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1 Introduction

In only 6 months almost 35.000 electronic devices were left in the seats of the
taxies of New York. Also, the 44% of the New York taxi customers use to spend the
time of the ride working, talking at the telephone and writing emails by their mobile
devices and PCs [i]. These statistics are not surprising if compared to everyone’s
experience, moreover they give a clear picture of the entity of the market of the
electronics, before considered luxury goods, nowadays mass-market products. The
possibility of adapting the process involved in the electronics fabrication to the
actual consumer and demand, going toward a “low cost” and “low impact” policy
in terms of waste, materials, energy and recycling, is going to be no more an

opportunity, but rather a necessity for the electronics industries.

The transistor is the key component of most of the electronic devices currently
in use, being responsible of the switching (on/off) and the amplification of the
electronic signals. The “Bipolar Junction Transistors” (BJTS) represented the first
example of experimented and produced transistors; in these, the current between two
terminals (emitter and collector) is tuned by another current applied to the “base”.
For the high gains obtained, these are currently employed in the analogic electronics
as amplifiers; diversely, the” building block™ of the digital electronics is the “Field
Effect Transistor” (FET), since its layered structure (from which the denomination of
“Thin Film Transistor” (TFT) derives) and the low voltages involved, makes it
suitable for the implementation in integrated circuits. In a FET the current between
the two main terminals (here called source and drain) is tuned by the application of a
potential - rather than another current - to a third terminal (the gate electrode), with
the advantage of insulating the third terminal and the disadvantage of the small
currents supplied, the last aspect being influent in the most of the applications.

Since when John Bardeen, William Shockley, and Walter Brattain invented the
first transistor in 1947, the processes based on the employment of inorganic
semiconductors for the TFTs fabrication ruled the scene in electronics industry.
However, the electronics market nowadays demands for the integration of devices

diversified in the functions and in the performances, so that in many cases the

[i] Statistic published in www.ictblog.it, December 2008
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technology for the silicon processing may result inadequate because of the high
costs (not proportioned to the needed performance) and the low versatility.

About costs, one can exemplary take in account the silicon purification process
(SIEMMENS process), aimed to transform the metallurgic grade silicon (MGS,
purity 98%) to electronic grade silicon (EGS, 100%) and finally to mono-crystalline
silicon (so called “wafer”), under thermal treatments with temperatures superior to
1400°C.

So that, despite it is one of the most common element in nature, a high added-
value must be reached by the silicon before the approaching of the specific device
fabrication processes, that are not less onerous in terms of fixed and operational costs
than the purification ones above mentioned. In addition, a strong limitation to the
mass production derives from the fact that the silicon wafer technology doesn’t allow
for the development of continuous-line processes.

In the following, a schematic picture of the procedures that, from the wafer,
leads to the single junction is reported, in order to highlight all the aspects
responsible of the high surplus value connected with the silicon-based electronics:

= Cleaning ( removal of the native silicon oxide by acid treatments)
=  Oxidation (T=800° - 1200°C)
=  Doping: Diffusion (T=800°C - 1200°C) / lon Implantation
= Metallization: Vacuum Evaporation (from 5-10° to 1-10” torr), PVD
(Physical Vapor Deposition), CVD (Chemical Vapor deposition), ECP
(Electrochemical Planting) (all the process are carried out under ultra-
vacuum)
= Photolithography and Etching (Wet, low pattern resolution, or Plasma,
high resolution, P<1 torr and by application of an electric field)
It is noteworthy to stress that all the processes mentioned make use of high
temperature and/or high vacuum level. Moreover, the costs are increased by the
employment of complementary materials usually scarcely available and
consequentially expensive, like gold, gallium arsenide, titanium, germanium, etc.
About versatility, a process in which a variation of the main parameters doesn’t

considerably affect the costs (operational and fixed) is desirable. This means, for
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example, the enabling of a flexible manipulation of the device architecture and
design, currently limited by the use in the photolithographic steps of masks, specific
for each configuration. A flexible process furthermore should be able to adapt the
operational costs to the performance actually needed for a specific application, as
said before.

The picture that we described above represent a great part of the motivational
contest inside which the molecular electronics research moved its first steps,
stimulated first by the interest for the organic semiconductors during the late ‘40s
[1]. Many publication arose from these first studies, but only during the ‘80s the
turning point occurred, when a new interest for this field of investigation of many
molecular synthesis laboratories led to the realization of organic semiconductors
competitive with the traditional inorganic counterpart, and the first prototypes of
OLEDs (“organic light emitting diodes”) and OTFT (“organic thin film transistor”)
were fabricated.

The OTFT-based electronic devices, aimed to low efficiency applications, offer
many unequalled attractions when compared with the traditional devices: reduced
thickness, lightness, flexibility, covering of an unexplored large-area market and ease
of integration also into hybrid devices. Moreover a reduction of the environmental
impact is thinkable.

Organic electronics is actually based on the combination of new materials with
effective and flexible processes. It is possible to make a rough classification of the
processes currently in use in organic electronics, considering three different levels
[2], differing one each other by the grade of innovation with respect to the tradition:

= “wafer” level, in which the traditional production line is adapted to the use

of organic semiconductors; vacuum deposition, lithography and etching still
represent the key processes of the system, ensuring high control and high
resolution but constraining to the high costs.

= hybrid technology, in which the traditional processes are integrated with

the solution deposition methods (spin coating, inkjet printing), that are

going to be largely discussed in this research work. At this level also plastic



flexible substrates are employed. Currently this kind of technology is the
most diffused of the three.

»  “Fully printed”, in which the exclusive use of printing technologies and of
flexible substrates creates the conditions for the mass production, fully
automatized, based on “roll to roll” processes.

At the present time the organic materials are integrated in hybrid commercial
devices as passive electronic components, like conductors, resistors, capacitors,
inductors, antennas, etc.

Nevertheless, fully printed technologies represent the new frontier for “low
cost” production of active components in many promising field of application, like
“intelligent” packaging (sensor integrated), “radio-frequency identification” (RIFD),
low cost transponder, flexible displays, low cost and flexible solar cells, diagnostic
disposable devices, printed batteries, etc.

However the reaching of these goals is still strongly hindered by the factors
summarized in the following:

= Jow resolution of the patterning if compared with the lithographic
processes;

= |ow charge carrier mobility for most of the organic semiconductors;

= chemical and physical instability of the organic materials, that leads to a
low durability of the devices.

A close look to the conductive mechanism in the organic molecules in useful to

understand the reasons for the low efficiency of organic semiconductors.

In the traditional conductive mechanism the charge transport is associated to a
strong charge delocalization across the covalent bounds. Diversely, the organic
material are composed of molecules bounded each other through weak interaction
(Van der Waals). This implies that all the chemical-physical properties of the
materials are strongly depend on both the molecular structure and their relative
spatial aggregation in the solid state. So that, in order to control the electrical
properties of an organic material it is possible to adopt two general strategies: the

modification of the chemistry of the molecules and the control of their spatial
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aggregation. It will appear clearly that the assembling issues are crucial aspects for
the optimization of the performance of a molecular device.

In Fig. 1 the big growing of the performance of the organic semiconductors
from the ‘80s to the present time is reported. The best performance are currently
related to the “p type semiconductors”, usually conjugated small molecules or
polymers. More in particular in Fig. 1 is shown that pentacene performances are
similar or better than that of amorphous hydrogenated silicon (2.2.2.1).
Nevertheless, the graph in Fig. 1 doesn’t account for the late advancement in “n
type” semiconductors synthesis, that will be discussed more deeply later, in a
specific section of this manuscript.

The progress in the “field effect mobility” (see section 2.1.2 for its definition) of
the diverse molecules reported in Fig. 1 is the consequence of the big attention paid
to the fine tuning of the molecular assembling, in order to enhance the
intermolecular conduction, i.e. to reduce the energy barrier for the “hopping”
mechanism of the charge carrier from a molecule to an adjacent one (see section
2.2.1).

How to obtain good performances with low costs is a difficult question.

As already pointed out about “fully printed technologies”, deposition and
patterning of the materials by solution methods may ensure a big lowering of the
operational costs in terms of temperature and pressure.
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Fig. 1 trend of the efficiency of the molecular semiconductors expressed in terms of
“field effect mobility”.



However many are the issues, under investigation, currently avoiding their
application to the organic electronics; these are mostly represented by the printing
resolution, the control of the morphology, the compatibility and purity of the
different phases composing the devices, the quality of the interfaces and the charge
injection mechanisms. These are also the subjects under investigation in this
research.

This work has been developed within the activities of Plast_ICs project, with
the following partners: “STMicrolelectronics™ as the proponent, “Consorzio Catania
Ricerche”, “Istituto di Microelettronica e Microsistemi, C.N.R.” and “Universita di
Catania”. (Title of the project:” Laboratorio pubblico-privato per lo sviluppo di
tecnologie di processo e dimostratori di circuiti elettronici ad alte prestazioni e basso
costo di fabbricazione realizzati su substrati plastici”).

The goal of this research is the design and the realization of a thin film
transistor based on the conduction properties of the molecular semiconductors, with
a high efficiency/costs ratio.

Different strategies have been adopted in order to reach this goal, going toward
both the direction of the lowering of the costs and the enhancing of the efficiency,
through the material innovation and the process optimization. It is noteworthy to
mention that the innovation of materials and the optimization of the processes are
not separate issues, being the “processability” of a material a key factor in the
definition of the costs of the process and of the performance of the device, in
consideration of the crucial role of the molecular assembling at the solid state after
the deposition.

As the solution processes are emerging as the most suitable “low cost” strategy
for the organic electronics, a number of different printing techniques are currently
under investigation (screen printing [3], ink-jet printing [4,5,6] and thermal laser
printing [7]),. Most of them still include photolithographic steps, that for example
allow the “pre-patterning” of areas with different surface chemistry [8,9]. However,
the possibility of the direct printing of the patterns and of the total exclusion of all
the lithographic steps, going toward the pure additive process, is amusing because of

the higher versatility of patter definition, the low waste of the materials, the low cost
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of the operational condition, the high velocity of the execution, the ‘“non-contact”
nature of this printing - therefore not invasive of the phases below — and, finally but
not less importantly, for the implementation of a continuous production-line [3].

More in particular we now want to focus on the inkjet printing technology
applied to the release of organic solutions with variable complexity: from the
solutions of small molecule to the dispersion/solution of polymeric systems and
blends. This technology may enable the implementation of pure additive processes
applied to electronics; moreover, the definition of the patterns through CAD files
(Computer Aided Design), makes of the inkjet printing technology the most versatile
processing solution for the systems of our interest. For all these reasons the inkjet
printing has been adopted as the main deposition method of this work.

However, this technology is also affected by many technical issues related to
the solution droplet release and to all the wet phenomena occurring at the first
contact of the drop with the substrate (wettability) and during the evaporation of the
solvent. In the first part of this research all this technical aspects were taken in
account, i.e. the formulation of the organic ink, the optimization of the several
printing parameters, the definition of the adequate surface treatments able to
guarantee a high quality of the interfaces and a high pattern control.

For what concerns the materials involved, we moved in two directions, different
for the innovation level and consequentially for the connected risks of failure. As a
low risk strategy, we have exploited the good characteristics of charge mobility of
pentacene, obtained by conversion of a soluble precursor. This active phase, already
successfully implemented in several hybrid systems, for the first time has been
integrated in an ““all organic, all solution processed” device.

Finally, within the collaboration with Prof. Leroy Cronin of The Department of
Chemistry of Glasgow University, the electrical and self-assembling properties of
many Polyoxometalates (POMSs) are under investigation. As it will be shown, the
chemistry of POMs combines excellent red-ox and photo-chemical properties with
the fine tuning of their molecular assembling and with the ease of the molecular
functionalization. For all of these reasons they represent a promising multifunctional

solution for applications in electronics and more.
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2 General Part

2.1 Technical features, scientific issues and modeling of the OTFTs:
from the organic semiconductor to the device

Because of the multidisciplinary nature of the matter of this research, an
accurate definition of the scientific and technological fields that all together
contribute to its development, and more, the individuation of the main issues under
the attention of the scientific community are necessary. Hence, we found convenient
to “adorn” the manuscript with a preliminary section in which the scientific nature
of the argument “Organic Electronics” is presented, although restricted to the
questions related to the OTFTs. In this, we wanted to highlight the wide range of the
applied observation scales: from the molecular  (Angstrom), intermolecular
(nanometers) and inter-grain (micrometers) scales for the description of the
conductive mechanism in an organic semiconductor, to the micro and macroscopic
scales of the multicomponent device, focusing now on its parts (one with the other
interacting), now on its complexity along with its functionality.

Chemistry and Physic, bulk and surface properties, electrical and mechanical
aspects (especially in wet chemistry, where fluxes and wetting phenomena are
involved), they all cooperate and contribute to the definition of the final device
properties, defining the instruments of interest for its realization and optimization; so
that in this field of research the final device performance is the target and the
stimulation itself of any investigation. For this reason it is unusual to find scientific
works without any reference to the final properties of a device. And more, it is not
unusual to find short-circuits and contradiction when the technological development
doesn’t come along with the proper lever of knowledge of the inherent phenomena.

In the following of this section, all the technological and modeling issues of
organic electronics restricted to the OTFT are presented, in order to provide the
instruments for the understanding of the inputs and of the issues of this field of

investigation and also of this research.
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2.1.1 Conduction mechanism in the organic semiconductors

The discovery of the high conductivity of “doped” organic molecules strongly
stimulated the interest of the scientific community between the ‘70s and the ‘80s.
The main source of interest was the “anomaly” represented by a conductive behavior
in molecules with such characteristics:

= large “band gap”,

= astrong coupling electron-phonon,

= fluctuation of the molecular structure,
all factors that hardly match with a metallic-kind or a traditional semi-conductive
behavior.

By an experimental point of view, what concentered the investigations and
determined the following models was the ability of many molecules to cover a wide
range of conductivity, going from being an insulator to be good conductor; this
along with a low magnetic susceptibility (low “spin” concentration) related to the
high conductivity (for example, the doped polyacetylene [10]). This evidence was in
contradiction with a conductive model consisting of the formation of uncompleted
electronic bands, in other words, the removal of an electron form the valence band
or the introduction of an electron in the conduction band. In fact, the conductivity in
organic molecules in not associated to an uncoupled electron, but to a “spinless”
charge carrier.

Before trying to define the nature of the charge carrier, it is necessary to clarify
how an organic molecule get “doped”, being this process quite different from the
traditional inorganic correspondent.

This process is often referred to as "doping” by analogy with the doping of
inorganic semiconductors. This is a rather misleading analogy, however, and the
process is best viewed as a redox reaction. The insulating neutral polymer is
converted into an ionic complex consisting of a polymeric cation (or anion) and a
counterion which is the reduced form of the oxidizing agent (or the oxidized form of
the reducing agent). In solid-state physics terminology, the use of an oxidizing agent

corresponds to p-type doping and that of a reducing agent to n-type doping. An
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important criterion in selecting potentially conducting polymers is therefore the ease
with which the system can be oxidized or reduced. This accounts in part for the
choice of m-bonded unsaturated polymers which, like polyacetylene, have small
ionization potentials and/or large electron affinities. Electrons of = character can be
relatively easily removed or added to form a polymeric ion without much disruption
of the o-bonds which are primarily responsible for holding the polymer together
[11].

For many polymers the redox reaction is carried out via electrochemical
process, often during the polymerization itself, as in the case of the poly-pyrrole, the
poly-thiophene and their derivatives [11]; among them, the PEDOT (Poly(3,4-
ethylenedioxythiophene)) [12], that is going to be largely employed and discussed in
this work.

The nature of the charge carrier must be found in the most stable molecular
geometry of the ionized form. In Fig. 2a the energy gain of a molecule “relaxing”
its configuration after ionization is shown. This relaxing actually consists of a
distortion of the molecular structure, so that the charge formation come along with

the distortion.

2) \ b} s cs

Ground
State

Fig. 2 lllustration of the energies involved in a molecular ionization process. Ejp.y is
the vertical ionization energy, E,, the relaxation energy gained in the ionized state
Eqis, the distortion energy to be paid in the ground state in order that the molecule
adopts the equilibrium geometry of the ionized state, and Ep.4 ,the ionization energy
of the distorted molecule (a). lllustration of the band structure of a polymeric chain

in the case of (left) a vertical ionization process and (right) the formation of a
polaron. The chemical potential, or Fermi level, is taken as reference level. (b) [11].
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From an energetic point of view, the charge — structure interaction can be
described as a strong coupling electron-phonon. The charge is localized in the
molecular structure and not delocalized in the molecule as in a metallic-like
behavior, and its mobilization requires the mobilization of all the couple, hence also
of the distortion itself. The charge carrier constituted by the charge and the phonon
is called “polaron”. In chemical terminology, the polaron is just a radical ion (spin
Y,) associated with a lattice distortion and the presence of localized electronic states
in the gap referred to as polaron states [11].

It must be stressed that in the case of polaron formation, the valence band
remains full and the conductive band empty. There is no appearance of metallic
character since the half-occupied level is localized in the gap (Fig. 2b).

Next, we consider what happens when a second electron is removed from the
polymer chain: Is it more favorable to take the second electron from the polaron or
from anywhere else on the chain (in which case we have two polarons)? In the
former case, we have bipolaron formation. bipolaron is defined as a pair of like
charges (here a dication) associated with a strong local lattice distortion (two
electrons coupled through a lattice vibration, i.e., a phonon).

If we compare the creation energy of a bipolaron relative to that of two polarons, the
distortion energy to form one bipolaron is roughly equal to that to form two
polarons. On the other hand, the decrease in ionization energy is much more

important in the bipolaron case than for two polarons ; see Fig. 3.

Fig. 3 Band structure of a polymer chain containing: (a) two polarons; (b) one
bipolaron.
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This is the reason why one bipolaron is thermodynamically more stable than
two polarons in these systems despite the Coulomb repulsion between two similar
charges.

Actually it seems like the bipolaron is the “spinless” charge carrier (a coupling
of charge with opposite spin) responsible of the conductivity in most of the organic
semiconductors.

All this discussion regards the conjugated polymers without degenerate ground
state, i.e., two geometric structures corresponding exactly to the same total energy.
This is the case of aromatic polymers, like the polythiophenes, that can exist in an
aromatic form as well as in a quinoid form, which has a higher energy (more
instable), but a smaller ionization energy and higher electronic affinity, so that it is

the most favorite molecule configuration in the distorted area after the doping.

I £54
/

Aromatic Quinoid

Fig. 4 Aromatic (ground-state) and quinoid-like geometric structures for (a)
polyparaphenylene, (b) polypyrrole, and (c) polythiophene. [11]
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A case of conjugated polymer with degenerate ground state is represented by
the trans-polyacetylene: the ground state is constituted by two minima (Fig. 5), each
of them related to a structure with an alternation of single and double bonds opposite
one to the other. As a result of the degeneration, the bipolaron obtained by the
double oxidation of the polymer chain can rapidly spilt, since this separation doesn’t
imply a higher energy of the distortion, but rather a gain from the Coulomb
repulsion between two positive charges. This is because the molecular structure in-
between the two charges has got the same energy of that at the end of the chain. This
leads to the formation of solitons: structural defects that can propagate without any
energy dissipation.

A high dopant concentration in a semiconducting polymer has the effect to
merge together several localized bipolaronic (or solitonic) states in a one single
bipolaronic (solitonic) band.

Before, we have focused our attention on the nature of the charge carrier in an
organic semiconductor; now we want to define the transport mechanism of the

above defined carrier actually working into its bulk phase.

Total Energy

-Arg 0O +Arg

Fig. 5 Total energy curve for an infinite trans-polyacetylene chain as a function of
the degree of bond length alternation Ar [11]
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We can distinguish three concurrent transport regimes:

= intra-molecular
= inter-molecular
= inter-grain.

It must be said that the three mentioned regimes along with the charge injection
step, make it difficult to actually separate the effects and weight how every single
regime contributes to the “field effect mobility”, a parameter that will be defined in
the next chapter.

Inter-molecular and inter-grain transport are surely the rate-determining steps of
the conduction mechanism, because of the high activation energy.

About the intra-molecular regime, the polaron, as well as the charge in the
inorganic semiconductors, can be seen as a free carrier within the polymeric chain,
but diversely , during its moving along the molecule, the polaron interacts with the
lattice producing its polarization. Because of the interaction with the lattice, the
effective mass of a polaron results to be higher than that of a free carrier, and the
mobility of a polar result to be lower (even six orders of magnitude) that that of the
free carrier as a consequence.

About inter-molecular transport, obviously the charge carrier must be able to go
along the bulk phase going from a molecule to an adjacent one. This is possible only
through the energetic activation of the hopping form a localized state to the other.
The total energy is not affected by this process because the energy necessary for the
distortion is returned from the source molecule going back to the ground state.
However, the occurrence of the hopping is strongly dependent on the length of the
distortion, i.e. on the number of molecules involved in it (number of repetitive units
when the molecule is a polymer), usually the portion of molecule or the molecules
within the two charges of the bipolaron. These charges, unless weak fluctuations,
keep invariant their relative distance.

Said that, a higher temperature, increasing the phonon activity (vibrational) of the
molecules, markedly enhances the conductive mechanism and the mobility,
contrarily to what happens on the traditional inorganic semiconductors, in which the

free electron transport is hindered by the scattering with the lattice
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Not less important is the role of the molecular structural order in the solid state.
Fig. 6 shows that the same molecule (in this case pentacene) exhibits different
performances depending on the aggregation state, responsible for the hopping
process in both the inter-molecular and the inter-grain regimes. Although there is no
general rule describing this effect, it is obvious that a high level of molecular order
helps the hopping process by lowering the hopping activation energy, since a higher

packing means a stronger phonon interaction.
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Fig. 6 X ray diffractometric spectra, “field effect mobility” and a scheme of the
structural order in three different pentacene thin films: a) amorphous phase, b) “thin
film phase”, “thin film and bulk phase”.
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About the inter-grain transport, in the grain boundaries, acting as defects of the
bulk structure, the most of the traps for the charge carriers are collected, being traps
sources:

= localized charges,

= Impurities,

= Jattice distortions (responsible of a spatial inhomogeneity of the
electronic affinity).

And more, a barrier effect due to the “mismatch” of the molecules must be
taken in account, especially for molecules that need a high superposition of the
aromatic ring and a determined orientation of the crystals to ensure a good charge

transport [13].
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2.1.2 OFET: working principles

The organic field effect transistor is a multicomponent layered device (“thin
film transistor”) composed of a dielectric layer (200 nm =~ 400 nm) in-between a
“gate” electrode and a semiconductor (30 nm = 50 nm) (Fig. 7). The dielectric works
as a capacitor, providing the accumulation of the charge carriers at the interface with
the semiconductor (“accumulation layer”), by the application of a potential V¢ to the
gate electrode (properly, “field effect”).

A Source and a Drain electrode are connected through the semiconductor, so
that, the charge transport between them is limited and modulated by the number of
charge carriers in the accumulation layer. By this configuration, the current from the
Source to the Drain results to be tuned by the application of a voltage at the gate
electrode. This is the way the transistor carry out its role of modulation and
switching in an integrated circuit [14].

The effect described above, responsible for the ability of an OTFT of carrying
out its function, can be obtained with different geometry of the devices, i.e. different
relative position of the diverse layers, with the limitation that the interfaces must be
preserved.

In Fig. 7 two different device configuration are shown: “top contact, bottom
gate” and “bottom contact, top gate”. In addition, the “bottom contact, top gate”
(also called “staggered”) is widely diffused, in which Source and Drain are
deposited directly on the substrate and the Gate electrode is the top layer. Although
any of the mentioned configuration is virtually able to provide the field effect, in
practice the choice of the configuration is not arbitrary, and depends on other
parameters like the materials and the process involved. Probably the main criterion
for the adoption a specific configuration is related to contact resistance issues, that

will be discussed later in a specific paragraph.
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Fig. 7 Schematic of top (a) and bottom (b) contact organic TFTs. (c) Relevant
voltages and geometry for a TFT. [14]

Fig. 8 shows the functioning of a field effect transistor from the point of view
of the molecular orbitals, i.e. the modification of the HOMO (“Highest Occupied
Molecular Orbital”’) and LUMO (“Lowest Unoccupied Molecular Orbital”) levels of
a semiconductor after the application of the potential Vg [14]. In Fig. 8 it is possible
to distinguish the accumulation mechanism of a n-type semiconductor (on the left),
in which the charge carrier is negative and its transport is obtained by the application
of a Vg > 0, from the accumulation mechanism of a p-type semiconductor (on the
right), in which the charge carrier is a hole (positive) and its mobilization is obtained
by the application of a Vg <0.

The TFT electrical characterization is performed by the measurement of the
current between Source and Drain (lp) varying once the drain voltages (Vg =

constant, Fig. 9a), once the gate voltages (Vp = constant, Fig. 9b).
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Fig. 8 (a) Idealized energy level diagram of an organic TFT at Vg =0and Vp =0
(b-e) demonstrate the principle of field effect transistor operation for the case of
electron accumulation (b) and transport (d) and hole accumulation (c) and transport

(). [14]

E

In this way it is possible to drawn the so called “output curves” (Fig. 9a) and
“transfer curves” (Fig. 9b), from which all the information necessary for the
evaluation of the performance of a device are obtained. If trapping and contact
resistance phenomena are negligible, a mathematic modeling of the curve is
possible, by means of the simple application of the Ohm Low.

How it will be clear in the following of this section, the mathematic
formalization allows for the evaluation of the “field effect mobility”, that is the
parameter generally used in order to compare the performances of the diverse

organic semiconductors.
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Fig. 9 (a) Example 1o-Vp curves for various values of V. (b) Example Ip-V¢ curves
plotted on semi-logarithmic axes for the same device for various values of V. The
12 vs Vg curve for Vp = 75V is shown on the right-hand axis. [14]

It is necessary to preliminarily define a parameter that is fundamental for the
mathematic modeling of the process: the threshold voltage (V).

More often than not, the point at which mobile charge carriers are first
introduced into the organic film does not correspond to Vg = 0. For an n-channel
semiconductor, a mismatch between the Fermi level of the metal and the organic
LUMO (analogous to the conduction band for conventional semiconductors) results
in charge transfer between the metal and organic, causing a dipole and band bending
in the organic. This necessitates the application of a nonzero V¢ (often referred to as
Vg in the literature) just to achieve the flat-band condition. Furthermore, if there are
large numbers of deep electron traps present in the film (deep enough to render the
electrons trapped in them effectively immobile), these will have to be filled before
the channel can conduct. Conversely, if the channel is inadvertently doped with
negative carriers (e.g., by remnant impurities), it will be conductive at Vg = 0. [14].

When the dielectric layer is constituted by silicon oxide (SiO,), the traps are
generally to address to sodium and potassium ions impurities present in the lattice,
and above all hydroxyl groups at the interface with the semiconductor. That is why a
passivation via silanization or by the covering with a polymeric layer (e.g.

polystyrene) is generally used in order to reduce the trap density on the surface [15].
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To handle these various situations, it is convenient to define a threshold gate
voltage, Vy, necessary to induce mobile charges. V1 is a parameter that lumps
together all the effects described in the preceding paragraph.

Fig. 10 shows the effects on the transfer curve of the presence of trap states in
the “accumulation layer” in the case of a pentacene/SiO, interface; it can be
generally described as an hysteresis effect induced by the charging of the interface
occurring when the traps are filled and emptied again. An irreversible translation of
the V1 occurs when the induced surfaces charging is permanent (Fig. 10b) [15].

Let’s now have a look of the typical shape of an output curve (Fig. 9a): two
different trend are visible in different area of the curve; for the low V values the
curve is linear, for high Vp values the current increase with a decreasing rate, until it
reaches a plateau. The two current regime described are generally called linear and
saturation regimes respectively, and their occurrence is strictly related to the
concentration of charge carriers in the accumulation layer.

It is possible to express the concentration of charge carriers as a function of the
position along the channel length through the following equation:

Qina(X) = N(x) x & x t=C; x (Vg — V1 -V(X)) 11

with C; the capacity per unit of area of the dielectric layer, (nF/cm?), n(x) the
charge density in the channel (n°./cm®), e the fundamental charge unit, t the
thickness of the charged layer in the channel, V(x) the local value along the channel
of the potential induced by the voltage applied to the drain. Vg and V't are obviously
the gate and the threshold voltages.
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Fig. 10 hysteresis (a ) and irreversible displacement (b) of the transfer curve of a
TFT with pentacene and SiO, [15]




2 General Part

carner

- W22z concentration v
| | , ’_l VG.VT>>VD [_ i

T s

Fig. 11 (a) Carrier concentration profile of TFT in the linear regime. (b) Pinch-off
occurs when Vp = Vg - V1 (¢) Carrier concentration profile of TFT in the saturation
regime. [14]

From the equation 1.1 it comes clear that when Vp<<(Vg —V7), V(X) is
negligible and the charge density can be considered uniform along the channel (Fig.
11a). The linear regime discussed above can be easily addressed to this condition.

Vp~(Vs —V1): the number of charge carrier tends to be zero at the end of the
channel (Fig. 11b). This is a threshold condition, called “pinch off”, beyond which
(i.e. Vp>(Vg —V7)), there’s an emptying of the channel corresponding to the
saturation regime (Fig. 11c), in which the drain current is now strongly limited by

the applied gate voltage.

We are now able to apply the Ohm law to the system, introducing in it the
charge density expression of equation 1.1. After few steps the following equation

can be derived:

27



Ipjin = W/L x C; x p X[ (Vg — V1) X Vp — Vp?/2] , linear regime 1.2
Ipsat = WI(2XL) % C; X U X(Vg — V1)?, saturation regime 1.3

with W and L the width and the length of the channel respectively (Fig. 7c); p is
the field effect mobility, a parameter that accounts for the intrinsic ability of the
semiconductor of providing mobile charge carriers in a specific aggregation state,
as well as for other factors that will be clarified in the following. The field effect
mobility is the parameter generally used to qualify and quantify an organic
semiconductor and it can be easily calculated from equations 1.2 and 1.3.

Moreover, equation 1.2 and 1.3 highlight the main project parameters of an
OFET:

= W, L and t (the thickness of the dielectric layer, inside C;) for what
concerns the project design parameters

= u and e (dielectric constant, inside C;) for what concerns bulk and
interfacial characteristics of the different phases constituting the
device.

Finally, it must be said that the performances of an OFET have to be evaluated
not only in the “on” state (VG#0): the modulation ration lo,/lo¢ iS one of the most
important aspect of a device, since the semiconductor can include in its bulk an
excess of stable charge carriers (not field effect induced) leading to a not zero “off”
current (o, VG = 0). In this last case the switching and amplifying and/or tuning

functions can be partially or totally compromised.
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2.2 Organic electronics: general issues and performances

The big number of papers published from the 80s till now put on evidence the
big interest of the scientific community toward the organic electronics, focusing
once on the study of the materials and of the morphology — properties correlations,
once on the study of the processes involved.

In a first section of this chapter it will be reported a short summary of the main
reviews published, which are able to provide a complete overview of the issues, the
models, the investigation methods, the advantages and disadvantages relatively to
this field of research.

In the rest of the chapter it will be shown how the research about conductors,
semiconductors, dielectrics and all the inherent aspects has evolved during the last
years.

Finally a discussion about the printing technologies applied to the realization of

a “fully organic” OTFT is reported.

29



2.2.1 Reviews
In 2002 Christos D. Dimitrakopoulos [13] reviews of the progress obtained by

the p-type and the n-type OFETS, solution and vacuum processed, till that moment,
giving a wide description of the conductive mechanism, accounting of its
dependence on the temperature (see 1.2) and describing the mathematic models
useful to the fine project and prediction of the performance of an organic transistor.
(see 1.1).

In 2004 Mang Mang Ling and Zhenan Bao [16] in their review focus on the
deposition method adopted for the realization of an OFET. It is a complete analysis
of the project and realization of an OFET, and it can be easily said that in terms of
deposition method today this review still doesn’t seem to need an update, meaning
not a relevant advancement in this matter from then.

In the same year Ricardo Ruiz [17] make an effective synthesis of the typical
growth mode of pentacene films vacuum deposited over silicon oxide and other inert
substrates, organic and inorganic. He defines the different morphologies obtained
and links them to the main deposition parameters, like the substrate temperature and
the deposition rate. Although the argument can appear too specialized, the
realization of an important review relatively to the pentacene is meaningful of the
big interest generated by this molecule and its amusing assembling and electric
characteristics.

In 2005 Henning Sirringhaus [18] significantly contribute to the ordering of the
big amount of science produced in the laboratories of all the world till that moment
about organic electronics. He starts from the observation that already at that time the
OTFT performances are comparable to that of an amorphous silicon FET — mobility
of 5 cm®V*s™ for a small organic molecule, around di 0.6 cm?V's™ for a solution
deposited semi-conductive polymer, and 0.5 + 1 cm?V*s™ for a silicon amorphous
FET-. From that, a discussion of the charge transport in terms of energetic levels and
molecular orbitals is carried out. A big relevance to the crucial role of the
semiconductor — dielectric interface is brought out in his work. And more, he focus

on the degradation of the electrical characteristics due to the accumulation of
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electrical defects (irreversible trapping and shift of the Vi phenomena, already
discussed in 1.1) and on the issues related to the charge injection at the electrode —
semiconductor interface (Schottky barrier).

It is noteworthy to mention all the work that Antonio Facchetti has carried out -
and still do - in producing reviews of the materials involved in organic electronics.

In 2005 he focuses on the issues regarding the gate dielectric and the most
innovative solution for this layer till that moment: inorganic “high k” dielectric,
polymeric dielectric, “self-assembled monolayers” (SAM) [19]. In 2007 he makes a
sort a catalogue of the semiconductors in use for the OFET technology, classifying
them in terms of charge carriers (p-type and n-type) and showing the highest
performance measured in terms of field effect mobility and modulation ratio
depending on the dielectric used [20]. In 2009 he focuses again on the SAMs,
however this time giving an overview of their possible application, not only for the
dielectric, but also as buffer layers between the dielectric and the semiconductor and
as the semiconductor itself. Any molecule taken in account is strictly related to its
performances [21].

Two more works published during 2008, are of some interest. One focuses on
materials “processable” by solution methods, testifying the big interest for this plot
[22]. The other reviews of the “acenes”, a molecule category that showed to be
particularly suitable for applications in organic electronics, because of their
unequalled characteristics of molecular assembling and superposition of the
aromatic rings into the crystalline cell [23].

One step back to the 2007: again Sirringhaus makes an important review,
starting now from the statement that not an adequate interest has been addressed till
that time to the n-type semiconductors [24]. He shows that actually it is more correct
to think of an organic semiconductor as potentially either p-type or n-type, mainly
depending on the choice of the gate dielectric. In few words, the different behavior
of a material in the transport of electrons and holes is substantially addressed to the
different polarization of the dielectric surface and trap states density of it. An
important consideration derives from this work: although the big advancement in the

last years in the performances of the OTFTs and of the organic devices in general,
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still fundamentals like the conductive mechanism actually working in the active
phase is unknown for the most of the cases.

Finally it is noteworthy a recent review (2010) from Professor John Rogers, in
which the materials and the application of the so called “stretchable electronics” are
reported, i.e. the science behind the realization of devices that don’t degrade their
electrical characteristics after the application of an elastic strain, but rather they
result modified in a useful way [25].
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2.2.2 Organic semiconductors

2.2.2.1 pentacene and adducts

In 1997 Brown et al. [26] made a hard work in modeling the dependence in an
OTFT of the field effect mobility of the active phase and of its modulation ratio
from the voltages applied and the working temperature; this leaded to the
formalization of the variation of the density of states with the applied field effect and
the doping amount. They applied this studies to hybrid systems and compared three
different soluble active phases deposited by spin coating on silicon dioxide: a
conjugated polythiophene (poly-DOT) in THF, a poly thienylene-vinylene and a
pentacene both from soluble precursor (in chloroform and in dichloromethane,
respectively). The best performances were ascribed to the pentacene, a small
molecule with a high intrinsic field effect mobility for thermal activation of
localized charges (polaronic transport), that does not require any dopant. In fact they
showed that a high doping in the polymeric semiconductors implies a high field
effect mobility together with a high bulk conductivity ¢ (L), drastically affecting
the modulation ratio (l,/logr). Although nowadays a big improvement in the
development of effective p- and n-type polymer must be registered (see 2.2.2),
pentacene still holds a leading role in organic electronics.

For a long time vacuum deposited pentacene (Thermal Vapor deposition)
represented the best solution for active phase in OTFT application [27,28,29], this
deposition method allowing uniform and reproducible films, with high control of the
thickness and not destructive of the layers below; moreover, it’s the only deposition
method for insoluble molecules like pentacene is.

Already in 1996 [30] a morphological analysis of pentacene films deposited on
silicon oxide by “molecular beam deposition” (OMBD, that is UHV, “ultra-high
vacuum”) with different deposition rates is performed. By means of X ray
diffraction and SEM the coexistence of two phases in the deposited pentacene films
was observed: a so called “bulk phase” (or “single crystal phase”)

thermodynamically stable, and a meta-stable phase in contact with the silicon
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dioxide, usually reported to us like “thin film phase”. This last seemed to be the
effective area for the charge transport in pentacene films, i.e. the accumulation layer
(see 1.2). the authors measured better values of mobility in the films deposited at
lower deposition rates, in which the two phases are less mixed each other (and a
better continuity of the “thin film phase” is realized).

In the already cited review of 2004 [17], Ruiz collected all the crystallographic
data obtained for the pentacene vapor deposited on substrates of different nature and
gave an effective synthesis of the relative growth modes. When pentacene is
deposited on flat inert surfaces, like silicon dioxide or polymeric dielectrics, the
planar structure of the molecules tend to favor the weak Van der Waals interaction
occurring between the principal planes, helped by the following superposition of the
aromatic rings. Pentacene molecules arrange themselves “almost” perpendicular to
the substrate: being weaker the interaction with the substrate than the molecule-
molecule interaction, pentacene tends to form crystals with the (001)
crystallographic plane parallel to the substrate, leaving exposed the lower energy
surface. Evaporated pentacene grows “layer by layer”, with a bidirectional fractal
development of the crystal domains (parallel to the substrate). Inside the domains
the molecule present a “herringbone” assembling, characterized by a only partial
superposition of the aromatic rings.

Differently, when a high energy surface is employed as the substrate, like gold,
the pentacene molecules arrange “flat on”, because of the strong interaction with the
surface, this determining a fractioning and a strong mismatch (and polymorphism)
between the bulk assembling and the interfacial arrangement (and a depletion of the
charge carriers concentration in the same area, as it will be see in the section 2.3).

Let’s get back to the inert substrates, for sure those of highest technological
interest. Nucleation and growth rates are strongly dependent on the deposition rate
along with the substrate nature. During the pentacene deposition, with the thickening
of the semi-conductive layer, i.e. the adding of mono-molecular layers to the
structure, the energy of the exposed surface of pentacene changes, this last evolving
toward the pentacene bulk phase surface energy. It must be addressed to the strong

lattice distortion occurring to the firs layers close to the substrate, that obviously
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decay and relax the structure ongoing the deposition and the thickening. From the
point of view of the crystal cell, the interaction with the substrate is also responsible
for the different inter-planar distance between the first layers (the “thin film phase”,
da dgp;=15.4 A) and the bulk ( “single crystal phase”, do;=14.5 A), leading to the
polymorphisms already discussed.

“Layer by layer” growth mode rapidly evolves into a “defect-assisted” growth
mode, i.e. a rapid increasing of the dislocation density and a higher level of
crystalline disorder ongoing toward thicker films. The reason of it is the energetic
barrier imposed to the nucleation of new islands over a completed layer and the
lattice distortion occurring when the crystal grows at the boundary of the grains
below; so that, when a certain thickness is reached, a defect assisted growth mode
results faster and energetically favored.

Fig. 12 gives a qualitative description of the growth phenomena described
above and of their dependence on the temperature and the deposition rate.
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Fig. 12 qualitative description of the “boundaries” of a “layer by layer” growth of a
thin film of pentacene over an inert substrate
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In 2005 Troisi et al. [31] defined the axe perpendicular to the molecule face, i.e.
the axe along which pentacene molecules pack each other, as the preferential
direction of propagation of the current in the a crystalline domain. This actually
coincides with the axe of the superposition of the 7 orbitals, hence the propagation
via hopping of the polaron occurs with not too high activation energies (see section
2.1.1). Moreover, they showed a substantial anisotropy for the three axes of
pentacene crystal, except that for very thin films (“thin film phase”) that exhibits a
substantial isotropy in the two direction parallel to the substrate surface.

In 2006 Parisse et al. [32] measured the performance of a hybrid pentacene-
based systems (SiO, dielectric, Au electrodes, PVD pentacene) employing different
channel lengths, in order to test the influence of the grain boundaries on the hopping
mechanism of the charge carriers (longer channel means more boundaries in
between the source and drain electrodes). The results put on evidence not a big
difference between the mobility values at different channel lengths, meaning that
probably the first layers, where the transport actually occurs, are constituted of a
quite uniform and compact plane, despite the granular structure, and the percolation
path for the carrier is substantially ordered and without relevant defects (differently
from any expectation).

Puigdollers et al. In 2004 [33] showed a device constituted of a pentacene active
phase and a polymeric dielectric (poly(methyl metacrylate)) spun over a PEN
flexible substrate, making one step toward the “fully organic”. The results are
interesting: pentacene morphology appears to be pretty much better in terms of grain
dimension and order because of the more hydrophobic nature of the PMMA when
compared to the traditional silicon oxide, so that the molecules gets to lay more
perpendicular over its surface.

This phenomenon has already been evidenced before, when pentacene was
deposited on hydrophobic SAMs (“self-assembled monolayer”) like  the
octadecyltrichlorosilane (OTS) [34], that expose the same methyl moieties of
PMMA. Mobility values up to 0.01 cm®V™'s* are obtained and the conductive
mechanism seems to be strongly activated by the high temperature, also suggesting

trapping and releasing phenomena at the dielectric — semiconductor interface.
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SAMs like the mentioned OTS and the hexamethyldisilazane (HMDS) are
currently widely used as buffer layers over the silicon dioxide [35], since a strong
reduction of the interaction with the silicon oxide produces a minor lattice distortion
and a shadowing of the active traps present on the silicon dioxide surface (impurities
and hydroxyl groups), hence increasing the device performances.

In 2007 Facchetti [36] deposited pentacene films over different kind of
hydrophilic (PVN, PMS, PS) and hydrophobic (PVP) dielectrics, and reported of
the dependence of the grain sizes from the more or less affinity of the two adjacent
phases (pentacene/polymeric dielectric). More importantly, he reported of the
temperature effect on the morphology of pentacene by relating it to the glass
transition temperature of the dielectric substrate.

The good performances revealed by the pentacene along with the demand for
“all solution processed” devices stimulated many laboratories to the synthesis of
pentacene soluble precursors and adducts.

Tab 1 shows some of the possible pentacene precursors synthetized in the last
years; the respective solvents, conversion mechanisms and performances are also
reported.

In the following we report of the advancement regarding the N-sulfinyl
acetamido pentacene (SAP), being this last the pentacene precursor employed in this
work.

In 2002 Afzali et al. reported SAP synthesis and its employment for the
realization of bottom-contact TFTs. Here SAP was deposited by spin-coating on
highly doped silicon wafer, thermally grown SiO2-HMDS as the gate insulator, and
gold source and drain electrodes were used. Mobilities of 0.42-0.29 cm? V' s were
reported without [39].

In 2003 Subramanian and co-workers used this approach to fabricate TFTs were
the SAP was deposited by inkjet printing. The charge-carrier mobility of these
bottom-gate Au-contact devices was ~0.02 cm?V* s [37].

In 2005 C. R. Kagan et al. investigated the stability of SAP-derived pentacene
bottom contact TFTs. This study demonstrated that device degradation occurs at

high operational power and environmental exposure of the TFTs to air ambient [38].
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Precursor Solvent Conversion mechanism Mobility gsa Reference

(cm?Vis™
N-sulfinyl CHCls Thermal conversion 0.43 A.Afzali
?fe?]t;r:e'gg (Io/ls=2 x 107) 2002 [39]
Pentacene-N- CHCl; UV exposition 0.13 K.P.
blsjij;ﬂ:r;)r/:)-;?nrgte (lon/1o=2 X 10%) Weidekamp
2004 [40]
Pentac_ene-N- R-OH Thermal conversion 0.068 A.Afzali
Wi (o2 x10) 2o
6,13-Dihydro-6,13- CHCI3 Thermal conversion 77 Kew-Yu Chen
methanopentacene Toluene 2007 [42]

THF

Tab 1 examples of soluble precursors of pentacene

In 2006 Takahiro Akinaga et al analyzed the molecular aggregation of
pentacene thin films as obtained by SAP conversion, using WAXD and GIXD
spectra and FE-SEM observations. The precursor was spin coated and converted on
Si substrates. By this investigation, the structure of crystalline state near the
substrate was identified as the “thin-film phase” [43].

In another study SAP was used to fabricate FETs with sub-100 nm channels.
The investigation of the molecular functionalization of Au electrodes on the
electrical properties was carried out. For both modified and unmodified electrodes,
very little change in the total resistance as a function of channel length was showed:;
suggesting that the device resistance is dominated by the contact resistance [44].
The same group reported a similar study in Applied Physic Letters, this time
focusing on “scaling” issue [45]. Those two works are also relevant because they
firstly show the local structure of pentacene as obtained by the conversion SAP.
This, consisting of disconnected micrometric islands, appears different form the
vapor deposited pentacene morphology.

Finally, in the most recent study the characterization and comparison of TFTs

based on vapor-deposited and SAP-converted pentacene TFTs is reported. Cross-
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linked poly (4-vinylphenol) (PVP) was used as gate insulator. The determined
carrier mobility for vapor-deposited pentacene films is ~ 10 cm?Vs, and for
soluble pentacene precursor is ~10% cm?/Vs, which was attributed to incomplete
SAP conversion chemistry. In contradiction with previous findings, the absence of
“thin film phase” is reported in this article, being detected only the GIXD peaks of
the “bulk phase” [46].

By this overview, it comes clear that SAP is a promising candidate for “solution
processed” plastic electronics. However, many open questions still come out,
relatively to the understanding of the growth mode and of the molecular assembling
obtained by SAP thermal conversion, and to the possibility of obtaining reproducible

performances from a device supporting pentacene by SAP conversion.
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2.2.2.2 n-conjugated polymers

We already said that the interest in m-conjugated polymers increased
considerably after the discovery that their conductivity  increases upon
electrochemical doping. This discovery led to the 2000 Nobel Prize in Chemistry
awarded to Alan Heeger, Alan Man Diarmind, and Hideki Shirakawa.

The polymer synthesis nature and the size of the argument discourage an
accurate description of the main molecular systems in use, of their performances and
of their morphologies, that would rather be found in many interesting works of
literature [47]. However, in this section we restricted our discussion to the essential
structural features of a polymer molecule enabling an effective semi-conductive
behavior.

Two are the main structural character that must be found in a polymer for OTFT
application;

= The first is the m-conjugated backbone composed of linked unsatured
units, resulting in extended m orbitals along the polymer chains, thus
enabling proper charge transport, as described in section 2.1.1.

= The second is the functionalization of the polymer core with
solubilizing substituents, which is not only an essential condition for
the solution deposition of polymeric films, but also sometime a mean
for a better core interaction in the solid state [48].

Among the most common unsatured units there are mono(poly)cyclic aromatic
hydrocarbons, heterocycles, benzofused systems and simple olephinic and acetylinic
groups.

Other important polymer structural parameters are the molecular weight (M,,)
and the polydispersity (PD) index, since they influence both the solubility and the
rheology of the formulation, along with solid state morphological features of the
pristine and blended polymers. An ideal M,,/PD regime has been identified for the
application in organic electronics, in which the stabilization of many properties

occurs. Although this value is strongly dependent on the polymer structure, however
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for most soluble thiophene-based polymers a Mw of 20 — 30 kDa and a PD of 1.2 —
1.8 are reasonable values [49].

Let’s have a look of some of the advantages coming from the employment of
polymeric versus molecular m-conjugated semiconductors. Thin films of polymeric
materials are generally very smooth and uniform, enabling a great control over large
scale of the film structural and morphological characteristics. Printing requires great
control of the solution rheological properties, which can be tuned efficiently for
polymer-based solutions. Polymer crystalline domains are typically much smaller
than the length scale of several electronics devices resulting in isotropic transport
characteristics. Furthermore, fabrication of multilayers from solution deposition
processes requires that each stacked layer is inert to the solvents and processing
temperatures that it is subsequently exposed to during device manufacture. The
reduced solubility parameter window of polymers, and their large bulk viscosity,
typically increases the options to find orthogonal solvents for solution deposition on
top of polymer layers, thus expanding the choice of materials that can be used in
devices. Finally, since polymers do not vaporize before decomposition and thus
have negligible vapor pressure, they are not susceptible to interlayer diffusion during
the typical device-fabrication thermal cycles and typically exhibit robust mechanical
properties, making nanometer-thick semiconductor films potentially compatible with
roll-to-roll fabrication on flexible substrates.

As said before we will not attempt to describe molecular systems, however we
find important to highlight some more meaningful findings.

To date, the most of the effective performing polymers for OTFTs application
are p-type. However, theoretical studies demonstrated that organic semiconductors
should transport electrons even more efficiently than holes. Many factors, beside the
semiconductor electronic structure, affect electron transport:

= gate dielectric surface chemistry, more often strongly trapping
electrons (e.g. SiOy) [24]
= metal contacts, resulting the classical Au contacts in a large energy

barrier for electron injection [50].
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lately the control of many of the above mentioned factors has enabled the
development of high conductivity n-type polymers. Especially thanks to the use of
dielectric passivation strategies and polymeric dielectric materials.

While projecting the architecture of a semiconducting polymer, depending on
the favored charge carrier nature (hole or electron), the most important calculations
and previsions regard the HOMO (highest occupied molecular orbital) and LUMO
lowest unoccupied molecular orbital) levels. In the case of hole-transport, HOMO
energy level should lie around -5 = -5.5 eV. When Eyouo is too high (low ionization
potential), facile oxidation by air and acceptor sites dramatically compromise TFT
stability and modulation ratio. For Exomo << - 5.5 eV (high ionization potential)
very high modulation ratio and mobilities are achieved; however the threshold
voltage get to be unacceptable. In the case of electron-transport a quite narrow
energetic window for the LUMO level enable good conductive properties in
ambient, located at about -4.0 ~ -4.4 eV. For higher LUMO energy (low electron
affinity), the polymer performance rapidly decrease after exposure to air. On the
other hand, for very low LUMO energy, (also true in the case of molecular
semiconductors) the corresponding devices are very difficult to turn-off (low
modulation ratio).

Finally it is noteworthy to mention the importance of the structural regularity in
polymer solid state assembling, despite the complexity of the argument. We now try
to give an insight of the matter. We already discussed, in the case of pentacene and
adducts, of the benefit to the conductive mechanism coming from an optimized -
stacking. This concept can be easily translated to the case of n-conjugated polymer.
How to obtain this effect is now a matter of polymer science, along with polymer
synthesis issues. Undoubtedly, regioregularity [51], interdigitating alkil
functionalities [52], introduction of fused rings in the repetitive unit [53], C2-axis
symmetry [54] , all of these represented important improvements in polymer
synthesis in terms of self-assembling at the solid state. The lamellar structure of a
crystalline polymer can ensure a strong © — « correlation [54]. However, it can also
happen that the molecules within the lamella are not optimized for the charge

transport and a better n-stacking derives from a disordered amorphous structure, still
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having some long range m connectivity [55] or a better intra-molecular © — =
interaction and local structural organization [56].

In many studies regarding thiophene based p-type semiconductors a strong
indication of the microstructure orientation with respect to the substrate can be
found, in order to enable the transport in the Source — Drain direction. It is generally
believed that the best transport propertied are attained when there is a high degree of
in plane 7 — stacking , since this allows for two-dimensional (2D) transport along the
chain backbone and along the 7 — stacking direction in the plane of the substrate
[57]. In this sense, peculiar is the case of and N,N’-dialkyl naphthalene
dicarboximide dithiophene, a high performance n-type semiconductor for which a
totally unexpected microstructure has been found: X ray scattering experiment,
supported by AFM characterization, reveal that this polymer exhibit a substantial
degree of in-plane ordering and adopt a largely face-on packing (m — stacking

direction normal to the substrate), which is an uncommon crystallographic texture

for high field effect mobility semiconducting polymer [58].
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2.3 Contact resistance: injection barrier and depletion layer

As seen in section 2.1.2 a FET is constituted of different parts, each of them
having a specific function and requiring determined chemical — physical

characteristics. We now focus on Source and Drain contacts and the related issues.

The most used contacts in traditional and hybrid devices are vapor deposited
metal contacts. The high resolution of the metallic conductive pattern is guaranteed
by the employment of lithographic processes after the deposition. Before discussing
new materials and deposition methods it is necessary to highlight the electrical
resistance induced by the contact — active phase interface. Electrodes and active
phase actually realize a real junction (conductor — semiconductor), so that at least a
Schottky barrier is expected. The entity of the induced limit is an open question,
since many other resistance sources must be addressed to the presence of this
multiphasic/interfacial junction; moreover, it is difficult to separate the effects
related to the Schottky barrier-like phenomena, and, in general, those affecting the
charge injection, from those deriving from a semiconductor bulk resistances often
occurring in the contact proximity. The sum of all these effects are referred to us like
the “contact resistance”. A typical strategy for the quantification of the contact
resistance is known as the “Transmission Line Method” (TLM) [59].

The TLM is a standard approach for the extraction of the contact resistance of
transistor by fitting the total resistance (Ryy) as a function of the channel length (L).
In the linear region of operation (see 1.2 ), it can be assumed that the total resistance
is a series connection of the channel resistance (R¢,) and the contact resistance (R¢).

Assuming that the contact resistance is independent of L, Ry, can be defined as:

Rtot = VD/ID = Rch + Rc = L/(uxWxCix(VG'VT)) + RC 14

From 1.4, R¢ is easily extracted as the interpolated interception with the y-axes

of the fitting line of the plot Ry, vs. L.
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The mentioned method is not able to distinguish from the limits arising from the
injection barrier and those arising from the semiconductor bulk resistance in the
contact proximity.

In the following, firstly we will try to understand how to measure and to
interpret the injection barrier; in a second part of this section we will focus on the
bulk component to the contact resistance.

A typical method for the evaluation of the injection barrier of the above
junctions is the direct measure of the drop of potential at the electrodes in an
operative FET [60,61,62]: an inverse polarization is applied to the Source contact
and a direct one is applied to the Drain. Comparing the two drops of potential in a
working regime, the one at the Source is expected to be bigger in the case of a not
negligible barrier effect. It has been observed that for a barrier inferior to 0.3 eV
(e.g. polythiophene /gold) the resistances measured at the two contacts are similar,
so that they can be easily addressed to bulk transport phenomena rather than
physical injection phenomena. A further proof of the nature of the contact resistance
can arise from the evaluation of the dependence on the temperature, that, in the case
of predominant bulk effects, come to be similar to that of the mobility.

However, despite their ability to separate injection effects from bulk effects,
none of these methods really allow for the understanding of the effective injection
mechanism, while a direct measurements of the workfunctions and of the HOMO
and LUMO levels, along with other parameters like ionization energy and electron
affinity may be helpful.

In fact, a traditional approach to estimate the hole (electron) injection barrier is
to take the difference between the metal workfunction and the HOMO (LUMO) of
the conjugated semiconductor. For this purpose photoelectron spectroscopy (UPS,
XPS), electrochemistry and kelvin probe measurements have represented suitable
instruments of estimation [63], since they were able to demonstrate that the actual
situation is more complex than a simple Schottky — Mott limited behavior. We will
try now to summarize these finding.

According to hybrid organic—organic and inorganic—organic interfaces, a

transition between two different energy level alignment regimes has been found,
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depending on the workfunction ¢ of the substrate: namely “vacuum level alignment”
and “Fermi level pinning”. The transition is associated with spontaneous charge
transfer across the interface that results in the formation of an interfacial dipole of a
magnitude that scales with ¢. In the vacuum level alignment regime, the injection
barriers scale linearly with ¢, similarly to the Schottky-Mott limit, while in the
Fermi level pinning regime, generated by strong interaction of the electron density
of the two material at the interface, these barriers are constant and independent of ¢
[64].

Let’s give a more accurate look at the metal — organic semiconductor interface.

The workfunction ¢ of a clean metal can be expressed as follows (Seitz 1940,
Herring and Nichols 1949):

¢=D-p 15

where D is the potential barrier against electron escape due to the electric dipole
layer at the metal surface, and W is the Fermi energy or chemical potential of an
electron in the absence of such a layer. So that, a surface dipole layer is always
present even on the metal — air interface, and its entity depends on the electron
density tails at the Fermi level proximity, penetrating the vacuum level. The
occurring of D avoids the outward penetration of the electrons [65].

When an organic layer is deposited on the metal surface (i.e. the interface
metal/air changes to metal — organic semiconductor) two contribution may compete
in the modification of the interfacial dipole (and the potential D as a consequence)
and the derived metal workfunction ¢, according to 1.5.

e The first comes from the perturbation of the metal surface electron
density tail related to the adsorbed (chemisorbed or physisorbed)
organic molecules.

e The second is specific of the chemisorption, in which new bonds are
formed. Bond formation is accompanied by an electron density flow
through the atoms involved in the newly formed bonds, whose

direction depends on the electronegativity.
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The first contribution to the interfacial dipole goes always in the direction of the
lowering of the workfunction (higher hole injection barrier, lower electron injection
barrier), since the adsorption of the organic molecules causes the shortening of the
electron density at the metal surface along with the lowering of the dipole potential
D. This is consistent with the fact that the lager is the extension of the electron
density tail out of the metal (that is, the larger the metal surface dipole potential D),
the more sensitive the electron density tail is to a change in the environment, such
as the presence of an adsorbate.

In the second case (chemisorption), in addition to the first contribution, a
chemical dipole potential (D¢nem) is induced. When a partial electron transfer occurs
from the adsorbate to the metal, D..m also contribute to the decrease in the metal
workfunction; when a partial electron transfer occurs from the metal to the
adsorbate, Dem contrasts the first contribution, leading to a strong workfunction
increasing. Hence, by controlling the entity of the charge transfer and directing the
polarization of the dipole, it is possible to “move” the metal Fermi level upward or
downward, along the semiconductors gap, obtaining the “desired” charge injection
barrier [66]. Campbell et al demonstrated that the metal workfunction can be
controlled by covering the metal with a self-assembled monolayer (SAM) that forms
a highly ordered two-dimensional layer with molecular dipoles, oriented in the
desired direction [67]. Generally modifying a metal by applying a perfluorinated
thiolated SAM, increases the workfunction, while modifying a metal by applying an
alkyl thiolate SAM lowers the workfunction [67,68].

Let’s now focus on bulk components to the contact resistance.

The eventual arising of a bulk component in the contact resistance is ascribed to
the presence of a “depletion layer” in direct contact with the electrodes, i.e. an area
in which a depletion of the charge carrier concentration is registered, this limiting
the overall conduction. The reason of it is in often addressed to trap states induced
by the diffusion of gold into the semiconductor or accumulation of the counter-ions
generated during the oxidation (doping) [69].

Nonetheless, the presence of the “depletion layer” is often related to the poor

morphology of the semiconductor in the metallic electrodes proximity. This
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phenomenon is characteristic of all the crystalline semiconductors, when
implemented in a bottom contact device, in which the semiconductor is deposited
over the patterned gold. For example, pentacene morphology is strongly affected by
the presence of gold in the substrate, being the nucleation and growth of pentacene
crystals strongly dependent on its surface energy (we have already reported in cap.
2.2.1 that molecules lay “edge on” on a low energy surface like the silicon dioxide
and “flat on” on a high energy surface like gold [17]). This is the origin of a
polymorphism and a poor crystallinity in the contact proximity that limit the charge
transport [70,71,72,73,74].

As a consequence of what said above, in a “bottom contact” configuration the
technique adopted to realize the electrodes influences the overall device
performances. If a traditional multistep process of deposition (PVD) and patterning
(lithography) is used, mobility values comparable to the “top contact” analogues
(around 10" cm?/Vs) are generally measured [75]. On the other hand, if the gold is
deposited and patterned in a single step, by the employment of shadow masks during
the vapor deposition, a drop in pentacene mobility from 107 cm?Vs down to 10
cm?/Vs has been registered [71]. This is because the gold can easily diffuse under
the shadow mask’s edges, contaminating the channel. In this way a so called
“blurred edge region” is formed after the deposition of the semiconductor: a region
with low and chaotic crystallinity characterized by a strong depletion of the charge
carrier’s density [71].

To prevent the growth of “low-mobility semiconductor regions™ either on the
top of metallic OTFT electrodes or in their proximity, modification of the metal
surface by self-assembled monolayers (SAMs) [76], by chemical [77] or plasma [78]
treatments, or by electrochemically deposited poly(3,4-ethylenedioxythiophene) :
poly(styrenesulfonate) (PEDOT:PSS) [79] has been investigated.

However, all of these approaches may also affect the structure of the channel
region. For these reasons, printing techniques are promising for selectively coating
or replacing gold electrodes by conductive polymers. Moreover, inkjet printing of
S/D electrodes would represent a single step additive process of great value for

realizing large-area, low-cost devices. Probably the most promising material for this
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application is the polymeric blend PEDOT (polyethylene dioxitiophene):PSS
(polystyrene sulfonate), that is going to be the topic of the next section.

Just before closing this important section, we report of the experience of K.
Hong et al [80], as an example of the complex interaction of the above effects in
determining the overall conductive mechanism.

They studied the hole injection barrier at the interface between pentacene and a
gold surface treated with 1-hexadecanethiol (HDT) and compared with the analogue
value related to a bare gold surface. They found that although the workfunction of
HDT-modified gold was lower than that of bare gold, the energy barrier between
pentacene and HDT-modified gold was lower than that between pentacene and bare
gold. They ascribed this unusual behavior to the fact that the layer of HDT, despite
lowering the workfunction, differently from the bare gold, doesn’t present any
surface dipole layer. So that, no modification of the electron density tails occurs
when the pentacene is deposited, whereas a strong modification occurs when
pentacene is deposited on bare gold. Still, this was not enough to account for the
strong injection barrier reduction and the high gain in conductivity of the overall
system. An evaluation of the ionization energy | and X-ray scattering measurements
on the semiconducting layer pointed out that the increased crystallinity of pentacene
over the HDT-modified gold with respect to the bare-gold system provided a double
improvement to the contact resistance (as defined at the beginning of this section):

1. the elimination of the low mobility phase in the contact proximity
(depletion layer)

2. the reduction of I, being the ionization energy directly connected to
the morphological features of the semiconductor. Since the hole-
injection barrier is calculated as the energy difference between the
workfunction of the gold and the ionization energy of pentacene, the
injection barrier resulted to be directly affected (lowered) by pentacene

morphology.
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2.4 PEDOT:PSS, synthesis, morphology, properties and treatments

PEDOT is obtained by chemical oxidative polymerization of the EDT (3,4
ethylene dioxitiophene).

Among all, the most employed polymerization of EDT is the BAYTRON P
process, developed by Bayer AG. According to this process, the polymerization
occurs in an aqueous polyelectrolyte, usually PSS, employing Na,S,0g as the
oxidizing agent. Running the reaction at room temperature, an aqueous dispersion of
PEDOT:PSS of a dark blue color is obtained. One of the PEDOT:PSS characteristic
that make of it an amusing material for industrial processes is actually its solubility
in water, being the dispersed insoluble PEDOT stabilized by the PSS counterpart.
PSS acts also as dopant agent for the conductive p-type poly-thiophene PEDOT (see
2.2.2).

After its deposition from solution, i.e. when the solvents evaporated, the
obtained film is highly conductive, transparent, mechanically resistant and insoluble
in many common solvents [81]. Such polymer film are constituted by mostly
polaronic islands (high PEDOT concentration) in a substantially insulating PSS
amorphous matrix. This film conductivity, originally around 1 S/cm, can be strongly
enhanced (even two order of magnitude higher) through the adding in solution (or a
film post treatment) of poly-alcohols, like the sorbitol and the glycerol. These,
interacting with the polymer chains, reduce the entanglements and promote a more
intimate © — 7 inter-chain interaction, so that the “hopping” process results to be
facilitated [82]). Already in 2003 S.K.M. Jonsson et al. [12] discussed this
phenomenon, reporting of a conductivity enhancement for a spin coated
PEDOT:PSS film from 0.05 S/cm for the a pristine PEDOT:PSS to 48 S/cm, by the

adding of isopropanol to the solution.
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Fig. 13 illustration of the multiphase microstructure of a PEDOT:PSS film:
polaronic islands immerged in an amorphous PSS matrix. Different grey tones
indicate the high (light) and low (dark) conductivity of the two phases [85].

In 2003 J. Huang, et al. [83], reported of the increasing of conductivity of a
PEDOT:PSS film obtained through thermal treatments, since a better molecule
packing derives from them. Moreover, they report of the degradation of the
conductive properties due to the exposition to the air (oxidation effects in te
hygroscopic film).

In 2004 Jianyong Ouyang et al. [84] observed a higher conductivity through the
immersion of the PEDOT PSS film in ethylene glycol for a few minutes (from 0.4 to
200 S/cm). The solid system constituted by EG:PSS:PEDOT becomes insoluble
after the deposition, as a proof of the better molecule packing into the islands.
RAMAN spectroscopy showed the conformational changing of the PEDOT
molecular structure by the adding of ethylene glycol, from benzoid to quinoid
(molecular conformation that favors the polaronic transport, as discussed in 1.1).

During the same year M. Kemerink, et al.[85] studied the tridimensional
inhomogeneity of a PEDOT:PSS solution spun on a crystalline silicon substrate, to
form a polymeric film. They measured 20 nm the average size of the polaronic
islands. Moreover, they highlighted through STM investigation a vertical
concentration gradient of PEDOT (PSS rich on the top, PEDOT rich on the bottom),
resulting in islands of bigger size going toward the base of the film.

In 2005 Dean M. DeLongchamp, et al. [86] observed that, after rinsing in water,
a reduction of the 35% of the thickness occurs, together with an increasing of the
conductivity of the 50% (from 0,4 t00,6 S/cm): this is due mainly to the selective

removal from the top layer of PSS molecules.
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In 2006 Jaehyung Hwang et al. [87] increased the performances of a
PEDOT:PSS film inside a OLED, through a light “sputtering” of Argon ions, which,
removing the top PSS layer (see Fig. 13), increased the PEDOT:PSS ratio.

However the PSS rich layer on the top of a deposited PEDOT:PSS film carries
out an important interfacial role, as shown in one work of J. Wang et al
[88]. Through an accurate spectroscopic investigation, they showed that actually a
strong variation (reduction) in the workfunction and in the interfacial dipole (see
2.3) of the PEDOT:PSS results from the removal (via sputtering) of the PSS top
layer. It has been visualized at the interface with a p-type semiconductor (a-NPD):
on the as-loaded film, E-HOMO .\pp is smaller than on the sputtered film (0.47 eV
vs. 0.97 eV) and so is the interface dipole (0.14 eV vs. 0.24 eV). This results in a 0.5
eV increase in the hole injection barrier with sputtered PEDOT:PSS, i.e. without the
PSS top layer. According to the higher interface dipole associated to the sputtered
PEDOT:PSS, it is clear that the PSS layer prevents any strong interaction between
the heavily doped PEDOT and the a-NPD: since the PSS density of states around
the Fermi level is negligible and does not overlap with the a-NPD gap and anchor
energy levels, only a small interface dipole is formed.

This fast overview on the state of the art about PEDOT:PSS shows the scenario
of a material with highly tunable performances, being them strongly related to
PEDOT:PSS morphology. The solubility in water, the high conductivity and the
high level of structural tuning by formulation of the solution and by solid state
superficial treatments, make of it the most suitable candidate to be employed in
printing technologies and to substitute the metallic electrodes in the architecture of a
OTFT, as it will be shown in a following section.

We report now a meaningful experience toward the substitution of the metal
contacts with PEDOT:PSS electrodes, carried out by K. Hong et al [89]. They made
an experience analogue to the one of the same author reported at the end of section
2.3: they covered the gold surface with a PEDOT:PSS layer (this time employing a
solution method), then they measured the injection barrier and the contact resistance
of a pentacene bottom contacts device and compared to those measured on an

analogue device employing bare gold. Comfortably, also the results were analogue:
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the injection barrier resulted strongly reduced by the presence of the PEDOT:PSS
layer, because of:

e the very small shift in the vacuum level (small surface dipole layer)
due to the reduced induced density of electron state (or shortening of
the electron density tail, see 2.3) in the PEDOT:PSS covered gold.

e the reduced ionization energy induced by the good crystallinity, also
responsible for the small depletion of the carriers concentration around
the contacts.

The contact resistance associated to the modified gold resulted drastically
reduced, so that a gain in the field effect mobility from 0.031 to 0.218 cm?/Vs was
registered.

It is reasonable to believe that the employment of PEDOT:PSS contacts may
lead to the benefits here reported (good morphology of the semiconductor, small
vacuum level shift) along with the ease of deposition and processing of such
organic water soluble material, also according to N. Koch at al. experience [90]. In
this the more favorable energy level alignment for the hole injection of the
PEDOT:PSS when compared to gold, addressed to the smaller surface electronic

contribution to the workfunction, is confirmed.
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2.5 Gate dielectrics

The crucial role of the dielectric — semiconductor interface in terms of surface
energy and trap states and the importance of the high compatibility of the two phases
was discussed about pentacene in section 2.2.2.1, and can be generalized to all the
active phase in use. In addition, current leakage through the gate insulator, dielectric
surface roughness, and dielectric permittivity, can have significant consequences for
OFET performance [91]. This section is aimed to provide only few more insights
more specifically regarding the good implementation of the dielectric layer in an
OFET. It must be said that in this work only commercial solutions, or literature
receipts, have been chosen for the realization of the dielectrics, since we focused on
the innovation of other phases and interfaces of the devices.

According to the realization of an “all solution processed” device, it is
important to care of the occurrence of wet chemistry phenomena like “dissolution”
and “swelling”, due to the multilayer nature of the device. In fact, during the
deposition of subsequent layers, a solvent can dissolve the organic layer lying
below, leading to interfacial mixing of the two organic phases , along with an
increasing of the roughness, and the consequent degradation of their properties (trap
states, poor morphology). It is known that, in a bottom gate device configuration, if
the dielectric surface’s roughness exceed a critical value, a strong decreasing of the
mobility of the active phase occurs, independently on the wavelength of the
measured roughness [18].

Despite the employment of an all polymer system is not particularly affected by
these phenomena, in consideration of the physical and rheological properties of a
polymeric solution (see 2.2.2), the most effective approach in the multilayer
deposition of an OTFT consists of the use of a so called “orthogonal solvent
system”, i.e. the employment of solvents with a “selective” affinity with each phase.
In 2000 Henning Sirringhaus [92] demonstrated an OTFT realized with this
deposition strategy, showing performances not different from those of a MOSFET

(“metal oxide semiconductor FET”).
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In 2004, again in H. Sirringhaus laboratories (particularly active in the field of
all solution processed OTFT), L. L. Chua et al. [93] deposited the dielectric and the
semiconductor layers in only one step, employing a ternary solution (dielectric,
semiconductor, solvent). They were also able to tune the interfacial roughness by
changing the evaporation rate of the solvent.

Antonio Facchetti and Tobin J. Marks worked a lot in the field of the
dielectrics, mostly focusing on the optimization of the interfaces in all solution
processed devices. Not only they worked on the optimization of the phases
compatibility and of their mechanical properties, but also they aimed to increase the
dielectric capacity, in order to reduce the operating voltages, which is one of the
most important “scaling” condition along with a key factor for any kind of
biological application (other than a must for the durability of the device itself).

In 2005 [94] they deposited by spin coating a polymer — small molecule blend
(PVP or PS in blend with chlorosilane, as crosslinking agents). They obtained
smooth and uniform ultra-thin (<20um) films. A crosslinking is carried out after the
deposition by post-deposition treatments of the film (thermal or UV); after that, the
film becomes totally insoluble in most of the common organic solvents and suitable
for following deposition on its top. The film exhibited good insulating properties
(leakage current density inferior to 10®A-cm™) and good capacitance (up to 300
nF-cm?).

Lately, they focused on molecular self-assembled nano-dielectrics (SANDs), in
which the organic and inorganic organosilane precursors are self-assembled via a
layer-by-layer solution-phase [95] or vapor-phase [91] growth process to yield a
hybrid organic-inorganic multilayers. In this way they realized working dielectrics
with reduced thickness (few molecular layers) and high-k (dielectric constant higher
than the silicon dioxide’s, ie. k > 3.9), enhancing the performance of
complementary circuits compared to the performance with standard thick (100-300
nm) SiO, gate dielectrics.

Finally we want to highlight the work of Sandra E. Fritz et al. In 2005 [96] they
investigated the dependence of the pentacene performances on the roughness of the

dielectric, by employing three different dielectric substrates: standard silicon
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dioxide, high roughness silicon dioxide, obtained via CF, and O, ion etching , and

silicon dioxide covered by a thin film of polystyrene (100 A). Such pentacene films

were analyzed by AFM, X ray diffraction spectroscopy, and electrical

measurements. The results are the following:

On the rough dielectric surface, pentacene grains resulted to be
disconnected, and a low level of crystalline order into the grains was
evidenced by X ray investigation.

The pentacene deposited over the standard silicon dioxide and over the
polystyrene showed a similar grain morphology, however X ray
scattering pointed out the better molecular packing over the
polystyrene substrate (see 2.2.1).

Electrical measurements showed a trend similar to the morphological
findings: better field effect mobility values for the standard silicon
dioxide and the polystyrene; lower trap densities and threshold
voltages in the case of the polymeric substrate.

Surface roughness seems to become a compromising factor when it

overcomes 0.5 nm.
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2.6 Inkjet printing of Source & Drain patterns

In the last few years inkjet printing technology has been increasingly applied to
the deposition of functional materials, as well as for conventional graphical
application. This technique is particularly suitable for the deposition of small
amounts of materials with specific electrical, optical, chemical , biological or
structural functionalities in well-established areas of a substrate. The deposited
materials can be liquid solutions as well as nanoparticles dispersions, as well as a
mix of them. Many kind of functional materials like polymer and bio-molecules
cannot be processed otherwise than using solution processes, so that inkjet printing
represent more than a good opportunity. Here is a list of advantages related to this
technique:

e It is an additive process for the patterning, avoiding any removal
lithographic process, usually characterized by high operational costs,
and the fabrication of expensive masks.

e ltis a flexible digital process that open the possibility to easily design
the pattern (through the employment of file CAD), reducing the time
for any variation, and to change the outputs without any adding costs.

e It’s a non-contact process, not destructive for the phases below,
flexible for any kind of material and desired amount.

e It has low operational costs (atmospheric condition) and implies a
small amount of material waste.

Chemical — physical characteristics of the ink are crucial parameters in the
inkjet technology, i.e. droplet microfluidic [97]. Viscosity must be low enough to
allows for the filling of the chamber within 100 usec, being a typical viscosity is
around 2 cP. It is not unusual the adding to the ink formulation of polymeric
additives to reduce the viscosity, and/or humectants, and/or low volatility liquids to
prevent the clogging of the nozzles. Surface tension shouldn’t be low or lowered by
the additives, being this the cause of the wetting of the nozzle’s surface, this
hindering the formation of stable drops. The minimum value for the surface tension

of the ink is around 35 mN/m,
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Typical risks connected with this technique are represented by the already cited
drying of the nozzles, and also volume fluctuation and flight of the drops. Moreover,
belonging to the family of solution processes, inkjet printing is affected by all the
phenomena connected with the “wet chemistry”, like pinning, coalescence, thermal
fluctuation and dewetting. These factors can penalize not only the good control of
film characteristics like uniformity, reproducibility and thickness, but also the
pattern resolution. Low surface energy, addressed to most polymers and other
surfaces of technological interest, is the origin for their low wettability. When an ink
is printed over these surfaces the deposited solution tends to change its shape and to
bead (to “dewet”) rather than forming an uniform layer. This is a strong limitation
for the realization of the layered architecture of the device, and for the obtaining of a
high resolution pattern. Moreover, the thicker is the film the higher is the risk of
incipient pinning of the contact line. This causes capillary fluxes of solution from
the center to the border (where the most of the evaporation occurs) , so that a big
amount of ink results deposited in peripheral rings, to form the so called “coffee
stain effect” [98]. Low vapor tension solvents (like DMSQO) may reduce the above
mentioned risks, on the other hand they causes the drying and clogging of the
nozzle.

B.-J. de Gans (2004) [99] reported Meyer’s studies (1997) on the influence of
the concentration and of the molecular weight of the polymers on the droplet
formation and releasing. With the increasing of concentration and/or of the
molecular weight (M) 4 different regimes can be distinguished:

1. Usually, in moderate condition, a long tail is formed, that along with
its thinning disaggregates separating in little satellite drops.

2. At higher concentration or My, the tails mostly persist and
disaggregates only on its extremity.
The third regime is represented by a single drop with no tail

4.  When the concentration or the M,y is too high the droplet don’t detach
and the ink go back into the nozzle.

In the following some interesting application is reported.
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A large use of the inkjet printing has been done in the field of “Polymer Light-
Emitting Diodes” (PLED). The realization of polychromatic PLEDs require a
technique of micro-printing for the local deposition of three electroluminescent
polymer of different colors.

B.-J. de Gans [99] reported of the realization of a RGB multicolor display using
a solution of a precursor of poly(p-phenylene vinylene) (PPV). Drops with a volume
of 20 pl (diameter =~ 33 um ) were deposited in-between polyimide (PI) barriers,
realized with lithographic processes. In order to better confine the drops into the Pl
borders a CF; plasma treatment was carried out, enabling the selective
functionalization of the PI, that became hydrophobic, in strong contrast with the
hydrophilicity of the substrate.

In order to avoid the low pattern resolution deriving from the flying of the drops
and the surface diffusion effects, Sirringhaus [92] applied the same strategy
described above to the realization of an all solution processed OFET. For the first
time, the conductive Source & Drain pattern was realized by inkjet printing of the
polymeric conductive dispersion PEDOT:PSS (see 2.3). Again, the pattern was
deposited on a PI film 500A thick, etched (in order to define confined region of
hydrophilic substrate) and O, plasma treated; the plasma treatment makes the glass
substrate hydrophilic (where the Source & Drain of PEDOT:PSS are planned to lie),
leaving the etched PI borders hydrophobic (by the employment of a photoresist).
Using a “staggered” configuration, he deposited an active phase of poly 9,9 —
dioctylfluorene — co-bithiophene (F8T2) and a dielectric layer of polyvinyl phenol
(PVP), for both employing the spin coating as the deposition method. PEDOT:PSS
was also used as the gate electrode.

The same printing strategy, based on the confining power of the hydrophobic Pl
over the hydrophilic glass substrate, has been used by Kawase et al. in 2003 [100]
to realize working OTFTs with a channel length of 5 pm.

Two things come out from the two experiences described above:

e a newly growing interest for the inkjet printed organic electrodes and

their technological and chemical advantages
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e the common effort toward the realization of short channel length
devices (technical expedient that allows the use of low voltages),
possible only through a high resolution of the printing.

However, the reported Pl pre-patterning is an effective but expensive way to
solve the problem; moreover, it moves away from the target of the exclusive

employment of additive processes, still including lithographic steps.

High resolution of printing without the pre-patterning (pure additive process)
has been achieved by C. W. Sele et al., always in the Sirringhaus group in 2005
[101]. They employed the so called “self-aligned” inkjet printing technique (critical
features < 100 nm), here summarized in four steps :
1. Inkjet printing of first conductive pattern
2. Selectively modifying the surface of the first conducting pattern
(Tetrafluoromethane plasma - low surface energy)
3. Inkjet printing of the second conducting pattern that partially overlaps
the first

Fig. 14 (a) schematic of the high resolution printing over a pre-patterned substrate
(b) AFM 3D image of the channel realized by the use of PI patterns. The length of
the channel in figure is 5 um. (c) overall scheme of the staggered transistor (d)
optical micrograph of the device schematized in c.
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4. Droplets of the second pattern are repelled and flow off the low energy
surface of the first pattern drying in close proximity to the edge of the
first patter

In this way, they assembled a device with p = 0.02 cm?Vs and on-off current
ratios = 10*,

In the same year an important work from the same group was published [102],
in which a meaningful comparison between the gold electrodes and the organic
correspondents is carried out from the point of view of the injection mechanism. The
surprising statement of the better behavior of the organic counterparts despite the
similar workfunctions (5 eV) stimulated the comprehension of the interfacial
mechanism in terms of energy barrier. They supposed that the PEDOT:PSS
electrodes formed a doped interfacial layer with the chosen organic semiconductor
(the p-type polymer F8T2, in Fig. 14 the chemical structure is reported), which
provides very efficient charge injection at the interface between the conducting
polymer and the organic semiconductor.

We exemplary report few references according to other techniques of printing,
different from the inkjet and employed as well in OTFTs fabrication: selective
wetting [103]; inking & stamping (or gravure printing) [104], assisted by
polydimethylsiloxane (PDMS) polymeric stamps. Interestingly, in the second cited
article the charge injection to a pentacene active phase is discussed; the following
values were found for the hole injection barrier:

e PEDOT/pentacene interface = 0.25 eV

e Au/pentacene interface =0.85 eV

It’s not the aim of this section to discuss in details other printing techniques,
however, we believe that at the present time inkjet technology presents many
advantages with respect to to the cited techniques, like the good control of
patterning, the ease and the velocity in defining and realizing the pattern geometry
and the non-contact nature.

However it is noteworthy to mention an advancing in inkjet technology that
allows the high resolution (and short channel sizes) avoiding any pre-patterning,

developed in John Rogers group [105]. They experimented the use of an electro-
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dynamically induced inkjet printing technology that enabled a sub-micrometric
resolution of pattern. In this particular kind of inkjet, the nozzle has got capillary
dimension. Here is summarized the working principle: a power supply generates an
electric field that causes mobile ions in the ink to accumulate near the surface of the
pendent meniscus at the nozzle. The mutual Coulombic repulsion between these ions
induces a tangential stress on the liquid surface, thereby deforming the meniscus
into a conical shape, known as a Taylor cone. At sufficiently high electric fields, this
electrostatic (Maxwell) stress overcomes the capillary tension at the apex of the
liquid cone; droplets eject from the apex to expel some portion of the surface charge
(Rayleigh limit). Even very small ion concentrations are sufficient to enable this
ejection process, so that the high resolution is achieved. The realization of channel

lengths within 1 — 2 um using this technique is reported.



2 General Part

2.7 Polyoxometalate (POMs)

The controlled manipulation and the design of chemical systems on a multiple
scale, from the nanometric to the macro-systems, represent one of the biggest
challenges in contemporary science. More in particular, the possibility to
understand, to control and to model the molecular organization is a crucial point for
the realization of functional nano-systems and nano-machine, materials able to
incorporate a big amount of information [106], for molecular electronics [107] and
sensors [108] applications.

In this field of investigation are located the polyoxometalates (POMs),
inorganic cluster with a high potential as building blocks for functional devices in
the nanometric scale (Fig. 15) .

The great current interest in POMs reflects the diverse nature of this family of
inorganic clusters (which can also be described as molecular metal oxides) [109],
which exhibit a wide variety of compositions and structural versatility [110,111], as
well as important optical [112], catalytic [113,114]Jand magnetic1[115,116]
properties. Recently, one important goal in POM research is the fabrication of
functional films and nano-scale devices on surfaces [117,118], and understanding
the self-organization of POMs on various surfaces as a function of structural features
has been extremely important for the development of a new class of functional
materials. POM based monolayers on surfaces like Ag [119], Au [120], HOPG [121]
etc. as well as multilayers generated by Langmuir-Blodgett techniques [122] and
electrostatic-layer-by-layer assembly [123] has been studied over the last two
decades for their possible applications in a variety of fields such as catalysis, sensor
applications, and nanotechnology. Also, the covalent anchoring of POMs onto gold
surfaces [124] using thiol-based derivatized long chains as anchoring groups has
also been achieved with good spatial control. However, the majority of these studies
are based on common POM structural archetypes viz. Keggin, Dawson, Presslyer
etc. clusters and their lacunary and/or cation exchanged derivatives [125]. Although
these fundamental studies have laid the basic foundations, the development of true

functional POM devices with well-defined architectures could benefit from a
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comprehensive approach that compares pure clusters, hybrids, and organic-cation
encapsulated systems. This information is important since structural manipulation,
via covalent functionalization, has shown to affect the self-assembly behaviour of
POMs in solid state and in solution [126,127], as well as allowing the incorporation
of new functionalities to POMs grafted onto surfaces [128].

To work towards achieving our goal of fabricating POM based functional
devices, we are interested in understanding the surface assembly of new functional
clusters and hybrid/multifunctional POMs on substrates of technological interest by
employing solution deposition and by exploiting both self-assembly and dynamic
self-assembly processes [129,130,131].

{Mo,32} {Mo2ss} {MoO3¢s}

Fig. 15 exemplary scheme of different architectures obtainable by the same
“building blocks” in solution
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3.1 Ink-jet Printer, technological issues

Two different technological solutions for the droplet release in an inkjet printer

exist:

e thermal inkjet printer, in which a small portion of the ink solvent is

evaporated and, by its expansion, the ink is forced out of the nozzle.

e piezoelectric inkjet printer, in which a voltage is applied to a

piezoelectric in order to produce a shape variation of the chamber

causing the droplet release.

Tab 2 summarizes the working principles, the advantage and disadvantages of

the different inkjet printing technologies. Drop-on-demand systems are less

complex, don’t require recirculation, however they require more energy to generate

a smaller drop.

In Fig. 16 a schematic representation of the ejection mechanism in a drop-on-

demand piezoelectric inkjet-printer is reported. As schematized, depending on the

polarization of the applied voltage, the two walls deform, reducing (Fig. 16.b) or

increasing (Fig. 16.c) the pressure inside the chamber.

continuous inkjet

drop on demand
thermal inkjet

drop on demand
piezoelectric inkjet

working principle

advantage

disadvantage

drops for the printing and
drops for the recirculation
are continuously formed.

high velocity

big material waste and low
resolution

a heater generate a bubble
that, by its expansion,
force the ink out of the
nozzle

the ink is continuously
exposed to high
temperature, this reducing
the life of the cartridge and
limiting the application to
low vapor pressure
solvents

the pressure generated by
the deformed piezoelectric
crystal pushes the ink out
of the nozzle

only an acoustic pressure
is applied, this allowing for
a long duration of the
cartridge and the
employment of a wide
range of inks

Tab 2 comparison of different inkjet technologies
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These conditions enable the injection of the ink to the chamber and its ejection
from the nozzles to the substrate, respectively.

The machine employed in this work is a Fujifilm Dimatix, DMP 2831, equipped
with a silicon piezoelectric, based on a MEMS (Micro Electro-Mechanical Systems)
technology, this ensuring reliability and long duration of the cartridges. The “shear”
deformation mode, described in Fig. 16, enables the employment of a single
piezoelectric crystal for the diverse chambers, allowing the simultaneous jetting of
all the nozzles and a higher velocity of printing, as a consequence.

Each cartridge has got 12 nozzles of 20 um in diameter, lying in a single line
and spaced each other 254 pm. The minimum volume for the single drop is 1 pl;
this allows for the non-contact printing of minimum features of 20 um. Volumes of
the single drops up to 20 pl are possible. The head of the cartridge is connected to a
small tank containing up to 1.5 ml of ink. The cartridge and the plate for the

substrate are equipped with heaters. The maximum temperatures allowed are 70 °C

and 60 °C for the head and the plate, respectively.

Piezoelettrico B
u H O

Piezoelettrico A

(a) Standby

Fig. 16 working principle of the pressure chamber of the cartridge
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In order to permit the visualization of the drop releasing and the definition of
the printing origin, the inkjet printer is equipped with two high resolution cameras.

In this way, the control of the detaching process and of the good flying of the
drops is possible, as well as the control of the high resolution of the printed pattern
and the possibility to align different patterns.

Let’s focus on the wavelet, controlling the voltage history of each jetting. As
represented in Fig. 17, the wavelet is composed of four segments, representing four
different phases of the droplet releasing process. Three parameters govern the
overall wavelet shape: duration, amplitude, and slope.

The amplitude is the maximum voltage applied during the process and it is the
parameter that more affects the droplet, since it defines the pressure which the ink
in the chamber undergoes during the ejection. Together with the duration, the
amplitude determines the volume of the drops and their velocity after the
detachment. The slope is rather particularly affecting viscoelastic rheological
systems.

Let’s take in deeper examination the four phases of the process (Fig. 18).

e In the phase O, the piezoelectric is in the Start or Standby position,
before the application of the impulse. The chamber is pressurized, i.e. a
voltage different form 0 V is applied, and a meniscus is present in the
nozzle.

¢ Inthe phase 1, the voltage is lowered to 0 V: the chamber, reaching its
maximum volume and reducing its internal pressure, get filled by the
fluid.

Fig. 17 general scheme of the wavelet controlling the droplet formation and release
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e In the phase two, the pressure impulse occurs, by reaching the
maximum voltage applied, and the droplet is formed.

e The phase three (the last), is the identical of the phase 0: a
depressurization of the chamber allows for the detaching of the drop,
restoring the start condition; The meniscus is renovated and the partial
filling of the chamber, waiting for the following impulse, is carried out.

The wavelet is one of the main instruments, enabled by the inkjet technology,
for the tuning of the droplet releasing, since it allows the employment of a wide

range of inks, characterized by different rheology behaviors.

Phase 1
Start (or Standby) i
& Q
2 5 Decrease In voltage moves PZT = E
PZT bimorph is slightly deflected ar} B upward, drawing in fluid from (_)' 2
prior initiation of drive pulse train g reservoir >
PZT/Si Bimorph
PZT/Si Bimorph
\p TIME e TIME
———— e
Refill \
\ Nozzle/meniscus
Nozzle/meniscus
Phase 2 Phase 3 &
& - [ Jo &\ « Returnto Standby 3 W
Increase in voltage deflects PZT. < | § 2 2 2 2 S b ?
Do fessnation fa lottiated 513 &1 /8 |8 \8 PzT.modion s controlied = g\ 8
luring drop breako -
9 g\/lad /& 9.9108 Q [
PZT/Si Bimorph
PZT/Si Bimorph L
St TIME \~~ TIME
Nozzle/meniscus ‘ Nozzle/meniscus

Fig. 18 representation of the chamber in the four phases relative to the formation
and releasing of the droplet
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3.2 Materials, OTFTs Fabrication and Investigation Methods

In this work the topical experimental procedures related to the fabrication and
characterization of the organic Thin Film Transistors were employed. The
methodological approach chosen for the reaching of the goal of the project consisted
in the progressive substitution of materials and deposition methods: from the
realization and analysis of “control devices”, known in literature, toward the “fully
oOrganic, all solution processed” devices.

This approach allowed for the insulation of the effects of every single
substitution on the overall device performances, and for the individuation of the
correlated physical phenomena.

The materials involved ranged from the standard silicon wafer, the gold and
evaporated pentacene (for the control device) to the solution processed (spin coating,
drop casting, inkjet printing) organic conductors, semiconductors and dielectrics
summarized in Tab 3. As shown in the table, many of the compounds used in this
research have unknown molecular structure, since they were developed and
employed within the collaboration with industrial partners as the
STMicroelectronics and the Polyera Corporation. Other materials have been widely
discussed in the General Part (PEDOT:PSS, see sections 2.4 and 2.6; SAP, see

section 2.2.2.1. The chemical structure of both is reported in Fig. 19).

PEDOT:PSS  SAP PMMA  Activink™  Activink™  lisicon™  lisicon™
1.3 wt.% H,0 N- Sigma P2100, D1400, S1400 D139
dispersion, sulfinyl Aldrich Polyera Polyera 4 wiw % in 4.5 wiw %
conductive grade acetamid Corporation Corporation tetraline, in FC43,
Sigma Aldrich s} Merck Merck
pentacen
e Sigma
Aldrich
molecular structure known known known unknown unknown unknown unknown
Electrical semicond ) .
ectrical -type -type
o conductor uctor dielectric p P dielectric p P dielectric
characteristics semiconductor semiconductor
precursor

Tab 3 solution processable materials employed in this research



3 Materials and Methods

Moreover, Poly(methyl metacrylate) (PMMA) for the dielectric layer has been
used. We already reported in section 2.2.2.1 of the good compatibility of PMMA
with a pentacene active phase; the PMMA is a widely known, diffused and cheap
material, with a low-k dielectric behavior (k =~ 2.3 + 2.6), suitable for applications
in organic electronics, because of:

e the good solubility in common organic solvents,

e the ease or its processing,

e the good mechanical characteristics,

e the good resistance at the thermal processing condition.
.

In the first part of this research we focused on the fine formulation of the
conductive ink and the evaluation of all the printing parameters enabling a high
resolution of the conductive pattern (Source and Drain electrode,s in an OTFT)

through the inkjet technology.

a)
o™ 150°C
ol 30 min
N N;
o e
SAP
c)
Pentacene by SAP Au Au Pentacene by SAP
- Pentacene by SAP Au Au
Si-Si0, Si-Si0, Si-Sio,
1 2 3
Pentacene by SAP Au Au PVD Pentacene
Au Au PVD Pentacene Au Au
HMDs HMDS HMDS
Si-SI0, Si-5i0, Si-Si0,
4 5 6

Fig. 19 a) SAP retro Diels-Alder conversion to pentacene. b) Molecular structure of
PEDOT:PSS. c) Schematic representation of the OTFTs used in this study
employing a bottom gate configuration and Si-SiO2 substrates: pentacene by SAP
thermal conversion in bottom/PEDOT:PSS (device 1), top/Au (device 2), and
bottom/Au (device 3) S/D geometries; the same structure of device 3 but with an
HMDS-treated dielectric surface (device 4); thermally evaporated pentacene in
bottom/Au (device 5) and top/Au (device 6) S/D geometries with an HMDS-treated
gate dielectric.
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In a second part, we realized and analyzed hybrid OTFTs, coupling inkjet
printed PEDOT:PSS Source and Drain electrodes with vapor and solution processed
pentacene active phases. In Fig. 19 the materials and the more representative device
geometries employed in this part are showed. Pentacene active layers were obta
ined by thermal conversion (retro Diels-Alder reaction) of 13,6-N-sulfinylacetamido
pentacene (SAP, Sigma-Aldrich, 97%; devices 1-4). SAP was dissolved in dry
chloroform to achieve concentrations of ~20 mg/mL. Heavily p-doped Si wafers
with 300 nm thermally grown oxide (Si/SiO,) served, respectively, as the gate
electrode and the gate dielectric for the OTFTs. To minimize charge trapping
effects, the SiO, surfaces of some devices were functionalized with 1,1,1,3,3,3-
hexamethyldisilazane (HMDS; Sigma-Aldrich) by prolonged exposure to HMDS-
saturated vapor, leading to a dense Si-CH3 surface coverage (devices 4-6).
Advancing contact angles >90° were measured by employing water microdroplets
on these surfaces and are consistent with the extensive surface silylation (bare SiO,
showed a contact angle of ~50°).

About the optimization of the PEDOT:PSS inkjet printing procedure, it will be
reported in a specific section of the work ( “Description and Discussion of the
Results™), since it represents an original result. However we anticipate that, thanks
to this procedure, channels with 40-100 um lengths and PEDOT:PSS electrode
conductivities as high as 140 S/cm were realized.

For gold Source and Drain (S/D) electrodes (Fig. 19 devices 2-6), 30 nm thick
contacts were obtained by thermal evaporation (PVD) with a Denton Vacuum
Explorer thermal deposition system, assisted by a SQC-122c controller. Chloroform
solutions of 13,6-N-sulfinylacetamidopentacene were drop-cast or spun on bare
oxide substrates at 1500 rpm for 1 min using a LaurellWS-400B-6NPP/LITE spin
coater and were then dried on a hot plate for 3 min at 80 °C. SAP conversion to
semiconducting pentacene was achieved under N, at 150 °C for 30 min. In addition,
40 nm thick thermal vapor-deposited pentacene (sublimed grade, > 99.9% pure trace
metals basis; Sigma-Aldrich) was also used as the active phase for comparative
studies (devices 5 and 6; growth parameters: 60 °C, 0.1 A /s).
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“Staggered” OTFTs (see Fig. 20) were also fabricated within the collaboration
with STMicroelectronics and Polyera Corporation. Rigid, inorganic SiO, as well as
flexible, organic Polyethylene terephthalate (PET) and Polyethylene naftalate (PEN)
(Teonex® Q65F, della Dupont Tejijn Film ) substrates where employed.

Here is reported the realization of the OTFTs within the collaboration with
Polyera Corporation;

the PEDOT:PSS Source and Drain patterns were realized with an identical
solution strategy as described in the following. Gold evaporated channels, deposited
with a procedure described above, were also employed.

The active phase Activink™ P2100 ( Tab 3), were spun (1000 rpm, 1 min) from
a solution 10 mg/ml in dichlorobenzene (DCB) over both the organic and inorganic
substrates and annealed overnight at 110°C in vacuum oven. To realize the dielectric
layer, a PMMA solution was spun ( 5000 rpm, 30 sec) and then dried in hot plate
(80°C) from a solution of 70 mg/ml in a common organic solvent. After the drying
the PMMA was annealed in vacuum oven (110°C).

Both inkjet printed PEDOT:PSS and gold gate electrodes were employed.

Here is reported the realization of the OTFTs within the collaboration with
STMuicroelectronics:

Gold Source and Drain electrodes were evaporated on flexible PEN substrates,
with the procedure described above. The gold patterns were first encapsulated in a
PMMA polymeric layer 300 nm thick. Subsequently, by the employment of ion
etching procedure and masks, a window in the PMMA layer was open, uncovering
each channel.

The lisicon™ S1400 active phase solution (Tab 3) was deposited, unmodified,
by inkjet printing inside the windows and over the channels. During the inkjet
printing of the active phase, plate temperatures of 30°C and 60 °C, and voltages
ranging from 15 V to 40 V were employed.

The lisicon™ dielectric, also described in Tab 3, was spun at 500 rpm for 10
sec, then a final spin speed of 1000 rpm for 20 s was used. The film was then baked
in oven at 100 °C for 20 min. In this way, a film thickness of around 400 nm was

obtained.
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The gate electrodes were realized by inkjet printing of PEDOT:PSS and Ag.

For all the OTFT, the electrical measurements were performed under ambient
atmosphere. 1-V curves, transfer characteristics, and output plots were obtained by
employing a 4-probe probe station interfaced to a Keithley 6340 subfemtoamp meter
and a Keithley 2400 source meter. A Veeco profilometer was used for film thickness
measurements. Film microstructure and morphology were investigated by X-ray
diffraction (WAXRD; Rigaku, CuKR monochromic radiation) and tapping-mode
AFM(Veeco Digital Instrument MultiMode SPM). For AFM, commercially
available etched-Si probes with a pyramidal-shaped tips having a nominal curvature
of 10 nm and a nominal internal angle of 35 were used. During scanning, the 125
pm-long cantilever, with a nominal spring constant in the range of 20-100 N/m,
oscillated at its resonance frequency of ~330 kHz. Height and phase images were
collected by capturing 512x512 points in each scan, and the scan rate was
maintained below 1 line/s. During imaging, temperature and humidity were ~298 K

and ~40%, respectively.

Qate

dielettrico di gate

semiconduttore

source drain

substrato

Fig. 20 scheme of a “staggered” top gate, bottom contacts OTFT
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3.3 Polyoxometalates

4 5

WH.HH‘. W‘M@ gtet ettt ot

6
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7

Fig. 21 Combined polyhedral and ball-and-stick representations of the cluster anions
studied here. Color code: Mo — orange polyhedron, Mn — Brown polyhedron, V —
Green polyhedron/sphere, S — pink, C — grey, N — blue, O — red. The H atoms are
omitted for clarity.

The synthesis and structural characterization of the polyoxometalates studied

here viz.
1)
)
@)
(4)
()
(6)
(7)

TBAs[H2VM017054(VO,),] [132]

(C20HasN)a[M015060S,] [133]

TBA3[MnMogO15{(OCH,)sC-NH,},] [134]
TBA3[MnMogO15{(OCH,)sC-CgH;7},] [135]
TBA;[MnMogO{(OCH,)3C-NHCO-C17H35},]-2CsH;NO [136]
TBA3[MNnMogO14((OCH,)sC-CgH17)((OCH,)sCNH-CH,-C16Hg)] [135]
TBA;[MnMogO1{(OCH,)3CNH-CH,-C1Hg}»] [137]

are reported elsewhere. In order to study the self-organization of these different

POM systems on surfaces, 1 mg/mL concentrated solution in acetonitrile (99.9%,

Sigma Aldrich) (compounds 1-3, 5-7), or in a 1:1 mixture of acetonitrile and

75



chloroform (99.9%, Sigma Aldrich) (compound 4) were prepared and deposited via
drop-casting on surfaces with different chemistries and wettabilities.

Here is reported the substrates surface preparation and characterization:

Monocrystalline silicon wafers were used as substrates, and two different
treatments were employed in order to obtain both highly hydrophilic (SiOH rich)
and hydrophobic (SiCH3 rich) surfaces. SiOH rich surfaces were obtained by
oxygen plasma treatment (March Instrument Plasmod type Barrel) at a pressure of 1
mbar and a power of 75 W for 10 min, to clean and enhance the —OH surface density
along with the surface hydrophilicity. As previously reported [138], XPS of these
surfaces showed only Si and O signals with no carbon contamination. In particular,
the atomic percentage of oxygen measured from the O 1s component at about 532.8
eV was about a factor 4 larger than that of silicon measured from the Si 2p
component at about 103.7 eV. A water contact angle of about 10° was measured on
these samples. These substrates results quite flat with a root mean square roughness
(RMS) of about 0.2 nm as measured on 1 pm? SFM images.

SiCHj5 surfaces were realized by the above oxygen plasma treatment followed
by surface functionalization with 1,1,1,3,3,3-hexamethyldisilazane (HMDS)
(Sigma—Aldrich, semiconductor grade). As previously reported [138], XPS on these
surfaces showed Si, O and C signals. In particular, the presence of a Si component at
101.8 eV indicates the formation of Si—-CH3; moieties. This is confirmed by the fact
that the above component stays in a ratio of about 1/3 with respect to the total
carbon content. An average water contact angle of 80° was measured on these
samples. The roughness of SiCH; results about 0.3 nm on 1 um? SFM images.

X-ray photoelectron spectroscopy (XPS) was carried out by using a Kratos
AXIS-HS spectrometer. The Mg Kal,2 of 1253.6 eV was used at the conditions of
10 mA and 15 keV with a pass energy of 40 eV. During the analysis the residual
pressure in the chamber was of the order of 107 Pa. The binding energy scale was
referred to the lowest BE C 1s component at 284.8 eV. Spectra fitting have been
done after linear background subtraction by using VISION Software (Version 1.4.0)
by Kratos Analytical. Quantitative data were obtained by using experimentally

derived atomic sensitivity factors.
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Contact angle measurements were performed by a Kernco instrument at room
temperature by using 1 pl drops of pure deionized water (p = 17 MQ cm).

As already reported, dynamic scanning force microscopy (SFM) was carried out
in air using a commercial instrument (MultimodeNanoscope Illa, Digital
Instruments, Santa Barbara, California) equipped with a phase extender apparatus
and a Q-box module.54,55 Etched-silicon probes with a pyramidal-shape tip having
a nominal curvature of 10 nm and a nominal internal angle of 35° were used. During
the scanning, the 125-um-long cantilever, with a nominal spring constant in the
range of 20—100 N/m, oscillated at its resonance frequency (~330 kHz). Height and
phase images were collected by capturing 512 x 512 points in each scan and the
scan rate was maintained below 1 lines per second. During the imaging, temperature
and humidity were about 293 K and 40%, respectively. The thicknesses of the
POMs layers were measured by employing the SFM scratching method.
Accordingly, the SFM tip was pushed against the surfaces with a high load and a
1x1 pm size scan was performed on the surface. This allowed for the removal of
POM layers, leading to square holes. The depth of the square holes were measured

by section analysis.
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4 Description and Discussion of the Results

4.1 Inkjet Printing optimization and PEDOT:PSS patterning procedure

Fig. 22 stroboscopic images schematizing phenomena inherent to the droplet
releasing; applied voltages: 31V (a, b, ¢); 28V (d, ¢, f)

The realization of the Source and Drain electrodes patterns of the OTFTs
required a preliminary effort in the optimization of the printing strategy. This means,
an effective ink formulation, aided by the definition of the proper surface
treatments.

According to the ink formulation, the PEDOT:PSS concentration in water was
modified with respect to the vendor dispersion, and the use of additives helping the
fine releasing of the droplet were investigated.

Unmaodified polymer dispersion was not able to be ejected from the nozzles
because of the high viscosity. Three different dilution in water of the polymer
mixing where used: 0.05 % wi/v, 0.28 % w/v e 0.75 % w/v, in order to evaluate the
influence of the concentration on the formation of satellite drops during the jetting,
since they represent one of the main causes of low resolution and channel impurity.
The more concentrated dispersion enabled a strong reduction of the satellite
formation, concordantly with the literature data [99]. However, it has been observed
that the phenomenon most affecting the droplet release, causing tails formation,
satellites and drop flying — i.e. trajectory deviation after the jetting — consists of the
ink affinity and wetting of the nozzle surface, as shown in Fig. 22. Moreover, the
wetted nozzle surface turns into solid polymer film after the drying of the solvent,

causing the clogging of the nozzles. Two different formulations were investigate:
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one including Glycerol (20% V/V), the other including Ethylene Glycol (20% V/V).
In fact, the presence in the organic solutions of poly-alcohols showed to improve
their rheology along with their wetting characteristics: viscosity results finely tuned,
toward the reduction of the tails and satellites formation during the droplet jetting
and the spreading on the nozzle surface; more importantly, poly-alcohols act as
humectants. In this way, the drying of the solvent is retarded and the clogging
phenomena drastically reduced.

Both poly-alcohols represented an effective means of conductivity enhancement
of the polymeric blend, since they change the microstructure of the polaronic
islands, as described elsewhere [12,107]. By the direct comparison of the two
formulated inks it can be concluded that:

e Ethylene Glycol showed less humectant characteristics and a lower impact

on “jettability” of the ink, when compared to Glycerol.

e Ethylene Glycol led to higher conductivity values with respect to the

Glycerol.

The mean conductivity values, as obtained by the resistivity characterization
reported in Fig. 23, are:

®  Ogiycerol = 27,10 S/cm;

®  Oethylene glycol = 140 S/cm.

0,012

b) Etilene Glicole 20% VIV

0,004

Glicerolo 20% VIV

0,000
0,00 0,50 1,00 1,50 2,00

Fig. 23 a) optical micrograph of an inkjet printed PEDOT:PSS stripe (500 pm x 50
um), within two gold electrodes for the resistivity characterization; b) in the graph,
the 1-V curves of the two formulation ,one including Glycerol, the other Ethylene
Glycol, are compared.
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They have been calculated by the application of the Ohm law and the accurate
measurement of the three dimensions of the ink-jetted pattern. No dependence of the
conductivity by the thickness has been found, meaning that an optimal percolation
path for the charge carriers already exists in condition of minimization of the
thickness (40 + 50 nm for the inks printed in this work), relevant for electronic
applications. The good conductivity of the Ethylene Glycol formulation is low
anyway, when compared to gold (>10* S/cm). There’s no chance for an organic
conductor to compete with gold in terms of conductivity, however, it can be state
that a conductivity superior to 100 S/cm is already suitable for OTFTs application,
especially if one takes in account the organic semiconductors low performances.

Although reduced by the employment of the described formulation, the
phenomenon of the covering of the nozzle by ink accumulation is observed. A
typical example of wetting of the nozzle surface is reported in Fig. 22: the
progressive photograms represent the jetting mode in two different condition of
voltages applied to the piezoelectric, i.e. two different condition of pressures applied
into the ink accumulation chambers (see section 3.2. for the description of the jetting
mechanism and of the equipment). The surface wetting at the nozzle is more
pronounced when high voltages are employed (Fig. 22, a, b and c): the drops slide
over the mass of the accumulated ink, drastically changing its trajectory. However,
low voltages lead to the formations of satellites, because of the reduced drop
volumes and the prevalence of surface tension effects (Fig. 22 d, e and f). Moreover,
the application of a higher pressure during the jetting may cause a stretching and
strengthening of the polymer chains into the ink, resulting in a higher resistance to
the drop fragmentation in satellites.

After all, the voltage applied to the piezoelectric showed substantially variable
and not reproducible effects on the jetting mode, and the choice of a proper value
depends on the condition of the nozzle itself and of its periphery (a new cartridge
requires different jetting conditions by the old ones).

When the substrate surface is not properly “wettable” (low energy surfaces),
and the solvent evaporates slowly, the drops can freely slide over its surface and join

each other in one single drop. This phenomenon, known as coalescence of the drops,
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represents an obstacle to the high resolution of the printing, since most of the time
low energy surfaces are those of highest interest in organic electronics. In Fig. 24 the
phenomenon is illustrated, through optical micrographs and AFM images of a
coalesced printed square pattern (400 pm x 400 pum), before (Fig. 24 a) and after the
drying of the solvent (Fig. 24 b, ¢ and d): after the printing stage, the drops result
joined together in a single fluid mass, resulting in the loss of the predefined pattern
geometry and the gain of the typical hemispherical shape, determined by the surface
forces(isotropic on the substrate plane) acting on the fluid system (Fig. 24 a).
During the drying of the solvent, due to the high volume/surface ratio, to the
“pinning” of the solution on the substrate and to an prominent flow of the polymer
chains from the center of the fluid film toward the periphery, the typical deposition
defects known as “coffee stains” occur (Fig. 24 b) [98]. Moreover, after the thermal
treatment, a high density of holes are produced onto the pattern surface, due to the
evaporation of residual solvent trapped inside the polymer mass (high volume, low
surface extension) (Fig. 24 ¢ and d).

In order to avoid the coalescence of the drops, many different strategies have
been developed in this work: hydrophobic substrates have been treated with oxygen

plasma, in order to turn their surface into high energy and high wetting surfaces.

B
Annealing 110°C 1h
] 1

Fig. 24 optical micrographs of a coalesced PEDOT:PSS pattern, 400 um x 400 um,
printed over a SiCHj; substrate, before (a) and after (b) the thermal treatment. 3D
image (AFM, Tapping Mode) of local areas at the periphery (c) and at the center (d)
of the same pattern.
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This procedure not only promotes the pinning of the drops onto the surface
(avoiding the loss of the desired pattern geometry), but also produces a higher
spreading and the consequent thinning of the film (reduction of the volume/surface
ratio), accelerating the evaporation an allowing for more homogeneous and
reproducible films. For the same reason of above, the plate temperature during the
printing stage has been set to 60 °C + 70 °C. For what concerns the project of the
pattern, a long-spaced drops design has been used (drop spacing longer than the
limit defined by the occurring of coalescence), along with a multilayer deposition
strategy (to achieve the film continuity). The successive layers were deposited with
an interlayer delay, necessary for the partial or total pinning of the just printed drops,
before the covering with the new layer. The evaporation of the residual solvent has
been carried out with a thermal treatment under vacuum ambient at 110 °C for 1h.

In Tab 4 the optimization procedure of the printing, i.e. printing parameters, ink

formulation and treatments, are summarized.

printing parameters formulation and treatments

drop spacing 40 pm + 80 um vendor ink PEDOT:PSS 1.3wt.% in H,O conductive grade
n° of layers 6+12 formulated ink  vendor ink : HyOninipore:glycerol = 1:2 : 0.6 (V:V:V)
. surface
interlayer delay 60 sec + 120 sec Ox plasma
treatments
pattern .
voltage 25V +40V Annealing 110°C 1 h
treatments
plate temperature 60 °C +70°C
cartridge
35RE
temperature

Tab 4 summary of the main parameters of an optimized inkjet printing process of
the PEDOT:PSS Source and Drain in an OFET. The wide range of variability of
many parameters is related to the variability of the physical- chemical characteristics
of the surfaces involved.
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We discussed previously of the general interest for short length (L) channels in
OTFTs application (lower operating voltages, implementation of more transistors in
one chip, etc.) (section 2.6). For this reason the resolution in this work is generally
evaluated in terms of L.

Patterns with different geometry and configuration have been realized in this
work, employing substrates of widely different nature as SiO,, SiOH, SiCHa, PET,
PEN and PMMA (Fig. 25). For all the realized systems, a minimum channel length
of 10 um + 30 um has been realized. This result is ideal, if compared to the single
drop diameter (around 30 pm). Moreover, we were able to minimize the thickness
of the printed pattern, down to 50 um, that is a necessary condition to realize

effective bottom contact devices (see section 2.3).
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Fig. 25 optical micrographs of some of the realized PEDOT:PSS Source and Drain
patterns on different substrates.
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4.2 Pentacene based OTFT: control device realization and analysis

Through the collaboration with Professor T. J. Marks of Northwestern
University many control devices were realized (Fig. 26). The aim of this preliminary
phase was twofold: to learn the complex procedures that, all together, allow for the
realization of an OTFT; to obtain a feedback in terms of performance and
morphology of real standard devices. In fact, in this field of investigation, lab-made
devices are hardly comparable to literature, since one should account of the several
source of un-reproducibility characterizing every single step of the device
realization.

In the following, the common characteristics of the realized control devices are
reported:

= configuration: top contact

= substrate: Si p-doped wafer (gate electrode)

= dielectric: thermal SiO,, thickness 300 nm

= active phase: pentacene, PVD deposited (ultra-high vacuum, Thermal
Vapor Deposition); thickness 40 nm

=  Source and Drain electrodes: PVD deposited gold, patterned thorough
the use of shadow masks during the evaporation; thickness 50 nm. We
highlight that the single step deposition and pattering procedure
employed doesn’t ensure the high pattern resolution provided by the
lithography, since a prominent diffusion of gold under the masks is
expected, being the occurrence of the phenomenon dependent on the
deposition condition (in section 2.3 the consequence of the gold

diffusion on the contact resistance is discussed).

oro | [ oro
a) pentacene
Sio2
Si -P doped
[ oro | [ oro | [ oo | [ oro |
b) c) ene
Sio2 Sio2
‘ Si -P doped ‘ | Si -P doped ]

Fig. 26 scheme of the control devices realized in this work
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The presence (or absence, Fig. 26) of buffer layers represents the discriminant
character of the three realized controls. SAMs (self-assembled monolayers) of
HMDS (Fig. 26 b) [35] and OTS (Fig. 26 c) [34], were deposited, through
exposition to saturated vapors, between the dielectric layer and the active phase (the
role of the buffer layer is discussed section 2.2.2.1).

In order to evaluate the influence of the device configuration on the
performance of a pentacene based OTFT, the system reported in Fig. 26 b has also
been realized in a bottom “contact, bottom gate” configuration (Fig. 19¢ device 6).

Out of plane diffraction (WAXRD) investigation of pentacene over the different
substrates have been carried out (Fig. 27). In the spectra the peaks related to the
crystallographic distance (0 0 1) relatively to the “thin film phase” and to the “bulk

phase” of pentacene are visible.

1600
= == n5 vapor 40nm on bare oxide
= = = p5 vapor 40 nm on OTS
—n5 vapor 40 nm on HMDS
1200
[
o
o
2
E 800
400
0
0 5  diffraction angle (28) deg 10 %

Fig. 27 WAXRD “out of plane” of pentacene PVD deposited on bare silicon oxide,
on HMDS and OTS; for all the films the thickness is 40 nm
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contact . . Mobility
] ) dielectric layer , Ton/ Lot Vinreshold (V)

configuration (cm?vist

top contact SiO, 0.22 26 -66.6

top contact HMDS 0.33 2 x10° -16.8

top contact 0TS 0.43 4x10° -16.7

top contact D1400 0.43 3x10° -21.2
bottom contact HMDS 0.002 4 x 10* -24.3
bottom contact D1400 0.0001 3x10° 9.1

Tab 5 summary of the electrical performance of the control pentacene devices
realized in this work; for each device field effect mobility, modulation ration (Io./l4¢)
and threshold voltage are reported.

The spectrum relative to pentacene evaporated over SiO2 denotes a prevalence
of “thin film phase” (26 =), while in pentacene evaporated over the two SAMs the
“bulk phase” (26 =) seems to prevail, indicating a better molecular packing and a
minor lattice distortion due to the interaction with the substrate.

The electrical performance of the control device described above have been
evaluated in terms of field effect mobility, threshold voltage and modulation ratio, as

described in section 2.1.2 and summarized in

Tab 5.
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500 nm

500 nm . 500 nm

Fig. 28 AFM images of the surfaces of pentacene evaporated on OTS (a) and
HMDS (b); both the films are 40 nm thick

A good concordance between the electrical performance and the active phase

morphology in terms of grain size (Fig. 28) was found:

pentacene on the silicon oxide exhibited a satisfactory mobility, but
low modulation ratio and threshold voltage, as expected, indicating a
high traps concentration (e.g. hydroxyl groups) at the interface with the
dielectric layer and in the grain boundaries. The traps cause a delay in
the switching on of the device (high threshold), since the deep trap
states get filled before the accumulation of mobile carriers. Moreover,
the high off current denotes the presence of stable charge carriers
(more likely due to surface impurities) at the interface with the
dielectric layer;

the presence of HMDS enhanced the mobility, concordantly with the
better molecular packing and the improved crystallinity in the
accumulation layer. Moreover the modulation ratio was increased up to
10%: the presence of the buffer layer strongly reduces the interaction
with the substrate and the lattice distortion as a consequence. This
results in the removal of the stable charges at the interface responsible
for the off current and of the trap states responsible of the high
threshold,;
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= OTS results are not different from HMDS in terms of electrical
performance, as well as morphology of pentacene. An improvement of
the mobility was correlated to the slightly better morphology observed
in OTS with respect to HMDS (Fig. 28).

In addition, a polymeric dielectric layer from Polyera Corporation was
employed (see Tab 3) within the collaboration with Professor Antonio Facchetti: the
dielectric D1400 is a solution processed, cross-linked (by UV-curing) polymer film
with unknown chemical structure, but supposed to further enhance the pentacene
morphology, especially in terms of grain size.

The microstructure of pentacene over the D1400 is shown in Fig. 29: the grain
size is largely improved (the grain size is around 1 um in the cases of HMDS and
OTS, around 5 um in the case of D1400), and the big grain sizes allow for the
individuation of the mono-molecular layers composing the crystal structure.
However, as reported in

Tab 5, the mobility of those devices is not higher than that expressed by SiO2 +
buffer layer based systems (identical to that on the OTS), and both the modulation
ratio and the threshold are worse.

Although it is generally accepted that the grain boundaries are one of the main
limits for the high mobility, since it represents a big energy barrier for the hopping
of the charge carrier (see section 2.1.1), however, in this case, an improved grain
size doesn’t go along with the better performances. Apparently, this fact is
contradictory, however elsewhere a substantially negligible influence of the
microstructure of pentacene on its electric performances was highlighted, ascribed to
the good percolation path offered by the very first layers - where actually the
transport occurs - independently from its granularity [32]. We have not enough data
to speculate on this argument, however it seems like the grain boundaries are
important but not the only factor affecting the performance of a pentacene film. The
knowledge of the early stage of growth of pentacene may represent an advancement

in the interpretation of this kind of behaviors.
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Fig. 29 AFM images of evaporated pentacene on the cross-linked dielectric polymer
D1400; scan sizes; 15 um x 15 um (a) and 5 um x 5 um (b).

We now want to discuss the “bottom contact, bottom gate” devices realized in
this work and compare to the “top contact” correspondents. Notice that identical
growth conditions and substrates for both top contact and bottom contact analogue
device were employed, the only difference lying in the presence (bottom contact) or
not (top contact) of the pre-patterned gold electrodes on the substrates. As shown in
(

Tab 5), low performances are exhibited by the “bottom contact” OTFTs, even 2
or 3 order of magnitudes lower than the “top contact”.

In Fig. 30 the granular microstructure of pentacene in the bottom contact
devices is reported. Concordantly to the performance, the pentacene granular
structure looks small and chaotic. Moreover, in the case of HMDS treated substrate,
the grains sizes increase, going from the contacts areas toward the center of the
channel, on the contrary, in the case of polymeric dielectric D1400 substrate the
grains remain small and unchanged. It appears clear by the above observations that
the presence of the pre-patterned gold in the substrate surface affects the pentacene
morphology at least in the contacts areas, and the charge transport as a consequence,
as discussed in section 2.3: pentacene lies “flat on” in the high energy gold surface,
causing the poor crystallinity (see the section 2.2.2.1 for the structure of the crystal
cell of pentacene) addressed to be the origin of one of the main bulk component of

the contact resistance (“low mobility phase” or “blurred edge region™). Going back
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to the comparison of the granular structures of pentacene on HMDS treated substrate
and on D1400 substrate, the differences are more likely caused by the different
resistance of the two substrate to the gold diffusion under the masks during the
deposition and patterning of the gold electrodes, i.e. the amount of gold contaminant

on the substrate free surface [74].

Section Analysis

.....

Fig. 30 AFM images and section analysis of the microstructure of pentacene
evaporated at the interface gold/D1400 (a) and gold/HMDS (b) in bottom contact
bottom gate devices
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4.3 Pentacene from solution processed SAP and gold electrodes

The same device structure of the previous section has been coupled with a
solution processed pentacene active phase, realized by conversion of the adduct
SAP, a pentacene precursor discussed in section 2.2.2.1. The SAP conversion is
described in section 3.2. Tab 6 shows the values obtained for the field effect
mobility, the modulation ratio and the threshold voltage with:

e deposition method
e solution concentration
e solvent
e dielectric/SAM (when employed)
for all the devices reported in Tab 6 the device configuration is bottom contacts

bottom gate (devices 3 and 4 of Fig. 19 c).

- ) i Mobility
Deposition method dielectric o et Lon/ Lot Vinreshold (V)
(cm*V=s™)
Spin coating 15 mg/ml in . 4 5 B
chloroform SiO, + HMDS 3x10 1x10 35.7
Spin coating 15 mg/ml in Si0, + HMDS 0.002 6x10° 245
chloroform 2 Layers
Spin coating 15 mg/ml in 5
chloroform 2 Layers D1400 1x10 10 -21.2
1 pl drop casting, 5 mg/ml in Si0, + HMDS 0.001 2 243
exane
1 pl drop casting, 5 mg/ml in i
exane D1400 5x10 4 22.1
1pl drop_castl_ng, 10 mg/ml S0, + HMDS 0.005 6x10° 54
in anisole
1 ul drop casting, 10 mg/ml SiO, + HMDS 3 R
in anisole +thiol 0.003 6x10 102
1 pl drop casting, 10 mg/ml 5
in anisole D1400 3x10 10 2.8

Tab 6 summary of the electrical performances of SAP derived pentacene device in
bottom contact configuration.



4 Description and Discussion of the Results

Also the top contact electrodes configuration has been realized. However, these
devices are found to be inactive, presumably due to the poor injection characteristics
of vapor-deposited gold on the rough converted pentacene surface (rms roughness
~150 nm), reflecting pentacene island formation (see section 4.5). Rough
semiconductor surfaces depress effective metal/semiconductor contact area and
reduce conductivity [139].

The bare SiO, device (Fig. 19 ¢ device 3) exhibited really low performances
(M=4x10"° cm?V's™), inducing to the exclusive use of HMDS buffer layers for the
following OTFTs, as reported in In Tab 6. However, by Tab 6 analysis, still low
performances and low reproducibility are encountered, along with a strong
dependence from the deposition process parameters, that seem to rule the film
morphology. Spin coating of the active phase in a volatile solvent on HMDS
substrate doesn’t provide an adequate film compactness and continuity; being this
observation reinforced by the better performances of double deposited layers (in Tab
6, 2 Layers). Moreover, the low reproducibility is also due to the extremely low
surface energy of the HMDS, that doesn’t ensure the success of the spin coating of
small molecules, resulting generally un-homogeneously deposited on the substrate.
The drop casting deposition method was shown to be more effective for the active
phase, especially if high concentration and high boiling point solvent (anisole) are
used.

However, the maxima values reported in Tab 6. ,though scanty, were coherent
with evaporated pentacene devices realized in bottom contact configuration (section
4.2), showing mobility within 102 cm?V?*s? and 10° cm?V?'s, and totally similar
thresholds and modulation ratios. So that, low performances are likely ascribable
again to gold electrodes surface effect, as described in section 4.2. This is
uncomfortable if one considers that, in the case of evaporated pentacene, bottom
contact is an amusing option, but in the case of solution processed, SAP derived,
pentacene, bottom contact is a must, because of the high roughness of the active
phase. As a further proof of the perfect analogy of the phenomena occurring in the

two cases (evaporated pentacene / SAP derived pentacene, on gold electrodes),
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D1400 dielectric polymer has also been employed: as expected, the mobility resulted
further reduced by the higher gold contamination of the substrate (see Tab 6).

It is necessary to remember that in other reports, where both evaporated and
SAP derived pentacene are integrated, a multistep onerous but effective process has
been used to realize S/D electrodes in a bottom contact configuration, i.e., by
introducing gold deposition, photolithography, and lift-off patterning, and the
resulting pentacene mobilities are comparable to the best reported in the literature
[140]. Thus, it must be clear that the S/D electrode resolution plays an important role
in the bottom-contact configuration, and the use of shadow masks in a single step
patterning process may result in low performance due to the high gold
contamination of the channel [141].

OTFT performance parameters, including field-effect mobility (i) and threshold
voltage (V+1), were extracted from the transfer characteristics of the transistors.
Exemplarily, in Fig. 31 the transfer characteristic and the output curve of device 4 of
Fig. 19 c is reported. In the saturation regime, the drain-source current (Ipg) is

expressed as eq 1.3. From the (Ips)*?

vs Vg fit to eq 1.3, a straight line with the slope
proportional to the field effect mobility is obtained. By fitting the data in the
saturation regime to eq 1.3, pe=0.0016 cm® V' s and V1=-24.6 V are obtained,
With Lon/loge ~10°.

Output curve exhibits the typical attributes of a high contact resistance: non-
zero starting of the curves and strong deflection at low values of Vps, delay in the

occurrence of the saturation regime, increasing of the delay with V.

1,0E-06 0,001 -3,0E-07
a) g b)
110
90
-2,0E-07
! 70
0,0006
1,0E-08 &
—_ g
< s -50
8 g -1,0E-07
\ = <
\ 0,0002 e
N 3 -30
\
1,0E-10 0,0E+00
-60 -40 Vi 20 Ve 0 20 0 20 40 -0
Ve (V) Vs (V)

Fig. 31 transfer characteristic (a) and the output curve (b) of device 4 of Fig. 22 c,
employing SAP-converted to pentacene and evaporated Au source and drain
electrodes
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4.4 Pentacene from solution processed SAP and inkjet printed
PEDOT:PSS electrodes

a) b)

Fig. 32 Optical micrographs of a) an inkjet printed PEDOT:PSS channel (L = 100
pm; W = 1000 pm). The arrows mark the gold lead contacts; b) the same device
after SAP deposition and its thermal conversion to pentacene.

Fig. 32 shows optical micrographs of a representative bottom-contact OTFT
realized using converted SAP as the semiconductor and inkjet printed PEDOT:PSS
S/D electrodes. Fig. 19 ¢ shows the structure of a device with an average electrode
thickness of ~40 nm, channel length of ~100 um, and channel width of ~1.0 mm
(device 1). Gold leads for facile engagement with the source-meter unit are also
shown. After OTFT fabrication, the response of devices 1 were measured in air and
the transfer characteristic and the output curve are reported in Fig. 33.

The calculated values for the field effect mobility, the threshold voltage and the
modulation ratio (lon/logr) are surprisingly good: 0.27cm*Vis? -4.25 V, 10°,
respectively.

Although our study is centered on the electrode/semiconductor organic
interface, we believe that the observed device behavior could be further improved by
limiting the observed leakage currents (see Fig. 33 b). Several papers report on
possible methods to reduce leakages and further studies are needed also in view of
realizing fully organic devices with high-quality dielectrics (see section 2.5). More
interestingly, by analyzing the transfer characteristics, it can be seen that this device
exhibits a positive V,, of ~10 V. Numerical simulations indicate that this type of

onset shift is caused by acceptor-like states deep in the band-gap [142,143]. Several
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studies show that such acceptor-like states are frequently induced by O, and/or water
incorporation in the organic semiconductor films [144]. Moreover, in some
pentacene films, this behavior appears to result from non-uniform doping, with O,
incorporated in areas of low structural order, and dependent on the film and contact
morphology [145]. Also, the PEDOT:PSS morphology could conceivably affect the
aforementioned acceptor-like states, since previous studies demonstrated a vertical
segregation of PSS at the top layer, and thus a PSS protonation doping mechanism at
the PSS/pentacene interface may be expected [146]. This is also in agreement with
recent experiments employing a PEDOT:PSS/poly(9,9-dihexylfluorene) (PF) or a
PEDOT:PSS/poly(9,9-dioctyl-fluorene-cobithiophene) (F8T2) contact layer acting
as an electron trapping surface, which favors the accumulation of negative charges
and thereby the presence of an additional electric field at the interface [147,148].

Note that devices 1 show mobility and I/l comparable to the best-performing
SAP-derived OTFTs (in which lithographic and lift off processes are employed for
the gold patterning), with improved threshold voltages, despite the larger channels
and untreated SiO, dielectric surfaces. They are also comparable to the best top
contact vapor deposited pentacene devices.

No evidence of a high concentration of trap states (as expected by the bare SiO,
substrate employed) were detected, nor at the dielectric/active phase interface,
neither at the electrodes/active phase interface (as a reference, refer to section 4.2,

device with no buffer layer).
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Fig. 33 Transfer (a) and output (b) curves of OTFT employing SAP-derived
pentacene and inkjet printed PEDOT:PSS source and drain electrodes (device 1).
Leakage currents are reported at the different Vg values by the dashed lines in b.

This statement is based on the observation of a high modulation ratio and of the
fast switching on of the device (V+ surprisingly close to zero). Most importantly, the
good mobility along with the fast onset also account for a negligible contact
resistance, that represents an advancement also with respect to the best gold
photographically patterned OTFTs.

The depletion layer, generally associated to the low mobility region of a
polycrystalline active phase, in the gold proximity, in a bottom contact device (see
sections 2.3, 4.2, 4.3), is mostly considered the main factor inducing a bulk
component in the contact resistance. By contrast, the superior performances of the
bottom contact devices realized with PEDOT:PSS organic electrodes are most likely
related to the better uniformity and continuity of the active phase crystal lattice in
the electrodes proximity, reducing (or removing) the low mobility regions. This
hypothesis stimulated the original morphological investigation reported in the

following section.
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4.5 SAP converted to pentacene: morphology and microstructure

To understand how PEDOT:PSS electrodes enhance the OTFT performance of
bottom-contact devices and to determine whether there are correlations with the
semiconductor film microstructure, the morphological features of SAP derived films
were investigated. Fig. 34 shows the AFM images of a SAP film spin-coated on
Si/SiO2 (Fig. 34 a), and the corresponding pentacene layer obtained after thermal
conversion (Fig. 34 b). For a 160 nm thick film on Si/SiO2, a rms roughness of
0.765 nm is extracted from the images, while after conversion, the pentacene films
are characterized by a highly columnar growth mode leading to disconnected islands
widely distributed in lateral size and up to 500 nm high (Fig. 34 b). Moreover, a
continuous polycrystalline film structure surrounding and/or underneath the islands
(Fig. 34 e) is also present. This phase has small grains (~ 20 nm wide), a rms

roughness of = 5 nm, and a thickness of ~60 nm.

Fig. 34 AFM images of a) SAP spin-coated on silicon dioxide; b) the corresponded
film converted to pentacene at 150 °C for 30 min; c) a single island from image b) in
a 3Dview; d) expanded image of a selected region of image c); and e) the
polycrystalline phase surrounding and/or underneath the islands. z scale: a) 5 nm; b)
500 nm; ¢) 1 um; d) 20 nm; and €) 50 nm.
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Out-of-plane wide-angle X-ray diffraction (WAXRD) measurements were
performed on both precursor and converted films (Fig. 35), revealing the amorphous
nature of the precursor and the highly crystalline nature of the converted pentacene.
Narrow peaks corresponding to the (0 0 1) reflections of the pentacene “bulk phase”
(see section 2.2.2.1) are clearly visible. However, in contrast to PVD-derived
pentacene films grown on SiO,, the pentacene “thin film” phase is not detected by
WAXRD. [17]. This is consistent with  WAXRD results from other groups
suggesting the formation of typical terrace-like 3D crystal with the crystallographic
ab plane parallel to the substrate surface [17]. The absence of “thin film phase” in
SAP derived pentacene, coming out from “out of plane” investigation is also
reported in another work [46]. Moreover, the in-plane GIXRD spectra exhibit (00I)
reflection components, indicating tilting of the pentacene crystallographic ab plane
with respect to the substrate surface, along with a disordered growth in the thin film
phase [43]. Indeed, the AFM images (Fig. 34 d) confirm the terrace-like growth
mode leading to pentacene islands, characterized by 1.5 nm step heights that are

approximately one inter-planar repeat distance in the pentacene “bulk phase”.
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Fig. 35 Out-of-plane WAXRD spectra of an unconverted SAP film (gray line); an
SAP film thermally converted to pentacene (black continuous line); and a 40 nm
thick vapor-deposited pentacene film (black dashed line).
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Fig. 36 below compares the AFM images of SAP derived pentacene films on
bare Si/SiO2 (Fig. 36a), on PEDOT:PSS (Fig. 36 b), and on gold (Fig. 36 c). No
obvious morphological differences are apparent in these films. To elucidate possible
differences in the growth mode during SAP conversion and related surface and
interfacial effects, thin films of SAP were grown by spin-coating dilute chloroform
solutions on Si/SiO, substrates which supported either PVD Au or inkjet printed
PEDOT:PSS electrodes. At first, 6 mg/mL solutions were used, and 40 nm thick
SAP films were obtained by spin coating. On thermal treatment (120 °C, 30 min),
pentacene islands up to 300 nm high with lateral sizes ranging from hundreds of
nanometers to few micrometers are obtained. Interestingly, no significant
differences are observed in the pentacene island morphological features at the edge
perimeters of either the SiO,/Au or SiO,/PEDOT:PSS interface (Fig. 37 a, b below).
This result indicates that the island formation is not critically affected by the surface
chemistry, suggesting that growth occurs on the surface of an organic layer
(converted/non-converted SAP) in direct contact with the inorganic surfaces.

Note that enhanced electronic performance along with better pentacene
morphological uniformity across the channel and the source/drain gold contacts was
previously reported for SAP conversion in sub-micrometer channel devices [46].

Fig. 36 AFM topographic images of pentacene converted from SAP: a) in the
channel; b) on a PEDOT:PSS electrode; and ¢) on gold; z scale: 500 nm. Bottom:
expanded images in selected regions are reported to show the polycrystalline phase
underlying/surrounding large islands; z scale: 50 nm.
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Nevertheless, considering the OTFT channel lengths used here, a continuous
charge carrier percolation pathway is obviously required through the polycrystalline
film, since the large islands are randomly separated. Moreover, any field-induced
carrier accumulation would be confined within the first layers of the semiconducting
film, and, as reported above and in agreement with literature data, the pentacene
islands would more likely be on top of a thin polycrystalline layer [43].

To investigate in more detail the early growth stages of the thin organic layers
in direct contact with the dielectric as well as with the S/D surfaces and interfaces,
the polycrystalline pentacene phase was grown using a more dilute SAP chloroform
solution (3 mg/mL), yielding film thicknesses of 7-10 nm (measured by AFM), and
nucleating only small islands (hundreds of nms). To aid in comparing the effects of
different electrode types on OTFT response, Fig. 38 shows the organic layer film
morphology grown on device types 1 and 3 represented Fig. 19 c. Note that there is
no evidence for “layer-by-layer” growth of polycrystalline pentacene on SiO2 (Fig.
38 e). However, the SAP-derived pentacene films on SiO2 exhibit a “defect
assisted” regime that induces the growth of the upper layers before completion of
the first ones, leading to a disordered film structure. Moreover, note that at this
thickness (a few nms), hundreds of nm-scale pentacene islands are already observed,
indicating that the islands and polycrystalline phase grow concurrently, beginning in
the early growth stages. In the case of device 1, the thin pentacene layer exhibits a
very similar morphology along with good morphological continuity and uniformity
either across the channel or on the PEDOT:PSS electrodes and at their interface
(Fig. 38 a,b).

Fig. 37 a) Island morphology of SAP films thermally converted to pentacene at the
interfaces: a) Au/SiO,; b) PEDOT:PSS/SiO,; z scale: 500 nm.
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In marked contrast, small disconnected mound-like particles of pentacene are
visible on the Au electrode of device 3. Moreover, at the edge region (Au/SiO,
interface), there is no evidence of the pentacene layer, and the morphology of that
region closely resembles that of free gold particles (Fig. 38 c,d). A continuous
pentacene polycrystalline phase is only observed several ums far from the Au edge
within the channel. The above morphological features, including the discontinuity at
the “blurred-edge” (see section 2.3), emphasize the decisive effect of the gold
surface in the assembly of the pentacene layer. This in turn explains the poor OTFT
performance, arising from the poor pentacene crystallinity at the gold electrode edge

and consequently, the limited charge injection into such devices (section 4.3).

Fig. 38 AFM images of the early growth stages of converted pentacene from SAP
within different regions of device 1 and device 3: a) on the PEDOT:PSS surface in
device 1; b) on the PEDOT:PSS/SiO2 interface in device 1; ¢) on the gold surface in
device 3; d) on the blurred region at the gold/SiO2 edge in device 3; and e) on the
channels; z scale: 20 nm.
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4.6 Implementation of staggered, flexible, fully organic OTFTs thorough
the employment of a polymeric active phase.

The high versatility of inkjet printing thecnology, along with the good results
obtained by the introduction of inkjet printed PEDOT:PSS electrodes into the
pentacene-based OTFTs architecture, induced the attempt of extending the use of the
inkjet printing technology to all the parts of the devices, made on flexible substrates.
In fact, a “fully printed” technology may be a necessary step to go toward the roll-
to-roll continuous production, that requires the processability by solution methods of
each part of the device. In order to achieve the goal of the realization of flexible
fully printed devices, many factors configures the employment of polymeric
materials as more than an opportunity: over all, the ease of their processability, and
the ability to don’t deteriorate their physical characteristics after flectional or
torsional strains. Diversely, the use of small crystalline molecules for the same
purpose makes necessary complicated procedures for the embedding of the active
phase, in order to cancel any stress on the polycrystalline structure even if flexed.
Moreover it is not unusual that, in a polymeric structure the charge transport is
enabled also in an amorphous state (see section 2.2.2.2), that further reducing the
dependence of the device performances on any form of physical stress.

As a reference for the typical issues related to the fabrication of integrated
circuits highly stable when flexed, we remand to a recent (2010) work of Tsuyoshi
Sekitani et al. [149]. By considering the mentioned work, it appears clearly the big
advancement that may be represented by the employment of organic inkjet printed
electrodes into this technology, even if still a long way to the signal speed
optimization must be covered.

Within the collaboration with Polyera Corporation (still in progress) and
Professor Antonio Facchetti, we developed a preliminary phase of analysis of the
compatibility between the inkjet printed PEDOT:PSS electrodes with a polymeric
semi-crystalline p-type semiconductor, in production there: Activink™ P2100.
Unfortunately, the chemical structure is unknown, being covered by industrial

agreement of secrecy.
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Fig. 39 schemes of the staggered OTFTs, employing Activink™ P2100 as the active
phase, realized in this work: hybrid device (a);”fully organic” device (b).

All we know about this molecule is that its behavior has been seen to be
optimized in a staggered configuration, that the expected mobility in a gold
electrodes, flexible, staggered device is around 1 cm®V'S™ and that the expected
modulation ratio is between 10* and 10°. We will not focus on the charge transport
mechanism acting in the realized devices, because there is still a big lack of
knowledge about it. However, this experience demonstrated our ability to process a
fully organic device by exclusive solution approach. The way we realized the
device is summarized in section 3.2, and the realized architectures are schematized
in Fig. 39.

An hybrid device (Fig. 39 a) and an analogue “fully organic” (Fig. 39 b),
substituting the SiO2 substrate with a PEN foil, were realized. The obtained

performances are summarized in Tab 7.

dispositivo mobilita (cm?V-181) | B 1 Vireshora (V)
Fig. 42 a 0,85 1X10° -4
Fig. 42b 1,3 1X104 16,2

Tab 7 summary of the performances in the saturation regime of the devices
schematized in Fig. 39.

By the evaluation of the mobility values, the modulation ratios and the threshold
voltages, and by the observation of the transfer and output curves illustrated in Fig.
40, many consideration are possible: at first, the devices behaved totally similarly to
the traditional devices employing gold contacts. Only a slight increment of mobility
can be noticed in the case of flexible substrate. The onset behavior and the good
thresholds testify of the small contact resistance characterizing both the realized

OTFTs. This is not a surprise, since we already referred of the good effects on Fermi



4 Description and Discussion of the Results

level alignment phenomena if organic electrodes, when compared to the metallic
counterpart (see section 2.3). the smallest modulation ratio in the case of flexible
substrate denotes the presence of some leakage current thorough the gate dielectric.
The onset is positive in both the devices, as noticed in the hybrid pentacene device
showed in section 4.4. Again, we ascribe to the PSS rich layer at the interface with
the dielectric the presence of acceptor-like deep states causing this phenomenon.
Finally, small attention can be paid to the slightly enhanced mobility of the
flexible device. It is probably a not reproducible effect, however it is also possible
that the different wetting characteristics of the diverse substrates causes a different
active phase thickness. In this case an effect of thickness on the contact resistance is

expected, and on the overall performances as a consequences.
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Fig. 40 transfer and output curves of the devises described in Fig. 39a (a,b) and in
Fig. 39b (c,d)
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4.7 Programmable surface-architectures derived from hybrid
polyoxometalate-based clusters

The exploration of the self-organization of a range of the polyoxometalate-
based molecular structures reveals a diverse range of surface patterns and
morphologies on solid substrates of technological interest, including methylated and
hydroxylated silicon surfaces (namely SiCH3; and SiOH). By exploiting the interplay
between the intrinsic molecular properties and the surface chemistry as well as
dynamic spatio-temporal phenomena (e.g. dewetting), we show that these systems
can yield 0D, 2D and 3D architectures via solution deposition at the solid surface,
including nano-dots, discs, lamellas, porous networks and layer-by-layer assemblies.
In general, we observed that layer-by-layer growth is a common feature on low
surface energy SiCH3. In addition, the polyoxometalate derived architectures are
able to effectively modulate the drop spreading dynamics on high surface energy
SiOH, so that dewetting induces the formation of nano-dots from dilute solutions of
the precursor POM hybrid, whereas a high concentration results in the formation of
complex architectures whose shape depends on the molecular structure of the POM-
based building block utilized. Finally, we show that hybrid POM derivatives with
one or more functional moieties can be organized in an ordered fashion thus yielding
interesting model systems for the assembly of POM-based multifunctional
nanostructures on surfaces.

This investigation has been developed in collaboration with the group of
Professor Leroy Cronin, (University of Glasgow, Chemistry Department) and
resulted in a publication accepted and published ASAP in the Journal Of Physical
Chemistry C with the title “Programmable surface-architectures derived from hybrid

polyoxometalate-based clusters”.
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4.7.1 Layer-by-layer assembly of POM-based systems on SiCH;

Drop casting by acetonitrile based solution on SiCHj; gives rise to patchy
architectures whereby good control of the thickness and uniformity of the POM film
is not achieved. This is likely due to the dynamics of the deposition governed by the
low wettability (the water contact angle on SiCH; is about 90°), producing
remarkable concentration gradients and thermal fluctuations into the fluid during the
drop evaporation [150]. As a consequence, large scale images result in structural in-
homogeneity, where the main growth features of compounds 1-7 (see the molecular
structures in section 3.3) on SiCH; can be characterized by analyzing the thinnest
regions at the substrate surface, see Fig. 41.

Independently by their chemical structures, all the studied POM systems show a
Layer by Layer (LbL) growth mode, with the related structures being generally

associated to a 3D terraced-assembly-mode [151].

ot 1nm

. 1nm
3

Fig. 41 SFM images and section analyses along the dashed lines of compounds 1 - 7
(a - g, respectively) drop cast on SiCHs.
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Section analysis emphasizes the presence of both monolayer and multilayer
steps whereby the step height of the terraces is not greatly affected by the thickness
of the film. In particular, the growth mode of 1-5 appears to be the result of a
physical effect governed by “step bunching” defects [152,153].

These phenomena are generally associated to an inefficiency in the molecular
step down process characteristic of a LbL growth mode. In particular, due to the
presence of an Ehrlich-Schwoebel step-edge barrier, the ascendant molecular flow
prevails on the descendent one allowing for a significant molecular nucleation over
the terraces as evidenced by the features seen in Fig. 41 [151].

A pictorial sketch showing a possible molecular orientation of the different
systems investigated is reported in Fig. 42 as a result of the comparison between the
observed SFM step heights and the molecular dimensions of the POM clusters.

In the case of compounds 6 and 7, the 4-5 nm tall steps are consistent with
monomolecular layers with the long molecular axis perpendicular with respect to the
substrate surface.

Such a picture allows to state that when such a low energy surface is employed,
a layer-by-layer architecture is obtained for all the POM compounds studied, with
their intermolecular interactions playing a major role with respect to the substrate

surface forces.

Fig. 42 Pictorial sketch showing the LbL organization of POM based compounds on
SiCHjs. In the inset the proposed molecular orientations within the terraces are
reported.
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4.7.2 Dynamic surface assembly of POMs on SiOH

While low energy SiCH3 seems to act as an inert support for the assembly of
compounds 1-7, high energy SiOH should have more influence in tuning the
structural organization of these systems.

Indeed, when POM solutions are dispensed onto SiOH, high spreading occurs,
the water contact angle of this surface being typically less than 10°. In contrast to
SiCHj5, a wide structural homogeneity has been typically observed in the whole drop
area. We typically checked by SFM the nanoscale morphology of different points
inside an area of tens of mm? spanning from the inner part of the drop to its
periphery and only at the very peripheral zone of the drop different arrangements
can be somewhere observed due to the occurrence of well-known [98,154] chemical
gradients and fluxes at the peripheral ring of the evaporating drop.

It is interesting to note that the drop spreading at the solid surface interface has
been observed to be strongly dependent on the POM concentration. In Fig. 43 the
dependence of POM concentration on the drop spreading is qualitatively presented.
In particular, a significant change of the drop contact area and evaporation time is
observed by drop casting POM solutions with increased concentration from 0
mg/mL (pure solvent) to 1 mg/mL. For example, cluster 1 gives contact diameters of
7 and 11 mm along with evaporation times of 10 and 7 sec respectively for 1 ul drop
solutions of 0.1 and 1 mg/ml, while 1 pul drop of pure acetonitrile spreads with a
contact diameter of 3.5 mm evaporating in 15 sec. The above behavior resembles
that dealing with the spreading of nano-fluids such as dispersion of nanoparticles on
a solid surface. It has been observed that the presence of nanoparticles promote the
spreading of a drop on a high energy surface and this was ascribed to the formation
of a 2D solid-like region at the three phase contact line, that produces the advancing
of the contact line and a stepwise thinning of the film [155].

Furthermore, dilute solutions (0.1 mg/mL) of all the POM-based systems here
investigated aggregate to yield OD nano-dots (see Fig. 43 b for 1). This common
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feature can be explained by film instability during the evaporation resulting in a
dewetting process.

Indeed, during dewetting, the rupture of the liquid film induces hole formation
at first and then the growing holes evolve into a network of liquid rims that finally
break into droplets [156].Thus, simply by varying the POM concentration in the 0.1
- 1 mg/mL range, we were able to change the dynamic behavior switching from an
unstable condition of thicker solution films (dewetting-induced nano-dots) to a high
wetting and large spreading condition that induces self-organized architectures very
sensitive to the peculiar POM structure, whose formation can be explained in terms
of structural forces promoted by the formation of ordered thin layers and giving
stability to the system [157]. This is also supported by the large spreading observed
at increased POMs concentrations [158].

In this respect, it can be anticipated that POMs show the peculiarity to finely
tune the spreading of fluids on hydrophilic surfaces along with the fluid dynamics
and further studies are needed for their application, for example as spreading agents
which are of importance in the areas of nano- and microfluidics, surface coating,

adhesion and so on.
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Fig. 43 Scheme of the concentration effect on the drop spreading along with the
resulting structures: a) pure acetonitrile solvent; b) 0.1 mg/mL POM solution in
acetonitrile gives dewetted nano-dots (the related SFM image for 1 is exemplary
shown, where 5-15 nm tall and 100-300 nm wide nanodots are observed with a
density of about 4 dots per um?) ; ¢) 1 mg/mL POM solution in acetonitrile resulting
in large spreading along with POMs-dependent self-structuring.
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The dynamic nature of this phenomenon allowed us also to tune the structural
shapes by changing other time-dependent parameters like the evaporation rate. In
particular we performed drop casting experiments under a saturated solvent
atmosphere. While in the above experiments the rate at which the liquid-vapor
interface approaches the substrate is predominant with respect to the diffusion rate
of POMs within the drop, whenever the evaporation rate is slowed down the
assembly dynamics is expected to be governed by diffusion. [159] So that we found
the formation of different structures by slowing down the evaporation time up to
several minutes exploiting an acetonitrile saturated environment. These include
dendritic structures which are just typically observed in diffusion limited
processes[160].
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4.7.3 Tuning the supramolecular architectures of different POMs by
high wetting conditions

POMs with different chemical structure like clusters 1, 2 and 3 show different
supramolecular architectures on SiOH under high wetting condition. By comparing
the peanut-like shape of cluster 1 with the atypical shrink-wrapped and planar
discoid shapes of cluster 2 and 3, respectively, we focus on the role that the
structural features of these clusters may play on their surface assembly behavior.
Such an interest arises due to the fact that different Dawson-types show a very
similar peanut-like shape but have different compositions, yet revealed the same
morphology when drop cast on SiOH.

As shown in Fig. 44, cluster 1 on SiOH reveals a porous 3D network consisting
of 20 - 200 nm wide and about 1 nm deep holes (see section analysis in Fig. 44 b)
and SFM scratching showed an average film thickness of about 4 nm. By
considering the cluster dimensions and the above data, Fig. 44 ¢ schematizes a
picture in which POM molecules could be arranged into a 3D layer-by-layer
configuration where a single layer is imagined to be composed by inter-connected
POM molecules having their molecular main axis almost parallel to the surface
plane.
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Fig. 44 Compound 1 drop cast on SiOH. a) SFM image; b) Section analysis along
the dashed line marked in a); c) Picture sketching the intermolecular lateral
interaction in the ultimate layer of the POM layer-by-layer deposit.
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The plausibility of such a scenario is aided by considering the possible H-
bonding interactions between the clusters, leading towards chain structures as shown
in the solid state by single crystal X-ray data of this compound [132]. Accordingly,
the TBA cations, which can undergo C—H---O H-bonded interactions with the
cluster oxygen ligands [161] are expected to be occupying the space between the
adjacent cluster units. But a further important factor for the observed assembling
behavior can be ascribed to the strong POM-surface interaction arising due to the
hydrophilic character of both systems, i.e. the arrangement in which the cluster axis
parallel to the surface maximizes the cluster/surface contact.

The surface assembly formed by cluster 2 (see Fig. 45) on SiOH shows a grape-
like arrangement of pancake-like POM structures (Fig. 45 a). The zoom-in (Fig. 45
b) shows the details of these large structures, with the average dimensions of 700 nm
tall and 1500 nm wide, which in some cases seem to be slightly deformed due to the
pressure from the neighbouring architectures. Moreover, the presence of these
peculiar structures point to a remarkably low affinity between the Dawson-like
cluster 2 on SiOH, and a similar effect has been observed for rigid-rod conjugated

organic-inorganic hybrid POM nanodumbbells [162].
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Fig. 45 Compound 2 clusters drop cast on a SiOH-rich surface. a) SFM image of the
grape-like arrangements; b) zoom in a restricted representative region of a); ¢) SFM
image of representative layered screw structures obtained upon thermal treatment; d)
pictorial sketch showing the morphological transition by a fully compact pancake-
like structure to a layered screw, obtained by thermal treatment.
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Here, the authors proposed a rough self-assembly process, whereby the anions
and cations present in these compounds exist as single ions in polar solvent, attract
each other via electrostatic interactions during the volatilization of the solvent. Such
an interpretation was supported by the fact that these aggregates were not formed in
solution and that their aggregation occurred on different substrates (silicon, HOPG,
carbon-coated copper TEM grid) showing a poor influence of surfaces on their self-
assembly. This seems not to be the case for our systems as remarkable surface
effects are observed depending on both solution concentration and surface
hydrophilicity (see above describing different behavior on SiCH3).

Moreover, differently from the various vesicle structures reported starting from
POM building units [163], whose formation is in some case guided by surfactant
cations in solution [164], the structures observed in Fig. 45 a-b are found to be fully
compact as indicated by SFM scratching experiments.

Thus, the removal of hundreds of layers by pushing the SFM tip against
individual pancake structures results in the visualization of massive structures
thereby consisting of close-packed molecules more likely arranged as schematized
in Fig. 45 d. Also, thermal treatment (200 °C for 5 minutes) of these systems led to
the formation of layered screw dislocations (Fig. 45 c) and/or defined planes of
crystallization which corresponds to the thermal oxidation of the encapsulated sulfite
ions [165] as well as to an energy minimization effect of the self-assembled
structures. Indeed, crystallization onto surfaces is generally referred to the formation
of solid crystals by reorganization of previous deposited thin films. Nano- and
micro- crystals can develop in different shapes and dimensions, and this pancake-to-
plane transition appears to be an unprecedented example. The same thermal
treatments do not give rise to any significant modification of the assembled
structures for the other compounds studied here.

Note that compound 2 differs from the others also for the counterion
(tetrapentylammonium instead of TBA). Interestingly, by coupling compound 2 with

TBA the same pancake-like structures, which crystallize in squared screws after
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thermal annealing, are observed. Thus, in this case we may conclude that the anion
plays a major role in the surface assembly phenomenon.

The morphology formed by the surface assembly of cluster 3 on SiOH is shown
in Fig. 46 whereby the tendency to form spiral-like architectures within micrometric
grains is observed (in Fig. 46 a and in its magnification of Fig. 46 b). The spirals
(see the dashed line in Fig. 46 b) consist of wrapped and flexible planes with a
typical monomolecular inter-planar distance of 0.8-1.2 nm which is consistent with
the diameter of 3. Moreover the presence of dislocation defects is highlighted by the
arrows in Fig. 46 b. This observation is interesting since the formation of
monomolecular planes is a peculiarity of cluster 3 that, differently from clusters 1
and 2, is discoid-cage shaped. Moreover, a close look at the chemical structure of
this system suggests that the disc-to-disc interaction might be strengthened by
hydrogen bonds between the organic pendants and adjacent clusters via C-H...O=Mo

interactions.

10 nm

Fig. 46 Cluster 3 drop cast on SiOH surface: a) SFM large scale image; b) zoom in a
restricted region of a)
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4.7.4 Improved lamellar rigidity from clusters with organic tails

The interesting lamellar assembly of cluster 3 pushed us to find out some
strategy to modulate the planar rigidity. In particular we inspect the effect of the
derivatization of POM-clusters by both organic tails and aromatics moieties and here
it is reported the surface assembly behavior of compounds 4-7 on SiOH under high
wetting conditions.

Fig. 47 a, b show respectively the height images of compounds 4 and 5 on
SiOH, these systems being characterized by the Mn-Anderson core structure of
cluster 3 functionalized by alkyl moieties of different length (see Fig. 21). By
analysing in detail the images of cluster 3, 4 and 5 (see Fig. 46 b, Fig. 47 a and b),
one can observe that the presence of the alkyl tails with increasing length produces a
closer grains connection along with few topological effects. Since we performed a
comparative statistical analysis of the grain size distribution of these different
systems, we found that no important variation in the mean grain size and standard
deviation ~1.3 = 0.55 pm have been observed for compound 3 and 4 thus suggesting
that the addition of the two short tails (9 carbon atoms each) does not play an

important role to modulate the grain size.

15nm
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Fig. 47 SFM images of cluster 4 (a) and 5 (b) drop cast on SiOH; c) scheme
showing the possible aggregation in lamellas with monomolecular size.
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On the other hand, compound 5 (18 carbon atoms backbone for each alkyl tail),
presents a mean grain size value of 3.9 um and a standard deviation of 1.8 pm,
indicating that the growth process may be importantly affected by the employment
of longer tails leading to larger grains.

In contrast to cluster 3, grain fracturing processes are observed for 4 and 5
whereby fracturing might be ascribed to the larger rigidity induced by the presence
of the alkyl tails. Nevertheless, the monomolecular-plane structure of cluster 3 is
evidenced in both 4 and 5 (see the detail of Fig. 48). However, compounds 4 and 5
result in a higher structural rigidity than cluster 3 as their growth mode turns out
from spiral-like to lamellar. Further, in Fig. 48 , the organization of monomolecular
planes inside the grains of cluster 3 (Fig. 48 a), 4 (Fig. 48 b) and 5 (Fig. 48 c) is
compared. The monomolecular planes of cluster 3 reveal some flexibility (tendency
to tilt and wrap-up) that gradually disappears for clusters 4 and 5, where the
aforementioned planes are mostly perpendicular to the substrate and stack each other
within long lamellar systems, and this allows us to conclude that, by adding alkyl
tails to cluster 3, plane rigidity along with lamellar systems are obtained.

Straight lamellar assembly and nanostructures formed by rolling of planes has
been reported [166,167,168] for Keggin type POMSs clusters whereas
dimethyldioctadecylammonium has been used as the countercation. Due to the long
chain cations acting as organic surfactants, in these systems the countercation has
been shown to play a fundamental role in defining the assembly bulk features. In our
case we showed that similar arrangements may be obtained for ultrathin films on

surfaces by properly functionalize the POM cluster core.
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Fig. 48 Topographic details (top) and schemes of monolayer stacking at the
substrate surface (bottom) of: a) the inner of a spiral-like grain of cluster 3; b), c) the
inner of lamellar grains of cluster 4 and 5, respectively. Note that section analyses
are reported on different x, z scales.
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4.7.5 The Surface Assembly of multifunctional POM derivatives

Fig. 49 shows the SFM topography of compound 6 on SiOH, showing the
different architecture obtained by derivatizing cluster 3 simultaneously by one alkyl
tail and one pyrene unit (see Fig. 21). The interest for this type of structure derives
from the potentiality to act as a multifunctional hybrid POM, in which the alkyl tail
would give a structural function and the POM cluster with the aromatic moiety
would bring other properties (optical, electrical, chemical). The film exhibits a
dendritic LbL growth and the reported SFM images show a lower almost compact
crystalline layer (large grains of 400-900 nm) and an upper sub-monolayer (small
grains about 2 nm tall and 100-300 nm wide).

The height of the upper grains is consistent with a scenario where the molecules
are tilted with respect to the substrate surface plane. In contrast, it is noteworthy to
recall that the layered structure with 4 nm step height has also been found for the
same compound on SiCH; (Fig. 42), a picture in which the molecular systems tend
to lay perpendicular with respect to that with the surface as an effect of the strong
inter-molecular interactions. Compound 7 (Fig. 50) allowed us to observe this
assembly effect induced by the derivatizing the POM clusters with one more pyrene
moiety. In spite of compound 6, smaller (300-400 nm wide) and taller (about 4 nm)
grains are observed as an indication of a perpendicular molecular orientation with
respect to the surface plane. The comparison of the morphology of 6 and 7 is
consistent with a picture in which surface assembly of hybrid POMs might be
importantly influenced by the n-m intermolecular stacking of aromatic small

moieties.

119



Fig. 49 SFM images of compound 6 onto SiOH: a) large scale image; b) 3D images
in a restricted region of a).

Fig. 50 SFM images of compound 7 deposited onto SiOH: a) large scale image; b)
3D images in a restricted region of a).
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4.8 Implementation of staggered, flexible, short channel OTFTs: a
collaboration with STMicrolelectronics R & D

In this section some of the results obtained within the collaboration (still in
progress) with STMicroelectronics are reported. Aim of the collaboration is the
realization and demonstration of flexible, fully organic thin film transistors, in a
staggered configuration (that is of particular interest for industrial processing). A
special regards for short channel lengths and other scaling factors is paid, since an
improvement in terms of both the applied voltages (not too high) and the velocity of
the device response (for the utilization in AC), is required for any future application;
in this sense the configuration features play a fundamental role. Moreover, the
explicit objective of a strong reduction of the operative costs through the adoption of
pure additive processes and of a roll-to-roll continuous production, makes the inkjet
printing technology a suitable instruments for the device realization. More in
particular, the results reported here mostly regard a preliminary stage, in which the
materials, provided by Merck, have been tested in different device configurations
and operative conditions, and an “out of scale” prototype of staggered fully organic
OTFT has been fabricated and characterized, demonstrating that the inkjet printing
technology represents an effective tool also for the controlled deposition of the

active phases.
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4.8.1 Lisicon™ $1400, top contacts bottom gate, silicon based device.

One of the main difficulties encountered in this work was that the formulations
of the solutions provided by Merck are covered by industrial agreement of secrecy.
This means that no clues for the processing optimization comes from literature
and/or from a chemical-physical speculative approach. All we know for sure is that
S1400 is a p-type polycrystalline organic semiconductor formulation, optimized for
top-gate field effect transistors and for spin coating deposition method. However, a
preliminary measure of the viscosity of the solution performed in STM labs (4.7cP
at 24°C, around the minimum value allowed for the inkjet printing) encouraged the
deposition by inkjet printing of the unmodified formulation. AFM investigation of
the active phase contained in a single drop of solution (maximum drop volume 10
pl), as printed on a silicon dioxide substrate, was carried out. In this way, a
multiphasic microstructure in the active phase was detected (Fig. 51): smooth
islands, large tents of ums, embedded in a rough amorphous polymer-like matrix
(see detail in Fig. 51 ¢) were revealed. Crystals appear not to be growth dendritically
as expected by polymeric lamellae, moreover, their large area domains hardly fit
with a semi-crystalline polymeric growth in atmospheric conditions. More likely,
small molecules crystals seem to be encapsulated in a polymeric matrix; a further
evidence of this structure is going to be presented in the following, however, it must
be stressed that the real nature of the formulation keeps being not revealed.

Fig. 51 optical micrograph of an inkjet printed single drop of Lisicon™ $1400,
after solvent evaporation a); AFM imaging of the inner part of the drop surface at
scan sizes of 50 x 50 um b) and 10 x 10 pm c).
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Going from the single drop to the inkjet printed thin film, an accurate analysis
of the dependence of the film microstructure with the inkjet conditions has been
performed, by varying two of the main parameters of the inkjet technology: jetting
voltage and number of layers. During all the printing stages, a constant plate
temperature of 60 °C has been used, in order to allow the evaporation of solvent, and
a constant drop spacing of 80 um has been used, in order to avoid the premature

coalescence of the drops.

Fig. 52 optical micrographs of inkjet printed Lisicon™ $1400 films 500 x 500 pm
with a plate temperature of 60 °C and a growing jetting voltage, from 15 V to 35 V.

Fig. 53 optical micrographs of inkjet printed Lisicon™ films 500 x 500 pm with a
plate temperature of 60 °C, a jetting voltage of 25 V, and a growing number of
printed layers, from 1 to 3. Crystallinity is evidenced by polarized light.
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As shown in Fig. 52, by varying the jetting voltage, i.e. by varying the volume
of each ejected drop, two different regimes are induced: a low voltage regime, in
which drop stands on the substrate separated one from the others. In this regime,
after the solvent drying, dots 70 um of diameters are obtained, in which a strong
pinning effect is evidenced by the thickening of the peripheral line [98]. A high
voltage regime, in which the coalescence of drops along the “fast line” of printing
(horizontal direction) occurs. This effect, elsewhere considered unwanted, here
seems to allow for a better film continuity and uniformity, at least in one printing
direction, since the boundaries, i.e. the pinning phenomena, are reduced. Moreover,
by further increasing the voltage, each printed horizontal lines touch the others,
merging together, though still the microstructure of the single lines is preserved.

The obtained line morphology, as shown in magnifications of Fig. 52, presents a
singular surface effect, evidenced by the use of polarized light: diversely by the bulk
structure, the periphery appears to be highly crystalline, being the crystallinity
increased by the applied voltage. Moreover, when a multilayer approach is
employed for the deposition of the Lisicon™ 1400 (Fig. 53), the crystallinity at the
edge increases and grows toward the center, until crystals totally cover the surface of
the deposited lines (Fig. 53, 3 layers). Since a similarity can be noticed between the
pinning of the single drop and the crystalline edge of the printed lines, an
explanation of the second phenomenon can be found in the internal fluxes occurring
in the wet film during the evaporation of the solvent: as known, when pinning
occurs, the solvent vaporizes more rapidly in the edge of the film. This, along with
surface energy balances, induces a convective flux of the solution from the center
toward the edge, causing the thickening of the periphery [98]. If the solution
contains different solutes, with different characteristics of diffusivity into the
solvent, depending on the velocity of the process, an horizontal segregation can be
induced. According to this interpretation of the phenomenon, we believe that the
formulation provided by Merck is actually a ternary solution, containing a small
molecule, rapidly diffusing into the solvent, and a polymer.

In order to go deeper into the differences between the morphologies showed in

Fig. 53, we realized bottom contact devices (Fig. 54 d), including 1 layer (Fig. 54 b),
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2 layers (Fig. 54 a), or 3 layers (Fig. 54 c) of LisiconTM S1400 lines as the active
phase. In fact, although the Merck formulation is said to be optimized for top gate
configuration, the bottom gate configuration, exploiting the interface with the
substrate as the charge accumulation layer (see section, 2.1.2) is able to provide
information about internal areas, not visible at the microscope, i.e. underneath the
crystals. Moreover, it allows a meaningful comparison with the top gate devices,
that will be showed in the next section.

In Tab 8 the performances of the bottom contact devices described above are
reported. It must be stressed that, for the realization of these devices, inkjet printed
Ag electrodes have been employed. The processing specifics are totally similar to
those related to the PEDOT:PSS processing (reported in section 3), and the
formulated Ag ink is commercially available.

Fig. 54 B Lon/ lof V1
. substrate N° layers mobility o et
device (cm°V=S™) V)
b) SiO, 1 ~3x10° ~ 2x10? -6
a) SiO, 2 ~1x10° ~4x10* -1.2
c) SiO, 3 ~1x10° ~1x10* -4.2
none HMDS 1 ~3x10° ~1x10° 2.4

Tab 8 Summary of the performances of the bottom contact OTFTs described in Fig.
54

a) 2 layer b) 1 layer

L

Fig. 54 Ag channels realized in bottom gate OTFTSs, obtained by deposition of a
single line of Lisicon™ S1400 between the Source and Drain electrodes; 2 layers a),
1 layer b) and 3 layers c) where deposited. Schematic representation of the realized
OTFTs d).
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After the deposition of the Source and Drain patterns, the printed Ag solution
has been dried and further annealed at 150°C for 30 minutes, in order to allow the
sinterization of the nanoparticles and enable an adequate electrodes conductivity.

As expected, low performance were measured in those devices (mobilities in the
order of magnitude of 10° cm?v?'S™), and, more interestingly, no different
behaviors could be noticed within the different active layers, i.e. the different
number of deposited layers, despite their surfaces showed widely different features,
as described above. Moreover, no dependence on the channel length was also found,
since totally similar mobility, modulation ratio and threshold (see Tab 8) were
measured for devices employing around 15 um channel (Fig. 54 a) and around 70
pm channel (Fig. 54 b and c). This observations are in agreement with a picture in
which the exposed crystallinity, being the effect of a superficial segregation, doesn’t
play any role in the charge transport. That is, the microstructure of the active phase
at the interface with the substrate must be similar in the three discussed cases, and
also in the case of an HMDS substrate, also reported in Tab 8, most likely
amorphous, since the poly-crystallinity, because of the grain boundaries, generally
induces a strong dependences on the channel length.

As expected, the employment of silver electrodes induced the occurrence of
high contact resistance. Visible effects can be found in the typical output curve
reported in Fig. 55, where a strong deflection in the very first part of the linear

regime, and the delay in the occurrence of the saturation regime are visible.

-2, E-06
Vy=-50V

-1,E-06
2 Vg=-40V
— -5E-07 Vy=-30V
Vy=-20V
0.E+00 Vg=-10V

0 -10 -20 -30 -40 -50 -60

Fig. 55 typical output curve of the bottom gate OTFTs employing Lisicon™ $1400
active phase and Ag Source and Drain contacts
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4.8.2 Fully organic, flexible and staggered OTFTs.

In Fig. 56 the flexible substrate provided by STMicroelectronics for the
realization of the staggered OTFTs is reported. In Fig. 56 a, a photograph of the
PEN patterned devices is reported, still attached on the silicon supporting wafer; in
Fig. 56 b, the patterned substrate in the channel area is schematized: as shown,
Source and Drain gold electrodes are patterned over the PEN substrate (both in
gray), and everything is encapsulated under a PMMA layer (white, semi-
transparent), where windows in correspondence of the channels and the contacts for
the probes were opened. The fabrication processes are reported in section 3.2. A
superficial characterization of the substrate into the channel window is illustrated in
Fig. 57, where the AFM investigation is reported. As shown, 120 thick gold
electrodes were employed (Fig. 57 a), with a RMS roughness of about 3 nm (Fig. 57
d); surprisingly, PEN substrate (Fig. 57 ¢) appeared highly rough (RMS roughness =
29 nm) and contaminated by tall (around 75 nm), undefined dendritic elements (Fig.
57 b). However, the thick electrodes and the rough substrate are supposed to
negligibly affect the device, since, in a staggered configuration, the active phase area
that is interested by the charges transport lies opposite to the patterned substrate.
Still, the charge injection characteristics could be affected, along with the quality
and reproducibility of the films deposited into the windows. Nevertheless, most of
the chip area is covered by the smooth (RMS = 0.2 nm) PMMA surface.

Fig. 56 photograph a) and schematic representation b) of the substrates provided by
STMicroelectronics.
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The reasons for the employment of the PMMA encapsulation must be now
explicated. In a previous experience, carried out in STMicroelectronics labs, many
difficulties to obtain uniform and reproducible films by solution deposition methods
were encountered, since “coffee stains” and dewetting phenomena were ruling the
deposition, making inactive the devices. So that, STMicroelectronics researchers
believed that during the drying of the solvent, by the pinning of the deposited
solutions on the containing walls (realized through the PMMA encapsulation and
the opening of the windows in correspondence of the channels), a better film quality
could be reached for both the active phase and the above deposited dielectric layer
(see Fig. 20 for the scheme of staggered configuration). The test of the encapsulated
configuration was assigned to us, within the activities of this collaboration.

Preliminary tests on the active phase film quality were carried out inside and
outside the windows, in order to verify the effectiveness of the PMMA containing
walls, along with the active film thicknesses. Inkjet printed 1 mm? squares were
deposited inside ( samples 1 — 6 of Tab 9) and outside (samples 7 — 12 of Tab 9) at

different plate temperatures and voltages, as summarized in Tab 9.

o
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~
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UVW“\WUW“Wi =120 nm

Fig. 57 AFM investigation of the channels: 50 x 50 pum topography and section
analysis of the gold electrodes a); magnification of a) at the gold edge b); 2 x 2 um
topography of the PEN surface c); 2 x 2 um topography of the gold surface d). The
measured RMS roughness are: = 30 nm on the PEN surface c), =3 nm on the gold
surface d).
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position (respect plate temperature measured max
sample number . jetting voltage (V) .
to the window) (°C) thickness (nm)
1 inside 25 20 ~100
2 Inside 25 30 ~350
3 inside 25 40 ~400
4 Inside 60 20 ~60
5 inside 60 30 ~100
6 inside 60 40 no value
7 outside 25 20 no value
8 outside 25 30 no value
9 outside 25 40 ~200
10 outside 60 20 ~200
11 outside 60 30 ~200
12 outside 60 40 ~200

Tab 9 Summary of the characteristics of 1 mm? active phase inkjet printed patterns,
analyzed by optical microscopy for the check of the film quality, and by Vertical
Scanning Interferometry (VSI) for the determination of the thicknesses

High-Definition Vertical Scanning Interferometry (VSI) from Veeco was used
by STMicroelectronics researcher for the thickness measurements, however the
bending of the substrate and many other artefacts made the measurements difficult
to perform and the obtained values uncertain. Moreover, a pyramidal shape was
individuated for the film deposited at atmospheric condition (Fig. 58), so that the
reported values refers to the highest peaks, but a strong inhomogeneity in thickness
must be considered for those samples. Diversely, films deposited at 60 °C presented
an overlapped-stripes-like structure as the same as the one discussed in the previous
section, about film deposited on SiO, (Fig. 59). Despite the uncertainness, it can be
said that quite thick film were deposited, averaging between 100 nm and 200 nm in
the case of hot plate employed (mostly independently on the applied voltage),
arriving to many hundreds the peaks of cold plate processed films, depending also
on the applied voltage. It must be stressed that an excess in active phase film
thickness often represents a bulk component of the contact resistance in the
staggered configuration, since the whole, resistive, thickness of the active phase
must be vertically crossed by the charge carriers, in order to reach the accumulation
layer [169].
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Fig. 58optical micrographs of 1 mm? active phase patterns processed in cold plate,
inside (1 —3) and outside ( 7 — 9 ) the PMMA windows.

il

In Fig. 58 the comparison between patters processed in cold plate inside and
outside the PMMA windows is reported. At ambient temperature, actually the
windows, constraining and retaining the solution, avoided the occurrence of
spinodal dewetting effects and coffee stains that affected samples out of the

windows (from7 to 9).

Fig. 59 optical micrographs of 1 mm? active phase patterns processed in hot plate,
inside (4 — 6 ) and outside ( 10 — 12 ) the PMMA windows.
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Different is the situation when the deposition is carried out in hot plate (Fig.
59): in fact, the windows had no influence on the pattern shape and uniformity,
being totally determined by the stripes formation and merging. The merging edges
represented the thicker parts of the printed patterns, however their thickness was
minimized by the employment of low voltages (see Fig. 59).

We now focus on the microstructure of Lisicon™ S1400 inside the patterns
(Fig. 60). Firstly, a fundamental difference can be immediately noticed if compared
to pattern deposited on SiO, (see section 4.8.1): even at low voltages and single
layer condition, the surfaces appear totally covered by lamellar features, both in cold
plate and hot plate processed films. The only difference between the two conditions
is that hot plate processed films show a striped (= 100 pm) structure, so that the
edges between the stripes represent an interruption of the lamellar continuity. The
cold plate processed films diversely dry all at once, and lamellae grow indefinitely
along the pattern surfaces, following the drying dynamics, from the edges to the
center. This in turn explains the radial structure of lamellae, with the center
coinciding with the apex of the deposited squares (Fig. 58).

We wanted to test how differently the active phase patterns, deposited in the
two plate conditions, behave when incorporated in a staggered OTFT. We also
compared the inkjet printed patterns with spin coating deposited films, processed as
indicated in the Lisicon™ $1400 receipt.

Fig. 60 microstructure of Lisicon™ 1400 in samples 1 — 6.
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substrate mobility threshold voltage

deposition method temperature (°C) (VIS lon/ Lot W)
inkjet printing 25°C 6 x 102 =10° -5
inkjet printing 60 °C 5x 102 =10° -10

spin coating see receipt 1.4 x 107 =10° -7

Tab 10 summary of the best performances of staggered OTFTSs realized with the
specified deposition method and substrate temperature

The employed spin coating condition are the following: spin velocity 500 rpm
for 10 s then 2000 rpm for 20 s; baking on hotplate for 1 min at 100 °C. It can be
noticed that, while spin coated films require a thermal treatment for the solvent
evaporation, in the inkjet printed films the solvent evaporates almost immediately in
both the plate temperature conditions, because of the small volume of dispensed
solution for each drop (high surface per volume, high convection drying). The inkjet
printing condition employed were analogues to that of samples 1 and 4 of Tab 9,
ensuring a good uniformity along with the active phase thickness minimization.

For the device fabrication, the Lisicon™ D139-FC43-045 has been used as the
dielectric layer and processed as described in section 3.2. In Tab 10 the best
performance for each deposition condition is reported, however for all the indicated
cases a dramatically low reproducibility was found, caused by the dielectric layer
quality, that will be better discussed at the end of this section.

As shown in Tab 10, mobility values at least one order of magnitude higher than
the bottom gate devices, described in section 4.8.1, were measured, demonstrating
that actually the formulation is optimized for the top gate configuration. In a recent
work, a semi-conductive blend, including the crystalline small molecule 6,13-
bis(triisopropylsilylethynyl) pentacene (TIPS-pentacene, [170]) and the amorphous
p-type polymer poly(triarylamine) (PTAA), was implemented by solution method in
a dual gate OTFT. A wide difference in the behavior (in terms of field effect
mobility) between bottom gate (worst) and top gate (better) was observed, and it was
addressed to the vertical segregation of the mobile small molecule toward the top of
the polymer film during the solvent evaporation, producing a highly crystalline and
high conductive top layer [171]. So that, the observation of the enhanced field effect
mobility in top gate configuration, reinforces our believing that the formulated
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LisiconTM S1400 is actually a semi-conductive blend, totally similar to that found
in literature and previously reported. This represents actually an innovative solution
for wet processing, since many advantages were found by the blending of the small
molecule with a polymer, when compared to the small molecule alone (generally
preferred to polymers alone because of the higher mobility expressed):

e A better processability, enabled by the polymeric rheology
characteristics, and a higher film reproducibility.

e  The enhanced isotropy of the small molecules crystal growth.

e A better compatibility with high surface energy substrates (no need for
buffer layer), since the crystal growth occurs on the top of the
polymeric layer during/after the segregation, so that it is not affected
by the substrates superficial features. Moreover, the high energy of the
substrate promote the segregation, enabling a higher small molecule

rate on top and a higher crystallinity, as a consequence. [172].
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Fig. 61 optical micrograph of an inkjet printed active phase over the a gold Source
and Drain pattern a); transfer curve of the staggered OTFT derived by the
employment of the active phase in a), the red line refers to the gate leakage I b);
output curve of the staggered OTFT derived by the employment of the active phase
ina).
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Although the differences showed between the hot plate and cold plate processed
films, no influences of it could be evidences to the OTFTs measured performances,
probably because of the wide enough lateral dimension of the stripes (70 um),
especially when compared to the channel lengths employed (in this section of the
work, rarely longer than 50 um).

The good performances of a staggered device in which the active phase was
inkjet printed with a room plate temperature are reported in Fig. 61. This may
represent a working “out of scale” prototype OTFT, demonstrating that the reaching
of the goal of fully organic and flexible integrated circuits is not that far.

The lower contact resistance associated to the gold electrodes with respect to
silver, along with the higher field effect mobility, lead to a good shaped output curve
(Fig. 61 c), in which a clear saturation regime is reached (differently from the one
reported in Fig. 55).

However, it must be said that, although higher performances were obtained by
the implementation of the staggered devices, the mobilities expressed are still lower
than expected. This may have resulted by the high leakages through the dielectric
layer, encountered in the characterization of all the devices (see Fig. 61 b).

Another source of inefficiency may lie in a scanty amount of vertical
segregation, in concordance with literature experience [172].  Actually, the
immediate evaporation of the solvent realized by inkjet printing, along with the low
surface energy of the polymeric substrates employed for the staggered devices, may
not ensure a good separation of the small molecule from the polymer, being the
hypothesis of the blend nature of the formulation to verify. We compared the
microstructure of an inkjet printed film with the morphology of a spin coated film in
the same substrate (PEN), in which the time of solvent evaporation, i.e. of a possible
segregation, was not instantaneous as for the inkjet printed processed film.

Moreover, we also considered the morphology of a film obtained from 1 pl drop
casted solution on SiO,, in which the evaporation of the solvent was carried out in
vapor pressure regime at 100°C for 15 minutes, so that the segregation time was

eventually maximized (Fig. 62).
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The film spun on PEN showed different morphology in different areas: largely
spaced lamellae, aligned and prolonged in order to form a texture, were found in
the edge (Fig. 62 a); in the center the lamellae get closer each other, even if still soft
and bended, and no wide texture is shown anymore, rather a dendritic growth is
revealed (Fig. 62 b). Diversely, a quite compact and rigid structure of closer
lamellae, dendritically grown, appears from the drop casted film on SiO, (Fig. 62 ¢),
similar to the spherulites shown in many literature works about polymer/small
crystalline molecules blends [171,172].

The observation of different morphologies depending on the evaporation rate
(also changing for different areas of the same film) further on reinforces our
convincement that the Lisicon™ $1400 formulation is actually a blend of a small,
crystalline, semiconductive molecule and a polymer. Along with this interpretation,
it could be stated that the morphology observed in Fig. 62 a is meaningful of a
highest rate of polymer, i.e. a smaller segregation, since it coincide with the thinner
part of the film, or, in other words, the surface area closer to the substrate. In terms
of vertical segregation, a slow segregation rate may implies a longer route to be

effective.

Fig. 62 optical micrographs of Lisicon™ $1400: spin coated on PEN, image of the
edge a) and image of the center b); drop casted on SiO2 and dried in vapor pressure
regime c).

135



Moreover, it is known that the periphery of a wet film is the first part to
evaporate, so that a smaller time may be left for the molecule to segregate. The
morphology observed in Fig. 62 b may reveal a better segregation when compared to
Fig. 62 a, and the one in Fig. 62 ¢ a more advanced segregation when compare to
Fig. 62 b, by considering the lamellar rigidity, the time left to the segregation, and
the higher thickness due to the drop casting process, also enhancing the time for a
possible segregation. However, all this statements need to be certified by other
means of investigation, more likely spectroscopic instruments. By the comparison of
the above films with the inkjet printed on PEN (see Fig. 60, 1 — 3), the
microstructure of last appears totally similar to the edge of the spun film (Fig. 62 a).
That would actually mean that a small segregation is causing the low field effect
mobility of the integrated OTFT. In the future we plan to investigate the influence
on the field effect mobility of the solvent evaporation rate, relatively to the active
phase.

Finally we focus on the dielectric layer, since it appeared to be a strong source
of irreproducibility of the OTFTs good performance, along with the cause of high
current leakages and breakdown. In Fig. 63 the superficial features of Lisicon™
D139-FC43-045, as processed in this work, are reported, along with an AFM section
analysis showing the edge of the PMMA window after the dielectric deposition.

At first, it is clearly shown in Fig. 63 a and b that pitting phenomena occurred
on the dielectric surface, probably due to the coarsening during the thermal
treatment []. It may actually have caused the percolation of the gate electrode (in this
work, Ag paste or inkjet printed PEDOT:SS) into the matrix of the dielectric during
its deposition, leading to the leakages and the breakdowns.

The AFM section in Fig. 63 ¢ and d is meaningful. In this, the realistic
measurement of the thickness of the diverse layers was enabled by an accidentally
produced hole in the active phase, downward the substrate. Subtracting the PMMA
thickness (300 nm) to the overall measured value, 400 nm seems to be the thickness
left for the dielectric over the PMMA (out of the windows), as expected.
Nevertheless, into the window, a total thickness of 340 nm was measured. It means

that, if the active phase is optimistically around 100 nm thick, as reported in Tab 9,
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only 240 nm may be left to the dielectric layer, that is around half of what expected.
Moreover, we believe that the final thickness of the dielectric layer into the windows
strongly depend on the area of the windows, the dielectric solution pinning at their
walls and producing a meniscus-shaped surface, as partially shown in the section of
Fig. 63 ¢ and d. This consideration along with the pyramidal-shaped active phase
showed above more likely cause the high inhomogeneity of the dielectric thickness
along the windows and the hard reproducibility of the OTFTs geometrical structural

features and performances. The optimization of the processes is still in progress.

v

=700 nm I <340 nhn
= W

Fig. 63 AFM topography of the dielectric surface at 5 x 5 um a) and 2 x 2 um b)
scan sizes; cross-sectional analysis of the edge of the PMMA window after the
dielectric deposition c) and d).
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5 Conclusions

In the following, the most relevant advancements obtained in this research are
summarized.

An effective procedure for the inkjet printing of organic conductive high
resolution patterns was developed. PEDOT:PSS was the organic blend preferred for
this purpose, because of the high nominal conductivity (though depending on the
obtained morphology), the solubility in water, the ease of the processing and the
electrical characteristics (a workfunction totally similar to that of gold). The
effectiveness of the strategy developed consisted in:

e high resolution of pattern;

e high flexibility of the printing, both in terms of pattern design and
surfaces employed as the substrates;

e good electrical performances of the printed patterns.

These objectives have been reached after a struggling experimentation
regarding the ink formulation, i.e. the definition of the optimal composition,
including additives (poly-alcohols) able to enhance the “jettability” (surfactant and
humectant) along with the electrical performances. Moreover, an investigation of the
superficial characteristics needed to reach a good control of the printed pattern,
avoiding all the typical issues of wet chemistry (dewetting phenomena, coalescence,
pinning, solvent trapping. etc.) led to the definition of the adequate surface
treatments, like oxygen plasma etching and thermal annealing, as well as to the best
tuning of the main parameters ruling the inkjet printing process.

All these efforts were directed toward the goal of the realization of high
resolution organic electrodes with a high shape control over substrates characterized
by different chemistry and different physical properties as well, like SiOH, SiO,,
SiCH3, PEN, PET, PMMA. The high resolution obtained allowed the deposition of
Source and Drain electrodes patterns into organic thin film transistors, with
minimum channel length of 10 pm.

This was also possible thanks to:

e the good control of the thickness of the printed pattern (minimum
thickness 40 nm), that is an important parameters when ‘“bottom

contacts” devices are assembled;
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e a conductivity of the pattern (o), as high as ~ 140 S/cm; this value,
although dramatically low if compared to gold and other metals, is
good enough for the realization of a working field effect transistor.

Initially, transistors “hybrid” both in terms of material and processes involved
have been realized; further on, step by step, the fabrication of all organic all solution
processed transistors was carried out, being the main goal of this research. More in
particular, this research work can be ideally divided into two main parts:

e A first part in which the potentiality of coupling PEDOT:PSS with a
crystalline, semiconductive, solution processable, small molecule like
the pentacene adduct N-sulfinyl acetamido pentacene (SAP) has been
investigated. This is actually a pentacene precursor, being pentacene
one of the most employed p-type semiconductor in organic electronics,
although it is hardly processed by solution, because of its low
solubility in the most common organic solvents.

e A second part in which the ability of the inkjet patterning has been
actually exploited to realize flexible devices in “staggered”
configuration (that is one of the most interesting for industrial
application), with two different strategy (developed within two
different collaborations): one consisting in the coupling of the
PEDQOT:PSS electrodes with a semi-crystalline p-type semiconductive
polymer (Activink™ P2100, Polyera Corporation); within this
collaboration “fully organic devices” were fabricated. The second one,
consisting in the exploitation of an original device architecture,
developed by STMicroelectronics and aimed to minimize all the issues
generally affecting the depositions by solution methods. Within this
strategy, the inkjet printing technology was employed for the
deposition of an active phase over gold Source and Drain electrodes
patterns.

In the first part, it was found that the substitution of traditional gold electrodes
deposited via Thermal Vapor Deposition (PVD) with inkjet printed PEDOT:PSS

electrodes is not only an effective means of reduction of the costs of production. It
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also represents an instrument of reduction of the high contact resistances generally
affecting the metal-organic junction, especially when p-type crystalline
semiconductors like pentacene are employed in a bottom contact configuration. It is
known that a poor crystallinity in the electrodes proximity generally origins a
depletion of the charge carriers density, that results in a critical bulk component of
the contact resistance. Through an effective and original morphological analysis,
assisted by the evaluation of the electrical performances, we were able to identify
and describe, in the peculiar case of SAP derived pentacene microstructure, the main
morphological features, and their role in the conductive mechanism. We were also
able to univocally relate the poor field effect mobility of a pentacene films, as
obtained from the conversion of SAP adduct, to a poor crystallinity occurring in the
electrodes proximity, due to the surface effect of gold electrodes and gold channel
contaminations affecting pentacene microstructure and its kinetic of crystallization.

It has been shown that PVD deposited gold electrodes, patterned during the
deposition through the employment of shadow masks, induce a drop of the field
effect mobility of two orders of magnitude, (maximum mobility 10 cm?Vv7's™).
Nevertheless, PEDOT:PSS electrodes allowed for the optimization of
conductor/semiconductor interfaces, leading to performances totally similar to the
best devices, processed through expensive lithographic processes and/or employing
evaporated pentacene along with a top contact device configuration (~10™ cm?V?'s’
1).

In the second part, the good versatility of PEDOT:PSS inkjet printed electrodes
was confirmed by their implementation in staggered (bottom gate top contact),
flexible OTFTs. In some cases, an improvement of polymeric active phase
performances has been registered, confirming the reduced shift of the workfunction
(typical of metal-organic junctions), generally ascribed to the formation of
superficial dipoles. Finally, “fully organic all solution processed” were realized.
And more: the inkjet printing technology was also found to represent an advanced
tool of control for the patterning and the microstructure itself of the active phases.

All the described advancement must be considered the first steps toward the

141



realization of “fully printed” electronics, competitive for costs and efficiency with
those currently ruling the market and opening new advancing fields of applications.
At the same time, the investigation of self-assembling of solution deposited
polyoxometalate-based molecular structures was carried out. It was found that, when
a POM-based nanostructure comes into contact with a solid surface via solution
deposition, a wide landscape of assembled architectures is expected and the
formation of 0D (dots, pancakes), 2D (lamellas) or 3D (porous networks, screws,
plane-by-plane buildings) architectures may be tuned by both physical and chemical
means. Additionally, our studies showed the peculiarity of POMs to finely tune the
spreading of fluids on hydrophilic surfaces and their dynamics, but further studies
are necessary to quantify and explore the possibility to utilize the POMs for
application as spreading agents, especially to deconvolute the contributions of the
cations. Also, the derivatization of POM backbones by organic molecules is a very
important tool, along with the supramolecular features, to tune the observed
properties like structural rigidity and molecular orientation. Finally, the ordered LbL
growth of POM hybrids derivatized by aromatic moieties on both hydrophobic and
hydrophilic silicon-based substrates opens important perspectives for the
exploitation of multifunctional POMs in many important technological fields

including microelectronics, sensors, and photovoltaics.
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A. Luzio, D.-L. Long, H. N. Miras, C. P. Pradeep, C. Musumeci, B.
Pignataro, L. Cronin, Mesoscopic  self-assembling  of
polyoxamethalates nanoclusters at dielectric and conductive surfaces,
2nd EuCheMS Chemistry Congress, Turin 16-20 Sep 2008.

- S. Cataldo, C. Musumeci, A. Luzio, D. Spina, S. Fabiano, G.
Arrabito, G. F. Indelli, A. Scandurra, B. Pignataro, Nano-structured
molecular thin films for bio-sensing and plasticelectronics with
improved efficiency/cost ratio, Workshop on Nanomaterials
Production and Industrial Applications, Milan 3 Dec 2008.

- A. Luzio, D.-L. Long, H. Miras, C. Pradeep, C. Musumeci, B.
Pignataro, L. Cronin, Dimensional control of self-structuring
polyoxometalates at surfaces, XXIII National Congress of the Italian
Chemistry Society, Sorrento 5-10 Jul 20009.

- A. Luzio, C. Musumeci, B. Pignataro, Solution processes for plastic
thin film transistors, XXI1I National Congress of the Italian Chemistry
Society, Sorrento 5-10 Jul 2009.

M. Daniela Angione, Francesco Marinelli, Antonio Dell’Aquila,
Alessandro Luzio, Bruno Pignataro, and Luisa Torsi, in: Interface
Controlled Organic Thin Films, Series: Springer Proceedings in
Physics, Vol. 129, Rubahn, H.-G.; Sitter, H.; Horowitz, G.; Al-
Shamery, K. (Eds.) 2009, 217-224

C. Musumeci, A. Luzio, C. P. Pradeep, H. N. Miras, M. H. Rosnes, Y.
F. Song, D. L. Long, L. Cronin, B. Pignataro Programmable surface-
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accepted by The Journal of Physical Chemistry C
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Pignataro Enhanced Thin-Film Transistor Performance by Combining
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During the whole PhD period useful collaborations and collateral activities,
strongly related to the main goals of this project, were carried out, mainly
concerning the investigation of surface chemical-physical issues, and the correlation
of the solid state structure to the expressed physical properties.

At first, the deep chemical-physical characterization of the plastic substrate
PEN Teonex® Q65F, from Dupont Tejijn Film was done, in order to identify its
optimal processing specifics; this work was then spread in a STMicroelectronics
internal report.

Within the collaboration with the lab of Professor Luisa Torsi, from the
Chemistry department of University of Bari, we investigated the crystal morphology
of an o,w-dihexyl-hexathiophene (DHa6T) active phase ,growth through Thermal
Vacuum Deposition into a hybrid OTFT (Au electrodes, Si/SiO,/HMDS the
substrate), in order to evaluate its influence on the performances of the OTFT, when
employed as a gas sensor, and the dependence on parameters like thickness of the
active phase, crystallinity, length of the channel. This work was included into a
proceeding for the International Symposium Optical Science and Technology
SPIE’s 50th Annual Meeting of 2008 , entitled Organic Thin-Film Transistors with
Enhanced Sensing Capabilities; later it was included into the book: “Proceeding of
SPIE 2008, International Symposium Optical Science and Technology SPIE’s 50th
Annual Meeting).

Another important collaboration was carried out along the three years of the
PhD with Professor Leroy Cronin of Glasgow University, which is fully reported in
the section 4.7 and which led to the publication of the article Programmable
surface-architectures derived from hybrid polyoxometalate-based clusters, accepted
by The Journal of Physical Chemistry C.

The most of the activities during the three years have been developed into the
laboratory of Superlab in Catania, within the activities of the project PlastIC (see

introduction) with the tutoring of Professor Bruno Pignataro.

The main formative activity developed during the first year was the
participation to the 2nd EuCheMS Chemistry Congress, Turin 16-20 Sep 2008, in
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which a poster entitled Mesoscopic self-assembling of polyoxamethalates
nanoclusters at dielectric and conductive surfaces was presented.

The main formative activity conducted during the second year of the PhD
consisted in the tutoring and collaboration (still in progress) with a lab considered a
center of excellence in the organic electronics: Professor Tobin J. Marks and
Professor Antonio Facchetti’s group at Northwestern University, Chicago. This
experience started at the beginning of June in 2009 and ended at December of the
same year, and it has been developed, part at Northwestern University ( Evanston, Il,
USA), part in the laboratories of Polyera Corporation, under the supervision of
Professor Antonio Facchetti. The period focused on the acquisition of theoretical
and practical instruments for the fabrication and analysis of OTFTs. The results
reported in section 4.1 — 4.6 have been developed within the collaboration with
Professor Marks and Professor Facchetti.

The main formative activity developed during the third year was the
participation to the summer school entitled 17" Course of the Interational School of
liquid crystals on “ Organic Nanomaterials for Electronics and Photonics”,
directors the Professors Yves Geerts, Paolo Pasini and Claudio Zannoni, in Erice
from April the 13th to April the 20", 2010

147



References



References

[1] M. Pope, C. E. Swenberg, Elecronic Processes in Organic Crystals and
Polymers, 2nd ed., Oxford University Press, Oxford 1999, pp.337-340

[2] K. Hecker, Organic Electronics, 2nd ed, Organic Electronics Association (OE-
A), VDMA Verlag GmbH, Frankfurt, (2007).

[3] D. Li et al. Appl. Phys. Lett. 88, 2006, 063513

[4] H. Sirringhaus et al. Science, 290, 2000, 2123

[5] M Barret et al., Mater. Res. Soc. Symp. Proc. Vol. 1003 © Materials Research
Society (2007)

[6] J-U. Park et al. Nature Mater. vol 6 October (2007)

[71Z. Bao, Nature Mater. 3, 2004, 137 — 138

[8]B.-J. de Gans, et al., Adv. Mater., 16 (3), 2004, 203.

[9]. Z.Wang Nature Mater. 3, 2004, 171-176.

[10] S. Ikehata et al. Phys. Rev. Lett. 45, 1980, 1123

[11] J. L. Bredas et al. Acc. Chem. Res., 18, 1985, 309-315

[12] S.K.M. Jonsson et al. Synthetic Metals, 139, 2003 1-10

[13] C. D. Dimitrakopoulos et al. Adv. Mater., 14, No. 2, January 16 (2002)

[14] Newman C.R. et al, Chem. Mater. 16, 4463 (2004).

[15] Nickel B. et al.. Phys. Stat. Sol. (a) 205, No 3, 2008, 526 — 533

[16] M. M. Ling, et al. Chem. Mater. 16, 2004, 4824-4840

[17] R. Ruiz et al., Chem. Mater., 16, 2004, 4497 — 4508

[18] H. Sirringhaus Adv. Mater., 17, 2005, 2411-2425

[19] A. Facchetti, M. H. Yoon, T. J. Marks, Adv. Mater. 17, 2005, 1705 - 1725

[20] A. Facchetti, Materials Today, 10 (3), 2007, 28 — 37

[21] S. A. Di Benedetto, A. Facchetti, M. A. Ratner, T. J. Marks, Adv. Mater. 21,
2009, 1407 - 1433

[22] S. Allard, M. Forster, B. Souharce, H. Thiem, U. Scherf, Angew. Chem. Int.
Ed., 47, 2008 4070 — 4098

[23] J. E. Anthony, Angew. Chem. Int. Ed, 47, 2008, 452 — 483

[24] J. Zaumseil, H. Sirringhaus, Chem. Rev, 107, 2007, 1296-1323

[25] J. A. Rogers, T. Someya, Y. Huang, SCIENCE VOL 327 26 MARCH 2010

[26]A.R. Brown et al., Synthetic Metals, 88, 1997, 37-55

[27] T. W. Kelly et al., J. Phys. Chem. B, 107, 2003, 5877 — 5881

[28] H. Klauk et al., Solid State Technol., 46, 2000, 63 — 67

[29] H. Klauk et al., Appl. Phys. Lett., 82, 2003, 4175 — 4177

[30] C. D. Dimitrakopoulos et al., J. Appl. Phys., 80, 1996, 2501 — 2508

[31] A. Troisi et al., J. Phys. Chem. B 109 (5), 2005, 1849

[32] P. Parisse et al, Organics Electronics, 7, 2006, 403 — 409

[33]J. Puigdollers et al, Synthetic Metals, 146, 2004, 355 — 358

[34] S. H. Jin et al, Society For Information Display International Symposium (SID,
2003), Baltimore, Maryland, USA

[35] H. Yang et al., Chem. Soc., 127, 2005, 11542

[36] A. Facchetti et al., Mater Res. Soc. Symp. Proc. Vol. 1003, Material Research
Society, (2007)

149



[37] Subramanian et al, . Res. Soc. Symp. Proc. 2003, 769, 369 - 374

[38] R. Kagan, A. Afzali, and T. O. Graham Appl. Phys. Lett.86, 2005, 193505

[39] A. Afzali et al., J. Am. Chem. Soc., 124, 2002, 8812 — 8813

[40] K.P. Weidekamp et al., J. Am. Chem. Soc., 126, 2004, 12740 — 12741

[41] A.Afzali, et al., Synthetic Metals 155, 2005, 490-494

[42] K.-Y. Chen et al., Chem. Commun., 10, 2007, 1065

[43] T. Akinaga et al. Chemistry Letters Vol.35, 2006 No.10

[44]G. S. Tulevski et al. :J. Am. Chem. 2006, 128, 1788-1789

[45]G. S. Tulevski et al. Appl. Phys. Lett. 89, 2006, 183101

[46] X. Wang et al., Journal of the Vacuum Society of Japan Vol. 51, 2008 No. 3

[47] A. Facchetti Chem Mater , ASAP, DOI:10.1021/cm102419z

[48](a) Katz, H. E. Chem. Mater. 2004, 16, 4748. (b) Allard, S.; Forster,M.;
Souharce, B.; Thiem, H.; Scherf, U. Angew. Chem., Int. Ed. 2008, 47, 4070.

[49]Hamilton, R.; Bailey, C.; Duffy, W.; Heeney, M.; Shkunov, M.; Sparrowe, D.;
Tierney, S.; McCulloch, I.; Kline, R. J.; DeLongchamp D. M.; Chabinyc, M.
Proc. SPIE;Int. Soc. Opt. Eng. 2006, 6336, 158.

[50] (a)Yoon, M.-Y.; Kim, C., S.; Facchetti,A.; Marks, T. J. J. Am.Chem. Soc. 2006,
128, 12851. (b) Chua, L. L.; Zaumseil, J.; Chang, J. F.; Ou, E. CW.; Ho, P. K.
H.; Sirringhaus, H.; Friend, R. H. Nature 2005, 434, 194.

[51] Ong,B. S.;Wu,Y.;Liu,P.;Gardner, S. J.Am.Chem. Soc. 2004, 126, 3378.

[52] Osaka, I.; Zhang, R.; Sauve, G.; Smilgies, D; Kowalewski, T.; McCullough, R.
D. J. Am. Chem. Soc. 2009, 131, 2521.

[53] Fong, H. H.; Pozdin, V. A.; Amassian, A.; Malliaras, G. G.; Smilgies, D.-M.;
He, M.; Gasper, S.; Zhang, F.; Sorensen, M. J. Am. Chem. Soc. 2008, 130,
13202. (b) He, M.; Li, J.; Sorensen, M. L.; Zhang, F.; Hancock, R. R.; Fong, H.
H.; Pozdin, V. A.; Smilgies, D.-M.; Malliaras, G. G. J. Am. Chem. Soc. 2009,
131, 11930.

[54] Li, J.; Qin, F.; Li, C. M.; Bao, Q.; Chan-Park, M. B.; Zhang, W.; Qin, J.; Ong,
B. S. Chem. Mater. 2008, 20, 2057.

[55] Liu, J.; Zhang, R.; Sauve, G.; Kowalewski, T.; McCullough, R. D. J. Am.
Chem. Soc. 2008, 130, 13167.

[56] Mathijssen, S. G. J.; Coelle, M.; Gomes, H.; Smits, E. C. P.; de Boer, B.;
McCulloch, 1.; Bobbert, P. A.; de Leeuw, D. M. Adv. Mater. 2007, 19, 2785.
[57] (a) Street, R. A.; Northrup, J. E.; Salleo, A. Phys. Rev. B 2005, 71, 165202. (b)
Kline, R. J.; DeLongchamp, D. M.; Fischer, D. A.; Lin, E. K.; Heeney, M.;
McCulloch, I.; Toney,M. F. Appl. Phys. Lett. 2007, 90, 062117. (c) Salleo, A.

Mater. Today 2007, 10, 38.

[58] Rivnay, J.; Toney, M. F.; Zheng, Y.; Kauvar, I. V.; Chen, Z.; Wagner, V.;
Facchetti, A.; Salleo, A. Adv. Mater. 2010, 22, 4359-4363.

[59] J. Zaumseil, K.W. Baldwin, J.A. Rogers, J. Appl. Phys. 93 (2003) 6117.

[60] K. P. Puntambekar et al., Appl. Phys. Lett., 2003, 83, 5539

[61] L. Buergi et al., J. Appl. Phys., 2003, 94, 6129

[62] J. A. Nichols et al., Appl. Phys. Lett., 83, 2003, 2366

[63] Ito, E. et al, Appl, Surf. Sci. 2001, 175, 407.



References

[64] Slawomir Braun, Wojciech Osikowicz, Ying Wang and William R. Salaneck
Organic Electronics 8, 2007, 14-20

[65] V. Heine, C. H. Hodges J. Phys C: Solid St. Phys 5, 2972, 225.

[66] X. Crispin et al, ] Am Chem Soc, 2002, 124, 8131 — 8141.

[67] 1. H. Campbell et al Appl Phys Lett 71 (1997) 3528

[68] R. W. Zehner et al Langmuir 15, 1999, 1121.

[69] P. V. Pesavento et al., J. Appl. Phys., 96, 2004, 7312

[70] I. Kymissis, C.D. Dimitrakopoulos, S. Purushothaman, IEEE Trans. Electron.
Dev. 48, 2001, 1060.

[71] Noda, M.; Yoneya, N.; Hirai, N.; Kawashima, N.; Nomoto, K. Mat. Res. Soc.
Symp. Proc. 2004, 814, 14.4.1.

[72] Gundlach, D. J.; Jia, L.; Jackson, T. N. IEEE Trans. Dev. Lett. 2001, 22, 571

[73] Gupta, D.; Katiyar, M.; Gupta, D. Organic Electronics 2009, 10, 775

[74] Hong, K.; Yoon Yang, S.; Yang, C.; Kim, S. H.; Choi, D.; Park C. E. Organic
Electronics 2008, 9, 864.

[75] Kumaki, D.; Umeda, T.; Tokito, S. Appl. Phys. Lett. 2008, 92, 013301.

[76] B.H. Hamadani, D.A. Corley, J.W. Ciszek, J.M. Tour, D. Natelson, Nano Lett.
6 (2006) 1303.

[77] C. Di, G. Yu, Y. Liu, X. Xu, D. Wei, Y. Song, Y. Sun, Y. Wang, D. Zhu, J. Liu,
X. Liu, D. Wu, J. Am. Chem. Soc. 128 (2006) 16418.

[78] W. Kim, K. Hong, J.L. Lee, Appl. Phys. Lett. 89 (2006) 142117

[79] R. Schroeder, L.A. Majewski, M. Grell, J. Maunoury, J. Gautrot, P. Hodge, M.
Turner, Appl.Phys. Lett. 87 (2005) 113501.

[80] K. Hong et al., Organic Electronics, 9 (2008) 21 — 29.

[81] L.Bert Groenendaal, et al., Adv.Mater.200, 12, No. 7

[82] S.Timpanaro et al., Chemical Physics Letters, 394, 2004, 339 - 343

[83] J. Huang, et al., Synthetic Metals 139, 2003, 569 - 572

[84] Jianyong Ouyang et al., Polymer, 45, 2004, 8443 - 8450

[85] M. Kemerink, et al., J. Phys. Chem. B, 108, 2004, 18820-18825

[86] Dean M. DeLongchamp, et al, Langmuir, 21, 2005, 11480-11483

[87] Jaehyung Hwang et al., Organic Elettronics 7 2007, 387-396

[88] J. Hwang et al, Organic Electronics, 7 (2006) 387 — 396.

[89] K. Hong et al, Organic Electronics 9 (2008) 864 — 868.

[90] N. Koch et al Appl Phys Lett 82, 2003, 70 — 72.

[91] S. A. Di Benedetto et al J. Am. Chem. Soc. 131, , 2009 11081

[92] H. Sirringhaus et al., Science, 290, 2000 2123

[93] L. L. Chua et al., Adv. Mater. , 16, 2004 1609

[94] M. —H. Yoon, et al., J. Am. Chem. Soc., 127, 2005 10388 — 10395

[95] Yoon, M.-H.; Facchetti, A.; Marks, T. J. Proc. Natl. Acad. Sci. U.S.A. 2005,
102, 4678.

[96] S. E. Fritz et al., J. Phys. Chem. B., 109, 2005, 10574 — 10577

[97] P.Calvert, Chem.Mater., 13, 2001, 3299

[98] R.D. Deegan et al, Nature, 389, 1997, 827

[99] B.-J. de Gans, et al., Adv. Mater., 16 (3), 2004, 203

[100] T. Kawase et al., Thin Solid Films, 438-439, 2003, 279

151



[101] C. W. Sele et al., Adv. Mater, 2005, 17, No 8, April 18

[102] Wang et al. Appl. Phys. Lett. 87, 083503 (2005)

[103] Mark E. Roberts, Stefan C.B. Mannsfeld, Randall M. Stoltenberg, Zhenan
Bao, 2008, Organic Electronics, in press

[104] D. Li etal. APPLIED PHYSICS LETTERS 88, 063513 (2006)

[105] J.-U. Park et al., Nature Materials, 6, 2007, 782 — 789

[106] M. Cavallini et al., Science, 299, 2003, 531

[107] C. P. Collier et al., Science, 285, 1999, 391 — 394

[108] I. Yoshimura et al., J. Am. Chem. Soc., 126, 2004, 12204 — 12205

[109] Long, D. L.; Burkholder, E.; Cronin, L. Chem. Soc. Rev. 2007, 36, 105- 121

[110] Pope, M. T.; Miiller, A. Angew. Chem. Int. Ed. Engl. 1991, 30, 34-48.

[111] Kdgerler, P.; Cronin, L. Angew. Chem. Int. Ed. 2005, 44, 844-846.

[112]Yamase, T. Chem. Rev. 1998, 98, 307-326.

[113]Rhule, J. T.; Neiwert, W. A.; Hardcastle, K. I.; Do, B. T.; Hill, C. L. J. Am.
Chem. Soc. 2001, 123, 12101-12102.

[114] Vasylyev, M. V.; Neumann, R. J. Am. Chem. Soc. 2004, 126, 884-890

[115] Miiller, A.; Kbgerler, P.; Dress, A. W. M. Coord. Chem. Rev. 2001, 222, 193-
218

[116] Yamase, T.; Fukaya, K.; Nojiri, H.; Ohshima, Y. Inorg. Chem. 2006, 45,
7698-7704.

[117] Klemperer, W. G.; Wall, C. G. Chem. Rev. 1998, 98, 297-306.

[118]Fleming, C.; Long, D.-L.; McMillan, N.; Johnson, J.; Bovet, N.; Dhanak, V.;
Gadegaard, N.; Kogerler, P.; Cronin, L.; Kadodwala, M. Nature Nano. 2008, 3,
229-333.

[119] Ge, M.; Zhong, B.; Klemperer, W. G.; Gewirth, A. A. J. Am. Chem. Soc.
1996, 118, 5812.

[120] Ge, M.; Niece, B. K.; Wall, C. G.; Klemperer, W. G.; Gewirth, A. A. Mater.
Res. Soc. Sym. Proc. 1997, 451, 99-108.

[121] Song, I. K.; Kaba, M. S.; Coulston, G.; Kourtakis, K.; Barteau, M. A. Chem.
Mater. 1996, 8, 2352-2358.

[122] Decher, G. Science 1997, 277, 1232-1237

[123] Volkmer, D.; Chesne, A. D.; Kurth, D. G.; Schnablegger, H.; Lehmann, P.;
Koop, M. J.; Miiller, A. J. Am. Chem. Soc. 2000, 122, 1995.

[124] Errington, R. J.; Petkar, S. S.; Harrocks, B. R.; Houlton, A.; Lie, L. H.; Patole,
S. N. Angew. Chem. Int. Ed. 2005, 44, 1254-1257.

[125] Bu, W.; Li, H.; Sun, H.; Yin, S.; Wu, L. J. Am. Chem. Soc. 2005, 127, 8016.

[126] Pradeep, C. P.; Long, D.-L.; Newton, G. N.; Song, Y.-F.; Cronin, L. Angew.
Chem. Int. Ed. 2008, 47, 4388-4391.

[127] Proust, A.; Thouvenot, R.; P.Gouzerh Chem. Commun. 2008, 1837-1852.

[128] Song, Y.-F.; McMillan, N.; Long, D.-L.; Kane, S.; Malm, J.; Riehle, M. O.;
Pradeep, C. P.; Gadegaard, N.; Cronin, L. J. Am. Chem. Soc. 2009, 131, 1340-
1341.

[129] Raudino, A.; Pignataro, B. J. Phys. Chem. B 2007, 111, 9189-9192.

[130] Pignataro, B. J. Mater. Chem. 2009, 19, 3338-3350



References

[131] Fabiano, S.; Pignataro, B. Phys. Chem. Chem. Phys.,, DOI:
10.1039/C0OCP01012J

[132] Miras, H. N.; Long, D.-L.; Kdgerler, P.; Cronin, L. Dalton Trans. 2008, 214 -
221

[133] Baffert, C.; Boas, J. F.; Bond, A. M.; Kdgerler, P.; Long, D.-L.; Pilbrow, J. R.;
Cronin, L. Chem. Eur. J. 2006, 12, 8472-8483.

[134] Marcoux, P. R.; Hasenknopf, B.; Vaissermann, J.; Gouzerh, P. Eur. J. Inorg.
Chem. 2003, 2406 - 2412,

[135] Rosnes, M. H.; Musumeci, C.; Pradeep, C. P.; Mathieson, J. S.; Long, D.-L.;
Pignataro, B.; Cogdell, R.; Cronin, L. J. Am. Chem. Soc., DOI:
10.1021/ja1066338.

[136] Song, Y.-F.; McMillan, N.; Long, D.-L.; Thiel, J.; Ding, Y.; Chen, H.;
Gadegaard, N.; Cronin, L. Chem. Eur. J. 2008, 14, 2349-2354.

[137] Song, Y.-F.; Long, D.-L.; Cronin, L. Angew. Chem. Int. Ed. 2007, 46, 3900 -
3904.

[138] Musumeci, C.; Cascio, C.; Scandurra, A.; Indelli, G. F.; Bongiorno, C.;
Ravesi, S.; Pignataro, B. Surface Science 2008, 602, 993-1005.

[139] Knuyt, G.; Quaeyhaegens, C.; Haen, J. D.; Stals, L. M. Phys. Status Solidi B
1996, 195, 179.

[140] Kumaki, D.; Umeda, T.; Tokito, S. Appl. Phys. Lett. 2008, 92, 013301.

[141] Noda, M.; Yoneya, N.; Hirai, N.; Kawashima, N.; Nomoto, K. Mater. Res.
Soc. Symp. Proc. 2004, 814, 14.4.1.

[142] Scheinert, S.; Paasch, G.; Doll, T. Synth. Met. 2003, 139, 233.

[143] Volkel, A. R.; Street, R. A.; Knipp, D. Phys. Rev. B 2002, 66, 195336.

[144] Meijer, E. J.; Detcheverry, C.; Baesjou, P. J.; van Veenendaal, E.; de Leeuw,
D. M.; Klapwijk, T. M. J. Appl. Phys. 2003, 93, 4831.

[145] Knipp, D.; Muck, T.; Benor, A.; Wagner, V. J. Non-Cryst. Solids 2006, 352,
1774.

[146] Timpanaro, S.; Kemerink, M.; Touwslager, F. J.; De Kok, M. M.;Schrader, S.
Chem. Phys. Lett. 2004, 394, 339.

[147] Kanaan, H.; Jolinat, P.; Ablart, G.; Destruel, P.; Renaud, C.; Lee, C. W;
Nguyen, T.-P. Org. Electron. 2010, 11(6), 1047.

[148] Wang, J. Z.; Chang, J. F.; Sirringhaus, H. Appl. Phys. Lett. 2005, 87, 083503.

[149]Tsuyoshi Sekitani, Ute Zschieschang, Hagen Klauk and Takao Someya Nature
Mterials, 7 NOVEMBER 2010, DOI: 10.1038/NMAT2896

[150] McHale, G.; Rowan, S. M.; Newton, M. |.; Banerjee, M. K. J. Phys. Chem. B
1998, 102,1964.

[151] Zhong, D. Y.; Hirtz, M.; Wang, W. C.; Dou, R. F.; Chi, L. F.; Fuchs, H. Phys.
Rev. B 2008, 77, 113404.

[152] Okumura, H.; Horita, M.; Kimoto, T.; Suda, J. Appl. Surf. Sci. 2008, 254,
7858.

[153] Tonchev, V.; Ranguelov, B.; Omi, H.; Pimpinelli, A. Eur. Phys. J. B 2010, 73,
539.

[154] Deegan, R. D. Physical Review E 2000, 61, 475.

[155] Wasan, D. T.; Nikolov, A. D. Nature 2003, 423, 156.

153



[156] Thiele, U.; Mertig, M.; Pompe, W. Phys. Rev. Lett. 1998, 80, 2869.

[157] Chengara, A.; Nikolov, A. D.; Wasan, D. T.; Trokhymchuk, A.; Henderson,
D. Journal of Colloid and Interface Science 2004, 280, 192.

[158] Craster, R. V.; Matar, O. K.; Sefiane, K. Langmuir 2009, 25, 3601.

[159] Bigioni, T. P.; Lin, X.-M.; Nguyen, T. T.; Corwin, E. I.; Witten, T. A.; Jaeger,
H. M. Nat Mater 2006, 5, 265.

[160] T. A. Witten, J.; Sander, L. M. Phys. Rev. Lett. 1981, 47, 1400.

[161] Pradeep, C. P.; Misdrahi, M. F.; Li, F.; Zhang, J.; Xu, L.; Long, D.-L.; Liu, T.;
Cronin, L. Angew. Chem. Int. Ed. 2009, 48, 8309.

[162] Zhu, Y.; Wang, L.; Hao, J.; Xiao, Z.; Wei, Y.; Wang, Y. Crystal Growth &
Design 2009, 9, 3509.

[163] Zhang, J.; Song, Y.-F.; Cronin, L.; Liu, T. J. Am. Chem. Soc. 2008, 130,
14408.

[164] Yan, Y.; Wang, H.; Li, B.; Hou, G.; Yin, Z.; Wu, L.; Yam, V. W. W. Angew.
Chem. Int. Ed. 2010, 49, 9233.

[165] Long, D.-L.; Kogerler, P.; Cronin, L. Angew. Chem. Int. Ed. 2004, 43, 1817

[166] Nyman, M.; Rodriguez, M. A.; Anderson, T. M.; Ingersoll, D. Crystal Growth
& Design 2009, 9, 3590.

[167] Nisar, A.; Zhuang, J.; Wang, X. Chem. Mater. 2009, 21, 3745.

[168] Nisar, A.; Lu, Y.; Wang, X. Chem. Mater. 2010, 22, 3511.

[169] D. Boudinet et al Organic Electronics 11 (2010) 291-298

[170] J. E. Anthony, D. L. Eaton, S. R. Parkin, Org. Lett. 2002, 4, 15.

[171] Richard Hamilton et al Adv. Mater. 2009, 21, 1166-1171

[172] Jeremy Smith et al Synthetic Metals 159 (2009) 2365-2367



