in cooperation with Andreas

Petritz.

2.1 Introduction

To enable the fabrication of cheap and adequately performing organic circuits and
devices, some important prerequisites have to be fulfilled. One of the major moti-
vations of organic electronics is the cost-efficient manufacture of devices on flexible
substrates including polymers, textiles or paper with the used materials ideally being
solution-processable and manufacturing techniques compatible with these substrates.
With regard to gate dielectrics, which are critical components for high-quality organic
thin film transistors (OTFTs), it is important to implement suitable insulator materi-
als, which meet the requirements for the fabrication of efficient devices. A significant
reduction of the OTFT operation voltage is of particular importance in order to
lower the power consumption so that the organic electronic circuits, depending on
the intended application, can also be powered e.g. by household batteries. The
charge separation and, accordingly, the charge carrier density in the source-drain
channel of an OTFT are induced by the vertical electric field, which is established
between the gate-electrode and the semiconducting layer and drops over the gate
dielectric. High charge carrier densities at low gate voltages can only be achieved for
high capacitive (high-x) dielectrics with low leakage currents. 7!

To achieve such high-x gate dielectrics, different approaches have been reported
previously. One of these approaches is the use of ultra-thin close packed organic
layers of a thickness of only a few nanometres, which were achieved by self-assembled

49]

monolayers (SAMs) 48] or polyelectrolytes!*!. Other approaches utilize inorganic

high-+ dielectrics fabricated by atomic layer deposition®®, as well as oxide/polymer

bilayers and nano-composites[°!.
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The use of intrinsically photopatternable gate dielectrics is especially desired to
establish electrical interconnections in electronic circuits, which simplifies the design
of circuits. Since none of the aforementioned approaches allows a photopatterning of
the gate dielectric layer, photoresists (e.g. SU-8) were also considered as an alterna-
tive.® However, polymeric dielectric materials, which contain photo-polymerizable
units such as epoxide groups, require photoinitiators for a UV-induced curing. These
photosensitive molecules lead to the formation of either reactive radicals or acidic
groups, initiating the polymerization or crosslinking upon UV-irradiation. In partic-
ular, residual ionic photoinitiators such as Crivello salts and their cleavage products
present in the gate dielectric layer may also cause hysteresis effects. It is well known,
that mobile ionic impurities can be responsible for the hysteresis in OTFTs and also
decrease the long term stability of such devices.® Very often also the immediate
deterioration of the OTFT characteristics under UV-illumination was observed in
polymer dielectrics, containing photoinitiators. ®¥ Other UV-patternable dielectrics
involve complex multi-step crosslinking and curing processes of polymer blends to
achieve thin and electrically dense gate dielectrics. [l

Therefore, single-step crosslinking mechanisms of different polynorbornene deriva-
tives are investigated in order to achieve thin and electrically dense, photopatternable
dielectrics for the application in low voltage pentacene-based OTFTs. Furthermore,
the direct photopatterning capability of polynorbornenes, containing suitable photore-
active functional side groups, is explored. This allows for a direct photopatterning
of the dielectrics without the need for additional photoinitiators or crosslinking

components. 46!

19



2.2 Results and Discussion

2.2.1 Synthesis

The synthesis of the investigated polynorbornene derivatives was performed by means
of ring-opening metathesis polymerization (ROMP), utilizing Grubbs-type catalysts
of the first and of the third generation, as shown in Figure 2.1. The third generation
Grubbs-type catalyst, also known as fast-initiating catalyst, was prepared by adding
pyridine to a solution of the commercially available Grubbs catalyst of the second

generation in THF under stirring. (5!

PCys N/ \N Mes— N N-Mes
| c Mes~ “Mes N Cl
Ru=- Cl S N—Ru=
Cl/ | Ph Ru=- — C|/ | Ph
7 Ph N
PCy3 Cl
PCy3 - |
NS
Grubbs-I Grubbs-II Grubbs-IIl type
catalyst catalyst catalyst

Figure 2.1: Chemical structure of the used catalysts

The polymerization of (+)endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid
dimethyl ester (Poly-NDME), (4)endo,ezo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic
acid diphenyl ester (Poly-NDPE) and bicyclo[2.2.1]hept-2-ene (Poly-NB) was done
with a molar ratio of monomer to catalyst of 1:500. The polymerization reaction,
which is depicted in Figure 2.2, was performed at room temperature in a glove box,
in order to exclude ambient oxygen and water. The reaction was stopped with ethyl
vinyl ether after a complete conversion. After precipitation in methanol, the products
were dried in vacuo, providing yields in the range of 81 to 94%. GPC measurements
revealed well defined molecular distributions with uniform dispersity B, with values
in the range of 1.07-1.17. The molar mass dispersity of polymers is defined as
the ratio of mass average- and number average molar mass (D), = M,,/M,,) with
Dy = 1 representing highly defined polymer chains, which are desired for applications

involving crosslinking.
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9 coordination 9 [2+2] cycloaddition ring opening
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R' = COOMe (Poly-NDME), COOPh (Poly-NDPE), H (Poly-NB)

Figure 2.2: Ring-opening metathesis polymerization of norbornene derivatives

2.2.2 Crosslinking of Polynorbornenes

In order to achieve thin, photopatternable polymer films for applications as a dielectric
layer, the UV-induced crosslinking of Poly-NB, Poly-NDME and Poly-NDPE with a
bisazide compound was investigated. Crosslinking of macromolecules generally leads
to changes in solubility and is therefore widely employed for applications including

photoresists and photopatternable dielectric layers. 28!

Bisazide Crosslinking

Photo-induced crosslinking of Poly-NDME was already achieved previously by utiliz-
ing the thiol-ene reaction of multifunctional thiols with polyenes, for the fabrication
of well defined 2D- and 3D microstructures. ®”*8 This method has proven to be a
suitable tool for crosslinking of unsaturated polymers. To demonstrate, that also
other chemical reactions can be utilized for a UV-induced photopatternig of polynor-
bornenes, 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone (BAC-M) was used as
a versatile, comercially available crosslinking component. The chemical structure, as
well as its absorbance spectrum of this bisazide in the UV- and visible spectrum of

light is shown in Figure 2.3.
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Figure 2.3: Chemical structure and UV/Vis spectrum of 2,6-bis(4-
azidobenzylidene)-4-methylcyclohexanone (BAC-M)

Irradiation of BAC-M with UV-light with a wavelength of A = 365 nm leads to the
generation of nitrene groups (see Figure 2.4), which can interact with the polymer
chains in various ways. These photo-generated radicals can react with unsaturated
polymers by an addition to C=C double bonds with a generation of aziridine moieties
or with saturated polymer chains by either inserting into C—H bonds or, alternatively,
by abstracting hydrogen atoms from CH, groups and leaving free radicals, which

terminate by coupling reactions. **!

+ 2N,

Figure 2.4: Generation of nitrene radicals under UV-illumination of BAC-M

The behaviour of BAC-M in thin Poly-NDME films under UV-illumination was
investigated by means of FTIR spectroscopy. Poly-NDME with a number averaged
molecular weight (M,,) of 58590 g/mol and a dispersity of B = 1.17 was used and
10wt% of BAC-M were added to solutions of Poly-NDME in CHCI, prior to spin
coating (¢ = 20mg/ml, v = 1000 rpm, a = 1000 rpm/s). To investigate the progress
of the photoreaction, such films were prepared on KBr plates and FTIR spectra
were recorded during the stepwise illumination with polychromatic UV-light. The
resulting spectra before and after UV-illumination are plotted in Figure 2.5. The

FTIR spectrum after illumination shows a strong decrease of the characteristic signal
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at 2116 cm™, which can be assigned to the antisymmetric stretching vibration of the
azido group. Furthermore, after UV-illumination a small emerging signal at 3380 cm™*
is observed, which may be attributed to the N—H stretching vibration caused by the
formation of aziridine groups or by primary amino groups. However, the origin of

this signal and a possible generation of aziridine moieties was not further investigated

in this work.
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Figure 2.5: FTIR spectrum of a Poly-NDME film, containing 10 wt% BAC-M

before (black line) and after (red dashed line) UV-illumination (E =
16.3mJ/cm?)

In Figure 2.6 the remaining peak height of the signal of the azido group at 2116 cm™
is plotted as a function of the illumination dose, showing an exponential decrease
of the signal with no significant further changes after illumination with a dose of
16.3mJ/cm?.

A sol-gel analysis was furthermore employed to determine the crosslinking behaviour
of Poly-NDME films, by comparing the height of the signal for C=0O stretching
vibrations of the ester group at 1731 cm™. For these experiments 1 to 15wt% of
BAC-M were added prior to spin coating onto CakF, plates. These layers were
illuminated with increasing irradiation doses and the insoluble fraction (gel fraction)
of the films was determined according to Equation 2.1, whereby Apeqr.s, represents
the height of the ester peak at 1731 cm™ before development and Npeak,s, Tepresents

the peak height after development in chloroform for 10 minutes. !

h eak,s1
Gel fraction = 2221 . 10 (2.1)

peak,sq
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Figure 2.6: Decrease of the N, stretching vibration at 2116cm™ during UV-
illumination of a Poly-NDME film, containing 10 wt% BAC-M

Figure 2.7 shows the insoluble fraction of these films as a function of the irradiation

dose, representing the photoresist behaviour of these layers. It can be seen, that

an increasing BAC-M content generally leads to an increase of the achievable gel

fraction, reaching values up to 99%. Furthermore, an earlier onset of the insoluble

fraction is observed with increasing bisazide content. Poly-NDME films, containing

1wt% of BAC-M did not exhibit crosslinking and were removed completely during
development. When adding 3wt% of BAC-M, a gel fraction of 35% at 4.1 mJ/cm? is

observed, decreasing to 20% after an illumination with 8.1 mJ/cm?.
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Figure 2.7: Sol-gel analysis of Poly-NDME, containing 3 wt% (black squares), 5 wt%
(red circles), 10wt% (blue triangles) and 15wt% (green diamonds) of
BAC-M. The plotted lines serve as a guide to the eye
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This behaviour can be explained by a chain scission under UV-illumination, where
an equilibrium state between crosslinking and chain scission occurs only at higher
illumination doses.® Films containing 5wt% of BAC-M result in insoluble contents
of 61% at 4.1 mJ/cm? with a reduction to 51% after illumination with 8.1 mJ/cm?,
showing a similar behaviour as previously described. 10wt% of BAC-M in Poly-
NDME films leads to significantly higher gel fractions, reaching values of 93% at
8.1mJ/cm?. A BAC-M content of 15 wt% consequently lead to an insoluble fraction
of 99% after illumination with 4.1 mJ/cm?, providing sufficient crosslinking properties
with a high sensitivity.

The crosslinking behaviour of Poly-NB, Poly-NDME and Poly-NDPE with a con-
stant ratio of Ny groups to C=C double bonds of xn, = 1:5 was furthermore compared
to determine the influence of steric effects of the side groups on the crosslinking
reaction. In Figure 2.8, the resulting sol-gel curves are plotted, revealing a similar
crosslinking behaviour for the investigated polynorbornene derivatives. Poly-NB and
Poly-NDME exhibit a comparable progress of the curves with achievable gel frac-
tions of 99-100% after UV-irradiation with 8.1 mJ/cm?. Poly-NDPE shows slightly
different properties with a later onset of the crosslinking curve, nonetheless lying
within an acceptable range with an achievable gel fraction of 98% after illumination
with UV-light with a dose of 8.1 mJ/cm?.
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Figure 2.8: Sol-gel analysis of Poly-NB (black squares), Poly-NDME (red circles)
and Poly-NDPE (blue triangles) with with a constant yn, ratio of 1:5.
The plotted lines serve as a guide to the eye
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In addition to the photo-induced crosslinking, polynorbornene films with two
different y n, ratios were thermally crosslinked and the gel fraction of the individual
films was measured after storing the samples in vacuo for 24h at 140°C. Table 2.1
states the measured gel fractions, showing complete crosslinking for Poly-NB films,
independent of the yy, ratio and lower crosslinking densities for Poly-NDME, lying
at 91% for a ratio of yn, = 1:5 and 75% for a ratio of xn, = 1:11. The achievable
crosslinking density of Poly-NDPE lies in a similar range as Poly-NDME at 95% for
a ratio of yn, = 1:5 and 75% for xn, = 1:11.

Table 2.1: Thermal crosslinking of polynorbornene films, containing different
amounts of BAC-M

Material xn; Gel fraction [%]

Poly-NB 1:5 100
1:11 100
Poly-NDME  1:5 91
1:11 75
Poly-NDPE  1:5 95
1:11 75

Crosslinking as a Side Reaction of the Photo-Fries Rearrangement

Poly-NDPE, an inherently photosensitive polymer bearing aromatic ester groups, is
capable of undergoing the photo-Fries rearrangement upon irradiation with UV-light
with a wavelength of A = 254 nm, leading to crosslinking as a side reaction. [6:61]
For the investigation of the photo-induced crosslinking reaction, Poly-NDPE with a
number averaged molecular weight (M,,) of 10230 g/mol, was used. This polymer
exhibits a very low dispersity of B = 1.07 and possesses excellent film forming
properties, when spin coated from chloroform solutions. For the preparation of
electronic devices also non-halogenated solvents were assessed, with anisole being a
suitable solvent, which is preferred over chloroform due to its low toxicity.

Upon irradiation of Poly-NDPE with UV light with A = 254 nm, photolysis leads to
the cleavage of the aromatic ester in the polymer side chain, resulting in the formation
of polymeric acyl radicals and phenoxy radicals (see Figure 2.9). Recombination
of these radicals then leads to the corresponding photo-Fries product, i.e. ortho-
hydroxyketone. As a side reaction, radical coupling of two polymeric acyl radicals
can occur, resulting in crosslinking.®7l Alternatively, the photo-generated radicals

may abstract hydrogen atoms from the polymer chain, also leading to macro-radicals,
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which can subsequently recombine. Consequently, the polymer becomes insoluble in

organic solvents upon UV-irradiation.

Ph Ph
500 / 500
o '»7$O hv O\: ;;O

SR

radical coupling rearrangement

cross-linking of the macromolecules

+ other products

OH OH

Figure 2.9: Schematic mechanism of the photo-Fries rearrangement upon UV irra-
diation of Poly-NPDE

The photo-induced conversion of the aromatic ester moieties was investigated by
FTIR spectroscopy. Figure 2.10 shows the decrease of the C=O stretching vibration
of the ester groups at 1745 cm™, which is observed during the illumination of thin
Poly-NDPE films with UV-light (A = 254nm, P = 176 p¢W/cm?). The decrease
of the ester groups correlates with the formation of the corresponding acyl- and
phenoxy radicals. The degree of recombination, leading to the formation of the
described hydroxyketones, as depicted in Figure 2.9, was previously determined to
be 20-25% referred to a quantitative conversion of the ester groups.!® Residual
radicals can either recombine to the starting aryl ester or undergo side reactions such
as decarboxylation reactions or hydrogen abstraction, leading to a crosslinking of

the polymer chains.
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Figure 2.10: Kinetics of the photo-Fries reaction in Poly-NDPE

In order to investigate this crosslinking reaction and its influence on the solubility,
a sol-gel analysis was performed. For that purpose, thin films of Poly-NDPE were
illuminated for different periods of time and the insoluble fraction (gel fraction) was
determined using FTIR spectroscopy by comparing the heights of the ester peak
at 1745cm™ prior to- and after development in anisole. After exposure with an
irradiation dose of 1.4.J/cm?, an insoluble fraction of approximately 92% could be
observed (see Figure 2.11). Prolonged illumination results in a further increase of
the gel fraction towards 100%.

100 a

80+

60 1

Gel fraction [%]

B poly-NDPE
logistic fit

0,01 0:1 I 'i I 10
Irradiation dose [J/cm?]
Figure 2.11: Sol-gel analysis Poly-NDPE films during UV-illumination

Calculations based on the Charlesby-Pinner equation (see Equation 2.2), reveal

that an irradiation dose of 83mJ/cm? is needed for the initial formation of a
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three-dimensional polymeric network. This irradiation dose is also referred to as
gel-point dose and provides a measure for the UV-sensitivity of photo-crosslinkable

materials. 9

/2 _ Po 2 29
s+s q0+q0'uw,0'D (2.2)

In Equation 2.2, s is the soluble fraction (determined from sol-gel analysis), py is
the degradation density, gy the crosslinking density, u,, o is the weight-average degree
of polymerization before irradiation and D is the irradiation dose. The gel-point of
thin Poly-NDPE films was determined via a plot of s + s/? against the reciprocal
irradiation dose, which shows a linear relationship (see Figure 2.12). The gel-point

dose was calculated by solving the linear fit for s 4+ s'/2 = 2.

2
y =0.31475 + 0.14035x i
R? = 0,94095
i Dgel = 0,083 J/cm?
E)
S, 14
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Figure 2.12: Charlesby-Pinner plot of Poly-NDPE films during UV-illumination

In order to exclude changes in solubility due to a photo-induced conversion of
the aromatic ester groups to the corresponding polar hydroxyketones, an additional
sol-gel analysis was performed using dimethylformamide (DMF), which is an excellent
solvent for polar compounds and polymeric materials. In this experiment a similar
crosslinking behaviour, leading to comparable values of the insoluble fraction, was
observed. This fact excludes changes in solubility due to the formation of polar
products in the polymer side chain.

To demonstrate the versatility of this crosslinking reaction for a light-induced
patterning of thin Poly-NDPE layers, such films were photopatterned, using a mask-
aligner system equipped with a suitable quartz chromium mask. A subsequent

development in anisole led to the dissolution of the non-crosslinked areas. This
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approach provides a good pattern reproducibility with resolutions in the micrometre-
range (see Figure 2.13), offering the advantage that no additional photoinitiator
is required and crosslinking can be carried out with short irradiation times under

ambient conditions with non-halogenated solvents.

50 um 50 pm

Figure 2.13: Optical micrographs of Poly-NDPE layers after patterned illumination
with a mask-aligner, followed by a development step

2.2.3 Application of Poly-NDPE as a Gate Dielectric

Ultra-thin Poly-NDPE films (d < 100 nm) were further implemented as a directly
photopatternable dielectric material for low voltage pentacene-based OTFTs with
the device architecture shown in Figure 2.14. The influence of the photopatterning
process under ambient and inert conditions on the dielectric- and surface properties,

as well as on the device characteristics was investigated in detail.

Glass

Figure 2.14: Device architecture of the pentacene based OTFTs with a photopat-
terned Poly-NDPE dielectric

An illumination with polychromatic UV-light under inert atmosphere led to a
slight increase in polarity (ratio of the polar component 7, of the surface energy
to the total surface energy ) from 4.3 £+ 0.4% to a maximum of 6.0 + 0.4% after
illumination with a dose of 2.3.J/cm?. This increase can be attributed to the photo-
Fries rearrangement, resulting in the generation of hydroxyl moieties. Moreover, it was

observed that after development in anisole, the polarity decreased to approximately
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4.4%, independent on the UV-exposure dose. This observation may be explained
by a removal of low-molecular cleavage or decomposition products, leading to a
change of the chemical composition and polarity. Poly-NDPE layers illuminated
under ambient conditions exhibited a polarity in the range of 12.5%, resulting in a
higher total surface energy, most likely due to additional photo-oxidation products.
However, after development, no significant differences of the polarity compared to
illumination under inert atmosphere were observed, also suggesting a removal of
these by-products.

The root-mean-squared-roughness (rms-roughness, R,) of these layers was analysed
by means of atomic force microscopy, revealing very smooth surfaces with values
of R, = 0.24 & 0.02nm for untreated Poly-NDPE films, with no changes of the
rms-roughness upon UV-irradiation under inert atmosphere. After development in
anisole, only a slight increase of the roughness to R, = 0.26 &+ 0.02nm was observed,
which is within the experimental error range. Poly-NDPE layers illuminated under
ambient conditions show similar results with R, = 0.25+0.02nm. After development,
these films exhibit a higher roughness of R, = 0.84 £ 0.02nm. This increase in
roughness further suggests the presence of photo-oxidation products, which are
removed by the solvent during development. An UV-illumination of Poly-NDPE
under inert atmosphere therefore leads to a better surface quality and was used for
device fabrication. The morphology of the pentacene layer, evaporated onto these
dielectric layers, shows a high degree of similarity for untreated, illuminated and
developed Poly-NDPE films with grain sizes reaching up to 4.5 pm, as depicted in
Figure 2.15. The large grain size and the homogeneous morphology of the pentacene

layers can be attributed to the very smooth surfaces of both untreated and treated

Poly-NDPE layers. Consistently, the grain size is also independent of the irradiation
[46]

dose.

Figure 2.15: Pentacene deposited on untreated Poly-NDPE (a), after UV-
illumination with £ = 0.94J/cm? (b) and after UV-illumination
and development (c). Work done by Andreas Petritz[*°!
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The investigated Poly-NDPE gate dielectrics exhibit a low leakage current of
10 x 107%A/em? at 1 MV /em (for 39 nm Poly-NDPE layers) and a capacitance of
50nF/cm?. The output and transfer characteristics of the resulting OTFTs are
plotted in Figure 2.16. These devices show field effect mobilities up to 0.8 cm?/V's

at operation voltages as low as -4.5 V. The low sub-threshold swing in the order of

0.1V/dec, as well as the hysteresis-free transistor characteristics, indicate a very low

interface trap density. Furthermore, the performance of these devices is stable upon

UV-irradiation and development. [46!

(a)

[l

0,04 1,00
-2,0x107 4 075
-4,0x107 o5 U—S

-7 | 0, '§|
-6,0x107 3
7] -0,25 P
-8,0x10” 1 .
1 E=0,94Jcm
1,0x10° Ug = - 458V + development " 0,00
T T T T T T T T 1 107 T T T T T T
O . 0 4 3 2 1 0 1
U,V UVl

Figure 2.16: Output characteristics (a) and transfer characteristics (b) of pentacene-

based OTFTs with a channel length of 70 pm and a channel width
of 1.5 mm with a photopatterned Poly-NDPE dielectric layer (E =
0.94J/cm?). Work done by Andreas Petritz[4C]

The excellent interface properties, as well as the high stability and low achievable

film thickness of Poly-NDPE dielectrics therefore renders this material a promising

candidate for high-performing OTFTs and fast organic electronic circuits.
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2.3 Experimental

2.3.1 Materials

Unless otherwise stated, all chemicals were obtained from commercial sources and
were used without further purification. Table 2.2 lists all used chemicals, as well as

their respective source and purity.

Table 2.2: List of used chemicals (1)

Substance Supplier Purity
(£)endo,exo-Bicyclo[2.2.1]hept-5-ene-2,3-  Alfa Aesar 94%
dicarboxylic acid dimethyl ester
(£)endo,exo-Bicyclo[2.2.1]hept-5-ene-2,3-  Sigma Aldrich 97%
dicarboxylic acid dichloride

Chloroform Roth > 99%
Cyclohexane Roth > 99.5%
Ethyl acetate Roth > 99.5%
Grubbs-I catalyst Sigma Aldrich n. a.
Grubbs-II catalyst Sigma Aldrich n. a.
Heptane Fluka > 99%
Methanol Roth > 99.5%
1-Naphthol Sigma Aldrich > 99%
Phenol Fluka > 98%
Pyridine Sigma Aldrich > 99%
Sodium hydrogen carbonate Roth > 99%
Tetrahydrofurane Roth > 99.5%
Toluene Roth > 99.5%

2.3.2 Methods
Thin Layer Chromatography (TLC)

TLC plates with a 0.2mm thick silica gel layer, containing a fluorescence indicator
with aluminium foil backing (Roth, N729.1), were used with cyclohexane and ethyl
acetate in different mixing ratios as the mobile phase. For detection, an universal
UV-lamp (CAMAG, model 29200) with a wavelength of A = 254 nm and aqueous

KMnO, solutions were utilized.
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Column Chromatography

For column chromatography, silica gel 60 (0.06-0.2 mm, Roth P090.3) was used as
the stationary phase, with different mixtures of cyclohexane and ethyl acetate as the

mobile phase.

Gel Permeation Chromatography (GPC)

The mass- and number average molecular weights (M,, and M,), as well as the
dispersity (D), were determined by means of gel permeation chromatography in
tetrahydrofurane. A micro-volume double piston pump with a flow rate of 1 ml/min
and separation columns from Varian, with a particle size of 5 mm were utilized. The
detection was done with a combined refractive index—viscosity detector (WYATT
Technology, Optilab DSP). Polystyrene standards from Polymer Labs were used for

calibration.

Sample Preparation

A Spin Coater (Model 4000) from Electronic Micro Systems Ltd was used with
rotational speeds between 1000 rpm and 4000 rpm. Polymer films were fabricated
from chloroform or anisole solutions with concentrations ranging from 5mg/ml to

20 mg/ml, containing various amounts of bisazide.

Optical Spectroscopy

Fourier Transform Infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum
One instrument with a spectral range of 450 to 4000 cm™ and a resolution of 1cm™
on CaF, plates in transmission mode. Evaluation of the recorded spectra was done
using the software OPUS 7.0. UV- and Visible Light (UV/Vis) spectra were recorded
on a Varian Cary 50 UV /Vis spectrometer in absorbance mode on CaF, plates. The

obtained spectra were evaluated, using the software Cary WinUV 3.00.

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H-NMR and *C-NMR spectra were recorded with a Varian 400-NMR spectrome-
ter, operating at 399.84 MHz and 100.55 MHz, respectively and were referenced to
Si(CH,),. A relaxation delay of 10s and 45° pulses were used for acquisition. Solvent

residual peaks were used for referencing the NMR spectra to the corresponding values
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given in literature. The software MestReC 4.7 was used for the evaluation of the

recorded spectra.

UV-Irradiation

Unless otherwise stated, UV-irradiation was carried out under nitrogen atmosphere.
The light intensity (power density) at the sample surface was measured with a
spectroradiometer (Solatell, Sola Scope 2000) in the wavelength range of 230-470 nm.
Table 2.3 states the used UV-sources:

Table 2.3: List of used UV-sources (1)

UV-source Intensity [mW /cm?]
Lumen Dynamics OmniCure Series 2000 0.03
Heraeus Noblelight GPH212T5L 0.18
Benda NU 72 1.3

Photolithographic patterning was carried out with a mask-aligner (SUSS, MJB4,
500 W HgXe) with a measured power density of 21.3 mW /cm?.

Contact Angle Measurements

Contact angle measurements were conducted on a KRUSS DSA 100 Contact An-
gle Measuring System. The used liquids were ultra-pure water (surface tension
~v = 72.8 mN/m, separable in a polar component vp = 51 mN/m and a dispersive
component vp = 21.8mN/m) and diiodomethane (7 = 50.8 mN/m, vp = 0mN/m
and vp = 50.8 mN/m). The surface energy of the investigated layers was calculated
via the Owens—Wendt—Rabel-Kaelble method (OWRK) from five droplets of water

and diiodomethane, respectively.

Device Fabrication

Organic thin film transistors were fabricated in a staggered bottom-gate architecture.
The 30nm Al gate electrode was processed on pre-cleaned glass slides by e-beam
evaporation through a shadow mask. The Poly-NDPE dielectric layer on the alu-
minium gate electrode was photopatterned through a metal shadow mask and rinsed
with anisole to remove non-exposed areas. After the photolithographic step, a 50 nm
thick pentacene layer was evaporated onto the preheated samples at 65°C at a rate

of 0.2nm/min for the first 5nm and 0.6 nm/min for the remaining 45 nm. Source
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and drain electrodes were deposited by e-beam evaporation of gold through a shadow
mask in order to form 50 nm thick contacts. After production, all samples were
protected from light and stored under argon atmosphere. The channel length of the
fabricated OTFTs ranged from 70 pm to 240 pm. The channel width ranged from

1.5mm to 4.4mm.

Electrical characterization

Dielectric properties were determined by frequency dependent capacitance (C-f) and
current-voltage (I-V) measurements on sandwich structures (30 nm Al - Poly-NDPE
- 50nm Al) with an overlap area of 0.1cm? on glass substrates with an LCR meter
(Hioki 3532-50 LCR). Electrical measurements of the OTFTs were carried out under

exclusion of light, using a parameter analyser from mb-Technologies.

2.3.3 Monomer Synthesis

(+)endo,exo-Bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid diphenyl ester

(NDPE)
O
0]
OH 4 O/@
/ cl @ pyridine o
+ EEE—— @)
Cl CH,Cl,
© [94,11] @
[219,06]
[334,37]

Figure 2.17: Synthesis of (+)endo,ezxo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid
diphenyl ester

Phenol (20 g, 212.5 mmol) and pyridine (23.73 g, 0.3 mol) were diluted in 250 ml of
dry CH,Cl,. (£)endo,exo-Bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid dichloride
(21.9g, 0.1 mol) was then added under vigorous stirring. The reaction mixture was
stirred for 24 h at room temperature under nitrogen atmosphere and the progress
of the reaction was followed by means of TLC (Cy/EA = 1). The precipitate was
filtered and the product was extracted with HCI (5%, 3x80ml), NaHCO, (sat.,
3x80ml) and H,O (80ml). The product was then dried under reduced pressure on a
rotary evaporator. Purification was done by column chromatography (Cy/EA = 8).

Yield: 25.03g (75%) of a white solid.
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IH-NMR (5, 400 MHz, CDCL,): 7.39 (m, 4H, ph®3), 7.24 (m, 2H, ph?), 7.07, 7.13
(d, 4H, ph?°), 6.43, 6.29 (m, 2 H, nb>®), 3.78 (m, 1 H, nb?), 3.52 (s, 1 H, nb*), 3.41
(s, 1H, nb'), 3.09 (m, 1 H, nb?), 1.78, 1.63 (d, 2 H, nb7)

1BC.NMR (4, 125 MHz, CDCL,): 172.9 (2C, COOPh), 150.8 (2C, ph'), 150.8 (2C,
ph'), 137.9, 135.1 (2C, nb>%), 120.4 (4C, ph®%), 125.8 (2C, ph?), 121.4 (4C, ph®),
48.2 (2C, nbh?), 47.4 (2C, nb%%), 46.1 (1 C, nb7)

2.3.4 Polymer Synthesis

Poly(bicyclo[2.2.1]hept-2-ene) (Poly-NB)

Grubbs catalyst Ph
LE; CH2CI2 500
[94,15]

Figure 2.18: Synthesis of poly(bicyclo[2.2.1]hept-2-ene)

17.5mg (21.3 pmol) of Grubbs-I catalyst were added to a solution of bicyclo[2.2.1]hept-
2-ene in CH,Cl, (998 mg, 10.60 mmol) under vigorous stirring (molar ratio 1:500).
The progress of the reaction was monitored by TLC (Cy/EA = 2). The polymeriza-
tion reaction was stopped by adding 100 pl of ethyl vinyl ether. The solution was
then reduced to 5—10 ml under a flow of nitrogen and precipitated in cold MeOH.
The precipitate was dried in vacuo at room temperature over night.

Yield: 750mg (75%) of a white solid.

IR-data (cm™, CaF,): 2943, 2864, 966
'H-NMR (4, 400 MHz, CDCL): 5.1-5.35 (2H, CH=CH), 2.26-2.80 (2H, nb*?),
1.18 1.9 (6 H, nb'24)

Poly((x)endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid dimethyl ester)
(Poly-NDME)

(@]
Ph
Grubbs catalyst
4 o —y> 500
o THF
o) \ (@] /./O
O O
[210,23] /N

Figure 2.19: Synthesis of poly((%)endo,ezo-bicyclo[2.2.1]hept-5-ene-2,3-dicar-
boxylic acid dimethyl ester)
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1.73mg (2.4pumol) of the Grubbs-1II type catalyst were added to a solution of
(£)endo, exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid dimethyl ester in THF
(250.2mg, 1.19 mmol), under vigorous stirring (molar ratio 1:500). The progress of
the reaction was monitored by TLC (Cy/EA = 2). The polymerization reaction was
stopped by adding 100 pl of ethyl vinyl ether. The solution was then reduced to
5-10ml under a flow of nitrogen and precipitated in cold MeOH. The precipitate
was dried in vacuo at 50°C over night.

Yield: 202.6 mg (81%) of a white—grey solid.

IR-data (cm™!, CaF,) 2953, 1732, 1437, 1200, 1170
1H-NMR (4, 400 MHz, CDCL,): 5.21-5.58 (2H, CH=CH), 3.55-3.75 (6 H, -COOCH,),
2.64-3.36 (4 H, nb1235), 1.36-2.10 (2H, nb*)

Poly((x)endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid diphenyl ester)
(Poly-NDPE)

O
/ O/O
Grubbs catalyst
—_—
(o) O} CH2C|2
[334,37]

Figure 2.20: Synthesis of poly((+)endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicar-
boxylic acid diphenyl ester)

3.06 mg (4.2 pmol) of Grubbs-III type catalyst were added to a solution of (+)endo, ezo-
bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid diphenyl ester (703.4 mg, 2.10 mmol)
in CH,Cl, under vigorous stirring (molar ratio 1:500). The progress of the reaction
was monitored by TLC (Cy/EA = 2). The polymerization reaction was stopped by
adding 100 pul of ethyl vinyl ether. The solution was then reduced to 5-10 ml under a
flow of nitrogen and precipitated in cold MeOH. The precipitate was dried in vacuo

at room temperature over night.
Yield: 664 mg (94%) of a white solid.

IR-data (cm™, CaF,) 2954, 1751, 1592, 1492, 1192, 1183, 1141
H-NMR. (4, 400 MHz, CDCL,): 6.75-7.40 (10H, Ph), 5.40-5.86 (2H, CH=CH),
2.84-3.74 (4H, nb'2%5), 1.40-2.36 (2H, nb*)
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2.3.5 Synthesis of the Grubbs-Ill Type Catalyst

N_ N
Mes~ ~“Mes pyridine
CI/ Y .
CI'RIU_\Ph toluene
PCy3
[849,98]

[727,75]

Figure 2.21: Synthesis of the Grubbs-III type catalyst

233.2mg (2.95mmol) of pyridine were added to a solution of Grubbs-II catalyst

(50.2mg, 59.1 pmol) in 5ml toluene and stirred for 3 hours at room temperature.

The product was precipitated in 40 ml cold heptane and filtered with a glass frit.

After washing the product with copious amounts of heptane, it was dried for 3 hours

at room temperature n vacuo.
Yield: 30mg (60%) of a green solid.
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2.4 Summary and Conclusions

In order to achieve thin, photopatternable polymer films for applications as a
dielectric layer, the UV-induced crosslinking of poly(bicyclo[2.2.1]hept-2-ene) (Poly-
NB), poly((=£)endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid dimethyl ester)
(Poly-NDME) and poly((£)endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid
diphenyl ester) (Poly-NDPE) with a bisazide compound was investigated.

By adding 10 wt% 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone (BAC-M),
to Poly-NDME solutions prior spin coating, a photo-induced crosslinking of thin
Poly-NDME films can be achieved. This reaction was monitored by means of FTIR
spectroscopy. A sol-gel analysis of Poly-NDME films, containing 3-15 wt% BAC-M
was further performed, showing that the amount of bisazide significantly influences
the achievable insoluble fraction and the gel-point dose. A BAC-M content of 15 wt%
leads to an insoluble fraction of 99% after illumination with 4.1 mJ/cm?, providing
a sufficient crosslinking density with an adequate sensitivity of the material. A
comparison of the thermal and photo-induced crosslinking behaviour of Poly-NB,
Poly-NDME and Poly-NDPE was done, showing a similar crosslinking behaviour of
the different materials with a minor influence of the side groups on the achievable
gel-fraction and gel-point dose.

The UV-illumination of Poly-NDPE with a wavelength of A = 254 nm leads to a
photo-Fries rearrangement, which is accompanied by a crosslinking of the macro-
molecules. This reaction enables a selective crosslinking, which was verified by means
of FTIR spectroscopy and sol-gel analysis. From the obtained sol-gel curves, a gel-
point dose of 83 mJ/cm? was determined by means of Charlesby-Pinner calculations.
Additionally, contact lithography was utilized to achieve photopatterned Poly-NDPE
films with resolutions in the micrometre-range, without the need for additional
photoinitiators or crosslinking components. These films exhibit very smooth surfaces
with a rms-roughness of R, = 0.24 to 0.26nm for the photolithographic process
under inert atmosphere and R, = 0.25 to 0.84 nm under ambient atmosphere with a
slight increase in polarity.

Due to the fact that Poly-NDPE is inherently photopatternable, this material was
investigated as a gate dielectric, exhibiting low leakage currents of 10 x 107% A /cm?
at 1MV /cm and a capacitance of 50nF/cm?. The resulting OTFTs further exhibit
field effect mobilities up to 0.8 cm?/V's at operation voltages as low as -4.5V with a
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low sub-threshold swing in the order of 0.1V /dec, as well as hysteresis-free transistor
characteristics.

The good performance of these devices, as well as the excellent interface properties,
high stability and low achievable film thickness therefore renders dielectric layers based
on crosslinked polynorbornenes promising candidates for well-performing organic
electronic circuits. The photopatterning capability of Poly-NDPE, furthermore allows

a simplified processing of organic electronic devices based on this material.
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3 Photolithographic Patterning of Cellulose

Parts of the work in this chapter have been published previously in Applied Physics
Letters and are accepted for publication in Cellulose.[6%6% Contact angle mea-
surements, OTFT fabrication and electrical characterization were performed at
the Institute for Surface Technologies and Photonics at the Joanneum Research

Forschungsgesellschaft mbH in cooperation with Andreas Petritz.

3.1 Introduction

Cellulose, as the most abundant biopolymer on earth and major component of green
plants has been investigated comprehensively over the past years and still receives
much interest as a versatile material in research and industrial applications, due to

[64.65] Most notably, the combination of its mechanical

its unique set of properties.
properties, environmental stability and raw material availability renders cellulose
an ideal candidate for environmentally sustainable and bio-compatible products for
a wide range of applications, including papers, fibres, textiles, packaging materials,
hygienic products and support materials in chromatography and life science applica-
tions. %% In the past two decades, other cellulose-based materials also entered the
focus of interest, since advances in preparation and analysis allowed to move from
macro- and microscale to nanoscale materials. A wide variety of cellulose-based ma-

67,68

terials[67:681 such as nanofibrils!®!, nanocrystals™ nanofibres™ nanoparticles!™,

7476 have recently been explored, to give

aerogels™ and ultra-thin cellulose films!
just a few examples. These nanomaterials provide unique mechanical and non-linear
optical properties, which have been utilized for the design of advanced functional
materials. (") Particularly, the isolation of nanocrystalline moieties from bulk cellulose
leads to a variety of advanced applications of cellulose in charge storage for superca-

[77.78] high mechanical strength materials!™ and optics.®% Lately, also large

pacitors
efforts have been made to use (nano)paper as a substrate or as a dielectric layer for
organic field effect transistors, since paper offers several advantageous properties, such

as low price, ready availability and excellent printability with organic polymers. 8183
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One of the main disadvantages of cellulose, however, is its poor solubility in common
organic solvents and therefore a constrained processability, limiting its applications
especially in the field of organic electronics. In this regard, the possibility to fabricate
thin films is an important prerequisite for the intended use as a gate dielectric
in organic thin film transistors. In order to overcome these limitations, various
procedures for the regeneration of cellulose from organosoluble cellulose derivatives
have been developed, leading to novel biodegradable functional materials.[%4 A
promising derivative for the preparation of cellulose thin films is trimethylsilyl
cellulose (TMSC), which, depending on its degree of substitution of Si moieties
(DSg;i), is soluble in several common organic solvents including more eco-friendly
solvents such as ethanol and can be regenerated to cellulose by a treatment with
vapours or solutions of hydrochloric acid. 7784 Blends of TMSC and other polymers
such as styrene or lignins, have already been employed for the fabrication of micro-
and nanostructures due to phase separation. [#>%0 The major drawback of this method,
however, is that laterally patterned structures can hardly be realized.

In many areas of research, ranging from bio-sensors to lab-on-a-chip devices or
organic electronics, there is a need for efficient methods for fabricating microstructured
cellulose surfaces. For the realization of complex organic circuits, high throughput
methods for lateral patterning of dielectric materials are of particular importance,
in order to enable the fabrication of electrical interconnections. So far, methods to
create such cellulose micropatterns are rare and include soft lithography and deep
UV lithography, using UV-light with wavelengths below A = 260 nm, both of which
have some disadvantages and limitations. "% While the use of soft lithography is
laborious, the high energy input of deep UV lithography limits its usage in a variety
of material fabrication processes (e.g. for OTFT devices). In addition, the cellulose
patterns are created by photo-degradation in the illuminated areas, which only allows
for the realization of negative-tone photoresists.

A widely used concept for the fabrication of polymer microstructures is based on
a photo-induced alteration of the solubility of polymeric materials. This concept
is also applied in chemically amplified photoresists (CAR), which utilize photoacid
generators (PAGs) to adjust the solubility by means of UV-light.®! Although
chemically amplified photoresists, which exploit desilylation reactions, are well
known, these methods have not been used previously for the fabrication of patterned

cellulose thin films from easily accessible TMSC. 9991
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The photo-induced regeneration of cellulose from TMSC with the aid of photoacid
generators is therefore investigated, enabling the fabrication of cellulose micro-
structures by means of UV-light. Furthermore, possibilities for the realization of both
positive- and negative type cellulose patterns are explored by exploiting either changes
in solubility or by utilizing selective enzymatic digestion, following the concept of
dual-tone photoresists. Going a step beyond conventional lithographic techniques,
the described approach allows the realization of patterned cellulose structures with
sub-micrometre feature sizes by the use of advanced patterning techniques, such as
two photon absorption (TPA) lithography or holographic lithography. The described
biopolymer based photoresist shows a high potential for applications in organic
electronics and is a suitable material for photopatternable ultrathin dielectric layer

for low-voltage pentacene based OTFTs.
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3.2 Results and Discussion

3.2.1 Characterization of Trimethylsilyl Cellulose (TMSC) Films

In order to determine suitable solvents for the preparation of cellulose thin films, the
solubility of TMSC with a degree of substitution of trimethylsilyl groups (DSg;) of 2.8,
which was used for this study, was evaluated by means of gravimetric analysis. The
chemical structure of TMSC is shown in Figure 3.1. Table 3.1 states the determined
solid fraction of these solutions, representing the solubility of TMSC in the examined
solvents. Chloroform and toluene offered the best solubility for TMSC and were
therefore used for further thin film preparation and characterization.

Si(CHs)3
\

0
4

0
0 o)
Si(CHz)s ° .

SI(CH3)3

Figure 3.1: Chemical structure of trimethylsilyl cellulose (TMSC)

Table 3.1: Solubility of TMSC in different solvents

Solvent Solubility [mg/ml]
Chloroform 33.6
Toluene 24.2
Dichloromethane 9.2
Heptane 9.0
Tetrahydrofurane 9.0
Anisole 2.0
Acetone 1.8

Individual TMSC films were prepared from chloroform and toluene solutions
on silicon wafers with varying TMSC concentrations (ctysc) with consistent spin
coating parameters (v = 2000rpm, a = 1000rpm/s). The film thickness (dgy,) and
rms-roughness (R, ), determined over an area of 2.5x2.5 nm, were evaluated by means
of atomic force microscopy (AFM) and are summarized in Table 3.2. It can be seen,
that TMSC films prepared from toluene solutions exhibit R, values in the range of
3.4 to 9.7nm with a film thickness between 31 and 76 nm, whereas films prepared

from chloroform solutions lead to significantly lower R, values of 0.56 to 0.68 nm
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with a thickness in the range of 74 to 347 nm, also reflecting the better solubility
of the investigated TMSC in chloroform. As expected, the thickness of the TMSC
layers generally increases when the concentration is increased. The rms-roughness of
TMSC films prepared from toluene solution also increases significantly, providing
R, values which are comparable with values reported in literature. [92-94] The TMSC
films, which were prepared from chloroform solutions exhibit particularly smooth

surfaces, suitable for possible applications as dielectrics in organic electronic devices.

Table 3.2: Film thickness and rms-roughness of TMSC thin films, prepared with
different parameters

Solvent crmsc [mg/ml]  dgim [nm] Ry [nm]

Toluene 10 31 3.38
20 59 5.95
30 76 9.74

Chloroform 10 74 0.556
20 178 0.634
30 347 0.676

The corresponding AFM micrographs of the TMSC films prepared from toluene
and chloroform solutions are shown in Figure 3.2 and reveal distinct differences in
their morphology. While an increase of the TMSC concentration leads to noticeable
changes in the morphology of films prepared from toluene solutions, the TMSC
films prepared from chloroform solutions exhibit similar surface properties with very
smooth surfaces.

A variation of the spin parameters revealed only minor differences in the film
thickness and rms-roughness. Table 3.3 shows the measured values for TMSC
films, spin coated from chloroform solutions with rotational speeds from v = 2000
to 6000 rpm with a constant TMSC concentration (crysc = 20mg/ml). These
measurements also reveal very smooth surfaces with R, values between 0.53 and
0.65nm. Moreover, the AFM micrographs in Figure 3.3 show pinhole-free surfaces
with a homogeneous morphology and a high similarity, independent of the spinning

speed.
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Figure 3.2: AFM micrographs of TMSC films, spin coated from toluene solutions(a-
¢) and chloroform solutions (d-f) with TMSC concentrations of 10 mg/ml
(a,d), 20mg/ml (b,e) and 30 mg/ml (c,f)

Table 3.3: Film thickness and rms-roughness of TMSC thin films, prepared from
chloroform solutions with varying parameters

Solvent Rotational speed [rpm] dgim [nm] Ry [nml]

Chloroform 2000 126 0.650
4000 116 0.532
6000 114 0.606

Figure 3.3: AFM micrographs of TMSC films, spin coated from chloroform solutions
with rotational speeds of 2000 rpm (a), 4000 rpm (b) and 6000 rpm (c)
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3.2.2 Dielectric Properties of Regenerated Cellulose Films

It has been demonstrated previously, that an acid induced desilylation of ultra-thin
TMSC films with d;;,,, < 100nm is possible by an exposure to vapours or solutions
of HCI, leading to cellulose films with a well defined morphology.™ This reaction
is depicted in Figure 3.4 and is also referred to as 'regeneration’. The suitability
of such regenerated cellulose thin films as a dielectric layer in organic thin film
transistors (OTFTs) was investigated by applying TMSC as a precursor for the
fabrication of high-k dielectric layers in pentacene- and fullerene (Cg,) based OTFTs

and complementary inverter structures.

OH
(0]
o\} HCI/H0 (@) F&o\}
/
Si(CHy)s O o OH n

Si(CH3)3

Si(CHs)s
0

®)

Figure 3.4: Acid induced regeneration of TMSC to cellulose (™

These dielectric layers were fabricated by exposing spin coated TMSC films
(¢ = 10mg/ml, v = 2000 rpm, a = 1000 rpm/s) to vapours of a 3 M HCI solution for
90 seconds at room temperature, whereby a desilylation takes place, resulting in fully
regenerated cellulose films with a thickness of approximately 16 nm. As expected,
the regeneration of TMSC to cellulose strongly influences the surface polarity and
thickness of the layers, due to the cleavage of the trimethylsilyl moieties, leading to
the generation of hydroxyl groups. These groups can form hydrogen bonds between
and within the cellulose macromolecules, leading to a decrease of the free volume
between polymer chains. [ A schematic representation of the hydrogen bonds of
cellulose macromolecules is depicted in Figure 3.5.

Moreover, the polarity of these surfaces strongly increases after an exposure to wet
gaseous hydrochloric acid. A reduction of the contact angle of H,O from 98.2640.5° to
30.5640.5° after 90 seconds of regeneration is observed, revealing that the desilylation
reaction leads to more hydrophilic surfaces. The polarity (ratio of polar component
of the surface energy vp to the total surface energy «y) of the prepared TMSC films
increases from 7.7% to 40.5%, also confirming the acid induced desilylation of TMSC,
leading to regenerated cellulose thin films. A dielectric constant of e = 2.3 + 0.2 for
TMSC films prior to regeneration and ez = 8.7 = 0.5 after a regeneration to cellulose

was measured. [62]
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Figure 3.5: Intra- and interchain hydrogen bonding in cellulose

Cgo- and pentacene-based OTFTs with a hybrid inorganic-organic dielectric with
a 8nm ALO, layer and a 16 nm cellulose layer, with the device setup illustrated in

Figure 3.6, were furthermore fabricated.

L
Regenerated ceIIqu

I Si-Wafer

ALO,

Figure 3.6: Device architecture of OTFTs with a regenerated cellulose dielectric

The electrical characteristics of the devices are plotted in Figure 3.7 and display a
clear saturation of the drain current level with the gate bias and no hysteresis between
forward and reverse drain voltage sweep. The Cgo-based OTFTs operate under 3V
with no hysteresis, a low threshold voltage of 1.2V, a small sub-threshold swing
down to 190 mV /dec and a field-effect mobility as high as 0.08 cm?/V's. Pentacene-
based OTFTs show an operation voltage of -2V, a low threshold voltage of -0.9V, a
small sub-threshold swing of 150 mV /dec and a field-effect mobility in the range of
0.1cm?/V's. Additionally, complementary inverters which are the basic element of
any logic circuit, could be realized. These devices operate at supply voltages between
2.5V and 3.5V, with small-signal gains up to 60 and high balanced noise margin
values of 82% at Vpp = 2.5V, demonstrating the potential of cellulose thin films for

sustainable electronic devices. 62
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Figure 3.7: Output- and transfer characteristics of C¢o OTFTs (a,c) and pentacene
OTFTs (b,d) with channel lengths of 70 pm and channel widths of
1.5mm with cellulose-Al,O, hybrid gate dielectrics. The gate leakage
current characteristics Igs(Vgs) are also displayed. Work done by
Andreas Petritz!6?

3.2.3 Photo-Induced Desilylation of TMSC

Since an acid induced desilylation of TMSC to cellulose is possible by exposing
TMSC films to vapours or solutions of HCI (see Figure 3.4), the possibility for a
UV-induced desilylation reaction with the aid of photoacid generators (PAGs) can
be considered as an alternative method to achieve regenerated cellulose films. These
compounds lead to the generation of an acid upon exposure to UV light and can
result in a cleavage of acid labile bonds in polymers, leading to a different solubility

[96]

behaviour.” The proposed photo-induced desilylation reaction of TMSC is shown

in Figure 3.8.
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Figure 3.8: Photo-induced desilylation of TMSC, using a photoacid generator
(PAG)

Investigation of the Photoreaction

In order to investigate the photo-induced desilylation of trimethylsilyl cellulose, thin
films containing 1 to 10 wt% of the non-ionic photoacid generator N-hydroxynaph-
thalimide triflate (NHNT, see Figure 3.9) were prepared by spin coating onto CaF,
plates from chloroform solutions (¢ = 20mg/ml, v = 2000 rpm, a = 1000 rpm/s).
The irradiation of the films was done directly after spin coating under ambient
conditions using a medium pressure Hg lamp, equipped with a filter transmissive
for wavelengths in the range from 350 to 450 nm. The filter was applied in order
to prevent degradation of the cellulose, which is known to take place preferentially
at wavelengths lower than 300 nm, while it is commonly accepted that light having
higher wavelengths generally does not induce chemical changes in cellulose in the

absence of photo-sensitizers such as TiO,.[")

& CFs

Figure 3.9: Chemical structure of N-hydroxynaphthalimide triflate (NHNT)

The absorption spectrum of the used photoacid generator, as well as the emission
spectrum of the UV source, are plotted in Figure 3.10. It has to be noted, that
the spectral overlap of the UV absorption spectrum of the PAG and the used
polychromatic irradiation source is small, leading to higher irradiation times for a
complete desilylation. Nonetheless, this setup was viable for an investigation of the

photo-induced desilylation reaction.
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Figure 3.10: Absorption spectrum of NHNT in chloroform (red dashed line) and
emission spectrum of the used polychromatic light source (black line)

UV-exposure of the used photoacid generator incorporated in the TMSC-films
yields triflic acid as the main photo-product, which subsequently causes a cleavage
of the trimethylsilyl groups, converting TMSC to cellulose in the irradiated areas.
The photo-induced desilylation was followed by means of FTIR spectroscopy in
transmission mode, by comparing the spectra before and after UV-illumination.
Figure 3.11 shows the obtained FTIR spectra of thin TMSC films, containing 2 wt%
NHNT, before and after exposure to polychromatic UV-light with an irradiation
dose of 5.2 J/cm?. The FTIR spectrum of these films exhibit weak signals for O-H
stretching vibrations at 3490 cm™ before illumination, which can be explained by
an incomplete substitution of the hydroxyl moieties of cellulose with trimethylsilyl
groups. These O-H bands are expected for TMSC films with a degree of substitution
of 2.8, which was used for this study. Additionally, the FTIR spectrum of the non-
illuminated film shows characteristic bands for C-H stretching vibrations between 2800
and 3000 cm™, as well as Si-C rocking vibrations at 1250 cm™. The complex bands
at 1000 to 1200 cm™ are due to combinations of C-O stretching of the glycopyranose
rings and Si-O-C stretching vibrations of the attached side groups. After illumination
of the TMSC-films containing 2wt% NHNT, the intensity of the O-H stretching
vibration at 3445cm™ is increased while the intensity of the Si-C rocking vibration
at 1250 cm™, as well as of the C-H stretching vibrations at 2957 cm™ is significantly
decreased. The observed changes in the FTIR spectra show, that the photo-induced
desilylation leads to an almost complete regeneration of TMSC to cellulose, which

are in accordance with the proposed reaction in Figure 3.8.
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Figure 3.11: FTIR spectra of TMSC, containing 2wt% PAG on CaF, before
illumination (black line) and after illumination (red dashed line,
E =5.2J/cm?)

The amount of photoacid generator in thin TMSC films was found to significantly
influence the degree of desilylation of TMSC. In order to determine the minimum
necessary amount of NHNT, as well as the needed irradiation dose for a successful
photopatterning, TMSC-solutions containing 1 to 10 wt% NHNT were freshly pre-
pared and spin coated onto CaF, plates. The decrease of the Si-C rocking bands was
observed via F'TIR spectroscopy during stepwise illumination with polychromatic
UV light. After each illumination step, FTIR measurements were performed as
quickly as possible and the height of the Si-C signals of the individual films at
1250 cm™ was evaluated. Figure 3.12 shows the relative intensities of the remaining
Si-C bands during illumination with polychromatic UV-light for TMSC-films with
NHNT-contents of 1, 2, 5 and 10 wt%, respectively.

In these experiments, the TMSC samples with 1 wt% NHNT only exhibit a minor
decrease of the Si-C band to values of 93% of the original peak height at an irradiation
dose of 7.3J/cm?. TMSC films with 2 wt% already show a stronger decrease of the
Si-C signal to values in the range of 71 to 73% after illumination with 7.3 J/cm?. The
prepared TMSC samples, containing 5 and 10 wt% NHNT, however, exhibit a much
stronger decline of the Si-C signal, showing an exponential decrease of the signal to
10% and 11% of the original signal, respectively, after irradiation with 7.3 J/cm?. For
all measured samples it was observed, that the photo-induced desilylation did not
proceed significantly after illumination with 1.8 J/cm?. However, it is well known

that the photo-generated protons catalyse the desilylation reaction for a certain
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Figure 3.12: Photo-induced depletion of the silyl ether groups in TMSC films,
containing no photoacid generator (open squares), 1 wt% NHNT (black
squares), 2wt% NHNT (red circles), 5 wt% NHNT (green diamonds)
and 10wt% NHNT (blue triangles) during UV-illumination and 24
hours after illumination for 1 wt% NHNT (black plus sign) and 2 wt%
NHNT (red cross sign)

degree after UV-irradiation. This phenomenon is already known from cationic photo-
polymerization reactions and is referred to as "dark reaction". To further investigate
this reaction, FTIR-spectra of the TMSC films with NHNT-contents of 1,2,5 and
10 wt%, illuminated with 7.3 J/cm?, were recorded after storage under exclusion of
light for 24 hours at ambient conditions. The remaining peak heights of the Si-C
signals of the TMSC-films with 5wt% and 10wt% did not change significantly,
whereas, the remaining Si-C signals of TMSC-films with 1 wt% and 2wt% NHNT
decreased from 93 to 82% and 73 to 58%, respectively, illustrating that for these
concentrations, the desilylation reaction proceeds after the initial UV-illumination.

A decrease of the Si-C band of approximately 50 to 60%, which can be associated
to a partial regeneration of TMSC to cellulose, has proven to be sufficient to allow a
selective dissolution of the non-illuminated areas of the TMSC films. Therefore, for
all further experiments, the NHNT-content was chosen as 2 wt%, with a subsequent
storage of the samples in darkness over night after the illumination, in order to
keep the photoacid generator content as low as possible, but nonetheless allowing a
photolithographic patterning of the TMSC films.
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Negative-type Development

A direct photolithographic patterning of TMSC films, containing small amounts
of NHNT, is possible, due to the fact that the regenerated cellulose is insoluble in
common organic solvents like chloroform or toluene. This leads to negative-type
cellulose structures after a development in an appropriate solvent. The changes in
solubility of the TMSC films, caused by the photo-induced desilylation reaction, were
assessed by means of sol-gel analysis, i.e. by a comparison of the C-O-C stretching
vibration of the glycosidic bond of the cellulose backbone at 1150 to 1170 cm™
via FTIR spectroscopy. The insoluble content was determined by comparing the
intensities of the C-O-C bands of the TMSC films directly after UV-illumination
and after UV-illumination, followed by development in chloroform for 10 minutes,
which allows a determination of the remaining film thickness. Figure 3.13 represents
the insoluble content or gel-content of TMSC-films containing 2 wt% NHNT and
5wt% NHNT as a function of the irradiation dose. A logistic fit of the obtained
values shows a strong increase of the insoluble content of the TMSC films during UV-
illumination up to an irradiation dose of 1.1.J/cm?. At higher irradiation doses, only
minor changes of the insoluble content of TMSC-samples with 2wt% NHNT can be
observed, with values ranging from 69 to 73%. TMSC-films containing 5 wt% NHNT
show a similar behaviour under UV-illumination, but exhibit a higher insoluble

content in the range of 91 to 98% for irradiation doses higher than 1.1J/cm?.
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Figure 3.13: Gel-fraction (insoluble fraction) of TMSC films containing 2 wt%
NHNT (black squares) and 5wt% NHNT (red circles) during UV-
illumination
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In order to exclude changes in solubility caused by a UV-induced degradation of
the cellulose backbone, additional TMSC-samples containing 5wt% NHNT were
illuminated with irradiation doses ranging from 10.3J/cm? to 77.4J/cm?.  The
C-O-C stretching vibrations of the glycosidic bond did not change significantly after
illumination and all samples showed similar values for the insoluble content (85 to
90%), indicating that for the used experimental setup, no degradation of the main

polymer chains occurs.

Positive-type Development

Enzymatic digestion with cellulase from Trichoderma viride, a mixture of cellulose
digesting enzymes, has already been demonstrated as a patterning method for regen-
erated cellulose films from TMSC by employing soft lithography. 87 The utilization
of a selective enzymatic digestion of photolithographically patterned TMSC films for
applications as a positive-tone resist is further investigated in this work.

In order to determine the duration needed for a complete enzymatic digestion, a
TMSC-film containing 2 wt% NHNT was spin coated from a 20 mg/ml chloroform
solution and was illuminated through a 10 pm quartz-chromium stripe mask with
an irradiation dose of 4.6 J/cm?. The determination of the remaining film thickness
by means of FTIR spectroscopy was not applicable, because the glycosidic bonds,
which were used for the previous sol-gel analysis, are expected to be hydrolysed due
to enzyme activity. Since other FTIR signals were not found to be suitable for a
sol-gel analysis, atomic force microscopy (AFM) was employed to characterize the
films. After determination of the film thickness and rms-roughness of illuminated
and non-illuminated areas by means of atomic force microscopy, the sample was
immersed in a 1mg/ml cellulase solution in sodium acetate buffer with a pH of
4.8, which was freshly prepared each time before immersing the sample for different
durations. The remaining film thickness of the illuminated and non-illuminated
areas, as well as the surface roughness of the illuminated areas were determined as a
function of the development time. Figure 3.14 shows the remaining film thickness
relative to the film thickness after UV-illumination in dependence of the duration of
the enzymatic digestion. The graph reveals a steady decrease of the film thickness to
approximately 4% of the original film thickness after 8 hours of immersion in enzyme
solution. After 16 hours of development, no remaining cellulose film was found in
the illuminated areas on the substrates. The non-illuminated areas did not change

significantly in height, confirming that a selective enzymatic digestion with cellulase

26



is possible within the investigated system. Moreover, the rms-roughness of the TMSC
films significantly increases during enzymatic digestion and decreases again after 8
hours of immersion in enzyme solution, indicating that only some residue of original

film is remaining on the surface.

__100-m -8

2 | =

@ 80 — s
L L

o i ] —
= 60 é g
£ ] @ [ 4=
E 40+ [ ] -— DC:T
> ]

£ 20 2
= {®

o

0: O T T T T T T T T T T T T T T T T T O

01 2 3 4 5 6 7 8
Development time [h]

Figure 3.14: Remaining film thickness (black squares) and rms-roughness (red
circles) of UV-illuminated TMSC films (E = 4.6 J/cm?) after different
durations of enzymatic digestion

In Figure 3.15, the remaining film thickness after enzymatic digestion of TMSC
films, containing 2 wt% NHNT, is plotted as a function of the illumination dose. In
this experiment the samples were illuminated through a 15um stripe mask with
different irradiation doses, stored over night and subsequently developed in a 1 mg/ml
cellulase solution in sodium acetate buffer with a pH of 4.8 for 18 hours. The remaining
film thickness of the illuminated and non-illuminated areas was then determined
by means of atomic force microscopy. The graph shows a steady decrease of the
thickness of the remaining film to approximately 69% of the original film thickness at
an irradiation dose of 0.6 J/cm? and a significantly stronger decrease of the remaining
thickness to 38% at an irradiation dose of 1.1J/cm?. After UV- illumination with
irradiation doses higher than 1.1J/cm?, the films are completely digested with only
some residue left on the surface. These results suggest, that the TMSC films with
2wt% NHNT can also be partially digested after UV-illumination below a critical

dose, rendering this material a possible candidate for greyscale-lithography.
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Figure 3.15: Remaining film thickness of UV-illuminated TMSC films, containing
2 wt% NHNT after development in enzyme solution

3.2.4 Investigation of the Surface Properties of Photopatterned TMSC

The rms-roughness of the differently treated samples was additionally determined
by means of atomic force microscopy. Figure 3.16 shows the corresponding AFM
micrographs and line roughness profiles for TMSC films, containing 2 wt% NHNT,
after each treatment step. The R, values of non-illuminated areas and illuminated
areas do not differ significantly and exhibit values of 0.70 & 0.04 and 0.78 4= 0.05 nm,
respectively. After development in chloroform, the rms-roughness of the remaining
cellulose surface was determined as 0.75 4= 0.05 nm, which is still within the range of
variation for individually prepared TMSC films, illustrating that the development
step in chloroform does not significantly influence the roughness of the remaining
cellulose features. The remaining areas of photopatterned TMSC films, which were
enzymatically digested and regenerated to cellulose, show an increase of the rms-
roughness to 1.82+0.02 nm, indicating that a positive type development with enzymes
and hydrochloric acid negatively influences the surface properties to some degree

under the chosen conditions.
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Figure 3.16: AFM micrographs and corresponding line roughness profiles of TMSC
films, containing 2wt% NHNT before (a) and after (b) illumination
with polychromatic UV light (E = 5.2 J/cm?), followed negative type
development (c) and positive type development (d)

3.2.5 Contact Lithography

Contact lithography, which is an established method for the fabrication of well
defined patterns in the micrometre- and sub-micrometre range, was employed to
achieve negative- as well as positive-type cellulose structures from TMSC films.

In order to achieve cellulose microstructures on silicon wafers, TMSC films, contain-
ing 2wt% NHNT, were spin coated from chloroform solutions with a concentration
of 5mg/ml. Photolithographic patterning of these films was performed on a mask-
aligner system, equipped with a filter transmissive for wavelengths in the range of
365nm. After UV-illumination with an irradiation dose of 5.4 J/cm?, the develop-
ment of the TMSC films was either done in chloroform for 10 minutes for negative
type patterning or, alternatively, for 18 h in a 1 mg/ml cellulase solution for positive
type patterning. Figure 3.17 shows a schematic representation of the different steps,
which were carried out in order to create either positive or negative-type cellulose

microstructures.
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Figure 3.17: Schematic representation of the photopatterning process of TMSC (a)
with subsequent development (b) or enzymatic digestion followed by
regeneration (c)

After UV-irradiation of the films, a decrease in the layer thickness of the structures
stemming from TMSC and cellulose, respectively, is observed. This reduction in
film thickness upon conversion of TMSC to cellulose can be related to a change in
the density of the film due to the removal of the trimethylsilyl groups of TMSC
(see Figure 3.8 on page 51) and the formation of intra- and intermolecular hydrogen
bonds of the resulting cellulose macromolecules. Figure 3.18 shows atomic force
microscopy data of a TMSC film with 2wt% NHNT, after patterned illumination on
a mask-aligner (E = 5.4 J/cm?). After the UV-illumination, a reduction of the film
thickness of approximately 33 nm is observed in the illuminated areas, corresponding

to a reduction of 23% related to the original film thickness.
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Figure 3.18: AFM micrograph (a) and corresponding line profile (b) of TMSC,
containing 2wt% NHNT after illumination on a mask-aligner

Furthermore, diffraction effects, which are most likely caused by the shrinkage of the
film, can be observed at the transitions between illuminated and non-illuminated areas.
These effects negatively influence the achievable resolution of the photolithographic
patterning for very fine features. In Figure 3.19 an AFM image of a separate
photopatterned TMSC sample, containing 5wt% NHNT, is depicted, showing the

mentioned diffraction patterns in the illuminated areas.
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Figure 3.19: AFM micrograph of TMSC, containing 5 wt% NHNT after illumination
on a mask-aligner (a) and corresponding height profile (b)

A negative-type development of these UV-illuminated TMSC films, containing
2wt% NHNT, was accomplished by immersing the samples in chloroform for 10
minutes after photolithographic patterning, leading to a complete dissolution of the
remaining non-illuminated areas. The development of the illuminated TMSC films
yields well-defined negative-type cellulose structures with lateral resolution in the
range of 1-2 pm. Figure 3.20 shows an AFM micrograph and the corresponding line
profile of the resulting structures, featuring cellulose patterns with a line width of
4pm and increasing gap distances of 1 to 20ppm. The height of these structures
was determined as approximately 51 nm. It can be observed, that at the smallest
gap distance of 1 pm an interjacent line is formed due to diffraction of the UV-light,
as mentioned before. Nonetheless, the achievable resolution is adequate for low
cost applications where high-throughput processing of these bio-compatible layers is

desired (e.g. for large-area flexible organic electronic devices). %9
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Figure 3.20: AFM micrograph (a) and corresponding line profile (b) of TMSC,
containing 2wt% NHNT after patterned illumination, followed by
negative-type development

For a positive-type development of photolithographically patterned TMSC films,
enzymatic digestion of cellulose using cellulase from Trichoderma viride was performed

in order to achieve TMSC microstructures. After illumination of a TMSC film,
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containing 2wt% NHNT on a mask-aligner, the sample was developed in a 1 mg/ml
solution of cellulase in an acetate buffer with a pH of 4.8, over night. The resulting
TMSC patterns, shown in Figure 3.21, exhibit a varying structure height between
105nm and 55 nm for features with a width below 10 pm.
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Figure 3.21: AFM micrograph (a) and corresponding line profile (b) of TMSC,
containing 2wt% NHNT after patterned illumination, followed by
positive-type development

The variation in height and the lower lateral resolution of these positive-type
developed TMSC films, which is in the range of some micrometres can be explained
by the observed diffraction effects, where the scattered light leads to a partial
desilylation of TMSC. Due to the extended time of enzymatic digestion and the fact
that also partially regenerated cellulose is digested by the used enzymes!!0%101 the
edges of the obtained TMSC patterns are poorly defined. This behaviour is also
reflected by the sol-gel analysis in Figure 3.15 on page 58. The visible particles on the
surface, appearing bright in the AFM micrographs, are likely contaminations due to
sample handling. The positive-type TMSC structures were furthermore regenerated
to cellulose by exposing the films to vapours of hydrochloric acid for 90 seconds.
Figure 3.22 illustrates the resulting AFM micrographs of the cellulose microstructures,
exhibiting a reduction of the step height of 66% to approximately 36 nm, caused
by the desilylation of TMSC. The achievable lateral resolution of these cellulose
patterns is not further influenced by the vapour phase acid desilylation and is still
adequate for various micro-structuring applications. Figure 3.23 shows additional
AFM micrographs and the respective 3D-reconstructed images of the photopatterned

TMSC films, illustrating the achievable resolution and line-edge properties.
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Figure 3.22: AFM micrograph (a) and corresponding line profile (b) of TMSC,
containing 2wt% NHNT after patterned illumination, followed by
positive-type development and vapour phase acid regeneration
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Figure 3.23: AFM micrograph and 3D reconstructed image of TMSC, containing
2wt% NHNT after illumination (a) followed by negative-type develop-
ment (b), positive-type development (c¢) and subsequent regeneration

(d)
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Photolithographic Patterning of TMSC with DSg; =1.5

To further demonstrate the possibility of using more eco-friendly solvents for the
photopatterning process, the described patterning approach has been applied to
TMSC with a DSg; of 1.5, which is soluble in ethyl acetate. The advantage of
ethyl acetate over halogenated, aromatic or even non-halogenated hydrocarbons in
terms of environmental, health and safety considerations has already been reported
previously. 192 TMSC films were fabricated by spin coating from ethyl acetate
solutions, containing 5wt% NHNT, onto silicon wafers. The photolithographic
patterning was carried out on a mask-aligner in analogy to the previous experiments
with an irradiation dose of 5.4 J/cm? and a subsequent development was in ethyl
acetate for 30 min. Figure 3.24 depicts optical micrographs of the resulting films
before and after development of the photopatterned films, revealing clearly visible
patterns with micrometre-resolution. The parameters for this particular patterning
experiments were not further optimized in terms of achievable resolution. Nonetheless,
these results show the applicability of the described patterning approach for TMSC
with various degrees of substitution of trimethylsilyl groups, also enabling the use of

more eco-friendly solvents for the development step.
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Figure 3.24: Optical micrographs of TMSC (DSg; 1.5) films after patterned illumi-
nation with £ = 5.4J/cm? (a) and after subsequent development in
ethyl acetate (b)

3.2.6 Two-Photon Absorption (TPA) Lithography

Advancing from micro- to sub-micrometre resolutions, two-photon absorption (TPA)
lithography was evaluated for the fabrication of highly defined cellulose patterns.
The two-photon excitation technique enables the fabrication of patterns with lateral

resolutions of less than 100 nm and is considered as a promising technology with
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unique advantages regarding nanofabrication, due to its intrinsic 3D processing
capability. 193194 In this patterning setup, the laser beam (A = 780 nm, repetition
rate 100 MHz, pulse width 150 fs) causes multi-photon absorption in its focus area,
leading to an energy transfer to the PAG, which initiates the desilylation reaction.

Because of the lower achievable resolution of enzymatic digestion in contrast to
development in organic solvents, as mentioned before, only negative-type development
was performed in these experiments. For the fabrication of sub-micrometre cellulose
structures, TMSC films containing 5 wt% NHNT were patterned on a commercial
lithographic setup (Nanoscribe Photonic Professional). A parameter screening was
performed to determine the most suitable combination of laser power and lateral
feed rate for generating consistent and well defined cellulose patterns. Figure 3.25
shows an optical micrograph of the resulting structures after development in toluene
for 15 minutes. It was found, that at least 6-7mW at 100 pm/s are necessary for a

successful regeneration of cellulose by means of TPA.
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Figure 3.25: Optical micrograph of TMSC, containing 10 wt% NHNT after TPA
lithography with varying parameters and subsequent development

For a compromise between the duration of patterning and a complete desilylation of
the TMSC layers, a laser power of 15 mW and lateral feed rate of 50 pm/s were chosen
for all further TPA experiments. Figure 3.26 shows AFM micrographs of laterally
patterned TMSC films, containing 5wt% of NHNT, obtained under the chosen
conditions. The resulting cellulose patterns are already visible directly after TPA
lithography, due to the expected shrinkage of the films. A subsequent development

of this film in toluene for 15 minutes yields free-standing cellulose structures with a
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height of approximately 180 nm and a lateral resolution of 554 nm (full width at half

maximum, FWHM), as shown in detail in Figure 3.27.
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Figure 3.26: AFM micrographs of TMSC films, containing 10 wt% NHNT after
two-photon absorption lithography (a), followed by a subsequent
development in toluene (b)
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Figure 3.27: AFM micrograph of TMSC films, containing 10 wt% NHNT after
illumination and development (a) and corresponding height profile of

a single line (b)

These results show, that even sub-micrometre cellulose patterns can easily be
achieved through the photo-induced desilylation of TMSC. Although the used pho-

toacid generator offers an appropriate UV absorption behaviour that corresponds

with the applied laser wavelength under two-photon conditions, the TPA activity

of this commercially available PAG has not been determined in detail. It can be

assumed, that tailored photoinitiators which provide better two-photon absorption

coefficients, i.e. high TPA cross section, enable even higher resolutions, comparable

to those reported for cationic photoresists. |

66

105]



3.2.7 Holographic Lithography

Laser interference lithography was additionally investigated as a tool for the genera-
tion of periodic cellulose microstructures from TMSC.

To achieve interferometry patterns, TMSC films, containing 2wt% of NHNT,
were spin coated onto silicon wafers from chloroform solutions with a concentration
of 20mg/ml. UV-illumination was performed on an argon ion laser with a split
beam setup, operating at a wavelength of 351 nm. After UV-illumination, these
films were either developed in chloroform or enzymatically digested, using a cellulase
solution. As already observed previously, the prepared TMSC films exhibit visible
patterns directly after UV-illumination, due to a reduction of the film thickness in
the illuminated areas as mentioned before. The stripe patterns, which are depicted
in Figure 3.28a show some irregularities, which can be explained by a non-uniformity
of the prepared TMSC films and an insufficient stabilization of the experiment setup,

which requires exposure times in excess of 1 minute for a complete desilylation.
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Figure 3.28: AFM micrographs of TMSC, containing 5wt% NHNT after holo-
graphic lithography (a) followed by negative-type (b) and positive-type
(c) development

The achieved patterns, visible in the AFM micrographs, show a pitch of approxi-
mately 1.5 pm and a height of the patterns in the range of 40-45nm. A negative-type
development was done in chloroform for 10 minutes in order to remove the remaining
non-illuminated areas. The resulting regenerated cellulose patterns can be seen in
Figure 3.28b and show similar line patterns with some irregularities. The height of
the resulting cellulose patterns is in the range of 35-40nm. After UV-illumination
of the TMSC films, a positive-type development was done in a 1 mg/ml cellulase
solution in acetate buffer with a pH of 4.8, in order to remove the illuminated areas

containing regenerated cellulose. The resulting patterns show similar features as
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observed in the previous patterning experiments. The AFM image in Figure 3.28¢
suggests, that the photo-regenerated areas were completely removed. The remaining
TMSC patterns exhibit a height in the range of 25 to 30 nm.

Even though the resolution of these patterning experiments can still be improved,
TMSC films containing a photoacid generator are in principle suited for large area

interferometric patterning, providing either positive or negative cellulose patterns.

3.2.8 Application of Photopatterned TMSC as Gate Dielectric

In order to demonstrate the potential of this cellulose based photoresist in the field
of organic electronics, photopatterned TMSC films were implemented as dielectric
layers in low-voltage pentacene based OTFTs, with the device setup illustrated in
Figure 3.29.

Y -
Photoregenerated cellulose

Si-Wafer

Figure 3.29: Device architecture of OTFTs with a photo-regenerated cellulose
dielectric

For that purpose, the dielectric properties of 32 nm thin cellulose films, obtained by
negative-type photopatterning of spin coated TMSC films, containing 2 wt% NHNT,
were investigated in capacitor structures. These devices revealed leakage currents
in the order of 10°A/cm? at an electric field of 1.3 MV /cm and a capacitance of
approximately 130 nF/cm?, corresponding to a dielectric constant of ez = 5.4 4 0.7
at 1 kHz. The observed permittivity is significantly lower in comparison to the values
observed for cellulose films fabricated by vapour phase acid hydrolysis (eg = 8.440.5).
This can be explained by residuals of TMSC in the films, due to an incomplete
photo-induced regeneration of the pristine TMSC layers, which exhibit a permittivity
of e = 2.3 +0.2. Although, this low PAG concentration leads to an incomplete
conversion of the TMSC films to cellulose, the changes in solubility are sufficient
for a successful photopatterning, whereas higher NHNT contents and their ionic
photo-cleavage products may negatively influence the device stability. Therefore, a
NHNT content of 2 wt% was found to be ideal for the fabrication of pentacene based
OTFTs.
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The electrical characteristics of these devices with negative-type photolithograph-
ically patterned cellulose films as gate dielectrics are plotted in Figure 3.30 and
reveal a good performance with an onset voltage V,, = 0.8V, a threshold voltage
of Vip, = 1.25V and a sub-threshold swing S as low as 110 mV /dec. Moreover, no
hysteresis, gate leakage currents in the range of 80 pA, OFF-currents around 60 pA

and a linear field-effect mobility j, of 0.08 cm? /V's were observed.
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Figure 3.30: Output characteristics (a) and transfer characteristics (b) of pentacene-
based OTFTs with a photopatterned TMSC gate dielectric, featuring
a channel length of 70 pm and channel width of 1.5 mm. The gate

leakage current characteristics Ig(Vg) is also displayed. Work done
by Andreas Petritz!%?!

In general, patternable dielectric materials have to offer reasonable dielectric
properties in addition to an appropriate resist behaviour in terms of sensitivity and
resolution, which are met by the investigated cellulose based material. Furthermore,
the extracted values for the interface charge trap density (Ng) are exceptionally low,
which is directly affecting the device performance and is particularly essential for
the fabrication of fast and stable organic electronic circuits. 6!

69



3.3 Experimental

3.3.1 Materials

Unless otherwise stated, all chemicals were obtained from commercial sources and
were used without further purification. Table 3.4 lists all used chemicals as well as

their respective source and purity.

Table 3.4: List of used chemicals (2)

Substance Supplier Purity
Acetone Roth > 99.5%
Anisole Roth > 99%
Cellulase from T. viride Sigma Aldrich n.a.
Chloroform Roth > 99%
N-Hydroxynaphthalimide triflate Sigma Aldrich > 99%
Dichloromethane Roth > 99.5%
Heptane Fluka > 99%
Tetrahydrofurane Roth > 99.5%
Toluene Roth > 99.5%
Trimethylsilyl cellulose (DSg;2.8)  Thuringian Institute of n. a.

Textile and Plastics

Research e. V

Trimethylsilyl cellulose (DSg; 1.5) Stefan Spirk, n. a.

Graz University of

Technology

3.3.2 Methods
Sample Preparation

Silicon wafers were obtained from Taisil Electronic Materials Corp. and were rinsed
with acetone and cleaned with a polymer cleaning solution (First Contact, Photonic
Cleaning Technology, LLC) after cutting. A Spin Coater Model 4000 from Electronic
Micro Systems Ltd was used with rotational speeds between 1000 rpm and 6000 rpm
was used. TMSC films were fabricated from chloroform solutions with concentrations
ranging from 5 mg/ml to 20 mg/ml, containing various amounts of photoacid generator

onto silicon wafers.
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UV-Irradiation

UV-irradiation was carried out with a medium pressure Hg-lamp (100 W, Newport,
66990) equipped with a filter transmissive for wavelengths in the range of 350-450 nm.
The light intensity (power density) at the sample surface was measured with a UV
radiometer (UV Power Puck, EIT, Inc.) and was determined as 7.6 mW /cm? in
the spectral range from 250-390nm (UV-A, UV-B and UV-C). Photolithographic
patterning was carried out with a mask-aligner (SUSS, MJB4, 500 W HgXe) equipped
with a filter transmissive for wavelengths in the range of 365 nm with a measured power
density of 9.0 mW /cm?. Holographic lithography was performed on an interferometric
setup, containing a split beam setup with an argon ion laser (Coherent Innova 300C)

with a wavelength of 351 nm.

TPA Lithography

For all TPA lithography experiments, a commercial lithography setup (Photonic
Professional, Nanoscribe GmbH) was used. A laser power between 6 and 15 mW and
lateral feed rates between 25 and 100 pm/s with a 100x oil immersion objective with

a numerical aperture of NA = 1.4 and a tight focusing of the laser beam were chosen.

Development

After photolithographic patterning, development was performed in organic solvents
at room temperature or alternatively via enzymatic digestion using cellulase from
Trichoderma wviride (1 mg/ml, dissolved in a 100 mM sodium acetate/acetic acid
buffer at pH4.8). The samples were immersed in 3 to 5ml of cellulase solution at
37°C for different periods of time.

Optical Spectroscopy

Fourier Transform Infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum
One instrument with a spectral range of 450 to 4000 cm™ and a resolution of 1 cm™
in transmission mode on CakF, plates. Evaluation of the recorded spectra was done
using the software OPUS 7.0. UV- and Visible Light (UV /Vis) spectra were recorded
on a Varian Cary 50 UV /Vis spectrometer in absorbance mode on CalF, plates. The

obtained spectra were evaluated, using the software Cary WinUV 3.00.
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Atomic Force Microscopy

AFM micrographs were recorded with a Nanosurf FlexAFM instrument, using silicon
AFM probes with a resonance frequency of 190 kHz and a force constant of 48 N/m
(Tap190AL-G, Budgetsensors) in tapping mode. Evaluation of the recorded AFM

images was done, using the software Gwyddion 2.32.

Contact Angle Measurements

Contact angle measurements were conducted on a KRUSS DSA 100 Contact An-
gle Measuring System. The used liquids were ultra-pure water (surface tension
~v = 72.8 mN/m, separable in a polar component vp = 51 mN/m and a dispersive
component vp = 21.8mN/m) and diiodomethane (7 = 50.8 mN/m, vp = 0mN/m
and vp = 50.8 mN/m). The surface energy of the investigated layers was calculated
via the Owens—Wendt-Rabel-Kaelble method (OWRK) from five droplets of water

and diiodomethane, respectively.

Device Fabrication

Organic thin film transistors were fabricated in a staggered bottom-gate top-contact
architecture. The 40 nm thick aluminium gate electrode was evaporated through a
shadow mask at a rate of 1nm/s under high vacuum conditions. A metal shadow
mask was used for photopatterning of the gate dielectric. After spin coating and
photolithographic patterning of the dielectric, a 35nm thick pentacene layer was
evaporated. 50 nm source- and drain electrodes were deposited by thermal evaporation
of gold through a shadow mask. OTFTs were fabricated with a channel-length of
70 pm and width of 1.5 mm and were protected from light and stored under argon

atmosphere after their production.

Electrical characterization

Dielectric properties were determined by frequency dependent capacitance (C-f) and
current-voltage (I-V) measurements on sandwich structures (30 nm Al - regenerated
cellulose - 50nm Al) with an overlap area of 0.1 cm? on glass substrates with an LCR
meter (Hioki 3532-50 LCR). Electrical measurements of the OTFTs were carried out

under exclusion of light, using a parameter analyser from mb-Technologies.
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3.4 Summary and Conclusions

Trimethylsilyl cellulose (TMSC) thin films were fabricated by means of spin coating
from toluene- and chloroform solutions, showing smooth and pinhole free surfaces
with a rms-roughness of R, = 3.4-9.7nm and R, = 0.56-0.68 nm, respectively.

TMSC films were investigated as a precursor for the fabrication of high-x cellulose
dielectric layers in pentacene- and fullerene (Cg,) based OTFTs and complementary
inverter structures. These films showed a dielectric constant of ez = 2.3 0.2 and
er = 8.7+ 0.5 after exposing TMSC films to vapours of wet gaseous HCI, with an
increase of the polarity from 7.7% to 40.5%. OTFTs with hysteresis-free behaviour
with low leakage currents and a well balanced mobility in the range of 0.1 cm?/V's for
both p- and n-channel operation could be fabricated. Additionally, complementary
inverter structures could be realized, operating at supply voltages between 2.5V and
3.5V, with small-signal gains up to 60 and high balanced noise margin values of 82%
at Vpp = 2.5V.

The photo-induced desilylation reaction of TMSC films, containing 1 to 10 wt% of
a photoacid generator (PAG) was investigated by means of FTIR spectroscopy. The
amount of PAG in thin TMSC films significantly influences the degree of desilylation
of TMSC under illumination with polychromatic UV-light, with PAG contents higher
than 5wt% showing a nearly complete desilylation, after UV-irradiation with a dose
of 1.8 J/cm?.

The negative-type resist behaviour of these films was evaluated by means of a
sol-gel analysis, revealing an appropriate photoresist behaviour of the TMSC layers
with an insoluble fraction up to 84% for 2wt% PAG and 95% for 5wt% PAG. A
positive-type photoresist behaviour of TMSC can further be realized by the selective
enzymatic digestion of photolithographically patterned films with cellulase from
Trichoderma viride. UV-illumination and negative-type photolithographic patterning
does not significantly influence the rms-roughness of TMSC films, revealing values in
the range of 0.70-0.78 nm. However, after a positive-type development the remaining
areas show a higher rms-roughness of 1.82 4+ 0.02nm due to a partial enzymatic
digestion of the TMSC film.

Furthermore, contact lithography was employed to achieve positive and negative
cellulose structures from TMSC films, containing 2 wt% PAG, on a mask-aligner
system with possible resolutions in the low micrometre-range. Two-photon absorption
(TPA) lithography was additionally utilized for the fabrication of highly defined

73



cellulose patterns in a negative-type process, resulting in cellulose structures with
a lateral resolution of approximately 550 nm. Laser interference lithography was
further utilized as a tool for the generation of periodic cellulose microstructures,
resulting in patterns with a pitch of approximately 1.5 pum, achieved by positive-, as
well as negative-type development.

The potential of these photosensitive TMSC layers in organic electronics has been
demonstrated by assembling pentacene based OTFTs with an ultra-thin patterned
cellulose gate dielectric with leakage currents in the order of 10 A /cm? at an electric
field of 1.3 MV /cm and a dielectric constant of eg = 5.4 +0.7 at 1 kHz. These devices
revealed good performance with an onset voltage V,,, = 0.8V, a threshold voltage
of Vip, = 1.25V and a sub-threshold swing S as low as 110 mV /dec. Moreover, no
hysteresis, gate leakage currents in the range of 80 pA, OFF-currents around 60 pA
and a linear field effect mobility j, of 0.08 cm?/V s were observed.

The versatile and straightforward photopatterning capability of this biopolymer-
based material promises fast, highly integrated, low-voltage organic electronic circuits,
with a clearly simplified fabrication of via-holes and, therefore, also a simplified
design of circuits. These advantageous properties open the way for a variety of

demanding bio-compatible device architectures.
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4 Photo-Induced Crosslinking of Gold Nanoparticles

Parts of the work in this chapter have been applied for patenting'%®! and are also in
preparation for publication at the time of writing this thesis. " Four-point probe
measurements, OTFT fabrication and device characterization were performed at
the Institute for Surface Technologies and Photonics at the Joanneum Research
Forschungsgesellschaft mbH in cooperation with Andreas Petritz. UV-photoelectron

spectroscopy was performed by Alexander Fian.

4.1 Introduction

The possibility for a direct patterning of electrically conductive thin films plays
an important role for a cost effective fabrication of components for electronic de-
vices, such as radio-frequency identification (RFID) tags['%® organic light emitting
diodes (OLEDs) ' organic thin film transistors (OTFTs)M%11 or organic solar
cells12 as well as (semi)transparent coatings!'*3/. In the field of organic electronics,
an economical and efficient fabrication of electrically conductive structures is of
particular interest and can be achieved by utilizing high-throughput solution-based
processing methods.® In this regard, especially for a solution-based fabrication of

s114115] - metallic nanopar-

conductive structures and electrodes, conductive polymer
ticles!™%17 or carbon based materials, such as carbon nanotubes (CNT) 18119 and
graphene'20121 are suitable materials and allow a processing without the need for
costly and time-consuming vacuum steps.

Among the mentioned material classes, stabilized metallic nanoparticles have
already proven to be suitable candidates for the fabrication of electrodes, due to
the fact that their physical and chemical properties can be tailored to the specific
application. 122123 Hereby, the conductivity of sintered metallic nanoparticle films can
reach the range of the conductivity of vapour deposited metal layers. > Depending
on the particle size and on the stabilizing ligands, nanoparticle layers can be sintered
even at temperatures below 200°C[125126 to give electrically conductive layers,
therefore also enabling the use of flexible polymer substrates. A further important

issue for a successful use of solution-processable materials is the availability of
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appropriate high-resolution patterning techniques. Besides indirect structuring

techniques of nanoparticle layers, such as immobilization methods on functionalized

[129]

surfaces2™128) or transfer printing methods'?% also a variety of methods for a direct

patterning of nanoparticle layers in the micrometre or sub-micrometre range have

been reported. Direct patterning can be achieved by various methods, including

(126] [130]

, electron beam sintering!'3% soft lithography '3l and various

132-134]

laser sintering
photolithographic techniques! . Compared with indirect patterning techniques,
methods for a direct patterning often have the advantage that the resulting height of
the structures can be easily adjusted, enabling structures with a high aspect ratio of
height to width, which is typically desired for applications in electronics and optics.
However, drawbacks of the described methods for the patterning of stabilized metallic
nanoparticles often reside in large efforts and costs in terms of both operation and
equipment, which renders them inefficient for high-throughput industrial applications.
In many cases also comparably high sintering temperatures are required to fabricate
electrically conductive structures from Au-nanoparticles, limiting their application
on polymer substrates.

In order to combine the advantages of a direct patterning with high resolutions
and sintering at moderate temperatures, the UV-induced crosslinking of stabilized
Au-nanoparticles is investigated. As a result thereof, a loose network of crosslinked
particles is formed so that the organic content, i.e. the remaining stabilizing ligands
and crosslinking agent, can be removed at temperatures below 250 °C. These moderate
temperatures are advantageous for an efficient fabrication of electrically conductive
structures on flexible polymer substrates. Moreover, photolithographic patterning
methods possess the advantage of being well known and established techniques,

facilitating an implementation of this method in well-controlled fabrication processes.
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4.2 Results and Discussion

4.2.1 Synthesis of Stabilized Au-Nanoparticles

Gold nanoparticles with different stabilizing ligands and organic content were inves-
tigated and characterized. The chemical structure of the nanoparticles, used in this

work is shown in Figure 4.1.
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Figure 4.1: Chemical structure of the investigated stabilized Au-nanoparticles

These nanoparticles were synthesized according to the method described by Brust
et al. [ with adapted synthesis conditions, in order to influence the resulting particle
size and allow for an easier material handling. The synthesis of gold nanoparticles
stabilized with tert-butylthiol (tC4), 1-butanethiol (C4), 1-dodecanethiol (C12) and
1-octadecanethiol (C18) was performed with a molar ratio of thiol groups to AuCl,
ions of X gr/4u = 2. After 3 hours of reaction time, the products were precipitated in
ethanol and dried in vacuo, leading to yields of approximately 40-60%.

By adjusting the xgp/4. ratio during synthesis, it is possible to influence the
resulting particle-cluster sizes and, therefore, also the physical properties of the

nanoparticles. 122

I' A ratio of XsH/Aw = 2 was found to be ideal in this respect for 1-
butanethiol stabilized nanoparticles. These particles are of particular interest for the
desired application as electrodes, due to their physical properties, generally allowing

[136] Synthesis with Ysm/a, = 2 resulted in

relatively low temperatures for sintering.
a powdery material with a dark brown colour, which can be easily re-dispersed in
organic solvents, such as toluene or chloroform. A thiol to gold ratio of xgp/au = 1,
in contrast, led to a more waxy material, being more difficult to handle, e.g. for
sample preparation.

Au-nanoparticles stabilized with triphenylphosphane (PPh3) were synthesized in

analogy to alkanethiol stabilized particles with a molar ratio of phosphor to AuCl
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ions of xp/a, = 3. The product was precipitated in heptane after 3 hours of reaction

time and dried in vacuo, leading to a yield of 52% for this particular synthesis.

4.2.2 Au-Nanoparticle Characterization
UV/Vis Spectroscopy

UV/Vis measurements of all prepared nanoparticles were performed in chloroform and
are shown in Figure 4.2. The measurements reveal characteristic absorbance curves
with a weak surface plasmon absorption peak at 514 nm for C4 Au-nanoparticles and
at 502 nm for tC4 Au-nanoparticles. All other investigated stabilized nanoparticles
do not show a pronounced plasmon resonance peak, indicating that some larger
particles with core diameters d ... > 2nm or particle aggregates are present in the

C4- and tC4 nanoparticle dispersions. [123]

(a)

: (b)
1,00

0754

0,50

Absorbance [a.u.]

0,254

k

0,00 T T T T T T T T T T
300 400 500 600 700 800
Wavelength [nm]

Figure 4.2: UV/Vis spectra of the investigated Au-nanoparticles (a) and photograph
of a dispersion of AuNP-C4 in chloroform (b)

Transmission Electron Microscopy (TEM)

To determine the size and size distribution of the synthesized nanoparticles, trans-
mission electron microscopy (TEM) measurements were conducted. The samples
were prepared by placing small amounts of the nanoparticle dispersions on a carbon
coated copper grid, followed by evaporation of the solvent. Figure 4.3 shows the
recorded TEM images of 1-butanethiol stabilized Au-nanoparticles, revealing uniform

particles with a mean size of approximately 5nm.
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Figure 4.3: TEM images of 1-butanethiol stabilized Au-nanoparticles

The particle size and size distribution shown in Figure 4.4 were determined by
an evaluation of the TEM images and are in good accordance with the conducted
UV /Vis measurements. A mean diameter of 4.96 £+ 2.05nm was determined with
particle sizes ranging from 1.35-10.61 nm, whereby the particles with diameters
deore > 2nm most likely contribute to the plasmon resonance peak visible in the

UV/Vis spectrum in Figure 4.2.
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Figure 4.4: Particle size distribution of C4 Au-nanoparticles

TEM measurements of 1-dodecanethiol and 1-octadecanethiol stabilized Au-nano-
particles, illustrated in Figure 4.5, exhibit similar particle shapes and sizes with
diameters in the range of 2-5nm. An exact determination of the particle size
distribution was not possible due to a lack of contrast of the TEM images, impeding
an exact evaluation of the images.

The synthesized triphenylphosphane stabilized Au-nanoparticles exhibited a poor
solubility behaviour due to some aggregation of the particles, leading to an insoluble
residue. This behaviour is also reflected in the TEM images, where larger aggregates
with particles having diameters of 10-20nm (see Figure 4.6a), as well as smaller

particles with diameters in the range of 2-3nm (see Figure 4.6b), are observed.
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Figure 4.5: TEM images of 1-dodecanethiol (a) and 1-octadecanethiol (b) stabilized
Au-nanoparticles

Figure 4.6: TEM images of triphenylphosphane stabilized Au-nanoparticles

Au-nanoparticles with tert-butylthiol as a stabilizing ligand also showed a poor
solubility behaviour. Similar to the PPh3 nanoparticles, some insoluble material
remained when dispersing the material in chloroform. The TEM measurements in
Figure 4.7 reveal a heterogeneous particle size distribution with cluster sizes ranging
from 2-20nm in diameter. This inconsistent particle size distribution is most likely
due to the poor stabilizing ability of the tC4 ligands in combination with a low

thermal stability, leading to an aggregation of the particles even at low temperatures.

Figure 4.7: TEM images of tert-butylthiol stabilized Au-nanoparticles
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Thermal Analysis

Thermogravimetric analysis (TGA) was employed to determine the influence of the
stabilizing ligands on the required sintering temperature. Small amounts of the
different nanoparticles were therefore heated from room temperature to 600 °C at a
heating rate of 10 °C/min under nitrogen atmosphere. The TGA measurements of
the different Au-nanoparticles reveal characteristic weight loss curves, as shown in
Figure 4.8, due to a desorption of the stabilizing ligands. The extracted values for the
onset temperature of the main mass loss (Tonser) and the differential thermogravimetry
(DTG) peak temperatures (Tpeax), representing the temperature at which the highest

mass loss occurs, are additionally listed in Table 4.1.
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Figure 4.8: Weight loss curves of C4 (black line), tC4 (red dashed line), C12 (green
dotted line), C18 (blue dash-dot line) and PPh3 (magenta dash-double
dot line) Au-nanoparticles

Table 4.1: Extracted values for the mass loss, onset temperature and peak temper-
ature of the mass loss of the investigated Au-nanoparticles

Ligand Mass loss [%] Tonset [°C] Tpeak [°C]
tC4 11 139 152
C4 12 203 206
C12 32 272 316
C18 37 292 330
PPh3 7 282 316
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It can be seen, that the onset temperature generally increases with an increasing
chain length of alkanethiol stabilized particles (tC4, C4, C12 and C18). This
behaviour has been described in literature and can be ascribed to the differences in
volatility of the stabilizing ligands. It has been observed that ligands with higher
molecular weight generally show a higher thermal stability. 3" The investigated
alkanethiol stabilized Au-nanoparticles feature onset temperatures in the range of
139 to 292°C, whereas triphenylphosphane stabilized Au-nanoparticles show an
onset of the main mass loss at 282°C. Moreover, the measured total mass loss
corresponds well with the organic content of the stabilizing ligands. The stated DTG
peak temperatures are often used for a comparison of the sintering temperature[138]
and lie between 152 to 330 °C for the alkanethiol stabilized Au-nanoparticles and
at 316 °C for the triphenylphosphane stabilized particles. With regard to organic
electronics, where fabrication processes are ideally compatible with flexible substrates
(i.e. polymer films), low processing temperatures are desired. The stated Topget and
Thpeax values, however, do not represent the lowest possible temperature at which
sintering of Au-nanoparticle layers is possible, due to the fact, that the sintering
process proceeds at a certain rate, depending on particle size, temperature and
additional oxidation processes. 130

In order to investigate the sintering process at lower temperatures and to determine
the influence of oxygen on the destabilization of C4 Au-nanoparticles, isothermal TGA
measurements were performed at 150 °C in different atmospheres. This temperature
was chosen due to the fact, that a minor mass loss was observed in the TGA
measurements for C4 nanoparticles at 150 °C. The TGA curves were obtained by
heating the samples to 150°C under nitrogen atmosphere at a heating rate of
10°C/min, changing the atmosphere in the measurement chamber and monitoring
the mass loss as a function of time at constant temperature. Figure 4.9 shows the
corresponding weight loss curves of three C4 Au-nanoparticle samples, measured
in nitrogen, synthetic air and oxygen, respectively, as a function of time. A clear
influence of the oxygen content on the duration needed for a desorption of the
stabilizing ligands is visible. The respective DTG peak of the main mass loss occurs
after a duration of 55 minutes under nitrogen atmosphere and decreases significantly
to 30 minutes in synthetic air and to 15 minutes in oxygen, demonstrating that the
investigated nanoparticles are suitable candidates for the preparation of conductive

layers at processing temperatures, which are compatible with polymer substrates. [139)
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Figure 4.9: Isothermal TGA measurements of C4 Au-nanoparticles performed under
oxygen (red line), synthetic air (blue dashed line) and nitrogen (black
dotted line)

4.2.3 Preparation of Conductive Au-Nanoparticle Films

For the preparation of Au-nanoparticle thin films, it is of particular importance to
achieve homogeneous, aggregate-free layers. tC4, as well as PPh3 Au-nanoparticles
were therefore not further regarded for the fabrication of thin films, due to aggregation
of the particles and a generally poor dispersibility. C4, C12 and C18 particles, in
contrast exhibit a better dispersibility, leading to uniform thin films. From these
Au-nanoparticles, 1-butanethiol stabilized particles are the most promising candidate
due to the comparably low required sintering temperature.

To determine the resulting film thickness before and after sintering of Au-nano-
particle thin films, nanoparticle dispersions with varying concentrations were spin
coated onto glass slides (v = 1000 rpm, a = 1000rpm/s). A thermal treatment at a
temperature of 280 °C for a duration of 10 minutes was chosen in order to guarantee a
complete sintering of the films. Figure 4.10 reveals the resulting film thickness before
and after the sintering step, determined by means of profilometry. As expected, a
linear increase of the resulting film thickness is observed for higher nanoparticle
concentrations, with values lying between 12 + 2nm for 10 mg/ml nanoparticle
dispersions and 132 4+ 15nm for 100 mg/ml dispersions. After sintering, the film

thickness is reduced significantly due to the removal of the stabilizing ligands and a
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reordering of the nanoparticle thin films. For 100 mg/ml Au-nanoparticle dispersions,

a reduction of the film thickness of approximately 62% was determined.

150
140 4| ] spincoating |
130 -{{ I spincoating and sintering T
120 _

110 |

100 [
90 z
80
70 T
60
50
40
30 5
20
10

Film thickness [nm]

10 20 30 40 50 60 70 80 90 100
Nanoparticle concentration [mg/ml]

Figure 4.10: Thickness of C4 Au-nanoparticle films, fabricated by spin coating
from dispersions with varying nanoparticle contents before (grey solid
bars) and after sintering (red striped bars)

The sheet resistivity of these layers was measured with a four-point probe setup.
Table 4.2 lists the film thickness, determined by means of profilometry, as well as the
calculated sheet resistivity of the C4 Au-nanoparticle films, prepared from dispersions
in chloroform with different nanoparticle concentrations (caune). It was found, that
a film thickness of approximately 29nm (ca,np = 50 to 60 mg/ml) of the sintered
Au-nanoparticle layers is sufficient to achieve electrical conductivity. The measured
values for the film thickness showed notable variations due to an inhomogeneity of
the spin coated films. Therefore, an exact correlation of the film thickness with
the sheet resistivity can not be made. The lowest determined value of 2.61 Q/sq for
50 nm thin films, however, lies in the range of evaporated metal layers and are well
suited for conductive thin films or for the application as electrodes. 24

An evaluation of the electrical conductivity of such spin coated layers as a function
of the temperature was additionally performed to determine a suitable sintering
temperature. Therefore, the current between two point probes, with a distance of
approximately 4 mm was determined as a function of the temperature. For these
experiments, C4 Au-nanoparticle films were prepared by spin coating onto glass
substrates (¢ = 100mg/ml, v = 800rpm, a = 1000rpm/s). Figure 4.11 shows the
resulting resistance curves of the C4 Au-nanoparticle films during heating with a

constant rate of 10°C/min. A slow decrease of the resistance can be observed at
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Table 4.2: Film thickness and sheet resistivity of spin coated and sintered C4
Au-nanoparticle films

caunp [mg/ml] Film thickness [nm] Sheet resistivity [2/sq]

50 31+8 9.87
60 29+3 14.73
70 36 &2 8.60
80 42 £ 2 3.22
90 42+ 3 7.80
100 50 £ 2 2.61

the beginning of the heating process, with a sharp decline at 178 °C, leading to an
electrically conductive film. A second sample was heated to 150°C at a rate of
10°C/min and the temperature was kept constant for 40 minutes to demonstrate,
that such conductive Au-nanoparticle thin films can also be fabricated by sintering at
150 °C. The resulting resistance curve is plotted in Figure 4.11b and exhibits a slower
decline of the resistance over time with multiple sharp transitions. The main decrease
of the resistance is observed after a thermal treatment for approximately 15 minutes.
After a sintering duration of 30 minutes, no further significant changes are observed,

which is in good accordance to the previously conducted TGA measurements.
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Figure 4.11: Resistance curves of C4 Au-nanoparticles under heating from room
temperature to 300 °C (a) and under isothermal heating at 150 °C (b)

4.2.4 Photo-Induced Crosslinking of Au-Nanoparticles

Various approaches have been made previously to achieve a photolithographic pattern-
ing of stabilized Au-nanoparticle films. Sun et al. utilized a UV-laser in combination

with near-field scanning optical microscopy (NSOM) to accomplish a photo-oxidation
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of the stabilizing ligands.'32 Although this approach yields nanoparticle-patterns
with high resolutions, it is not feasible for high-throughput fabrication due to the
high energy input required and elaborate experiment setup. Huh and Subramani
et al. utilized crosslinking of the stabilizing ligands via dimerization or charge

[133.134] Photopatterning of these materials with resolutions in the

reversal reactions.
micrometre-range is possible, however, only a low conductivity of the generated
Au-nanoparticle patterns was achieved. Thus, an additional sintering step would
be needed in order to achieve sufficient conductivity. Due to the expected high
thermal stability of the described stabilizing ligands, this step most likely requires
temperatures, which are no longer compatible with polymer substrates. Therefore,
the combination of high-resolution photolithographic patterning and low sintering
temperatures is of particular interest for the application of Au-nanoparticles in
organic electronics.

Photo-induced crosslinking of the ligands of 1-butanethiol stabilized Au-nanoparticles
was utilized to achieve a lateral patterning of spin coated Au-nanoparticle films.
Small amounts (1-10 wt%) of 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone
(BAC-M) were used as a crosslinking agent and were added to the nanoparticle
dispersion prior to spin coating. The UV-irradiation of BAC-M at a wavelength of
A = 365 nm leads to the generation of nitrene radicals which can subsequently react
with the nanoparticle ligands, by a C—H bond insertion, or by hydrogen abstraction
from CH, groups, leaving free radicals which terminate by coupling reactions, leading
to an insoluble nanoparticle network. The UV-illumination has to be performed
under inert atmosphere in order to prevent unwanted reactions of the photo-generated
nitrene radicals with ambient oxygen and to achieve crosslinking of the stabilizing
ligands. After a subsequent sintering step at a suitable temperature, laterally pat-
terned conductive features can therefore be achieved. A schematic illustration of the

photopatterning process is depicted in Figure 4.12.
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Figure 4.12: Photopatterning process of thiol stabilized Au-nanoparticles with
BAC-M
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For the evaluation of suitable bisazide concentrations for photolithographic pat-
terning, Au-nanoparticle films with varying amounts of BAC-M were prepared from
chloroform dispersions by means of spin coating (¢ = 20mg/ml, v = 1000 rpm,
a = 1000rpm/s). These layers were subsequently illuminated under nitrogen at-
mosphere using a simple quartz-chromium shadow mask with an irradiation dose
of 12.1J/cm?. Figure 4.13 shows the resulting patterns after a development in
chloroform for 10 minutes. It can be observed, that increasing BAC-M concentra-
tions lead to less well defined patterns with increasingly blurred features. BAC-M
concentrations of 10 wt% and above lead to a crystallization of the bisazide com-
ponent and are not suitable for photopatterning. However, line patterns could
still be observed. Therefore, for all further photopatterning experiments, BAC-M

concentrations between 3 and 5 wt% were used.

1 wt% %

Figure 4.13: C4 Au-nanoparticle films, containing different amounts of BAC-M
after photolithographic patterning

SEM micrographs of these photopatterned Au-nanoparticle films, containing 5 wt%
BAC-M after UV-irradiation with a dose of 12.1J/cm?, are shown in Figure 4.14.
The resulting line patterns exhibit a porous surface with blurred edges which may
be caused by scattering of the UV light due to the porosity of the nanoparticle
layers. The achievable resolution lies in the range of several micrometres which is

nonetheless suitable for various electrode applications.
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Figure 4.14: Backscattered secondary electron images of a photopatterned Au-
nanoparticle film, containing 5 wt% BAC-M

The porosity of these layers was further investigated by means of SEM and the
influence of the photopatterning process on the surface properties was compared.
Figure 4.15 depicts SEM micrographs of Au-nanoparticle layers, containing 5 wt%
BAC-M before and after UV-illumination with a dose of 12.1.J/cm?, as well as after
subsequent development in chloroform. In these images, a porosity of the fabricated
Au-nanoparticle layers can be observed after each processing step with no clear

influence of the individual steps.

Figure 4.15: Secondary electron images of Au-nanoparticle layers, containing 5 wt%
BAC-M, before illumination (a), after illumination (b) and after
illumination and development (c)

In order to determine a suitable irradiation dose for a complete crosslinking,
Au-nanoparticle films containing 5 wt% BAC-M were spin coated and illuminated
with polychromatic UV-light with varying irradiation doses. After a development in
chloroform, the remaining film thickness of the crosslinked films was determined by
means of profilometry. The resulting curve in Figure 4.16 reveals an increase of the
film thickness under UV-illumination with irradiation doses up to 9.7 J/cm?, with
no further significant changes at higher doses. From these measurements, it can be
concluded that a formation of a loose nanoparticle network takes place, influencing

the film thickness of the resulting films after development.
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Figure 4.16: Remaining film thickness of photopatterned C4 Au-nanoparticle films
after development as a function of the irradiation dose

The comparably high irradiation dose needed for a complete crosslinking can be
explained by a non-ideal overlap between the emission of the UV-source and the
absorption of BAC-M. The measured emission- and absorption spectra are given
in Figure 4.17. BAC-M exhibits a local maximum of absorption at A\ = 360 nm,
therefore also allowing the use of monochromatic light sources for a better overlap

and shorter irradiation-time, required for crosslinking.
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Figure 4.17: Absorption spectrum of BAC-M (red dashed line) and emission spec-
trum of the used polychromatic UV-source
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4.2.5 Contact Lithography

Photolithographic patterning on a mask-aligner was furthermore performed to achieve
patterns with lateral resolutions in the low micrometre-range. Spin coated Au-NP
films (¢ = 20mg/ml, v = 1000rpm, a = 1000rpm/s), containing 5wt% BAC-M
were illuminated on a mask-aligner system in hard contact mode through a quartz-
chromium mask and were subsequently developed in chloroform. The resulting
features were investigated by means of optical microscopy and scanning electron
microscopy and exhibit resolutions in the single digit micrometre-range. The SEM
micrographs in Figure 4.18 show the resulting structures, also exhibiting a porous
surface of the material after UV-illumination and development. Furthermore, the
resulting line patterns exhibit blurred edges, nonetheless allowing resolutions in the

range of 3 to 4 pm.
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Figure 4.18: Backscattered secondary electron images of C4 Au-nanoparticle films
after photolithographic patterning on a mask-aligner

In order to improve the achievable resolution of the material, the BAC-M-content
was decreased to 3 wt%, resulting in uniform films with fewer impurities. Development
was furthermore done in toluene for 10 to 15 minutes to avoid negative influences,
which may be caused by a strong swelling of the crosslinked film. The adhesion of
the resulting photopatterned layers to glass substrates was also verified by a simple
scotch-tape test. The crosslinked nanoparticle layers showed a good adhesion to
glass substrates and silicon wafers and were not pulled off by the tape when it was
removed, providing a clear advantage to conventional evaporated gold layers.

As previously mentioned, the sintering process leads to a decrease of the film
thickness of the Au-nanoparticle films. The height of crosslinked features, fabricated
by means of spin coating (¢ = 100mg/ml, v = 800rpm, a = 1000rpm/s) and
photopatterning on a mask aligner, was determined by means of AFM measurements

before and after sintering on a hotplate. In Figure 4.19, an AFM micrograph and the
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corresponding height profile of a single photopatterned line is depicted, exhibiting
an average height of 49 + 1.8 nm.
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Figure 4.19: AFM micrograph (a) and line profile (b) of photopatterned Au-
nanoparticles

After sintering at 280 °C for 10 minutes, a significant decrease of the feature height
to 26+ 1.4 nm was measured, corresponding to a decrease of the film thickness of 53%.
An AFM micrograph and height profile of a sintered line is shown in Figure 4.20a-b.
The resulting sintered Au-nanoparticle patterns show homogeneous surfaces with a
rms-roughness of R, = 6.8 nm after sintering, as depicted in the detailed AFM image

and line-roughness profile in Figure 4.20c.
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Figure 4.20: AFM micrograph (a) and line profile (b) of photopatterned Au-
nanoparticles after sintering. A detailed AFM scan and line roughness
profile is depicted in (c)
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To further demonstrate the suitability of these photopatterned Au-nanoparticle
films with a variety of surfaces, including flexible substrates, C4 Au-nanoparticle layers
with 3 wt% BAC-M were prepared on PET films (Melinex ST725) and photopatterned
on a mask-aligner. The resulting patterns show resolutions in the range of 1 to
2um (see Figure 4.21), also providing good adhesion to the polymer substrate. The
adhesion of the crosslinked patterns was additionally verified by a scotch-tape test,
in which the patterns were not pulled off by the tape. These advantageous properties
illustrate the potential of such photopatternable films for flexible organic electronic

devices.

Figure 4.21: Optical micrographs (a,b) and photograph (c) of photopatterned C4
Au-nanoparticle layers on PET

4.2.6 Fabrication of Conductive Au-Nanoparticle Patterns

In order to monitor the sintering process of crosslinked Au-nanoparticle layers, such
films containing 3 wt% BAC-M were spin coated onto glass slides and crosslinked by
flood illumination on a medium pressure Hg lamp. After a development in toluene, the
samples were heated from room temperature to 300 °C at a heating rate of 10 °C/min.
The current between two point probes with a distance of approximately 4 mm was
determined as a function of the temperature. Due to the photo-induced cross linking
of the nanoparticles, higher temperatures are needed to remove the stabilizing ligands
and to achieve sintering of the nanoparticle films. In Figure 4.22, the measured
resistance is plotted as a function of the temperature, revealing a sharp decline at
272°C with an onset of the decline at approximately 240 °C. The corresponding
resistance curve for sintering at 240 °C is plotted in Figure 4.22b. In this experiment,
the sample was heated to 240°C at a rate of 10°C/min and the temperature was
then kept constant, leading to a complete sintering of these Au-nanoparticle films

after approximately 35 minutes, demonstrating that also crosslinked Au-nanoparticle
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films can be sintered at moderate temperatures. Four-point probe measurements of
the sintered films further revealed a sheet resistivity of 2.31€)/sq, corresponding to a
bulk resistivity of 8.03 x 107®Q/m for the 35nm thin films, which is suitable for the

application as an electrode material.
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Figure 4.22: Resistance curves of photolithographically patterned C4 Au-
nanoparticles under heating from room temperature to 350°C (a)
and under isothermal heating at 240 °C (b)

4.2.7 Holographic Lithography

Laser interference lithography was furthermore used as a tool to achieve large-area
patterns with high resolutions. Thin Au-nanoparticle films, containing 5wt% of
BAC-M, were spin coated onto glass substrates from chloroform dispersions. After
UV-illumination under nitrogen atmosphere, the films were developed in chloroform,
leading to a removal of the non-irradiated areas and to crosslinked Au-nanoparticle
line patterns with a pitch of approximately 1.46 pm. The height of these structures
was measured by means of AFM and was determined as 30 to 40 nm. The crosslinked
patterns, visible in the AFM image in Figure 4.23, however, exhibited a poor adhesion
to the substrate and were poorly defined, in contrast to patterns achieved by contact
lithography. The bright areas, visible in the bottom right corner of the image, are
most likely due to a folding of crosslinked areas, which are partially detached from
substrate. Nonetheless, photopatterning by means of holographic lithography is
possible with this material, enabling advanced applications in optics and organic

electronics.
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Figure 4.23: AFM micrograph and corresponding line profile of a C4 Au-
nanoparticle film after holographic lithography

4.2.8 Application as OTFT Source/Drain Electrodes

To highlight the application of this photopatternable material in organic electronics,
photopatterned Au-nanoparticle films were investigated as source/drain electrodes
in pentacene based OTFTs. By utilizing the described photopatterning method,
it was possible to fabricate OTFTs in a bottom-gate coplanar architecture, as
illustrated in Figure 4.24. The OTFT channels were fabricated by UV-illumination
and development of spin coated Au-nanoparticle films through a metal shadow mask,

resulting in a channel length of approximately 10 pm.

Pentacene

Highly doped Si

Sio

2

Figure 4.24: Device architecture of OTFTs with photo-regenerated Au-nanoparticle
source/drain electrodes

The electrical characteristics of the fabricated devices are plotted in Figure 4.25.
These OTFTs show a saturation of the drain current and a quadratic increase of
the saturation drain current level with the gate bias. Moreover, an onset voltage
Von = 1.7V, a sub-threshold swing of 1.2 V/dec and a threshold voltage Vi, = —2.5V
were determined. The comparably low charge carrier mobility in the range of
3x 1073 cm?/Vs can be explained by a small-grain semiconductor growth with

300-700 nm grains in the transistor channel.
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Figure 4.25: Output characteristics (a) and transfer characteristics (b) of pentacene-
based OTFTs with photopatterned Au-nanoparticle source/drain elec-
trodes with a channel width of 4 mm and a channel length of 10 pm.
The gate leakage current characteristics Ig (Vgs is additionally dis-
played. Work done by Andreas Petritz

UV-photoelectron spectroscopy (UPS) measurements further revealed a work
function of -4.55¢€V for the Au-nanoparticle-pentacene contact, whereas evaporated
gold exhibits a work function -4.9 eV, matching the HOMO level of pentacene at
—5.0eV. However, patterning of the evaporated Au contacts with conventional
photolithography usually leads to a lower work function in the range of -4.2 eV. This
reduction is due to residuals stemming from the photolithography process and can
be ascribed to contaminations from the photoresist, developer or solvents.

The described photopatterned Au-nanoparticle electrodes, therefore, result in a
higher quality contact with pentacene and a better energy—level alignment compared
to conventional photolithographically patterned Au contacts. This behaviour is
highly favourable for the fabrication of bottom-contact OTFT devices, considering
that no further extensive cleaning or surface treatment steps of the Au-electrodes

are necessary after photolithographic patterning. 107
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4.3 Experimental

4.3.1 Materials

Unless otherwise stated, all chemicals were obtained from commercial sources and
were used without further purification. Table 4.3 lists all used chemicals, as well as

their respective source and purity.

Table 4.3: List of used chemicals (3)

Substance Supplier Purity
2,6-Bis(4-azidobenzylidene)-4- Sigma Aldrich ~ 97%
methylcyclohexanone

1-Butanethiol Sigma Aldrich 99%
Chloroform Roth > 99%
1-Dodecanethiol Sigma Aldrich > 98%
Ethanol Roth > 99.8%
Heptane Roth > 99%
Hydrogen tetrachloroaurate(III) trihydrate Alfa Aesar 99.99%
Methanol Roth > 99.5%
2-Methyl-2-propanethiol Sigma Aldrich 99%
1-Octadecanethiol Sigma Aldrich 98%
Sodium borohydride Sigma Aldrich 99%
Tetraoctylammonium bromide Sigma Aldrich 98%
Toluene Roth > 99.5%
Triphenylphosphane Sigma Aldrich > 98.5%

4.3.2 Methods
Sample Preparation

Au-nanoparticle thin films were fabricated by spin coating from chloroform dispersions
10 to 150 mg/ml (v = 800 to 1000 rpm,

a = 1000 rpm/s) onto different substrates. For photopatterning experiments, varying

with concentrations ranging from ¢ =

amounts of 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone were added to the

nanoparticle dispersions prior to spin coating.

UV- and Visible Light (UV/Vis) Spectroscopy

UV /Vis spectra were recorded on a Varian Cary 50 UV /Vis spectrometer in ab-
sorbance mode on Cal, plates or alternatively in chloroform solution. The obtained

spectra were evaluated, using the software Cary WinUV 3.00.
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Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed on a Mettler Toledo TGA/DSC 1 instru-

1 and a heating rate of 10 Kmin™

ment with a gas flow of 30 mlmin , using either
nitrogen, synthetic air or oxygen for analysis. The software STARe 11.00a was used

for the evaluation of the recorded curves.

Atomic Force Microscopy (AFM)

AFM micrographs were recorded with a Nanosurf FlexAFM instrument, using silicon
AFM probes with a resonance frequency of 190 kHz and a force constant of 48 Nm™
(Tap190AL-G, Budgetsensors) in tapping mode. Evaluation of the recorded AFM

images was done, using the software Gwyddion 2.32.

Profilometry

The film thickness of the samples was measured by means of contact stylus profilom-
etry (VEECO Dektak 150 stylus profiler).

Transmission Electron Microscopy (TEM)

TEM measurements were performed at the Erich Schmid Institute of Materials
Science, Leoben by Dr. Zaoli Zhang on a JEOL JEM-2100F instrument. Particle

size and size-distributions were determined with the software ImageJ 1.47i.

Scanning Electron Microscopy (SEM)

SEM measurements were performed at the Materials Center Leoben by Bernhard
Sartory on a cross-beam electron microscope (Zeiss Auriga CrossBeam workstation)

with varying acceleration voltage and working distance.

UV-Irradiation

Unless otherwise stated, UV-irradiation was carried out under nitrogen atmosphere.
The light intensity (power density) at the sample surface was measured with a
spectroradiometer (Solatell, Sola Scope 2000) in the wavelength range of 230-470 nm.
The following light sources and their intensity are listed in Table 4.4.

Photolithographic patterning was carried out with a mask-aligner (SUSS, MJB4,
500 W HgXe) with a measured power density of 21.3 mW /cm?.
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Table 4.4: List of used UV-sources (2)

UV-source Intensity [mW /cm?]
Newport 66990 20.17
Heraeus Noblelight GPH212T5L 0.18

Device Fabrication and Characterization

A highly doped Si-Wafer was used as the gate electrode (substrate) with a 100 nm
thick SiO, layer as the gate dielectric. Photopatterned Au-nanoparticle layers were
used as source and drain electrodes. A 35nm thick pentacene layer was evaporated
onto the preheated samples at 65°C in high vacuum at a rate of 0.1 nm/min for the
first 5nm and 0.6 nm/min for the remaining 45nm. After fabrication, all OTEFT
samples were protected from light and stored under argon atmosphere. The channel
lengths of the fabricated OTFTs was 10 pum and the channel width ranged from 1
to 4mm. Electrical measurements are carried out under exclusion of light under

ambient conditions, using a parametric analyser from mb-Technologies.

4.3.3 Synthesis of Alkanethiol Stabilized Au-Nanoparticles

AuCl, (aq) + N(C¢H,,),H(CHMe) — N(CgH,,),"AuCl, (C;H Me)

m AuCl, (C¢H Me) + n RSH(CH Me) + 3me —>
4mCl (aq) + (Au,)(RSH), (CcH;Me)

Figure 4.26: Synthesis of thiol stabilized Au-nanoparticles!!3’!

One equivalent of HAuCl,. 3 H,0O was dissolved in H,O (30 mmol/l, yellow solution)
and tetraoctylammonium bromide in toluene (1.5eq, 50 mmol/l) was added under
stirring. The colour of the organic phase changed to dark red—brown. The mixture
was stirred for 30 minutes at room temperature. the organic phase was separated and
the respective alkanethiol (xsm/au = 2) was added under vigorous stirring. After 10
minutes, NaBH, (10eq) in H,O (40 mmol/l) was added and the solution was stirred
for further 3 hours. The colour of the organic phase changed to dark brown. The
organic phase was then isolated and reduced to approximately 10 ml on a rotary
evaporator (50 °C, 90 mbar) and precipitated in cold ethanol (2x). The precipitate
was centrifuged and dried in vacuo at 40 °C for 2 hours. Table 4.5 states the inserted

amounts of reactants and yields of the separate synthesis procedures.
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Table 4.5: Amount of reactants for the synthesis of alkanethiol stabilized Au-

nanoparticles
Ligand HAuCl, [mg] Thiol [mg] Yield [mg]
2-Methyl-2-propanethiol (tC4) 505.7 57.9 238
1-Butanethiol (C4) 500 57.25 240
1-Dodecanethiol (C12) 300 89.35 151
1-Octadecanethiol (C18) 200 84.34 161

4.3.4 Synthesis of Triphenylphosphane Stabilized Au-Nanoparticles

The synthesis of triphenylphosphane stabilized Au-nanoparticles was performed in
analogy to the procedure described in Figure 4.26. 200 mg of HAuCl,. 3 H,O were dis-
solved in H,O (30 mmol/1) and tetraoctylammonium bromide in toluene (50 mmol/I)
was added under stirring. After 30 minutes, 463.2 mg of triphenylphosphane were
added and after further 10 minutes of stirring, 222.7 mg NaBH, were added. The
organic phase was isolated and reduced to approximately 10 ml on a rotary evaporator
(50°C, 90 mbar) and precipitated in heptane (2x). The precipitate was centrifuged
and dried in vacuo at 40 °C for 2 hours.
Yield: 345 mg of a black solid.
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4.4 Summary and Conclusions

Gold nanoparticles stabilized with tert-butylthiol (tC4), 1-butanethiol (C4), 1-
dodecanethiol (C12), 1-octadecanethiol (C18) and triphenylphosphane (PPh3) were
synthesized and characterized. Transmission electron microscopy (TEM) measure-
ments of these particles showed similar particle shapes and sizes with diameters in
the range of 2-5nm for C4, C12 and C18 Au-nanoparticles and more irregular size
distribution of the tC4 and PPh3 particles. PPh3 Au-nanoparticles exhibited larger
aggregates with diameters of 10-20 nm, as well as smaller particles with diameters
in the range of 2-3nm. tC4 particles also showed a heterogeneous particle size
distribution with cluster sizes ranging from 2-20nm in diameter.

Thermogravimetric analysis (TGA) of the different Au-nanoparticles revealed a
characteristic weight loss with generally higher onset temperatures at an increasing
chain length of alkanethiol stabilized particles. The onset temperatures of the
alkanethiol stabilized particles was observed in the range of 139 to 292 °C, whereas
triphenylphosphane stabilized Au-nanoparticles show an onset of the main mass
loss at 282 °C. The total mass loss corresponds well with the organic content of the
stabilizing ligands, with differential thermogravimetry (DTG) peak temperatures in
the range of 152-330 °C for alkanethiol stabilized Au-nanoparticles and at 316 °C for
triphenylphosphane stabilized particles.

In order to determine the influence of oxygen on the destabilization of C4 Au-
nanoparticles, isothermal TGA measurements were performed at 150°C, using
different atmospheres for measurement. The respective DTG peak of the main mass
loss occurs after a duration of 55 minutes under nitrogen atmosphere and decreases
significantly to 30 minutes in synthetic air and to 15 minutes in oxygen, respectively.

C4 Au-nanoparticle films with a thickness of 12-132 nm were prepared and sintered
at 280°C, leading to a significant reduction of the film thickness up to 62% of the
original thickness. A sheet resistivity of 2.61 Q/sq for 50 nm thin layers was measured
after sintering of the Au-nanoparticle layers. An evaluation of the electrical conduc-
tivity of such layers as a function of the temperature was additionally performed,
showing a sharp decline of the resistance at 178 °C, leading to electrically conductive
films. When sintering such layers at 150 °C, electrical conductivity is achieved after
approximately 15 minutes of thermal treatment.

The photo-induced crosslinking of the ligands of C4 Au-nanoparticles with 1-10 wt%

of 2,6-bis(4-azidobenzylidene)-4-methylcyclohexanone as a crosslinking agent, was
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further investigated. Under UV-illumination with irradiation doses up to 9.7 J/cm?,
the formation of an insoluble network was observed with no further significant
changes at higher doses. Photolithographic patterning on a mask-aligner resulted in
Au-nanoparticle patterns with resolutions in the range of 3—4 pm. Such layers were
additionally prepared on flexible substrates, showing similar properties with resolu-
tions in the range of 1-2 nm and a good adhesion to the substrate. Laser interference
lithography was additionally used as a tool to achieve large-area patterns with high
resolutions, leading to Au-nanoparticle structures with a pitch of approximately
1.46 pm and a height of 30-40 nm.

In order to monitor the sintering process of crosslinked Au-nanoparticle layers,
such films were heated and the current flow between two point probes was measured.
A sharp decline of the resistance at 272 °C with an onset at approximately 240 °C
was observed. Sintering at 240 °C also leads to conductive layers after approximately
35 minutes. Four-point probe measurements of the sintered films revealed a sheet
resistivity of 2.31/sq, corresponding to a bulk resistivity of 8.03 x 1078 Q/m for
35nm thin films.

To demonstrate the potential of this material for applications in organic electron-
ics, photopatterned Au-nanoparticle films were investigated as source- and drain
electrodes in pentacene based OTFTs. The OTFT channels were fabricated by
photolithographic patterning of spin coated Au-nanoparticle films through a shadow
mask, resulting in channel lengths in the range of 10 pm. These OTFTs showed
an onset voltage V,, of 1.7V, a sub-threshold swing of 1.2 V/dec and a threshold
voltage V1 of -2.5V. A charge carrier mobility of these devices in the range of
3 x 1073 cm?/V's was measured. UV-photoelectron spectroscopy (UPS) measure-
ments revealed a work function of -4.55 eV for the Au-nanoparticle-pentacene contact,
suggesting a good energy—level alignment.

The described photopatterning method enables an efficient fabrication of electri-
cally conductive structures with resolutions in the pm range, utilizing solution-based
processing techniques, which are compatible with flexible polymer substrates having
comparatively low temperature resistance. The moderate required temperatures and
the good adhesion of the resulting structures to a variety of substrates, allows the

realisation of a wide range of components for electronic and optical appliances.
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