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Outline of the thesis

The interest for Organic Electronics has dramatically increased
over these past years, not only in academic research, but also in an
industrial perspective. The main reasons for focused interest in the field
of “plastic electronics” is the opportunity to produce low cost devices on
plastic substrates on large areas, opening, indeed, an entire new market
segment. One of the fundamental points in determining the electrical
performances in organic devices is that, even though they are usually
thought as macroscopic devices, their behaviour is strongly driven by
interfacial phenomena taking place in the nano scale.

The focus of this thesis is the realization and characterization of
Organic Field effect Transistors (OFETs) with a particular interest for
investigating the influence of the interfaces on the electrical
performances of the devices. Indeed, the parameters which mostly

influence the electrical behaviour can be divided into to groups:

i)  Intrinsic parameters of the material, as molecular packing and
island nucleation, where the interfacial phenomena are taking
place in the inter-molecular and inter-island scale.

ii)  Structural properties of the device, where the role of the triple
interface metal electrode/organic semiconductor/gate dielectric
can, in fact, significantly dictate the electrical behaviour of the

device.

The first chapter is basically an introduction to organic materials and to
the basis of charge transport in organics. The last part of the chapter is
focussed on the description of the material employed in this thesis.

The second chapter gives a detailed description of the Organic Field
Effect Transistor. It is divided into three sections. The first is dedicated

to the introduction of the models generally used for describing OFETs



behaviour; in the second we show the architectures usually employed at
the state of the art for OFETs assembly; whereas the last part of the
chapter is dedicated to the description of the fabrication technologies we
used during this thesis activity.

In the third chapter we introduce the characterization techniques
employed in this thesis for investigating the structural and
morphological properties of the materials we used and for the electrical
characterization of the assembled devices.

The last four chapters are more focussed on the main results obtained
in different dedicated experiments.

Chapter four is dedicated to the investigation of FETs; here we show a
detailed comparison between Bottom Contact and Top Contact devices,
focussing in particular on the role played by the interfaces in their
electrical behaviour.

In chapter five and six we show two examples in which the modulation
and engineering of interfaces in organic bulk heterojunctions can
dramatically influence the electrical performances of the devices. In
particular in chapter five it will be shown the first example reported (as
far as we know) of all-organic ambipolar FETs realized by means of
double layer organic heterojunctions. In chapter 6 we have analysed the
behaviour of devices obtained from bulk heterojunctions of two similar
materials that differs only for a side alkyl susbstituent. Again, the
interface between these materials plays a key role in determining the
device performances.

In the last chapter we introduce the structure of the Organic Light
Emitting Transistor and we show that, changing the
electrode/semiconductor interface by employing a new technology for
the patterning of the electrodes, it is possible to dramatically improve
the optoelectronic performances of the assembled devices.

A final short chapter is dedicated to conclusions.



Sommario

L’'interesse nei confronti dell’Elettronica Organica € enormemente
cresciuto negli ultimi anni sia a livello di ricerca accademica che
industriale. Il vantaggio dell’elettronica organica sta nella possibilita di
realizzare dispositivi su film sottili e flessibili, su larga area e a bassi
costi di realizzazione e produzione, sfruttando quelle che sono le
caratteristiche chimiche e meccaniche dei materiali utilizzati, oligomeri
e polimeri organici coniugati. Uno degli aspetti fondamentali nel
determinare le prestazioni elettriche nei dispositivi organici € che,
nonostante essi siano generalmente pensati come dei dispositivi
macroscopici, il loro comportamento ¢ fortemente dettato da fenomeni
di interfaccia che hanno luogo a livello nanoscopico.

In questa tesi ci si € occupati prevalentemente della realizzazione
e caratterizzazione di transistor organici ad effetto di campo
(OFETSs) focalizzandosi in modo particolare sull’influenza delle interfacce
nelle prestazioni elettriche dei dispositivi realizzati. I parametri che
possono incidere sulle performance elettriche possono, infatti, essere
molteplici e fondamentalmente possono essere racchiusi in due grandi

categorie:

i) Parametri intrinseci del materiale, come la struttura molecolare
e il meccanismo di crescita del film, in cui i fenomeni di
interfaccia che hanno piu peso sono a livello intermolecolare.

ii) Parametri intrinseci del dispositivo, in cui il ruolo della tripla
interfaccia metallo/semiconduttore organico/dielettrico di gate
puo, in effetti, determinare in maniera significativa il

comportamento elettrico del dispositivo.



I1 primo Capitolo ¢ fondamentalmente un’introduzione ai materiali
organici e alle basi del meccanismo di trasporto di carica in questo tipo
di materiali. L'ultima parte del capitolo € incentrata sulla descrizione dei
materiali utilizzati durante questo lavoro di tesi.

I1 secondo capitolo offre una descrizione dettagliata dei transistor
organici ad effetto di campo (OFETSs). E diviso in tre parti. La prima &
dedicata alla trattazione dei modelli tipicamente utilizzati per descrivere
il comportamento degli OFETSs; nella seconda parte verranno introdotte
le architetture pit comunemente utilizzate allo stato dell’arte; mentre
nell’ultima parte si dara una descrizione delle tecniche di fabbricazione
utilizzate durante questa tesi.

Nel terzo capitolo saranno introdotte le tecniche di caratterizzazione
utilizzate in questa tesi per l’analisi strutturale e morfologica dei
materiali e per la caratterizzazione elettrica dei dispositivi realizzati.

Gli ultimi quattro capitoli verranno descritti i risultati ottenuti in diversi
esperimenti dedicati.

Il quarto capitolo € dedicato allo studio delle caratteristiche elettriche di
OFETs completamente organici; qui faremo un confronto approfondito
tra dispositivi realizzati in configurazione Bottom Contact e Top
Contact, focalizzandosi in particolare sul ruolo delle interfacce nel
determinare il comportamento e le prestazioni elettriche dei dispositivi.
Nei capitoli cinque e sei mostreremo due esempi in cui
I'ingegnerizzazione delle interfacce tramite 1'uso di heterogiunzioni puo
influenzare notevolmente le prestazioni elettriche dei dispositivi. In
particolare, nel capitolo cinque verra mostrato il primo esempio (a
nostra conoscenza) di OFET interamente organico e ambipolare,
realizzato utilizzando una heterogiunzione a doppio strato. Nel capitolo
6 abbiamo invece analizzato il comportamento di dispositivi ottenuti
tramite heterogiunzioni tra due materiali che differiscono tra loro solo
per la presenza in uno di essi di catene alchiliche come sostituenti

terminali della molecola. Ancora una volta, linterfaccia tra i due



materiali gioca un ruolo fondamentale nel determinare le prestazioni
elettriche del dispositivo.

Nell’ultimo capitolo introdurremo il transistor organico ad emissione di
luce (OLETs) e mostreremo come, modificando Ilinterfaccia
metallo/semiconduttore tramite l'uso di una nuova tecnica per il
patterning degli elettrodi, sia possibile incrementare significativamente
le prestazioni opto-elettroniche dei dispositivi realizzati.

Un ultimo, breve, capitolo finale ¢ dedicato alle conclusioni.
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Chapter 1: Organic Materials

Chapter 1

Organic Materials

In the late 70’s (1977) a group of researchers, Heeger,
MacDiarmid, and Shirakawa [1] discovered the conducting properties of
polymers. They demonstrated that it is possible to obtain a conducting
polymer by doping polyacetylene with arsenic pentafluoride (AsFs). This
discovery, which earned them the Nobel Prize in chemistry, paved the
way for the new field of Organic Electronics. Intrinsic conducting and
semiconducting plastic materials, either electrons (n-type) or holes (p-
type) transport with band like structure, can now be made. The main
advantages of employing this new generation of materials for electronics
applications lie in the possibility of being processed with very easy and
low cost techniques. Indeed, organic materials, either oligomers or
polymers, can be deposited by various methods such as thermal
evaporation in vacuum, molecular beam deposition, spin coating, and
patterned with very low cost techniques as photolithography, screen
printing, inkjet printing and soft lithography suitable for mass
production over a very large scale of Plastic Electronics devices [2-9].
Moreover, due to their intrinsic mechanical properties they opened the
way for unusual applications. In fact, organic semiconductors, being
plastic materials, are very flexible; they can be easily deposited on

unusual substrates such as paper, fabric or 3D structures which are
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not suitable for the most common inorganic materials as silicon. The
possibility of fabricating flexible electronics is now a reality; flexible
smart tags, displays, integrated circuits solar cells etc...are now

available at the state of the art [10].

1.1 Conjugated polymers

The key element on organic compounds is the Carbon atom,
generally bonded to other atoms such as Hydrogen, Nitrogen, Oxygen,
Sulphur, Phosphor etc...The carbon atom is characterized by 6
electrons distributed as 1s12s22p2. It is very common that one of the
two 2s2 electrons can jump into the free 2p, orbital, thus leading to four
valence electrons, 2s 2px 2py 2p.. The orbitals of the four valence
electrons in the outer shell of the carbon atom can be configured in
several ways depending of the overlapping, resulting in the so called

hybrid orbitals.

Figure 1.1: Four sp?3 orbitals are directed toward the corners of a tetrahedron (a); the

orbital structure of methane, showing the overlap of the four sp3 orbitals of carbon
with the s orbitals of four hydrogen atoms to form four O (covalent) bonds between

carbon and hydrogen (b).
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When a carbon atom has four single bonds, the 2s-orbital and the
three 2s-orbitals hybridise and form four equivalent sps3-orbitals,
equally shaped and oriented towards the corners of a regular
tetrahedron, see Figure 1.1. All bonds between s-orbitals or hybrids of
s-orbitals and p-orbitals are called o-bonds, and the electrons involved
are called o-electrons. When one 2s-orbital combines with two of the
three 2p-orbitals, three hybrid sp2-orbitals will be formed. As a result,
there will be three sp2? orbitals lying on the same plane and one
unhybridized one (2p,), that is standing perpendicular, as sketched in
Figure 1.2 (a). When two sp? hybridized carbon atoms bond each other,
the sp? orbitals will overlap forming the so called o-bond. At the same
time, the unhybridized p, orbitals will start interacting too, forming a

different kind of bond, called ri-bond (see Figure 1.2 (b)).

Figure 1.2: one s-orbital and two p-orbitals hybridize to give three sp? orbitals and
one remaining p orbital perpendicular to plane (a); when 2 carbon atoms approach

each other they can form one sigma bond (sp2-sp2 overlap) and one pi (r) bond (b).
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o-bonds are typically very strong bonds and the electrons involved
are too localized to be free to move. As a result, o-electrons are not
involved in charge transport mechanism and o-bonds form the skeleton
of the structure, and are responsible for the geometrical properties of
the resulting molecule. On the contrary, i-bonds are very weak and the
electrons involved are much delocalized so that they can freely move
across the molecule, in particular when an electric field is applied.

In such kind of hybridized bonds, rn-bonds occur alternatively
every 2 molecules. The key structure in a conducting polymer is a linear
chain of conjugated units, in which single and double bonds alternate.
In these molecules, the p-orbitals of the m-electrons overlap, thus, the
arrangement of the electrons is reconfigured concerning the energy
levels. A typical example is the benzene ring, that will be introduced in
sectionl.3. We can separate the molecular energy levels into two
categories: it and i bonding and anti-bonding respectively, forming a
band-like structure. The occupied 1i-levels are the equivalent of the

valence band in inorganic semiconductors.

Anti-bonding Molecular Orbital n*
|

A \\
p orbital \

/ p orbital

Bonding Molecular Orbital n

Figure 1.3: bonding and anti-bonding it molecular orbitals.
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The electrically active level is the highest one and it is called
Highest Occupied Molecular Orbital (HOMO). The unoccupied mt*-levels
are equivalent to the conduction band. In this case, the electrically
active level is the lowest one, called Lowest Unoccupied Molecular
Orbital (LUMO). The resulting band gap is given by the difference of the
energy between HOMO and LUMO. If we consider a polymer chain with
N atoms using the quantum mechanical model for a free electron in a
one dimensional box, the wave functions for the electrons of the

polymer chain is given by:

212
En:n h2
8mL

(1.1)

with n=1, 2, 3 etc...and where h is the Plank constant, m the electron
mass and L the conjugation length, which, if we consider N atoms
separated by a distance d within the polymer chain, is equal to Nd.
Therefore, if the m-electrons from the p-orbitals of the N atoms occupy
these molecular orbits, with 2 electrons per orbit, then the HOMO

should have an energy given by:

2

whereas, the LUMO will have an energy of:

E(LUMO) = (82
m
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All energies are supposed to be measured with respect to vacuum
energy level as reference. Thus, the energy required to excite an electron

from the HOMO to the LUMO is give by their energies difference:

(N+1°h*  h?

E. = E(LUMO) - E(HOMO) = ~
« =& )~ ) gm(Nd)*  8md°N

for large N (1.4)

It is evident that the band gap is inversely proportional to the
conjugation length L, and, as a consequence, to the number of atoms N
in the polymer chain. If the band gap is high the material is an
insulator, if it is low the material is a conductor. Usually the most of the

organic semiconductors have a band gap between 1.5 to 3 eV.

1.2 Charge transport in organic materials

Inorganic semiconductors such as Si or Ge, atoms are held
together by very strong covalent bonds and charge carriers moves as
highly delocalized plane waves in wide bands and usually have very
high mobility [11]. In these materials, charge transport is limited by
scattering of the carriers, mainly on phonons, that is, thermally induced
lattice deformations [12]. This model is no longer valid for low
conductivity materials as organic semiconductors. The weak
intermolecular interaction forces in these materials, most usually Van
der Waals interactions, lead the vibrational energy of the molecules to
reach a magnitude close to the intermolecular bond energy at or above
room temperature. In this case, the mean free path of charge carriers
can be smaller than the mean atomic distance and transport occurs by
hopping of charges between localized states. The main difference
between the two cases in that in the former charge transport is limited
by phonon scattering, whereas in the latter, it is phonon assisted.

According to this, charge mobility increases with temperature and is
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generally thermal activated. One indubitable point is that charge
transport in organics is directly connected to the structural
characteristics of the organic film, either in the small scale, such as
molecular packing, or in a large scale as grain nucleation within the
film. Generally, it can be divided into three levels: i) charge transport
within the same molecule (intra-chain); ii) charge transport between two
close molecules (inter-chain); iii) charge transport between two close
domains, wusually called grains (inter-grain). There are several
methodologies employed for estimating the electrical properties in
organic films, i.e. charge carrier mobility. Many groups use to make
Time of Flight (TOF) and Hall Effect measurements, which can give a
clear indication of charge transport in the bulk of the material, but the
most employed method, which is the one we will use during this thesis,
is employing the deposited semiconductor film as active layer in a Field
Effect Transistor and measure the channel mobility.

Unfortunately, compared to the tremendous progress that
organic electronics has known during the past years, the theory of
charge transport has scarcely evolved. However, several models have
been developed, but a universal theory which can describe properly
charge transport in organic materials does not exist and transport
properties are still not fully explained. In the following sections a brief

introduction to the most used models will be given.

1.2.1 The small polaron model

A slow moving electron in an organic semiconductor, interacting
with lattice ions through long-range forces will permanently be
surrounded by a region of lattice polarization and deformation caused
by the moving electron. A polaron results from the deformation of a
conjugated chain under the action of a charge. In other words, in a
conjugated molecule, a charge is self-trapped by the deformation it

induces in the chain and it is described by the formation of localized
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states in the gap between HOMO and LUMO. One model to describe
charge transport in organic materials is the small polaron model
introduced by Holstein [13, 14]|. The problem generally consists in

solving a (low-electron-density) Hamiltonian of the form:
H=H. + Hpol + He—pol (15)

where He describes the energy of the charge carriers in the unpolarized
molecular material, Hpoi represents the energy of the induced
polarizations in the local environment and Hepol describes the
interaction energy between the charge carriers and their surrounding
polarizations. Besides the different methods that can be used to solve
this Hamiltonian [15-17], the main differences between the various
reported research works concern the simplifications that are made in
the second and third term of the Hamiltonian. For simplicity, most
authors choose to focus their calculations on only one of the three
polarization processes, i.e. they study the electronic polaron (or
Coulomb polaron) [18, 19], or the molecular polaron [14], or the lattice
polaron [20-23]. In Holstein model, the lattice energy is given by a sum

of N harmonic oscillators that vibrate at a unique frequency wo:

2
N
E, =Zi£zi] +1|v|a)gu§ (1.6)

where, un is the displacement of the ni molecule from its equilibrium
position, and M is the reduced mass of each molecular site. The

electron-lattice coupling is given by:

E, = E, —2J cos(ka) (1.7)

. =—Au

n

(1.8)

n
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here J is the electron transfer energy, a is the lattice constant and A is a
constant. An important parameter is the polaron binding energy Ey
which is defined as the energy gain of an infinitely slow carrier due to

the polarization and deformation of the lattice.

E, = A?/(2Mw{) (1.9)

The mobility of the small polaron is calculated by solving the time
dependent Schroedinger equation. Its upper limit is given by the
following equation, where it is worth to point out that the term
ea’ /h has the dimension of a mobility and it is very close to 1cm?/Vs in

most molecular crystals [13].

2 2
\/;ea J (kT)-f”Zexp(—zETbT) (1.10)

S RIS

1.2.2 Hopping Transport

The absence of an ideal 3D periodic lattice in disordered organic
semiconductors does not allow to describe charge carrier transport in
terms of band conduction. In this case, charge carriers move between
localized states, and charge transfer is generally described in terms of
hopping transport, which is a phonon-assisted tunnelling mechanism
from site to site [24, 25]. This phonon-induced hopping mechanism was
suggested by Conwell [26] and Mott [24]. Later, Miller and Abrahams
proposed a hopping model based on a single-phonon jump rate
description [25]. The localized states are shallow impurity levels. The
energy of these levels stands in a very narrow range so the probability
for a charge carrier on one site to find a phonon to jump to the closest

site is high. The model predicts that the hopping rate between an
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occupied site i and an adjacent unoccupied site j, which are separated

in energy by E~E;jand in distance by Rj is given by:

& =&

) & >¢€

xp(- j (1.11)

W, ; = v, -exp(-2I'R, ;) ke T

1 & <&,

where, I'"! quantifies the wavefunction overlap between the sites, vo is
an empirical pre-factor, and kg is the Boltzmann constant. Depending
on the structural and energetic disorder of the system, it can be
possible that a charge carrier finds more favourable to hop over a larger
distance with a lower activation energy than over a shorter distance
with a high activation energy. This extension to the Miller-Abrahams
model is called Variable Range Hopping (VHR). This model was
introduced by Vissemberg and Matters [27], and describes the
temperature and gate voltage dependence in OFETs introducing a

percolation model based on VRH in an exponential density of states.

1.2.3 Multiple Trapping and Thermal Release (MTR)

Another model that is used to describe the temperature
dependent transport in polycrystalline organic semiconductors is the so
called Multiple Trapping and Thermal Release (MTR). This model was
introduced to explain charge transport in amorphous silicon devices
and was used by Horowitz et al. [28] to interpret the data obtained on
poly-crystalline sexithiophene OFETs. They assumed that traps are not
homogeneously distributed within the semiconductor film, but are
mostly localized in the grain boundaries. In this model the organic
semiconductor film consists of crystallites which are separated from
each other by amorphous grain boundaries. In the crystallites charge
carriers can move in delocalized bands, whereas in the grain boundaries

they become trapped in localized states. The trapping and release of
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carriers at these localized states results in a thermal activated

behaviour of the field effect mobility, which depends on the gate voltage.

Figure 1.4: Energy scheme of a polycrystalline semiconductor in two limiting cases.
a) 1 > 2Lp; b) 1 < Lp. 1 is the grain size, Lp the Debye length and Ey the barrier height.
Because of defect-induced localized levels in the grain boundaries, back-to-back
Schottky barriers are assumed to form at the intergrain regions. Note that Lp only
depends on temperature and doping level, and has therefore the same magnitude in

(@) and (b).

In fact, polycrystalline films can be considered as formed by two
different areas, one with high mobility (the crystal grains) and another
with a low mobility (the grain boundaries). Since the grains are, under
the electrical point of view, connected as resistors in series, the total

mobility can be given by:

RN (1.12)

1
IU /ug Iub

where ug and up are the mobility in the crystal grain and in the grain
boundary respectively. If the defects are mostly located at the grain
boundaries, then uy >> up and the total mobility is almost equal to the

mobility in the grain boundaries. A general assumption is that, due to

11
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the presence of defect states in the grain boundaries, a back-to-back
Schottky barrier forms at the intergrain region. The energy scheme of
the medium may present two limiting forms, given in Figure 1.4,

depending on the respective magnitude of grain size 1 and Debye length
L, =+/&KT/g*" (where & is the permittivity of the semiconductor, k is

Boltzmann's constant, T the absolute temperature, q the electron
charge, and N the doping level). Therefore, if 1 < Lp traps are uniformly
distributed in the organic semiconductor film, whereas if 1 > 2Lp we can
consider traps as mostly concentrated at the grain boundaries.

According to the back-to-back Schottky barrier picture, the current
flowing through a grain boundary at room temperature is limited by
thermionic emission. For large grains (1 > 2LD) the mobility is given by

Equation 1.13 where v represents the electron mean velocity.

_ 9wl [ B
T exp[ ij (1.13)

interestingly, the pre-exponential factor is not related to the mobility in
the grain, that is, the mobility in a trap-free material. Equation 1.13
suggests that the mobility would increase linearly with grain size, and
the activation energy E, can be easily estimated from the temperature

dependence of the mobility [29].

1.2.4 Charge injection into organic semiconductor

Charge transport along the active organic semiconductor film is
not the only important subject for describing the physical properties of
OFETSs. Metal/organic semiconductor interfaces are very important and
can strongly influence both the type and the amount of charge carrier
injected into the channel. In principle, all organic semiconductors
should be able to allow both kinds of charge carriers transport.

Therefore, achieving n-type or p-type conduction should only depend on

12
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the metal employed for the electrodes that should be able to efficiently
inject one type of charge carriers into the semiconductor layer. Indeed,
charge injection strongly depends on the energy level matching between
the Fermi level of the metal electrodes and organic semiconductors
energy levels, namely, lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO). One of the fundamental
aspects of the metal/semiconductor interface is the Fermi level
alignment, described by the Mott-Schottky model [30, 31]. When a
neutral metal and a neutral semiconductor are brought in contact, the
Mott-Schottky model predicts that their bulk Fermi levels will align,

causing band bending in the semiconductor (see Figure 1.5).

AI '\\_—____
) . ["L
( M . L'[}_{ \.._,__‘— EL
Ep EF Eg Eg
+ + + W % Eu

(a) ib)

Figure 1.5: Energy-band diagrams under thermal equilibrium for (a) a metal (left) and
an intrinsic semiconductor (right) that are not in contact; (b) a metal/semiconductor
contact, with a band bending region in the semiconductor, close to the interface with
the metal. Ec and Ev indicate the edge of the conduction band and the edge of the

valence band; Er indicates the position of the Fermi level.

Due to the band bending, a non-Ohmic Schottky barrier can be
formed at the interfaces between metal and semiconductor. As a
consequence, charge transport can be limited by injection through the
Schottky barrier and is characterized by thermal excitation of charge
carriers over the barrier, resulting in thermally excited temperature
dependence. Mott-Schottky model is generally used as a guideline for

choosing the contact metal. The height of the injection barrier will be
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given by the difference between the metal Fermi level and the HOMO or
LUMO levels of the organic semiconductor for holes and electrons
respectively. According to this, gold is generally used for the realization
of p-type organic transistors, since its relatively high work function (5.1
eV) forms a low hole injection barrier with the most common organic
semiconductors (i.e. pentacene, sexithiophene, dihexylsexithiophene).
On the other hand, low work function metals, as calcium (i.e. 2.9 eV)
are generally used as electron injectors. There are several aspects that
can modify the Mott-Schottky-type of band bending. One of these is the
formation of surface dipoles at the interface between the metal and the
organic semiconductor. The large interface dipole was explained by the
change of the surface dipole of the metal upon adsorption of the
molecule. A metal surface is characterized by an electron density tailing
from the free surface into vacuum. Adsorbed molecules tend to push
back these electrons, thus reducing the surface dipole and decreasing
the work function of the metal that can induce a vacuum level shift that
can change the barrier height [32, 33] as carefully explained by Kahn et
al. [34].

_‘l_E\ul. 'E'l.'a.r'Il"i:I *
dpoele bamer A
Egael®) g
i 1 ¥
LY b . |
LUMD l
L
i "
o I rl/E )
r-F L e ]T_F
= Eppronro
HOMD PneExmonts
Schottky-Mott r L
(a) interface (b) HOMO

Figure 1.6: Energy diagram of an MO semiconductor interface (a) without and (b) with
a dipole barrier (A). e and Ph are the electron and hole barriers, respectively, and
Evac(O) and Evac(M) are the organic and metal vacuum levels, respectively. Taken

from ref. [34].
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Another aspect that can have a strong influence in charge
injection is the presence of traps at the metal/organic interface that are
mostly produced during contact fabrication [35]. The deposition of metal
contact over the already deposited organic film can lead to local
damages in the crystalline structure of the material due to the diffusion
of the deposited specie into the active layer upon deposition. On the
other hand, the deposition of the organic material on the top of the pre-
patterned electrodes can lead to an accumulation of structural defects
at the triple interface between the metal contact, substrate and organic
semiconductor. In fact, in this case the organic material is not grown on
a bare flat surface and the presence of pre-patterned structures as the
electrodes can induce discontinuities in the morphology of the deposited
film that acts as trapping sites for charge carrier to be injected into the

channel.

1.3 Specific Materials

Most organic materials employed for electronics applications can
be classified into two families: i) aromatic compounds; ii) heterocyclic
compounds. The core of the aromatic compound family is the benzene
ring, reported in Figure 1.7 (a). The benzene ring (CeHs) consists of six
carbon atoms bonded in a flat or planar hexagon ring. Each carbon
atom in the hexagonal cycle has four electrons to share. One goes to the
hydrogen atom, and one each to the two neighboring carbons, with an
alternation of a single and a double bond. Aromatic compounds are
basically formed by a concatenation of several benzene rings that leads
to obtain a rodlike conjugated molecule. The core of the heterocyclic
compounds is the thiophene ring. Thiophene (C4H4S) is a heterocyclic
compound consisting of four carbon atoms and one sulfur atom in a
five-membered ring, see Figure 1.7 (b). Also in this case carbon atoms
are bonded to a hydrogen atom with a single bond and to the neighbour

atoms of the ring by one single and one double bond.
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Figure 1.7: chemical structure of benezene ring (a), thiophene ring (b), pentacene (c),

a-sexithiophene (d), tetracene (e), a,o-dihexylsexuthiophene (f) and fullerene Ceo (g).

Metal
work function

3__

E (eV) ~—

/ a,0- DHGT

pentacene  o- 6T
PSS A ll/— C60 tetracene

Transport Energy
levels Gap

LUMO
HOMO

Figure 1.8: Band structure showing LUMO and HOMO energy levels of the employed

organic semiconductors.
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In the following sections the materials employed during the

experimental acivity described in this thesis will be described.

1.3.1 Pentacene

Pentacene is a polycyclic aromatic hydrocarbon molecule
consisting of 5 linearly-fused benzene rings, as depicted in Figure 1.7
(c). Pentacene is one of the most used and the most promising organic
semiconductors. This is the typical example of a rod-like molecule
where one of the three axes is definitely longer than the other two. For a
molecule like pentacene, charge transport across the semiconductor
film strongly depends not only on the overlapping of the m-orbitals in
the direction of the longest axis of the molecule (intra-chain charge
transport), but also on the interaction of the m-orbitals between two
close molecules (inter-chain charge transport). Therefore, charge carrier
transport properties, in particular mobility, are strongly influenced by
structural morphological properties of the assembled film. At the state
of the art, pentacene is the organic semiconductor that showed the
highest performances in terms of stability and also in terms of the
measured mobilities. Mobilities up to 1 cm?/Vs have been recorded for
polycrystalline pentacene films, whereas even higher mobilities, up to
30 cm?2/Vs, were measured for pentacene single crystals [36, 37]. It is
characterized by a wide band gap (as most organic semiconductors)
around 2,2 eV. Pentacene has an lonization Energy (which correspond
to the HOMO energy level) around 5.2 eV and an Electron Affinity
(LUMO level) around 3 eV. This means that it forms a very low hole
injection barrier but a very high electron injection barrier when using
Au as metal electrode. This is the reason why it is typically employed as

p-type semiconductor in most organic electronics applications.
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1.3.2 Tetracene

Tetracene, also called naphthacene and 2,3-benzanthracene, is a
polycyclic aromatic hydrocarbon, see Figure 1.7 (e). The molecule is very
similar to pentacene, but it is characterized by four linearly fused
benzene rings. If compared to pentacene, tetracene shows lower
electronic performances. It is very unstable and quickly degrades upon
exposure to light and oxygen. Moreover, the recorded mobilities for this
material are in the range of 102 to 103 cm?2/Vs up to 0.4 cm?2/Vs for
single crystal film, measured by Morpurgo et al. [38]. Nevertheless, this
material has been extensively studied for its photoluminescence
properties, and has been employed as active material for the realization

of Organic Light Emitting Transistors (OLETSs) [39, 40].

1.3.3 a-sexithiophene (a-6T)

Sexithiophene is a heterocyclic compound characterized by a
concatenation of six thiophene rings as depicted in Figure 1.7 (d). It is
one of the most extensively studied oligothiophene compounds, mainly
employed as active layer for the realization of OFETs. Several examples
have been reported so far in literature with mobilities up to 0.1cm2/Vs
and 1x102cm?2/Vs for single crystal and polycristalline devices
respectively [13, 41, 42]. a-6T energy levels are very similar to
pentacene ones, with a lonization Energy close to 5 eV and a energy bad
gap around 2.3 eV. Therefore, also this material is generally employed

as p-type semiconductor when using a high work function metal.

1.3.4 a,0-dihexylsexithiophene (a,0-DH6T)

One of the main advantages of organic electronics is the
possibility to use molecular chemistry tailoring in order to tune and
modulate the properties of the basic molecule itself. As can be clearly
noticed from the picture depicted in Figure 1.7 (f), the a,0-DH6T

molecule is very similar to the 6T one. The only difference is the
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presence of two lateral alkyl-chain substituents located at both ends of
the molecule, in a,o position respectively. Mobilities in the range of
lcm2/Vs and 0.1cm?/Vs have been reported in literature for single
crystal and polycristalline devices respectively [13, 42]. As can be
noticed from the energy levels diagram depicted in Figure 1.8, the
presence of the alkyl chains sobstituents have a strong influence on the
energetics of this system, leading to a reduction of its Electron Affinity
to 2 eV. Also in this case, due to the very high electron injection barrier
that DH6T forms with the most common metals (even with low work

function ones) it is seldom employed as n-type material.

1.3.5 Fullerene - Ceo

Due to their electronic band structure, nearly all organic
semiconductors are able to transport only one kind of charge carrier,
either hole or electrons. The reason for that, can be found in the fact
that most metals employed for the realization of the electrodes are
characterized by a high work function (typically around 4.5 to 5.5 eV),
thus leading to have a very high electron injection barrier at the
interface between metal electrode/organic semiconductor, since the
typical values of the LUMO level for organic semiconductors is around
2.5 to 3eV. The materials introduced before, were mainly employed for
the realization of OFETs working in p-type mode.

Ceo is one of the most interesting organic semiconductors, see
Figure 1.7 (g). Due to its high photoluminescence and photoconductivity
it has been extensively employed for optoelectronic applications, in
particular for the realization of Organic Photovoltaic Solar Cells. Its
relatively high LUMO level (3.7-4.1 eV) allows to minimize the electron
injection barrier, therefore, it can be used for the realization of n-type

OFETs even with high work function metal electrodes.
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1.3.6 PEDOT:PSS

One of the most studied and characterised conjugated polymers is
the p-doped poly(3,4-ethylenedioxythiophene) (PEDOT). The structure of
PEDOT is shown in Figure 1.9 (a). As the previously mentioned
sexithiophene and dihexylsexithiophene, also PEDOT is a thiophene
derivative. Due to its high conductivity, it is generally employed, not
only as active semiconductor material, but also for the realization of
conductive electrodes in several applications such as OFETs and
OLEDs [43-49]. Some reasons for the popularity of PEDOT is its
excellent chemical stability and its high conductivity. Depending on the
counterion (which is the ion that accompanies the ionic species in order
to maintain electric neutrality), PEDOT can exhibit conductivities

around 300 S/cm [S0].
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Figure 1.9: chemical structure of PEDOT (a) and PEDOT:PSS (b)

Moreover, it is almost transparent if deposited in thin films. The
biggest problem for employing PEDOT in organic electronics
applications is its insolubility in most organic solvents. This problem
has been overcome by a chemical tailoring of the molecule. When
poly(styrene sulphonic acid) (PSS) is used as the counterion, it is
possible to obtain a soluble compound, with the same stability and
transparency properties, but with a lower conductivity that typically

reaches 10 S/cm in solid state thin films [S1]. One key factor for the
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conductivity of the film is the morphology. By mixing PEDOT:PSS with
sorbitol, Nmethylpyrrolidone (NMP) or isopropanol the morphology of
the resulting film is controlled in a favourable manner. Such treatment
gives an increase in the conductivity [52]. Ouyang et al. [S3] have shown
that solvents with more than two polar groups, in particular ethylene
glycol, increases the conductivity even more. They suggest that
increased interchain interaction and conformational change is the
mechanism behind this. The morphology of a PEDOT film is a phase
segregation with grains consisting of conductive PEDOT:PSS in a matrix
of insulating PSS. The thickness of the grain boundary is about 40A
[54]. The grains show metallic-like electron conductivity while the grain
boundary layer consists of PSSH that is an ion conductor having low
electronic conductivity. Therefore, electric current in a PEDOT:PSS film
is easily transported within the grains while the main obstacle is to
transport electric current between the grains. In its doped form, PEDOT
shows excellent properties as a transparent charge injection layer in
light emitting diodes as well as the conducting electrodes/contacts in

field effect transistors.
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Chapter 2

Organic Field Effect Transistors

(OFETS)

This chapter is completely dedicated to the description of the
Organic Field Effect Transistor. It is basically divided into three parts.
In the first part we give a detailed description of the working principles
and of the models developed to describe it. Afterwards, there will be an
introduction to the most common architectures employed for the
realization of OFETs. We will take this a starting point for the
description of the structures we employed during this thesis. Finally, we
will focus our attention on the fabrication techniques generally used for

the device assembly.

2.1 OFET Model

The interest for Organic Field Effect Transistors (OFETs) has
drastically increased over the past few years, and they have been
intensively studied for many applications such as displays, smart tags
and sensors. The reason for focused research interest in the field of
“plastic electronics” is the opportunity to produce low cost devices on

plastic substrates on large areas, opening, indeed, an entire new market
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segment. So far, field effect mobilities up to 30cm?/Vs have been
reported for thin film and single crystal OFETs. However, this value is
usually lowered by at least one order of magnitude for organic
transistors made on plastic substrates. OFETs are close relatives of the
classic Metal Oxide Semiconductor Field Effect Transistors (MOSFETs);
typically, since the organic semiconductors are characterized by a low
conductivity if compared to inorganic ones, Thin Film Transistor (TFT)
architecture is preferred in this case. The core of an OFET is a Metal-
Insulator-Semiconductor structure (MIS), which can in principle be
considered as a parallel plate capacitor: the two capacitor plates are
formed by a metal electrode, called gate electrode, and a semiconductor,
which are separated by a thin insulating film, called gate dielectric (see
Figure 2.1). Two additional electrodes, called Source and Drain
electrodes are patterned in order to contact the organic semiconductor

allowing to probe the conduction across the organic film.
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Figure 2.1: Schematic of the OFETs geometry.

One of the main differences between an OFET and the classic
MOSFET is that while the latter typically works in inversion mode,

OFETSs usually work in accumulation mode. When a negative (positive)
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voltage is applied between the gate and the source electrodes, an
electric field is induced in the semiconductor that attracts positive
(negative) charge carriers at the semiconductor/insulator interface
between source and drain electrode and overlapping with the gate.
Applying a negative (positive) voltage between source and drain
electrodes, it is possible to drive the positive (negative) charge carriers
across the channel area. Charge transport in OFETs is substantially
two-dimensional. Charge carrier accumulation is highly localized at the
interface between the organic semiconductor and the gate dielectric,
and the bulk of the material is hardly or not affected by gate induced
field, see Figure 2.2 [1]. Upon increasing gate voltage to positive
(negative) values, the number of charge carriers accumulated in the
channel will reduce until the channel is fully depleted of free carriers.
From this point on, negative (positive) charges are induced in the
channel and the device should in principle work in inversion regime. In
practice, the flowing current detectable in inversion regime is negligible
because the number of charge carriers injected into the channel is low
due to the high injection barrier at the interface between metal

electrodes/semiconductor.
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Figure 2.2: potential distribution across the insulator/semiconductor structure in a

multilayer structure.

The boundary between accumulation and inversion regime is

called threshold voltage V: of the device. Below the threshold voltage the
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device is in its off state, no free charge carriers are present in the
channel and no current will flow across it. The equations that govern
the OFET working principle are substantially the same of the classic
MOSFET. When a gate voltage larger than the threshold voltage is
applied, with a small applied source drain voltage (Voa<Vps << -(Vg-V1)),
the gate induced field is almost uniformly distributed along the
conducting channel, thus a uniform charge distribution is induced in
the channel. The device is operating in the linear region, where the
current increases linearly in dependence to the applied source drain

voltage:
Z V2
1y =fu0{(vg -V, N, —ﬂ (2.1)

where, Z is the channel width, L is the channel length, C; is the
gate dielectric capacitance and p is the charge carrier mobility. For
larger drain voltages (Vo= (Vo-V1)) the gate field at the drain contact is
zero. As a result, a depleted area with no induced free charge carriers is
present. This phenomenon is called pinch-off. Beyond this point the
current flowing across the channel saturates and a further increase in
the applied source/drain voltage will produce no significant effects on

the measured current. The channel current in this regime is given by:

YA

i = 5 4C V) (2.2)

The typical output characteristic of an OFET working in
accumulation mode is depicted in Figure 2.3, where the two typical

working regimes, linear and saturation regime, are indicated [2].
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Figure 2.3: Typical output characteristic of an OFETs showing both the linear and

saturation regions.

The first examples of OFETs were hybrid structures, where the
only “organic” part in the device, was the semiconductor. Typically, the
first OFETs were assembled on a highly doped silicon wafer, acting at
the same time as substrate and as gate electrode. A thin SiO; layer was
employed as gate dielectric, whereas metals (i.e. Au, Al) were used for
the fabrication of the source and drain electrodes. Nowadays, several
examples have been reported concerning the realization of all organic
FETs, where a flexible plastic foil is generally used as flexible substrate,
a polymeric gate dielectric (PVA or PVP or PMMA) is used instead of SiO»
[3-5], and conductive polymers are employed as alternative to metals for
the patterning of the electrodes [6, 7].

Even though the MOSFET laws are taken as representative also
for OFETs, it is well known that, in most cases, the typical behaviour
strongly differs from the ideal case. The main reason for such
discrepancy is generally ascribed to the intrinsic structural properties of
the organic semiconductors. Usually, when we grow an organic
semiconductor film, we do not obtain a crystal structure; a single
organic crystal can be obtained only under strict deposition conditions.
Therefore, when we talk about organic semiconductors, we suppose to

discuss about polycrystalline thin film, with a very high concentration
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of structural defects which is the main reason for the non-linearity
usually observed in such devices. Every defect acts as scattering site for
charge carriers, causing the distortion in the, ideally, periodic lattice
potential. Therefore, a band-like transport is usually impeded by such
scattering process. The effect of defects is even stronger if the defects
themselves act as trapping sites for charge carriers. Trapping is relevant
when the defect induces one or more energy levels in the band gap of
the organic “crystal”. A charge carrier will prefer to occupy this lower
energy level and the trap localizes the charge carrier in its site.
Typically, traps can be divided into two categories, depending on the
activation energy that is needed to free the charge carrier: i) shallow
traps when the activation energy is in the order of kgT; ii) deep traps,
when the activation energy is outside the range of thermal excitation.
Deep traps are often caused by chemical impurities, such as oxidized
molecules or molecules that are side products of the main compound
synthesis process. The presence of traps within the semiconductor layer
can cause a decrease in the density of mobile charges, since trapped
carriers are localized at the defect sites. In some cases, when the
density of defects is high and they strongly localize charge carriers, their
influence can completely dominate charge transport across the
semiconductor. This feature usually manifests a thermal activation
dependence of the mobility, meaning that charge transport is dominated
by defects that in the case of OFETs made of small molecules, are often
grain boundaries, and defects at the organic/dielectric interface. Several
experiments have been performed on OFETs and several models have
been introduced to study charge transport of both polycrystalline and
crystalline active layers and its dependence to charge trapping.
However, a universal theory which can properly describe charge
transport in organic materials does not exist and transport properties
are still not fully explained. In the following sections a brief introduction

to the most used models will be given. From a structural point of view
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we can consider three different charge trapping mechanisms, bulk

trapping, interface state trapping and grain boundaries effects.

2.1.1 Charge trapping in the bulk

Usually charge trapping in the bulk of the material leads to space
charge limited effects. In order to achieve transistor action these trap
levels need to be filled by carriers induced by gate voltage. The field
effect mobility is then determined by the ratio between free carriers ny

to the total number of charge carriers nw: , €=n;/(n,+n;) and the

intrinsic yo mobility of the material is given by:

Heer = Mo -0 (2.3)
2ed’N,

Vg, = 3 (2.4)
Eréoy

where, N; is charge traps concentration, - and €o are the dielctric
constant of the semiconductor and of the vacuum respectively and VrrL
is the trap filling voltage. In other words it is the voltage the system
needs in order to fill all the bulk traps in the material. It is worth to
mention that in this case we are considering a vertical electric field

induced by the gate voltage.

2.1.2 Charge trapping at the dielectric/semiconductor interface
Device performance can be strongly influenced also by the

insulator/semiconductor interface. The maximum number of interface

traps can be estimated using equation 2.5, assuming that densities of

deep bulk states and interface states are independent of energy [8]:
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max _ | S-log(e) . |G
— ANTA 2.5
s { KT /q }q (25)
-1
g = M :k_T.|n10. 1+Cd+C“ (2.6)
dVg q C

where Ng~is the maximum number of interface traps states, k is the

Boltzmann’s constant, T the absolute temperature, g the electronic
charge, Cq and Cox are the capacitances of the depletion region in the
semiconductor and the gate dielectric one respectively, whereas Ci: is
the capacitance associated to charges trapped at the interface [2]. S is
the inverse sub-threshold slope which can be directly estimated from

the transfer characteristics of the device.

2.1.3 Trapping at the grain boundaries

In many cases, in particular for polycrystalline materials the
currents instead of being controlled by traps, can be governed by grain
boundaries. It is often very complicated to decide between a grain-
boundary-barrier model and a trap model on the basis of the
experimental results. As discussed by Street et al., the evidence for the
barrier model can be found in the linearity of the so called Levinson plot
of In(Ip/Vg) vs 1/Vs[9, 10]. This model is based on the predicted OFET

drain current in the linear regime given by:

Iy = 1V Co (W /L)V; exp(—Eg /KT)

(2.7)
= 1oV Co W/ L)Vg exp(-s/Vs)

where Cg is the gate dielectric capacitance, W/L the width to length

ratio, Epis the energy barrier, and the mobility is thermal activated as:
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U=ty exp(—E; /KT) =, exp(-s/Vy)
.o m (2.8)
8ekTC,

where q is the electronic charge, IV; is the density of traps at the grain
boundaries, t is the semiconductor thickness, and ¢ is the dielectric
constant of the semiconductor (usually taken as 4 for most of the
organic semiconductors). The parameter s is the slope of the Levinson
plot, and provides an estimate of the grain boundary charge, and of the

density of charge traps at the grain boundaries.

2.1.4 Poole-Frenkel

The influence of charge trapping can be neutralized by increasing
the charge carrier density. When a trap state is filled by a charge
carrier, it becomes no longer active for another charge carrier; therefore,
it can freely flow. This phenomenon generally leads to obtain a field
effect dependent mobility and was described by Pool-Frenkel model.
Considering the longitudinal field caused by the source/drain voltage

(EL=Vps/L) we obtain:

— —.JgE, /
ﬂ(E)=ﬂ(0)eXp[ o~ ””J 2.9)

where, u(0) is the mobility when the applied field zero, g is the
elementary charge (1.602 x 10-19C), ®p is the trap depth, and ¢ is the
semiconductor permittivity. This causes a non linear dependence of the
current flowing from source to drain in the linear region. The ionization
energy q®p can be found by studying the activation energy Ea=q/Pp-

(qEL/te)!/2] as a function of temperature and voltage [2, 11].
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2.1.5 Contact Resistance

Measuring semiconductor mobility in a FET is a common way to
derive conductivity properties of organics. Nevertheless, it should never
be neglected that material properties strongly influence but do not
coincide indeed with the device properties. In other words, the
structural effect of the device itself, meant as e.g. parasitic effects that
can be recorded on the electrical curves, should be carefully studied
and possibly eliminated.

Recently a lot of efforts have been addressed towards the
estimation and the reduction of the contact resistance for OFETs. Until
some years ago this issue was underestimated since the OFETs
performances were mostly limited by channel resistance effects.
Nowadays, the performance of OFETs transistors has dramatically
improved and the constant increase in the measured field effect
mobilities led contact resistance effects to be a limiting factor for OFETs
performances. Several methods have been developed for the extraction
of the contact resistance in OFETs. In Figure 2.4 some possible
equivalent circuits are depicted. One is composed only by the device, in
the second case, series resistances have been added at the source and

drain electrodes.
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Figure 2.4: Equivalent circuit of the TFT without (top) and with (middle) contact
resistances. The bottom circuit includes diode to account for non-linearity in the

contact resistance [1].
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A more complicated equivalent circuit was introduced by
Necliudov et al., see the bottom circuit depicted in Figure 2.4, where
also two diodes, which should take account of non linearities, are added
[1, 12, 13]. The model introduced by Necliudov et al. takes also account
of charge trapping within the organic semiconductor film, which is

modelled by considering gate voltage dependent field effect mobility:

u=po(Va-Vr)y (2.10)

where, Vr is the threshold voltage and uo and y are two empirical
parameters. The contact resistance is accounted by introducing a
voltage drop Rslp, where Rs is the contact resistance; therefore, the

drain voltage will be replaced by (Vp-Rslp)

lp =Z/LuCiri (Vs =V )(Vp —Rslp) (2.11)
Er=ren]
Op = +Rq (2.12)
/J(\N/L)Cins (VGS _VT)
R L (2.13)

=R, +
o Wlucins| (VGS _VT )‘

if we consider the model introduced by Necliudov described in eq. 2.10

we obtain a more complicated model given by:

1 1
gD = ( 1+ + RS)
HW TL)Cq (Vs —V7)™ (2.14)
= RD = - 1y
Op W,Cis Vs = Vi)

S

More recently, several groups employed a different technique to
estimate the Contact Resistance. One of the most used methods is

called Trasmission Line Method (TLM) [14-16]. This method, which was
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firstly developed for amorphous thin film transistors, consists in
measuring the channel length dependence of the total resistance of the
device. In fact, the total resistance of a FET (namely, Rr) is given by the

sum of the contact resistance plus the channel resistance:

Rr=Rs+Rcn (2.195)

If several devices, with different channel length are realized on the same
substrate and with the same active layer, it can be assumed that the
contact resistance for all these devices is constant, since it is
independent from the channel length of the device. As a result, if we
plot the total device resistance as a function of the channel length, its
extrapolation to zero channel length (where the channel resistance is
equal to zero) should give the value of the Contact Resistance.

This method is highly diffused but it has also some problems.
While measuring several devices we cannot be sure that the contact
resistance or the channel resistance does not vary from sample to
sample. Therefore, when plotting the total resistance as a function of
the channel length, scattering can appear and data can be not strictly
aligned. An alternative method, called four probe measurements, would
avoid these problems. This method consists of introducing in the
conducting channel two additional electrodes. Since the current
through the channel is imposed by the source and drain voltage, the
voltage drop between these two electrodes should not be affected by
contact resistance and the real channel resistance can be then
estimated by the ratio between the voltage drop, estimated between the

two additional electrodes, and the current flowing from source to drain.
2.2 OFETSs architectures

For more than a decade now, organic field effect transistors

(OFETSs) based on conjugated polymers, oligomers, or other molecules
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have been envisioned as a viable alternative to more traditional,
mainstream thin-film transistors (TFTs) based on inorganic materials.
Because of the relatively low mobility of the organic semiconductor
layers, OFETs cannot rival the performance of field-effect transistors
based on single-crystalline inorganic semiconductors, such as Si and
Ge, which have charge carrier mobilities (u) about three orders of
magnitude higher [1]. Consequently, OFETs are not suitable for use in
applications requiring very high switching speeds. However, the
processing characteristics and demonstrated performance of OFETs
suggest that they can be competitive for existing or novel thin-film-
transistor applications requiring large-area coverage, structural
flexibility, low-temperature processing, and, especially, low cost. The
first examples of OFETs were assembled on silicon. In fact, the only
organic part of such devices was the active layer, which was realized
employing an organic semiconductor instead of an inorganic one. The
basic structures consist in the typical TFT configuration largely
employed for the realization of field effect transistors with amorphous
silicon. A highly doped silicon wafer was used both as mechanical
substrate and as gate electrode. On the top of it a thin SiO: layer
(typically from 50 to 500 nm. thick) is grown in order to obtain the gate

dielectric. From this point we can then start for assembling the final

device.

Figure 2.5: Schematic of OFETs in bottom contact (a) and top contact (b)

configuration.
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For this purpose two electrodes and a semiconductor layer are
needed. In Figure 2.5 we show the two most common configurations:
namely, bottom contact (BC) and top contact (TC). The difference
between these two architectures is that in the BC transistors the
organic semiconductor layer is deposited after the patterning of the
source and drain electrodes. In the TC configuration the active layer is
deposited in advance on the bare silicon dioxide surface and the source
and drain electrodes are patterned afterwards onto the organic

semiconductor film.

2.2.1 OFETs on Mylar®

As already mentioned in the previous sections, the first examples
of OFETs were assembled on a highly doped silicon wafer, acting as gate
electrode, with a thin silicon dioxide layer employed as gate dielectric.
Nevertheless, over the past few years, several examples of OFETs
assembled on plastic substrates were developed. In our lab we
developed a different structure that allowed to obtain fully flexible and
transparent OFETs. The core of the structure is a
poly(ethyleneterephtalate) foil (namely, Mylar®, DuPont) with
thicknesses ranging from 0.9 to 1.6 um, which acts at the same time as
gate dielectric and as mechanical support for the final device. This
material is characterised by a dielectric constant similar to that of SiO»
(ke 3.0), high resistivity (surface resistivity 1016 Ohm/sq) and low
permeability to oxygen, hydrogen, water and COy [17]. Moreover, due to
its mechanical properties, it can be used as a flexible mechanical
support for the realization of completely flexible electronic devices. After
the assembly, such patterned film can be applied to any kind of
substrate allowing, on one hand, to access to unusual applications
(substrates as soft as paper or fabric or 3D surfaces can be used) and,
on the other hand, to protect the organic semiconductor from the

contact with atmosphere, without the constraints of top gate structures.
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Completely flexible and transparent devices, such as organic field effect
transistors, light emitting transistors and field effect chemosensors can

be realized by employing this kind of structure [18-20].

a) [Au [~

Figure 2.6: structure of a OFET assembled on Mylar® (a); picture of the final device

showing the transparency of the structure (b).

The first step for the realization of an OFET on Mylar® is the
assembly of the plastic foil on a circular frame in order to obtain a flat
surface. Before patterning the electrodes and depositing the organic
semiconductor, the structure is cleaned with acetone, isopropanol and
deionised water and dried with a nitrogen flux. Source and drain
electrodes are usually realized in Au and patterned, either by shadow
mask deposition or by photolithography, on the upper side of the
Mylar® foil; whereas the gate electrode is realized on the opposite side of
the foil by depositing a thin Au layer evaporated through a shadow
mask. All details concerning these patterning procedures will be given
in the following sections. All the organic semiconductors employed in
this thesis were deposited via thermal evaporation from resistively
heated AloO3 or W crucibles in a custom-made vacuum chamber (base
pressure from 5x10-5 to 5x10-® mbar). The amount of deposit and the
evaporation rate were monitored by a quartz crystal microbalance
placed next to the substrate, see Figure 2.8.

Most work developed in this thesis concerns the realization of all
organic FETs. For these devices, all the electrodes were realized

employing a conductive polymer (PEDOT:PSS, introduced in Chapter 1)
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instead of Au. To this aim, a different patterning technique was
employed, namely Soft Lithography MicroContact Printing. In the
following sections of this chapter a detailed description of the basic
principles of such technique will be given, while all the procedural steps
for the assembling of an all organic FETs on Mylar® will be introduced

in details in Chapter 4.

2.3 Fabrication techniques

The following sections are dedicated to the description of the
technologies usually employed for the fabrication of OFETs. In
particular the organic semiconductor deposition and the patterning of

the metal electrodes will be described.

2.3.1 Organic Semiconductor deposition

The technique employed for depositing the organic active layer
usually depends on the solubility of the material we are using. If the
material is soluble, it is generally deposited in thin films by a spin
coating process, otherwise, it is deposited by means of thermal

evaporation.

2.3.1.1 Spin Coating

Spin coating is a procedure used to apply uniform thin films
to flat substrates. A certain amount of the material in solution is placed
on the substrate, which is then rotated at high speed in order to spread
the fluid by centrifugal force. A machine used for spin coating is called
spin coater, or simply spinner. Rotation is continued while the fluid
spins off the edges of the substrate, until the desired thickness of the
film is achieved. The applied solvent is usually volatile, and
simultaneously evaporates. So, the higher the angular speed of
spinning, the thinner the film. The thickness of the film also depends on

the concentration of the solution and the employed solvent.
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Figure 2.7: Schematic representation of the spin coating process.

2.3.1.2 Thermal Evaporation

This technique is generally used when the employed organic

material is not soluble. In this thesis, we used small molecules that are

characterized by a very low degree of solubility, therefore, in all our

experiments the organic active layers were deposited by means of

thermal evaporation. This deposition takes place inside a High Vacuum

Chamber, with a nominal pressure ranging form 5x10-5 to 5x10-® mbar.
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Figure 2.8: Schematic representation of the thermal evaporation system.
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The organic material is located inside a crucible wrapped by a
high resistive wire, usually made out of tungsten, connected to two
electrodes. The crucible can be resistively heated up by applying a bias
to the two electrodes until the temperature needed to let the organic
material start evaporating. The evaporator system is usually provided
with a Crystal Quartz Microbalance used to measure the nominal
thickness of the deposited film. In this way it is possible to control in a
very efficient way the deposition rate and the final thickness, two
parameters which are very important for the optimization of the

electrical behaviour of the final assembled devices.

2.3.2 Patterning of the electrodes

In most cases, the source and drain electrodes are realized with
metals (i.e. Au, Al, Ag etc...), and are usually patterned by means of a
photolithographic process followed by an etching procedure, which will
be described in details in the next section. These procedural steps are
not suitable for the realization of top contact devices, since the organic
materials are very sensible to external agents and the solvents and the
etchant can pollute it. For the patterning of the source and drain
electrodes a shadow mask is generally used. The procedure consists in
interposing a shadow mask between the sample and the source of the
metal flux, as depicted in Figure 2.9. As a consequence, the regions
where the metal is deposited are selected by the shadow realized by the
mask. The limit of such technique consists in the poor highest
reachable resolution. It is not possible to realize high resolution shadow
masks and the typical features are in the range of 100um, therefore,
this technique is not suitable for the realization of devices with channel

length in the order of the micrometer.
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Figure 2.9: Schematic illustration of the procedure for the realization of top contact

electrodes by means of a shadow mask.

2.3.3 Photolithography

Photolithography is a very common technique widely used in the
Semiconductor industry for the patterning of the devices. The goal of
this technique is to transfer a certain pattern on a substrate. For this
purpose two elements are required: i) a mask which reproduces the
image to transfer on the substrate and it must be opaque to ultraviolet
light; ii) a photosensitive material, called photoresist, which is exposed
to ultraviolet light during the process by interposing the mask between
the UV source and the surface. There are two types of resists, namely,
positive and negative photoresist. Positive resist is 'softened' by
exposure to the Ultra-Violet (UV) light and the exposed areas are
subsequently removed in the development process, the resist image will
be identical to the opaque image on the mask. Negative resist is
'hardened' by exposure to ultra-violet light and therefore it is the
unexposed areas that are removed by the development process, the
resist image will be a negative image of the mask. Photoresists are
sensitive to a wide range of wavelengths of light, typically 200 - 500 nm,
this range of wavelengths includes the visible blue and violet contained

in normal white light. For this reason, photolithography fabrication
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areas use a special filtered light to remove all of the wavelengths to

which the resist is sensitive.

| o ]

Photoresist development
Substrate Substrate
Metal etching
Photoresist Remotion

Figure 2.10: Schematic representation of the main steps required in a

photolithographic process.

In Figure 2.10 we show the main steps required in a
photolithographic process. In particular, we show the steps required for
the patterning of the OFET structures we employed during this thesis.
First of all, a thin metal film is deposited over the surface. In our case,
we deposited a thin gold film, deposited by thermal evaporation, over
the Mylar® surface. Afterwards, a thin positive photoresist film is
deposited onto the sample surface; generally this process is made by
spin coating. Before the exposure process, a soft baking process of the

sample is usually required in order to dry the deposited photoresist
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film. During the exposure process, the photoresist layer is exposed to
UV light through the opaque mask; in this way it is possible to define
the pattern on the resist film. After exposure, the sample is developed in
order to remove the unwanted resist, thus leaving only the define
pattern on the substrate. Usually, a post baking step is made to
increase resist adherence with the substrate and in particular to
increase its resistance to etch process. Taking advantage of the
presence of the patterned resist film, it is then possible to etch the
metal in the undesired areas. Once the etching process is performed we
can remove the photoresist by using an organic solvent, generally
acetone, and the basic structure for the realization of the final device is

assembled [21].

2.3.4 Soft Lithography: Overview

“Soft lithography represents a non-photolithographic strategy based
on selfassembly and replica molding for carrying out micro- and
nanofabrication. It provides a convenient, effective, and low-cost method
for the formation and manufacturing of micro- and nanostructures. In soft
lithography, an elastomeric stamp with patterned relief structures on its
surface is used to generate patterns and structures with feature sizes
ranging from 30 nm to 100 um.” [22]

"Soft lithography" is a new high resolution patterning techinque
developed at Harvard by Prof. George Whitesides. The key element in
Soft Lithography is an elastomeric stamp with patterned relief
structures on its surface. Usually the stamp is made out of elastomeric
polymers, as polyurethane, polyimide, and cross linked Novolac™ resin
[23], but the most used material is poly(dimethylsiloxane) (PDMS). This
material has very low glass transition temperature and it is liquid at
room temperature, moreover, it can be easily and quickly convert into
solid upon a cross-linking process [24]. In this thesis Sylgard™ 184

obtained from Dow Corning was used. The provided kit consists in two
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part: a liquid silicon rubber base (i.e. a vinyl-terminated PDMS) and a
catalyst or curing agent i.e. a mixture of a platinum complex and
copolymers of methylhydrosiloxane and dimethylsiloxane). Once mixed,
poured over a certain master, and heated to elevated temperatures, the
liquid mixture becomes a solid, cross-linked elastomer in a few hours
via the hydrosilylation reaction between vinyl (SiICH=CHy) groups and
hydrosilane (SiH) groups [24]. In Figure 2.11 the main steps for the
realization of PDMS rubber stamp are shown. The starting point is the
realization of a master, typically made on silicon. The master is
fabricated using microlithographic techniques such as
photolithography, micromachining, e-beam writing [25, 26], and should

reproduce the negative of the pattern desired to be transferred.

B Dispensing the
Silicon Master PDMS on the Master

PDMS rubber stamp

4 Y
Peaingol o (14
ealing o — (@

A=

Figure 2.11: Main steps required for the realization of a PDMS rubber stamp. The

final stamp reproduces the features of the electrodes to be transferred onto the

substrate.

The procedural steps for the realization of an elastomeric stamp
are very easy; once the PDMS is mixed with its curing agent, the

mixture is dispensed over the master. The following step is a thermal
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curing procedure that will lead the blend film to become a solid, cross-
linked elastomer via the hydrosilylation reaction between vinyl

(SiCH=CH,) groups and hydrosilane (SiH) groups.

I |
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Figure 2.12: Conformal contact between a hybrid stamp and a hard substrate. (a)
Stamp composed of a patterned elastomer and a flexible backplane adapts its
protruding zones to (b) the macroscopically uneven substrate and (b, inset) its

microscopic roughness, whereas recessed zones do not touch the substrate.

After thermal processing, the PDMS stamp can be pealed off and
will consist of a fully flexible and transparent elastic stamp reproducing
the negative of the master pattern. The possibility to realize micro and
nano-structures by means of this technique relies in the intrinsic
property of PDMS elastomer to form a conformal contact with the
surface which it has been brought into contact to.

“Conformal contact comprises 1) the macroscopic adaptation to the
overall shape of the substrate and 2) the microscopic adaptation of a soft
polymer layer to a rough surface, leading to an intimate contact without
voids, see Figure xx. Adhesion forces mediate this elastic adaptation, and

even without the application of external pressure, an elastomer can
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spontaneously compensate for some degree of substrate roughness,
depending on the materials properties ”.[27, 28]
Several different techniques are known collectively as soft

lithography. We report below the most important:

e Near-Field Phase Shift Lithography. A transparent PDMS phase
mask with relief on its surface is placed in conformal contact with
a layer of photoresist. Light passing through the stamp is
modulated in the near-field. If the relief on the surface of the
stamp shifts the phase of light by an odd multiple of A, a node in
the intensity is produced. Features with dimensions between 40
and 100 nm are produced in photoresist at each phase edge.

e Replica Molding. A PDMS stamp is cast against a conventionally
patterned master. Polyurethane is then molded against the
secondary PDMS master. In this way, multiple copies can be
made without damaging the original master. The technique can
replicate features as small as 30 nm.

e Micromolding in Capillaries (MIMIC). Continuous channels are
formed when a PDMS stamp is brought into conformal contact
with a solid substrate. Capillary action fills the channels with a
polymer precursor. The polymer is cured and the stamp is
removed. MIMIC is able to generate features down to 1 um in size.

e Microtransfer Molding. A PDMS stamp is filled with a prepolymer
or ceramic precursor and placed on a substrate. The material is
cured and the stamp is removed. The technique generates
features as small as 250 nm and is able to generate multilayer
systems.

e Solvent-assisted Microcontact Molding (SAMIM). A small amount of
solvent is spread on a patterned PDMS stamp and the stamp is

placed on a polymer, such as photoresist. The solvent swells the
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polymer and causes it to expand to fill the surface relief of the

stamp. Features as small as 60 nm have been produced [29].

2.3.5 MicroContact Printing (uCP)

It is probably the most known and used soft lithographic
technique. In this section we describe it more in details, since it has
been widely employed during this thesis for the patterning of all organic
FETs. The basic application or at least the most used one, of uCP
concerns using as “ink” Self Assembled Monolayers (SAMs) to be
transferred onto the surface of a substrate by contact. In details, an
“ink” of alkanethiols is spread on a patterned PDMS stamp. The stamp
is then brought into contact with the substrate, which can range from
coinage metals to oxide layers. The thiol ink is transferred to the
substrate where it forms a self-assembled monolayer that can act as a

resist against etching.

prirting

Figure 2.13: uC printing of alkanethiols employed as protective mask during the wet

etching procedure for the patterning of the metal electrodes.

Features as small as 300 nm have been made in this way [23].
Although these monolayers do only have a thickness corresponding to
the length of just one ink molecule, which typically has a longer axis of
about 2-3 nm, they are very stable and resistant against chemical and
physical stresses during processing. This makes them ideal as etch

resists in a photo-mask-free process. In the same way it is possible to
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use also other molecular “inks” instead of alkanethiols. As will be
describe in details in Chapter 4, we used uCP to pattern Source and
Drain electrodes by employing the conducting polymer PEDOT:PSS as
“ink” to be transferred onto the gate dielectric surface. With this
technique it was possible to realized all organic FETs either in Bottom

Contact and Top Contact configurations with very good performances.
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Chapter 3

Characterization techniques

The most important problems that strongly influence electrical
performances in organic transistors are charge carriers accumulation
and transport across the channel and, not less important, charge
carrier injection into the channel. The first problem is generally
correlated to the morphological and structural properties of the
deposited organic film. Organic films are generally characterized by very
poor degree of crystallinity, and charge transport is dramatically limited
by charge carrier scattering at the grain boundaries. For this issue it is
useful to investigate, on one side, the topographical properties of the
film showing how the film is assembled in a large scale, and, on the
other side, the way the molecules are packed and oriented on a very
small scale. Charge carrier injection into the channel is more correlated
to the interfacing between metal electrodes and the organic
semiconductor. In fact, it should strongly depends on the energy level
matching between the Fermi-level of the source and drain electrodes
and the organic semiconductor energy levels, i.e, the transport levels
derived from the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO). One of the fundamental
aspects of the metal/semiconductor interface is the Fermi level

alignment, described by the Mott-Schottky model, nevertheless, there
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are several aspects that can modify the Mott-Schottky-type of band
bending and, as a consequence, cause a drift from the ideal behaviour.
For these reasons, this chapter is focussed on the description of the
characterization techniques we used during this thesis in order to
correlate structural and morphological properties of materials to device
performance. In the first part, we describe the techniques employed for
the structural and morphological characterization of materials, whereas
the second part is dedicated to the description of the techniques we

used for the electrical characterization of the assembled devices.

3.1 Materials characterization

As already mentioned, the electrical performances can be strongly
influenced by several factors as, molecular packing and island
nucleation within the organic film, and, not less important, interfacial
phenomena which can take place at the metal/semiconductor interface.
For these reasons, a set of techniques that allow to investigate
structural and morphological properties of the materials on different
size scale are required. The following sections are dedicated to the
techniques employed during this thesis, namely, Atomic Force
Microscopy, X-Ray Diffraction, X-Ray Photoemission spectroscopy,
Photocurrent Spectroscopy and Electrical Characterization of OFETs by

means of a semiconductor parameter analyzer.

3.1.1 Atomic Force Microscopy (AFM)

Within the past decades, a family of powerful surface imaging
techniques, known collectively as scanned probe microscopy (SPM), has
developed in the wake of the invention of the scanning tunneling
microscope (STM). Scanning probe microscopes include a very broad
range of instruments used to image and measure properties of material
surfaces. The first two examples of SPMs are Scanning Tunneling

Microscope (STM) and Atomic Force Microscope (AFM). STM was first
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developed in1982 at IBM labs by Binning et al. [1], and the invention of
this technique (for which Binning and Rohrer were awarded with the
Nobel Prize in Physics in 1986) has had a great impact on the scientific
community by providing a new tool to advance fundamental science and
technology [2]. SPMs techniques basically consist in using a very sharp
tip positioned within a few nanometers above the surface of interest to
investigate the properties of such surface by analysing the interaction
between this one and the tip. The main differences among the different
kinds of SPMs technique relies in the different physical phenomenon
monitored through tip and sample interaction. AFM employs a sharp
probe moving over the surface of a sample in a raster scan; the probe is
a tip on the end of a cantilever which bends in response to the force
between the tip and the sample. Since the cantilever obeys Hooke’s law
(F = - kx where F is the force, k is the cantilever elastic constant and x
is the cantilever deflection) for small displacements, the interaction
force between the tip and the sample can be easily measured by
detecting the deflection of the cantilever. The motion of the probe across

the sample surface is generated by piezoelectric ceramics.
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Figure 3.1: Atomic Force Microscope schematic.
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3.1.1.1 Probe/Surface interactions

The strongest forces between probe and surface are mechanical;
these are the forces that occur when the atoms on the probe physically
interact with the atoms on a surface. However, other forces between the
probe and surface can have an impact on an AFM image. These other
forces include surface contamination, electrostatic forces, and surface
material properties.

In ideal experimental conditions (e.g. in ultrahigh vacuum) when
the cantilever tip approaches the sample surface, Van der Waals forces
start acting upon it. They are sufficiently far-ranging and are felt at the
distance of a few tens of angstroms. At the distance of several
angstroms repulsive force starts acting. In real conditions (in ambient
air) usually some humidity is present in air and a water layer is
adsorbed on the sample and tip surfaces. When cantilever approaches
sample surface the capillary force arises (Fig. 3.2) holding the tip in
contact with the surface and increasing the minimum achievable
interaction force. In addition, electrostatic interaction between the probe
and the sample may appear rather often. This can be both attraction
and repulsion.

Force

intermittent-
contact

repulsive {semicontact)

force

tip - sample
distance
b

| .
attractive \/I//’ﬂ
force ! i

contact noncontact
region region

Figure 3.2: Interaction graph, showing the Force as function of tip-sample distance.
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3.1.1.2 Interaction detection

Since the interaction between tip and surface can be measured by
the bending of the cantilever upon the raster scan point by point, an
efficient method to detect such phenomenon is required. Several
techniques have been employed over the past years as for example
Tunnelling sensor or Interferometer sensor. Nowadays, the most efficient
and used one is the Optical lever. In this case, a laser beam is focused
on the back surface of the cantilever, and the reflected beam is sent to a
photodiode that is divided into four sections, as depicted in Figure 3.3.
Due to the macroscopic length of the reflected light path, any deflection
of the cantilever causes a magnified lateral displacement of the reflected
laser spot on the photodiode. The relative amplitudes of the signals from
the four segments of the photodiode change in response to the motion of
the spot. Detection of deflections and torsions of less than 0.1 nm can

be achieved.

Torsion or Lateral Force (Friction) T T=a[(Vp+vpri¥a+tvcll,
- D = o [[Va+Vgl (Ve Hvo)l,
Laser Diode = 17T
Deflection D :
] k D
4-Segment Phota Diode s 1§
Movement i Teals
Fh“*-.\‘ Cantilever »
Sample b} T

Teens=c0s0 T - send D,
Deels = 28n8 T + cogd D.

Figure 3.3: As the cantilever bends, the light from the laser is reflected onto the split
photo-diode. By measuring the difference signal detected in the four segment, changes

in the bending and torsion of the cantilever can be measured.
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3.1.1.3 Working techniques: Contact mode
AFM can be used in different configuration; in particular, it can be used
in “contact”, “non-contact” and “semi-contact” modes. In this section we

introduced the most employed techniques in detail.

In Contact mode the cantilever deflection during scanning process
reflects repulsive force and is used to detect the sample surface profile.
Simultaneously with topography acquisition it is possible to detect some
other characteristics of the investigated sample. If cantilever and tip are
conductive one can detect the spreading resistance of the sample. If
scanning is carried out in direction perpendicular to the longitudinal
axis of cantilever (lateral direction) the friction force causes cantilever
twisting. By measuring this twisting using position-sensitive four-
sectional detector it is possible, simultaneously with topography, to
imagine the friction forces distribution throughout sample surface.
Typically, while working in contact mode, AFM can be used in two

different configurations: “constant height” and “constant force”.

Constant Height Mode.

In this configuration the tip is brought and kept in direct
physical contact with the sample surface during the raster scan. The tip
is attached to the end of a cantilever with a low spring constant, lower
than the effective spring constant holding the atoms of the sample
together. As the scanner traces the tip across the sample (or the sample
under the tip), the contact force leads the cantilever to bend to
accommodate changes in topography. The cantilever deflection reflects,
therefore, repulsive forces acting upon the tip. As the atoms are
gradually brought together, they first weakly attract each other. This
attraction increases until the atoms are so close together that their
electron clouds begin to repel each other electrostatically. This
electrostatic repulsion progressively weakens the attractive force as the

inter-atomic separation continues to decrease. The force goes to zero
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when the distance between the atoms reaches a couple of angstroms,
about the length of a chemical bond. When the total Van der Waals
force becomes positive (repulsive), the atoms are in contact. In AFM this
means that when the cantilever pushes the tip against the sample, the
cantilever bends rather than forcing the tip atoms closer to the sample

atoms.

Figure 3.4: AFM working in constant height mode.

In this operation mode, after the tip has engaged the sample
surface, the piezo-tube is left in the same z position (set point) over the
entire scan across the selected area of interest. During the raster scan
the interaction forces between tip and sample will locally change and
lead the cantilever to bend due to the changes in the interaction forces.
The image is formed by analysing the deflections of the cantilever

detected in the four segment photodiode.

Constant Force Mode.

In this operative mode, the piezo-tube is free to move vertically
during the scan over the sample. In this case it is the interaction force
between tip and sample which is kept constant (set point); this means
that the deflection of the cantilever during the scan shouldn’t change.
The constant position of the cantilever is kept constant thanks to a
feedback circuitry which detect point by point the cantilever deflection

and gives the required commands to the piezo-tube which will change is
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vertical position (along z axis) in order to bring the cantilever deflection
back to the imposed initial value. In this operative configuration the
image is formed by analysing the changes, along its z axis, of the piezo-

tube driven by the feedback system.

Feedback

Loop j

1

7 7
s Wi

Figure 3.5: AFM working in constant force mode.

3.1.1.4 Non Contact Mode

The Non-Contact AFM (NC AFM), invented in 1987, offers unique
advantages over other contemporary scanning probe techniques such
as contact AFM and STM. The absence of repulsive forces (presenting in
Contact AFM) in NC AFM allows to use it to investigate “soft” samples
and, unlike the STM, the NC AFM does not require conducting samples.
The NC AFM works via the principle “amplitude modulation” detection.
The corresponding detection scheme exploits the change in the
amplitude, A, of the oscillation of a cantilever due to the interaction of a
tip with a sample. In the limit of small A, a cantilever approaching a
sample undergoes a shift, Af, in its natural frequency, f,, towards a new

value given by:

fofr -fo (1-F(2) / ko) 1/2 (3.1)
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where ferr is the new, effective resonance frequency of the cantilever of
nominal stiffness k, in the presence of a force gradient F’(z) due to the
sample. The quantity z represents an effective tip-sample separation
while Af = fer - f, is typically negative, for the case of attractive forces. If
cantilever is initially forced to vibrate at fset >fo, then the shift in the
resonance spectrum of the cantilever towards lower frequencies will
cause a decrease in the oscillation amplitude at fst as the tip
approaches the sample.

This change in A is used as the input to the NC-AFM feedback. To
obtain a NC AFM image the user initially chooses a value Aset as the set-
point such that Aset < A(fset) when the cantilever is far away from the
sample. The NC AFM feedback then moves the cantilever closer to the
sample until its instantaneous oscillation amplitude, A, drops to Aset at
the user-defined driving frequency fset. At this point the sample can be
scanned in the x-y plane with the feedback keeping A = Aset = constant
in order to obtain a NC AFM image. The NC AFM feedback brings the
cantilever closer (on average) to the sample if Aset is decreased at any
point, and moves the cantilever farther away from the sample (on

average) if Aset is increased.

3.1.1.5 Semicontact Mode

Usage of Scanning Force Microscopy with oscillating cantilever
was firstly anticipated by Binnig. Earlier experimental realizations of
scanning with oscillated cantilever was realized in works [3, 4] where it
was demonstrated the influence of the force gradients on the cantilever
frequency shift and the possibility of non-contact scanning sample
surface. In [3] was demonstrated also the possibility of materials
sensing under abrupt decreasing of cantilever oscillation amplitude.
Moreover, it was demonstrated the possibility of scanning sample
surface not only in attractive but also in repulsive forces. Relatively

small shift of oscillating frequency with sensing repulsive forces means
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that contact of cantilever tip with sample surface under oscillation is
not constant. Only during small part of oscillating period the tip "feels"
contact repulsive force. Especially it concerns to oscillations with
relatively high amplitudes. Scanning sample surface with cantilever
oscillated in this manner cannot be defined as non-contact, but more
exactly as intermittent contact. Corresponding mode of Scanning Force
Microscope operation (Intermittent Contact mode or Semicontact mode)
is in common practice. Moreover, “feeling” the contact repulsive forces
under the scanning leads to the additional phase shift of cantilever
oscillations relatively piezo-driver oscillations. This phase shift depends
on the material characteristics. Recording the phase shift during
scanning (Phase Contrast Imaging mode) is very useful for imaging of

nano-structured and heterogeneous materials [5, 6].

3.1.2 X-Ray Diffraction (XRD)

X-ray diffraction is a very widely used crystallographic technique
that allows to observe the structural properties of the investigated
sample analysing the pattern produced by the diffraction of an incident
x-ray radiation through the closely spaced lattice of atoms in a crystal.
This generally leads to a detailed understanding of the molecular
structure of the investigated material.

The crystal structure is studied using the diffraction of photons,
neutrons and electrons. The diffraction depends on the crystal structure
and on the wavelength. English physicists Sir W.H. Bragg and his son
Sir W.L. Bragg developed a relationship in 1913 to explain why the
cleavage faces of crystals appear to reflect X-ray beams at certain angles

of incidence (theta, 0).

NA=2dsin (6) (3.2)
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Where the variable d is the distance between atomic layers in a crystal,
and A is the wavelength of the incident X-ray beam; n is an integer. This
observation is an example of X-ray wave interference, commonly known
as X-ray diffraction (XRD), and was direct evidence for the periodic

atomic structure of crystals postulated for several centuries.
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Figure 3.6: Visualization of the Bragg equation. Maximum scattered intensity is only

observed when the phase shifts add to a multiple of the incident wavelength A [7].

Therefore, when a monochromatic X-ray beam with wavelength A
is incident on lattice plane in a crystal at an angle 6, diffraction occurs
only when the distance travelled by the rays reflected from successive
planes differs by a complete number n of wavelengths. By varying the
angle 0, the condition of Bragg law is satisfied by different d-spacing in
polycrystalline materials. Plotting the angular position and intensities of
the resultant diffraction peaks produces a pattern that is characteristic
of the sample: this graph is called diffractogram. When a mixture of
different phases is present, the diffraction is formed by the
superposition of the individual patterns.

An often used instrument for measuring the Bragg reflection of a
thin film is the 6/2 0 diffractometer. Since the scattering of x-rays
depends sensitively on the orientation of the crystal with respect to the
scattering vector, we must carefully define the various coordinate

systems with which we are dealing. A sample reference frame { si} is
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introduced for this purpose that is oriented with s; and s2 in the plane

of the thin film, while s3 is equivalent to the surface normal.

Scalfaning plang '
X-ray o F
SOUFCE e Detecior

 Sample a) : b)
Figure 3.7: Sample reference frame {sj and hemisphere above it (a); schematic

representation of a 6/26 scan from the viewpoint of the sample reference frame {s} (b).

The working principle of a 8/26 scan is visualized in Fig. 3.7 (b) in
the hemisphere of the sample reference frame. The sample is positioned
in the center of the instrument and the probing x-ray beam is directed
to the sample surface at an angle 6. At the same angle the detector
monitors the scattered radiation. The sample coordinate vectors s1 and
s3 lie in the scattering plane defined by Ko and K. The diffraction pattern
is collected by varying the incidence angle of the incoming x ray beam
by 6 and the scattering angle by 20 while measuring the scattered
intensity I(26) as a function of the latter. Two angles have thus to be
varied during a 0/26 scan. Note that the angle convention is different
from the one used in optics: in x-ray diffraction the angles of incoming
and exiting beam are always specified with respect to the surface plane,
while they are related to the surface normal in optics. The 6/20 scan
can also be understood as a variation of the exit angle when this is
determined with respect to the extended incoming beam and this angle
is 20 for all points in such a scan. This is the reason for naming the
measurement procedure a 6/20 scan. The quantity measured
throughout the scan is the intensity scattered into the detector. The

results are typically presented as a function of I(2 6) type. There exist
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several diffractometer configurations. For one set of instruments, the x-
ray source remains fixed while the sample is rotated around 6 and the
detector moves by 20. For other systems the sample is fixed while both
the x-ray source and the detector rotate by 6 simultaneously, but
clockwise and anticlockwise, respectively. The rotations are performed
by a so-called goniometer, which is the central part of a diffractometer.
Typically the sample is mounted on the rotational axis, while the
detector and/or x-ray source move along the periphery, but both axes of

rotation coincide [7-14].

3.1.3 X-Ray Photoemission Spectroscopy (XPS)

Photoelectron Spectroscopy is a very versatile surface analytical
technique with wide range of applications. It utilizes photo-ionization
and energy-dispersive analysis of the emitted photoelectrons to study
the composition and electronic state of the surface region of a sample.
Traditionally, when the technique has been used for surface studies it

has been subdivided according to the source of exciting radiation into:

1) X-Ray Photoelectron Spectroscopy (XPS) - using soft x-ray (200-2000

eV) radiation to examine core-levels.

2) UltraViolet Photoelectron Spectroscopy (UPS) - using UV radiation

(10-45 eV) to examine valence levels.

XPS was developed in the mid 1960s by K. Siegbahn and his
research group. K. Siegbahn was awarded the Nobel Prize for Physics in
1981 for his work in XPS. It is based upon a single photon in/electron
out process. In this process, X-ray photons interact with inner shell
electrons of an atom and lead transfer of energy from photon to the
electron. This energy transfer makes it possible for the electrons to leave

the atom and escape. These electrons are known as photoelectrons [15].
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Figure 3.8: Photoelectron emission process.

As the energy of X-ray photon and the kinetic energy of escaped
electron are known, binding energy of the inner shell electrons can be

determined by the equation:

Ebmdmg Ephoton Ekinetic -od (33)
Ephoton = hv (34)

Where, Ebinding is the binding energy of the emitted electron, Epnoton is the
energy of the incident X-ray photon, Exinetic is the kinetic energy of the
emitted electron, @ is the work function of the spectrometer, h is Plank

constant and v is the frequency of the incident x-ray photon.
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Figure 3.9: Schematic of a typical XPS system.
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A typical XPS spectra is a plot of the number of electrons detected
(Y axis) versus its binding energy (X axis). For each chemical element,
there will be a characteristic binding energy associated with each core
atomic orbital. Each element produces a characteristic set of peaks
corresponding to the electronic configuration of the electrons within the
atoms, e.g. 1s, 2s, 2p, 3s etc... The presence of peaks at particular
energies therefore indicates the presence of a specific element in the
sample under study. Furthermore, the intensity of the peaks is related
to the concentration of the element within the sampled region. Thus,
the technique provides a quantitative analysis of the surface
composition and therefore is sometimes known with an alternative
acronym, ESCA (Electron Spectroscopy for Chemical Analysis).

After a photoelectron has been ejected from inner shell of an
atom, the excited atom can relax by two different mechanisms. The hole
created by the ejection of photoelectron can be filled by an electron from
an outer shell, releasing energy which can be released as a quantum of
X-ray or the energy can be given to another electron in same level or a
lower level and that can be ejected. These electrons are known as Auger
electrons. The process of ejection of photoelectrons is known as X-ray
fluorescence and the relaxation of atoms by the emissions of Auger
electrons is known as Auger emission. For low atomic number elements
(Z<30), Auger emission is the dominant process. Thus in a XPS
spectrum, Auger electron peaks also appear and sometimes overlap
with photoelectron peaks. The kinetic energy of Auger electrons is
characteristic of the elemental composition and is independent of the
excitation energy, while the kinetic energy of the photoelectrons

depends on the X-ray energy [15, 16].

68



Chapter 3: Characterization techniques

3.2 Devices Characterization
In the last two sections we describe the techniques and the
instrumentation used for the electrical characterization of the devices

we have investigated during this thesis.

3.2.1 PhotoCurrent Spectroscopy (PCS)

Photoconductivity is an optical and electrical phenomenon in
which a material becomes more conductive due to the absorption of
electro-magnetic radiation such as visible light, ultraviolet light, or
gamma radiation. When light is absorbed by the semiconductor, the
configuration of electrons and holes changes and the electrical
conductivity of the semiconductor rises. Therefore, the mechanism at
the basis of photoconduction is the absorption of a photon by an
electron. To cause excitation, the light that strikes the semiconductor
must have enough energy to induce electrons across the forbidden
bandgap or by exciting the impurities within the bandgap. When a bias
voltage and a load resistor are used in series with the semiconductor, a
voltage drop across the load resistors can be measured as the change in
electrical conductivity varies the current flowing through the circuit.

If we consider J=0E, where J is the current density, and E the applied

field we obtain:

J=e(nun + pup)E (3.5)

Where n and p are the electron and hole concentration respectively, and
Un, Up their mobilities. When a photon is absorbed, an electron-hole pair
is generated, as a result, the elecrical conductivity of the material will

increase:

Ao = e(A nun+ A pup) 2 J = e(c + Ao)E = Jpuik + Jph (3.6)
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Therefore, it can be possible to detect light absorption by measuring the

increse in the sample current [17].

3.2.1.1 Charge carrier generation

When a photon is absorbed by an organic semiconductor it
does not directly generate a hole-electron pair, but rather an excited
state. The material can immediately emit the absorbed photon, or an
exciton can be generated. An exciton is a bound state of an electron and
a hole. In inorganic semiconductors, the binding force between the hole-
electron pair is very weak (1 meV to 40 meV), therefore the so formed
exciton can easily dissociate thus increasing free charge carrier density.
In organic semiconductors, the exciton bonding force is generally higher
(100meV to 300meV) therefore generating free charge carriers is not as
easy. Two different polaronic states on distinct molecules are generally
required. Moreover, every charge carrier is available for charge
conduction only for a certain time, therefore, the average life time t
should be long enough to allow charge carrier to be collected by the
electrodes. Among several factors that can influence t, the most
important one is charge recombination in the material. The presence of
recombination sites (as deep levels To located in the middle of the
energetic band gap, depicted in Figure 3.10) can dramatically boost this
process, decreasing too much charge carrier life time so that no
photocurrent signal can be detected. The presence of traps (shallow
states in the band gap as T1 in Figure 3.10) can bond charge carrier
only for a certain time (which depends on the energy associated to the
trap in the band gap) but also in this case the macroscopic effect will be

a decrease in the detectable photocurrent due to charge trapping [17].
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Figure 3.10: Sketch of an energetic diagram and its relative photocurrent spectrum.

As previously reported, in order to promote an electron from
HOMO to LUMO, the system should acquire energy equal to the
difference between the two levels, namely the energy gap Eg. Therefore,
when the energy of the incident radiation is comparable to Eg the
absorption signal as a function of the wavelength will rapidly increase
(see peak E: in Figure 3.10). The other peaks detectable in the spectra
can be due to the presence of deep or shallow traps, when the energy of
the incident radiation is lower than Eg, or to transition between higher
energy levels when it is higher than Eg. In fact, in an organic molecule
several anti-bonding orbitals are present (LUMO representing the lowest
one) and the higher energetic peaks can be explained with higher

energetic transitions.

3.2.1.2 Measurement set up

The basic component of the measurement system employed by us
is a Stanford Research 530 lock-in amplifier. It basically makes the
sampling of an alternate signal which has a known frequency, in order
to separate the signal from the noise generated by the measuring
system. The reference frequency is set by the user in the TTL wave
forms generator which controls the step motor of the chopper (basically
a disk with periodic holes in order to chop the incident light beam), and

gives the reference signal to the lock-in.
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The light is produced by a halogenous lamp QTH (24V, 150W),
and after passing through the chopper it is collected in the
monochromator allowing to select the output wavelength which will

irradiate the sample.

Photocurrent signal generation

Sample Monochromator| Chopper Lamp

i T

Double Channel <+

A &

Signal processing 1 Step Motor
Data Store
Analog
Oscilloscope . Wave Function
. Generator
Digital
Voltmeter . - PC

Figure 3.11: Block diagram of the measurement system.

In order to detect the current variation induced by the incident
monochromatic beam striking the sample, it is necessary to manipulate
the signal coming out from the sample and adapt it to the lock-in
amplifier. In Figure 3.12 the circuital scheme employed for this issue is
reported. The circuit is biased by a chemical battery (9V) and a

resistance is put in series with the sample.
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Figure 3.12: Circuital scheme employed to manipulate the signal entering the lock-in

amplifier.

The detected signal is the voltage drop in the load resistance at
the entrance of the lock-in amplifier. As can be seen from Figure 3.12, a
capacitance is put is parallel with the load resistance. This was made to
realize a low pass filter in order to cut the high frequencies and do not

let them enter the lock n amplifier.

3.2.2 Electrical characterization

The electrical characteristics of the assembled OFETs were
measured by employing a semiconductor parameter analyzer HP4155
provided by Hewlett Packard. HP4155 is an electronic instrument for
measuring and analyzing the characteristics of semiconductor devices.
This one instrument allows you to perform both measurement and data

analysis. In the following its main features are summarised:

* Measurement Capabilities
The 4155 has four highly accurate source/monitor units (SMUs), two
voltage source units (VSUs), and two voltage measurement units
(VMUs). It can perform three types of measurements, sweep
measurement, sampling measurement, and quasi-static C-V
measurement, and also provides knob sweep measurement function
for quick sweep measurements executed by rotating the rotary knob
on the front panel. Moreover, it is provided with a pulse generator unit
(PGU), which is installed in Agilent 41501A/B SMU/Pulse Generator

Expander.
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* Analysis Function
The 4155 provides a marker and two lines for analyzing the
measurement results. The 4155 also provides the automatic analysis
function which moves marker and lines at desired location and
displays desired calculation results automatically after measurement
is completed.

* Data storing
The 4155 allows to store measurement setup information,
measurement data, and instrument setting information on a 3.5-inch

diskette using the built-in flexible disk drive.

The instrument is generally provided with:

* Keyboard
It is possible to connect the keyboard directly to the 4155 in order to
use the instrument by using a keyboard or the front-panel keys.

» Agilent 41501A/B SMU/ Pulse Generator Expander
The 41501A/B SMU and Pulse Generator Expander contains pulse
generator units (PGUs) and additional SMUs. The 41501A/B is
attached to and controlled by the 4155C.

» Test Fixture
Agilent 16442A is the test fixture for the 4155. You can mount your
device under test (DUT) on the 16442A, and measure the device
characteristics.

* SMU/PGU Selector
Agilent 16440A SMU /Pulse Generator Selector contains two switching
circuits to connect the DUT to either an SMU or PGU. You can attach

another 16440A to add two more switching circuits [18].

74



Chapter 3: Characterization techniques

Figure 3.13: HP4155.

The access to the device electrodes is given by a microprobe

station provided with sharp gold tips.
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Chapter 4

Soft Lithography Fabrication of
All Organic Field Effect

Organic materials, based on conjugated organic small molecules
and polymers, offer the opportunity to produce devices on large-area
low-cost plastic substrates [1]. A fundamental issue in device
fabrication concerns the availability of suitable materials not only for
the active semiconductor layer but also for contacts that so far, have
been mainly fabricated with metals. Metals show several problems: first,
though deposited in very thin layers, they are not mechanically flexible,
and this could compromise the overall robustness of devices; secondly,
organic semiconductors offer the possibility of employing very simple
and low cost techniques [2] for device assembly, as printing, spin
coating, etc., that cannot be applied to metals. Therefore, in an
industrial perspective, it would be desirable to employ a unique, easy
technique to obtain each layer of the device. Printing contacts with
conductive polymers [3, 4] is one possibility, but it has several limits, as
the spatial resolution of the printed pattern, and the compatibility
between the employed “ink” and the printing hardware [5].
Furthermore, the realization of top-contact devices is very critical, as
the solvents employed for contact printing may affect the underlying

semiconductor.
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Soft lithography [6] represents a step forward to obtain low
dimension structures through a reliable, low cost, easy, and
reproducible method. It has been successfully applied to organic
materials and devices, with very interesting results concerning the
lamination of metal contacts [7] or the transfer of metal contacts
mediated by surface chemistry treatments [8]. In this chapter, we
introduce Soft Lithography (uCP) as a valuable technique for patterning
all organic FETs. For this purpose, we employed PEDOT:PSS as
conductive polymer.

The first part of the chapter is dedicated to investigate the
morphological and structural properties of PEDOT:PSS thin films
deposited by spin coating and to study the interface between
PEDOT:PSS/pentacene thin films deposited by thermal evaporation.
The second part is fully dedicated to the characterization of all organic
FETs fabricated by means of uCP and to investigate the dependence of
the electrical performances of such devices from their structural and

morphological properties.

4.1 A high-resolution NEXAFS investigation of the
molecular orientation in the pentacene/PEDOT:PSS

system

In the following sections we present an x-ray photoemission
spectroscopy (XPS) and highly-resolved near-edge x-ray absorption fine
structure (NEXAFS) spectroscopy measurements taken on pentacene
thin films of different thickness deposited on a spin coated PEDOT:PSS
substrate. Our investigation is focused on the determination of the
pentacene molecular orientation, from which we can draw several
conclusions about the structural order of the investigated films. In
addition, by using the XPS results, we also gain relevant information

about the interface PEDOT:PSS/pentacene in terms of film growth and
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morphology. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is commonly used as electrode in various organic devices
[9, 10]. Its electronic structure, morphology and structural properties
have been extensively investigated by using a wide range of
experimental techniques like cyclic voltammetry [11], ultraviolet
photoelectron spectroscopy (UPS) [12], x-ray photoemission (XPS) [13],
optical spectroscopy [14], atomic force microscopy (AFM) [15]. It has
excellent conducting and electro-optical properties, very high
conductivity, very good stability, and good film-forming properties.
Moreover, it has the great advantage of being soluble. This is very
important from a technological point of view, since it allows to employ
such conducting polymer for the patterning of the electrodes in the
realization of all organic electronic devices by employing very easy and
low cost techniques, as thermal imaging, inkjet printing or soft
lithography [16-18]. On the other hand, Pentacene (C22H14) is one of the
most widely used organic active media due to its physical, chemical and
morphological properties. In particular its high mobility and the
possibility to grow highly oriented thin films lead to a strong
improvement of the device performances [19]. It is easily
understandable that the coupling of two such materials, with excellent
properties, especially toward the realisation of “all plastic” electronics,
can be considered an important step in device engineering. Therefore,
an accurate analysis not only of the single materials structure but also

of their interface is very important.

4.1.1 Experimental set up

The measurements were performed at the beamline UES2-PGM at
BESSY. This beamline is characterized by a plane grating
monochromator. The photon energy ranges from 100 to 1500 eV, with
an energy resolving power of E/AE= 10500 at 401 eV (cr=10, 10 um exit

slit). The main chamber (base pressure 2x10-10 mbar) is equipped with a
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standard twin anode x-ray source, a SCIENTA SES200 electron energy
analyser, and a home-made partial electron yield detector. PEDOT:PSS
thin films (~ 50-100 nm) were spin-coated on Si wafers from a
commercial available aqueous solution (Baytron P, 1:20). Thin films of
pentacene were prepared by organic molecular beam deposition (OMBD)
in-situ using strictly controlled evaporation conditions. The deposition
(deposition rate: ~3 A/min) was monitored with a quadrupole mass
spectrometer. The nominal thickness was determined having previously
calibrated the evaporator by wusing the attenuation of the x-ray
photoemission spectroscopy (XPS) substrate signal, after pentacene
deposition, measured on a Ag(l111) single crystal. We carried out
NEXAFS measurements in the total electron yield (TEY) mode in grazing
incidence (60°). In order to investigate the molecular orientation in the
films we took advantage of the dependence of the NEXAFS spectra on
the polarisation of the incident radiation [20]. Hence, we measured the
spectra by using both in plane (s-pol) and out of plane (p-pol) polarised
synchrotron radiation, tuning the polarisation by means of the
undulator. Finally, the spectra were normalised using the Ip current and
the substrate signal [21]. The energies have been carefully calibrated
according to reference 21. All organic thin films were carefully checked

for radiation damage during beam exposure.

4.1.2 XPS and NEXAFS on PEDOT:PSS

In Figure 4.1 we show the S 2p and O 1s XPS edges obtained form
the PEDOT:PSS substrate. The pictures reported on the left part were
taken by investigating the sample using synchrotron radiation, whereas
on the right side were taken using a MgKa excitation. This is
particularly interesting because it allows to compare the spectra due to
emitted photoelectron with different inelastic free path. In particular, in
the first case the experiment is more surface sensitive than in the latter.

As can be clearly noticed, the S 2p edge is characterised by two main
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features (upper panels), the first, occurring at lower binding energy (A),
at around 163 eV, is weak if compared to the feature at higher binding
energy (B), around 168 eV. As also reported in previous works in
literature, these peaks are attributed transitions from sulphur atoms
located in PEDOT and PSS molecules [12]. It is worth to note that the
relative intensities are in good agreement with the nominal ratio of the
two blended materials. Moreover if we compare the two spectra taken
by using different radiation sources, it can be noticed a clear difference
in the intensity of the features, in particular concerning the intensity of
peak A at lower binding energy due to the sulphur atoms located in the
PEDOT. When probing the surface, peak A intensity is higher than
when probing the bulk, A’ peak intensity, giving the clear indication of a
higher concentration of PEDOT in the surface than in the bulk. This
results are in good agreement with the ones reported in refs [12, 13],
meaning the even employing this deposition procedure we can obtain
the same typical texture of PEDOT:PSS with PEDOT at the surface and
PSS in the bulk. In the lower part of Figure 4.1 the O 1s spectra are
shown. The spectra are characterised by a large feature, in which
several contributions can be individuated by fitting the experimental
curve. In particular, in Figure 4.1(c)) the spectrum for the incident
photon energy of 700 eV is shown together with its fit. The fit analysis
results in the presence of four contributions. Accordingly to previous
work [12] they are attributed to PSS--Na*, PSSH, and PSS-, in the lower
binding energy range, while the contribution at 533.6 eV is due to
PEDOT. Note that the ratio of the relative intensities for the PEDOT and
PSS contributions is 1:19, in good agreement with the nominal
concentration of the two blends in the solution, further supporting the

fit results.
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Figure 4.1: XPS spectra of PEDOT:PSS: S 2p, (a) and (b), and O 1s edges, (c) and (d),
for two different incident photon energies, as indicated. The fit analysis (black bold
curve), including the four obtained fit contributions (straight and dot curves), is also

shown in (c) together with the experimental data (open circles).

In order to investigate the molecular order of the PEDOT:PSS
deposited film, we analyse the sample by using NEXAFS. With this
technique it is possible to irradiate the sample by using two different
polarizations. As can be clearly seen in Figure 4.2(a), where the C 1s
edge is shown, there is no significant difference in the spectra taken in
s-pol and p-pol, meaning that the film is amorphous. Both spectra are
characterised by a single very sharp (0.65 eV full width at half

maximum) and pronounced resonance around 250 eV. This resonance
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is due to transitions from C 1s to ri* states. This spectrum presents
strong similarities with the NEXAFS C 1s edge spectrum of EDOT [22,
23], a well-defined trimer, recently studied as model system for PEDOT,
that forms the basis for the PEDOT:PSS used in the presently
investigated blend. In PEDOT:PSS the nt *-resonances are much more
intense (with respect the o*-region) indicating a strong influence of the

dopant PSS in the electronic structure of PEDOT:PSS.
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Figure 4.2: a) C 1s NEXAFS spectra of PEDOT:PSS. The spectra were taken in grazing
incidence for p- (black curve) and s- (grey curve) polarisation; b) O 1s NEXAFS
spectrum of PEDOT:PSS. The spectrum was taken in grazing incidence for p-

polarisation.

Also the PEDOT:PSS NEXAFS O 1s edge (Fig. 4.2(b), p-pol) is very
similar to the relative edge in EDOT. However, also in this case the
details are different. The ni* feature at around 532 eV it is not a simple
shoulder, but it has a higher relative intensity with respect to the o*
feature at 538 eV, due to a larger overlap of the lowest unoccupied *
states with the O atoms in the blend and indicating again an active

influence of the PSS presence in the spectra.
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4.1.3 XPS and NEXAF'S on Pentacene/PEDOT:PSS

On the characterised PEDOT:PSS substrates, we deposited
several pentacene films by using OMBD with a constant evaporation
range of ~3 A/min. It is worth to underline that the XPS C 1s edge data
cannot be used for a qualitative or for a quantitative discussion, since
this XPS edge, already very broad in PEDOT:PSS, does not differ in a
sensible way upon pentacene deposition, with the exception of the
increase of the intensity signal due to the increase of the carbon
amount. On the contrary, the investigation of the PEDOT:PSS XPS
signal attenuation at the S 2p and O 1s edges gives a wealth of
information about the film growth and morphology.

A point that is still not completely clear regards the possibility
that, due to the high PEDOT:PSS roughness, pentacene islands could
grow embedded in the matrix formed by PEDOT:PSS at least up to a
certain nominal thickness, or form a mixed region, characterised by
interaction and charge transfer with PEDOT:PSS like in case of
phthalocyanine [24].

This aspect is important not only for the obvious importance of a
basic characterisation of this system, but also because of its
technological relevance. As a matter of fact, the device characteristics
depend also on the respective charge injection barriers at the interfaces.
This can be influenced by the interface morphology in terms of
intermixing of the two organic materials.

In Figure 4.3 we report the XPS attenuation signal for S 2p and O
1s edges measured for different incident radiations. Therefore, the
collected photoelectrons are characterized by a different inelastic mean
path for different incident photon energies, i.e., different kinetic
energies. If we analyse the S 2p and C 1s signals, we can clearly notice
that while the first one is decreasing in intensity the latter is increasing;
it is possible therefore to estimate that the PEDOT:PSS photoelectrons
travel through pentacene with a kinetic energy of 167 eV and they have
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A=-6A. The attenuation curve seems to follow a Frank-van der Merwe
behaviour, which predicts a layer by layer growth of the organic
material. This is clearly indicated by the fact that the S 2p attenuation
signal is decreasing almost linearly as function of the film thickness. In
contrast to this, the analysis of the O 1s signal for 700 eV (A = ~ 24),
and for Mg Ka (A = ~ 11 A) shows a rapid attenuation in both cases and
is most indicating a Stranski-Krastanov behaviour, characterized by a
layer plus island growth, which predicts a quick wetting of the
substrate, resulting in the rapid formation of an almost complete first
monolayer that should therefore lead to a significant attenuation of the

signal also for very thin deposited films.
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Figure 4.3: O 1s and S 2p XPS signal attenuations and C 1s XPS signal variation as a
function of the film thickness. The O 1s signal attenuations is shown for two different

incident photon energies, as indicated. Solid lines are intended as a guide to the eyes.

As a consequence, we can deduce that pentacene molecules start
growing on the PEDOT:PSS surface forming a layered structure. After,
island nucleation occurs thus leading to a complete attenuation of the
substrate signal for higher nominal thicknesses, up to 300A. Moreover,
we can indirectly gain some information concerning the
PEDOT:PSS/pentacene interface by analysing the attenuation of the O
l1s signal. It seems that such interface does not present a large

intermixing area. If it was the case, the attenuation of the substrate
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signal would strongly slowed down, leading to obtain an evident signal
reduction only at very high thicknesses, higher than the one reported in
Figure 4.3 where a drop of the O 1s signal below 40% already occurs at

o
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Figure 4.4: C 1s NEXAFS spectra obtained from a 84 A film (a) and ~100 ML (b) of
pentacene on PEDOT:PSS. The spectra were taken in grazing incidence for p- (black
curves) and s- grey curves) polarisation. The numbers, 1 and 2, assign the main

features as discussed in the text.

Further information concerning the molecular orientation of
pentacene upon deposition onto the PEDOT:PSS surface can be gained
by the analysis of the NEXAFS spectra taken in grazing incident for p-
and s-polarization. The data are reported in Figure 4.4 where the
evolution of the C 1s edge obtained from 84A and 100 ML is shown. Two
main groups of m'-resonances, 1 and 2, dominate the 282-288 eV
photon energy range. These features are due to transitions from C 1s
levels of non-equivalent carbon atoms into the lowest unoccupied
molecular orbital (LUMO) and LUMO+1 [25]. It is worth to mention that
the energy resolving power of the UE52 beamline gives the opportunity
to perform highly resolved measurements. Thus the spectra exhibit the
presence of features that were not resolved in previous works. Figure

4.5 shows the high-resolved m*-region of the C 1s NEXAFS spectra
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taken for the 100 ML film. It is possible to observe the clear presence of
two components in feature A (Figure 4.5), due to contributions from two
different carbon sites in the pentacene molecule [25]. This spectrum
shows strong similarities, with that from the gas phase in ref. 25,
suggesting a van der Waals character of the molecule-molecule

interaction in these films.
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Figure 4.5: High-resolved ri*-region of the C 1s NEXAFS spectra taken for the 100 ML
film, for p- (black curves) and s- grey curves) polarisation. The capital letters assign

the main features as discussed in the text.

The spectral features exhibit strong polarisation dependence,
indicating a high degree of orientation order in the films, and allowing
us to determine the molecular orientation from the observed dichroic
behaviour [20]. In both cases the molecules adopt an upright standing
position of their axis with respect to the substrate. This can be clearly
seen since the m*-resonances show their strongest intensities for the
spectra taken for s-polarisation of the incident radiation (i.e. E vector
parallel to surface). The i*- or the o*-resonances are largest when the
electric field vector of the incident radiation is along the n* or the o*
orbitals, respectively. It can be shown directly from the dipole selection
rules that for a plane-type orbital, i.e. an orbital that points in a specific
direction like the n* orbital in an aromatic ring, the resonances

intensity is given by:
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Ioc (00526 sin’o + 2sin’0 cosza) (4.1)

where we assume perfect polarisation, (this condition was satisfied
during our measurements at the UE52-PGM beamline) being athe angle
between the normal to the surface and the orbital and 6 the angle
between the incident radiation and the normal to the surface.
Measuring the intensity for two different polarization directions with
respect to the surface, s-pol and p-pol, it is possible to determine the

angle a from the following equation:

1 1 1-
M | — 1 (4.2)
tan“o 2 sin“0 ., —qsin“6__

p-pol

where q is the ratio between the intensities of the chosen resonances for

the two different polarisations:

I(e s—pol )

q= (4.3)
Iiﬁpfpol ’

In this work, 0s.po1=0° and 0,,0=60°. Eq. 4.2 can be rewritten as:

! —1(1 l_qj (4.4)

tan’o, 2 sin?60°

We performed molecular orientation calculations by using only
the m*-resonances intensities because of the fact that in our spectra
they are very sharp. In particular, the values given in this work are
calculated on the resonance 2 and cross checked on the others. The

calculated molecular orientation is 80° for the 84 A film, while it is very

88



Chapter 4: Soft Lithography Fabrication of All Organic Field Effect

Transistors

close to a perfect upright position for the thicker film. However, from the
morphological point of view the two situations are different. Taking the
calculated molecular orientation into account, and assuming that the
molecules are standing with their long axis perpendicular to the
substrate (a pentacene molecule is 16.577 A long [26]), 84 A are
equivalent to nominal ~ 5 ML. For this film thickness, the XPS
substrate signal should be completely attenuated by the pentacene
deposition, but, as already discussed, the substrate signal is still clearly
visible, while for the 100 ML film the XPS signal from the substrate is
not visible (see Figure 4.3). This is not the only difference with
thickness; comparing the spectra obtained from the two films, we can
observe a change of the spectral shape and of the ratio of the relative
intensities when looking at the two main groups of m*-resonances, 1
and 2. First, this clearly indicates that pentacene molecules interact
with PEDOT:PSS. Second, this interaction with the substrate seems to
induce different short range order in the film and to influence the
mutual molecular interaction. In addition, the mutual molecular
interaction obviously changes in the two cases due to the different film
morphology and to the environment seen from the molecules. However,
the interpretation of these effects cannot be deduced without a detailed
comparison with appropriate calculations, in order to link every single
spectral feature with a specific transition and to understand how these
transitions vary with thickness and therefore with the environmental
influence (i.e. substrate-molecules versus molecules-molecules
interaction, distortion of the molecular skeleton, etc). This aspect will be
addressed in detail in our future work.

A consequent crucial point is: do the molecules also stand upright
in the first layer? To give an answer to this question we have performed
NEXAFS measurements on a pentacene monolayer in order to
investigate the molecular orientation of the first pentacene layer when

deposited on PEDOT:PSS. The spectra are shown in Fig 4.6. According
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to the previous discussion, it is immediately clear that the molecules,
also in this case, take a position such that their axis is perpendicular to
the substrate. The dichroism is very pronounced indicating once more a
high order in the molecular orientation already at the monolayer level.

The calculated molecular orientation is 77°.
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Figure 4.6: C 1s NEXAFS spectra obtained from a monolayer of pentacene on
PEDOT:PSS.

Thus also a monolayer of pentacene deposited on PEDOT:PSS is
characterised by molecules with a molecular orientation toward the
upright standing position. Similarly to the thicker films, the monolayer
spectra are characterised by the two main groups of m*-resonances in
the 282 -288 eV photon energy range (1 and 2 in Figure 4.6), but their
relative intensities and shapes are dramatically changed in comparison.
This undoubtedly proves the occurrence of a charge transfer at the
interface PEDOT:PSS/pentacene. As a matter of fact, this drastic
intensity decrease of the ri*-resonances is not observed for pure van der
Waals bonding between substrate and adsorbate layer, because this
bond does not involve mt* orbitals like, for example, the LUMO or the
LUMO+1, thus there is no any effect on the transitions from C 1s levels

to those same orbitals [27].
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4.1.4 Thermal stability of Pentacene on PEDOT:PSS

With the purpose of testing the thermal stability of the pentacene
films deposited on PEDOT:PSS, we annealed the thicker samples up to
365 K and we checked them after annealing by using XPS and NEXAFS.
Each annealing was 30 minutes long. We show here the results for a
~100 ML film. It has been sequentially annealed at 330 and 365 K.
Figure 4.7 shows the Cls NEXAFS s-pol spectrum, focused on the rt*-
region, after the last annealing cycle, in comparison with the as
prepared spectrum. The molecular orientation basically remains
unchanged, not affected by the annealing. But the electronic structure

is dramatically influenced.
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~100 ML . - annealed

s-pol
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A
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Figure 4.7: C 1s NEXAFS spectra (s-pol) for a 100 ML film before and after annealing
up to 365 K.

The intensity ratio of the main group of ni*-resonances, 1 in the
figure, are changed indicating a strong influence of the annealing
treatment mainly on the contributions due to transitions from C 1s
levels to the LUMO or the LUMO+1. We can deduce from this
observation that a different intermolecular interaction characterises the

annealed films in comparison with the as prepared ones. Also in this
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case, a detailed comparison with appropriate calculations will help to

understand how these transitions vary depending on the annealing.

4.2 All Organic FETs on Mylar®: assembling procedures

Assembling all organic FETs on Mylar® requires a very careful
processing. The first step is the assembling of the Mylar foil; in order to
realize a flat surface it is glued onto a circular frame, as depicted in

Figure 4.8.

Figure 4.8: A Mylar® foil glued onto a circular frame.

After that, prior organic semiconductor deposition and
electrodes patterning, Mylar® surface is carefully cleaned with ethanol,
isopropanol, washed with deionised water, and dried in nitrogen flux.
Once the substrate is cleaned, we can start with the printing process,
the step by step procedure is shown in Figure 4.10. The PDMS stamp,
which reproduces the Source and Drain pattern, is put in the spin
coater sample holder with the relieves exposed upwards and covered
with few drops of PEDOT:PSS. After a resting time of 5 minutes before
spin coating, in order to help solvent evaporation and to increase the
adhesion between PEDOT:PSS and PDMS surface, the sample is spun
for 1 minute at 1000 Root per Minute (RPM), this spinning rate
resulted to be optimal for obtaining homogeneous PEDOT:PSS films
with a nominal thickness around 100nm. After the stamp preparation,

contacts are transferred onto the substrate by realizing a conformal
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contact between stamp and substrate, without any external pressure,
for about 5 min. Then, the stamp can be carefully removed resulting in
a transfer of contacts with a pretty high yield (90%). The final result is a
completely flexible and transparent structure as can be clearly noticed
from Figure 4.9, where the features of the printed electrodes and the

final assembled structure are shown.

Figure 4.9: pictures showing the features of the PDMS stamp (a) compared to the
printed electrodes ones (b), and the structure of the final assembled device (c). As can

be seen, the final structure is almost transparent.

As Mylar® does not tolerate thermal treatment over 40 °C, no
annealing step was performed on the PEDT/PSS thin film after
deposition, a step generally made to increase PEDT to PSS ratio. Indeed,
a pre-deposition annealing was realized at 120 °C, producing an
increase of PEDT/PSS conductivity by a factor of 2 with respect to
untreated PEDT/PSS films. Electrodes with W= 5 mm and L=75um
(where W and L are the channel width and length respectively) were
used. It is worth to note that electrode dimensions can be easily lowered
due to the high resolution of the PDMS, which is able to reproduce
features in the order of 100nm. The only limit for this purpose concerns

the realization of a high-resolution master used for the stamp
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fabrication. The realization of master for soft lithography with less than

1 pm. feature sizes is very common.

' Mylar® ' PDMS P]:.DO'I‘ PSS

Figure 4.10: Schematic representation of the steps required for patterning the

electrodes by means of uCP.

The last two steps concerns the deposition of the gate

electrodes, which was realized by spin coating a thin PEDOT:PSS film
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on the opposite side of the Mylar® foil, and the deposition of the organic
semiconductor layer. In this section we will discuss about All Organic
FETs realized with pentacene (Sigma Aldrich, 98%) as organic active
layer. In this case, pentacene was used as received and deposited by
thermal evaporation at a nominal deposition rate around 0.5-1A/s for a
thickness of 50nm. This rate resulted to be optimal for obtaining
homogeneous and continuous pentacene films on Mylar®. During
deposition, the pentacene layer was patterned by interposing a shadow
mask between the crucible and the sample. This was done with the aim
of leaving a portion of the electrode area not superposed to the
semiconductor, where the probe tips were put during the electrical
measurements. In this way, any risk of contact between the tips and the
semiconductor is prevented, see Figure 4.11. It is worth to underline
that with this technique it is possible to realize both bottom contact and
top contact devices just by printing the electrodes before or after the

organic semiconductor deposition respectively.

A A
Pentacene Mylar® ' PEDOT:PSS
] |

Figure 4.11: Bottom Contact and Top Contact devices structure.

4.3 A comparison between Bottom Contact and Top Contact All
Organic FETs

All-organic FETs were realized on a flexible plastic PET foil
(Mylar®, DuPont), as described in the previous section, allowing to
fabricate in a very easy and efficient way devices in both Bottom
Contact and Top Contact configuration. The electrical characterization

of the devices was carried out at room temperature in air. All devices
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worked as unipolar p-type FETs working in accumulation regime, as
can be noticed from Figure 4.12 where the output characteristics of
both kind of devices are shown, with mobilities up to 2 x 10-!1 cm?/Vs

and Ion/lof ratio up to 105. In order to make a reliable comparison
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Figure 4.12: Output characteristic of all organic FETs in BC (a) and TC (b)

configurations.

between the two different configurations, we fabricate BC and TC
devices on the same substrate. The first step, after the cleaning
procedure of the Mylar® surface, was the pattering of the source and
drain electrodes for the BC device, then the active layer was deposited
following the procedure described in the previous section. Finally TC
device electrodes were printed beside the BC ones. In this way, the
organic semiconductor film was deposited at the same time for both
devices allowing to have the same thickness and quality within the
channel of each device. From the analysis of the most meaningful
parameters some interesting marked differences can be clearly pointed
out. First of all, from the analysis of the curves reported in Figure 4.12
it is pretty clear that T-C devices showed the best performances with
recorded currents higher by a factor of 4-5 than B-C devices realized on
the same semiconductor layer and this trend was reproducible over tens
of couple of devices. The shed light into this phenomenon, we took into
account the equivalent circuit suggested by Horowitz and previously

introduced in chapter 2. In this model a resistance is inserted in series

96



Chapter 4: Soft Lithography Fabrication of All Organic Field Effect

Transistors

with the device channel. According to this, both mobility and contact
series resistance can be estimated directly from the electrical
measurements. This is particularly meaningful in this case since the
two structures should have similar channel characteristics (so they
should have similar channel mobility values) but they differ for the way
in which the contact-semiconductor interface was formed. In fact, for
BC devices, pentacene is deposited onto the already patterned
PEDOT:PSS contacts, so there is a direct charge carrier injection from
the electrodes to the device channel (according to the idea that the
channel is a very thin layer formed at the interface between
semiconductor and insulator), whereas in TC devices, the current
injected from the electrodes must vertically travel through the
pentacene layer before reaching the channel, and this should imply that
the effective voltage across the channel is lower that the voltage applied
between source and drain by a quantity Rslp, where Rsis the equivalent
resistance of the vertical current path in the pentacene layer and Ip is
the drain current. In addition, a contribution to Rs may derive from the
different interface between contact electrodes and semiconductor, due
to the different structure of the devices. So, together, these two
phenomena should produce in the electrical measurements the effect of

a resistance in series with the device channel.

lo = Z/LpCypy (Ve ~Vy)Vp — Rsl) (4.5)

. L
WlLlCinS| (VG _Vth )‘

total — '\s (46)

where Rs is the Contact Series Resistance, u is the hole mobility,
Cins the capacitance of the insulator, and all the other parameters are
given by the conventional notations. As a matter of fact, there is a very

meaningful difference in the Rs vs Vg curve recorded for both kind of
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devices, as can be clearly notice from Figure 4.13, and this trend is

reproducible over tens of couple of devices.
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Figure 4.13: Comparison between the Rs vs (Vg-Vr) curves of a TC and a BC device.

On the other hand, also the mobility is different in the two cases;
indeed, in all the couple of devices characterised, the recorded mobility
is always higher in TC OFETs. According to Horowitz model, it is
possible to evaluate the channel mobility subtracting the effect of the
contact resistance effects. In principle, mobility values should be equal,
since the semiconductor was deposited for both devices at the same
time, but as it is reported in table 4.1, there is a significant difference
between the two different devices, meaning that a simple model which
includes only one parasitic contact series resistance cannot explain all
the characteristics recorded from the experiments. In order to shed
more light into these phenomena, we investigated, by means of Atomic
Force Microscopy (AFM), the morphology of the active layer for both
devices, focussing in particular to the interface between electrodes and
channel. All images reported in Figure 4.14 are height images and were

taken in semi-contact mode.
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Vin (V) 3 (cm2/Vs) Ion/Ioff S (V/dec)
(Ve =V1= -40V) (cm-2eV-1)
Bottom Contact -30 4 x 102 4,43 x 105 105 14,5 3 x 1012
Top Contact -32 1x 10! 2,47 x 105 105 7,2 1,4 x 1012

Table 4.I: Tabulation of threshold voltage (Vw), field effect mobility (u), Ion/lofr ratio,
sub-threshold slope (S), and trap states density (Nmax) for T-C and B-C devices.

500 nm

Figure 4.14: AFM images of: pentacene layer in the middle of the channel (a);
pentacene layer over a PEDOT:PSS contact (b); and the transiotion area between

channel and contact in a BC device (c).
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It is worth to underline that in the case of TC devices the organic
semiconductor was deposited in advance onto the bare Mylar®
substrate, and therefore it must grow almost uniformly everywhere,
since the electrodes were printed afterwards. For BC devices the
situation is very different. In fact, the organic layer was deposited over
the already patterned Mylar® substrate (Source and Drain electrodes
were printed prior semiconductor deposition) which could affect the
growth mechanism of the organic layer, in particular in the transition
area between contacts and channel. As can be seen in Figure 4.14,
there is a relevant difference in the pentacene film deposited in different
regions of the BC device. It is almost uniform in the middle of the
channel, whereas it is very inhomogeneous at the interface between
contact and channel. In particular, in this region we can see an abrupt
change in the morphology of the active layer passing from the area over
the PEDOT:PSS electrode and the area into the channel.

This led to an accumulation of defects in this transition interfacial
area thus leading to a dramatic increase in the density of traps that
strongly limits charge injection into the channel. This discontinuity
obviously does not exist in TC devices where, since the organic
semiconductor was deposited prior the electrodes printing, it should be
uniform everywhere. The higher density of traps at the interface
between electrodes and channel seems therefore to be the main reason
for the increase in the contact series resistance and also for the

decrease in the channel mobility estimated for BC devices.

4.3.1 Analysis of the hysteresis effects

Another clear difference in the electrical behaviour of BC and TC
devices can be pointed out by analysing the transfer characteristics in
the saturation region. In this case the electrical measurements were
recorded by keeping the Vps constant at -100V in order to be in

saturation region, and sweeping the Vgs from +100 to -100V and from -
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100 to +100V. As can be clearly noticed in Figure 4.15, both devices are
affected by hysteresis, but while in the case of TC this behaviour is

almost negligible, it is definitely more pronounced for BC once.
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Figure 4.15: Comparison between the normalized transfer characteristics in

saturation regime (Vbs=-100V) of B-C and T-C devices.

This behaviour is a clear indication that BC devices are affected
by higher parasitic capacitance phenomena, most probably correlated to
charge trapping within the active layer. In order to shed some light into
this issue, we calculated the inverse sub-threshold slope S, for both
devices, since it is directly correlated to the number of trap states at the
interface between insulator and semiconductor (as we previously

reported in section 2.1.2). We herein remind that the inverse sub-

threshold slope is given by:

S {—d log('d)} (4.6)
av

g

we obtained values around S= 6 V/dec and S= 11 V/dec for T-C and B-
C devices respectively. In Figure 4.16 we report an example. Further
analysis is possible from the sub-threshold slope calculation. The

maximum number of interface traps can be estimated using equation
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(4.7), assuming that densities of deep bulk states and interface states

are independent of energy:

max Slog(e) Ci
Now = | 22988 1= 4.7
z { o } o)

where Ng™is the maximum number of interface traps states, k is the

Boltzmann’s constant, T the absolute temperature and q the electronic

charge. As reported in Table 4.1, we obtained an average Ng "= 1.5 x
1012 cm2eV-! and Ng™= 2.5 x 1012 cm2eV-1, for T-C and B-C devices

respectively. As a result, depositing the organic semiconductor layer
after the patterning of the Source and Drain electrodes leads not only to
an increase in the density of defects at the interface between the
semiconductor Source and Drain electrodes, but also to an increase in
the insulator/semiconductor interface trap states if compared to T-C
structures, this higher density of charge traps can be therefore
considered the main reason for the increase of the hysteresis effect in

the recorded electrical characteristics.
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Figure 4.16: Comparison between the sub-threshold slope of BC (a) and TC (b)

devices.
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It is worth to note that gate electrodes were patterned for both
devices (BC and TC) in order to have the same overlapping are with the
Source and drain electrodes printed on the opposite side of the Mylar®
foil. In fact, having an overlapping between Source and Drain electrodes
and the Gate, would lead to have a parasitic capacitor which can be
considered as an additional contribute for increasing the electrical

hysteresis.

s

Figure 4.17: Schematic representation of the parasitic capacitors due to the

overlapping of Source and Drain electrodes with the gate electrode.

In this case, since the overlapping area is the same for both
devices, its contribute should be equal for BC and TC OFETs; any
detected difference in the hysteresis can be therefore only be attributed

to charge trapping within the active layer.

4.3.2 Gate electrode role in devices behaviour

Interestingly, we investigated the role played by the gate electrode
in the electrical behaviour of the assembled devices. Is it important to
underline that changing the gate electrodes for these kinds of devices is
very simple, since it has been assembled on the back side of the plastic
foil. Therefore, it can be easily removed and re-deposited without
affecting and polluting the semiconductor film that lies on the opposite
side of the foil. As a result, with this technique, it is possible to
investigate the effective gate role on the device performances, since the
active part of the device is exactly the same (the active layer and the

Source and Drain electrodes are the same). For this purpose, we used
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three different kinds of gate electrodes: i) a PEDOT: PSS spin-coated
film; ii) a PEDOT: PSS drop-cast film. In Figure 4.18 and 4.19 we report
the electrical characteristic of BC and TC transistors respectively,
characterized with both kind of PEDOT:PSS Gate electrode. As can be
clearly noticed, the devices worked perfectly in all configurations.

Nevertheless, some interesting differences can be pointed out from this

comparison.
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Figure 4.18: Comparison between the electrical behaviour of a BC device with

PEDOT:PSS drop cast (a and b) or spin coated (c and d) gate electrodes.

First of all, if we consider in particular the transfer
characteristics, it is noticeable a significant increase in the recorded
drain current when using a spin coated gate instead of a drop cast one,
and this can be seen both in BC and in TC devices. Moreover, it is
worth to notice that the hysteresis effect changes by changing the gate

structure. This behaviour is more evident in Figure 4.20 where we plot a
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comparison between the normalized transfer characteristics. As can be
seen, both for spin coated and drop-cast gate devices, hysteresis is
more pronounced in BC devices, confirming what already observed in

the previous section.
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Figure 4.19: Comparison between the electrical behaviour of a TC device with

PEDOT:PSS drop cast (a and b) or spin coated (c and d) gate electrodes.

Moreover, hysteresis increases when using a drop cast gate
electrode instead of a spin coated one, and this is significant in BC
devices whereas is almost negligible in TC ones. As a result, effect is
correlated not only to a charge trapping at the organic
semiconductor/insulator interface, but also to some parasitic
phenomena taking place within the PEDOT: PSS film employed as gate
electrode. In fact, PEDOT: PSS is a conductive polymer formed by two

105



Chapter 4: Soft Lithography Fabrication of All Organic Field Effect

Transistors

different parts: PEDOT is the conductive part, while the PSS is a non

conductive insulating part allows the polymer to be soluble.

1,01 1,04 b)
—— TC Spin Coated ) —— BC Drop Cast
0,81 — BC Spin Coated j 0,81 — TC Drop Cast
3 0,6 3 0,6
5 &
= 0,41 = 0,41
0,2 0,24
0,0 0,04
100 50 0 50 100 160 50 0 50 100
V() V(V)
1,04 ©) 1,04 9
—— BC Spin Coated / ——TC Spin Coated
0,81 — BC Drop Cast / 0,84 — TC Drop Cast
3 0,64 % 0,6
5 5
= 0,41 o 0,41
0,2 0,2
0,04 0,04
100 50 0 -850 -100 100 50 0 -850 -100
v, (V) V.(V)

Figure 4.20: Comparison of the hysteresis effect between: B-C Vs T-C devices with
spin-coated gate (a); B-C Vs T-C devices with drop-cast gate (b); B-C spin-coated gate
Vs B-C drop-cast gate (c); T-C spin-coated gate Vs T-C drop-cast gate (d);

It is well known that after deposition, the PEDOT: PSS film
consists of a matrix of a granular structure, namely PEDOT conducting
grains, surrounded by islands of PSS, which is insulating. Therefore,
the electrical behaviour of a PEDOT: PSS film strongly depends on the
PEDOT to PSS ratio within the layer. We speculate that in the case of
spin coated films, the excess of PSS is cleaned off from the surface of
the PEDOT: PSS grains in the film, creating a better connection between
the conducting PEDOT grains and hence better percolation pathways
for charge transport. The higher concentration of PSS on the surface for

drop-cast films could be, therefore, the main reason for the increase in
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the parasitic hysteresis phenomena we observed. This could on one side
influence the overall conductivity of the deposited film and, on the other
side, can lead to parasitic phenomena such as polarization of PSS
islands during the electrical measurements, which can be at the base of
the decrease of the recorded current and the increase of the hysteresis
behaviour for PEDOT: PSS observed in drop-cast gate devices.

In conclusion, we fabricated fully flexible and transparent all
organic FETs on plastic, using a very simple and inexpensive technique
that can be a valuable alternative to printing for the mass production of
all organic devices for large area electronics. Furthermore, we
demonstrated, supported by XPS and AFM investigations, that the
devices performances are strongly influenced on one side by the
architecture of the devices themselves, and, on the other hand, by
structural and morphological properties of the employed materials. In
particular different semiconductor/electrodes and
semiconductor/insulator interfaces, lead to pronounced differences in
the electrical behaviour of these devices. As a matter of fact, T-C devices
showed the best performances for the most meaningful electrical
parameters, with higher mobility, higher on/off current ratios, and

rather lower contact resistance and hysteresis parasitic phenomena.
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Chapter 5

All Organic Ambipolar Field

Effect Transistors

In the previous chapter we introduced a novel low cost technique
for the realization of all organic FETs. All the characterised devices
behaved as unipolar p-type FETs working in accumulation mode. We
herein show that it is possible, by employing the same fabrication
technique, to obtain also all organic n-type and ambipolar FETs by
using a double layer bulk heterojunction as organic semiconductor

layer.

5.1 Introduction

One of the main characteristics of almost all organic
semiconductors is that, despite their undoped state, often only a single
carrier transport, either holes (in most cases) [1, 2] or electrons [3-5],
can be realized. In several cases, the work function of metals employed
for contact fabrication dictated the polarity of charge transport [6]. As a
consequence, still today the realization of ambipolar OFETs remains a
challenge. The simultaneous transport of both types of carriers could
lead to a simplification in the design of complementary logic circuits,
allowing at the same time to reduce power dissipation and to increase

noise margins. The main problem for the realization of ambipolar
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OFETs seems to be the choice of right materials to be employed in the
devices assembly.

In principle, most organic semiconductors may allow both kinds
of charge carriers transport [7]. Therefore, in OFETs, achieving n-type
or p-type conduction should mainly depend on the metal employed as
source and drain electrodes, which should enable the injection of one
type of charge carriers into the semiconductor layer. In fact, charge
injection strongly depends on the energy level matching between the
Fermi-level of the source and drain electrodes and the organic
semiconductor energy levels, i.e, the transport levels derived from the
lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO). Very recently Takenobu et al. [6] showed that
the choice of an appropriate pair of high and low work function metals
as source and drain electrodes can lead to an improvement and balance
of carrier injection into the channel.

Nevertheless, there exist reports on efficient n-type OFETs
employing gold electrodes, despite rather high electron injection barriers
[8, 9]. On the contrary, it is difficult to obtain n-type conduction even in
devices with low work function electrodes [10].

In these cases, it seems that the cause for the lack of n-type
conduction could be electron trapping at the interface between the gate
dielectric and the organic semiconductor. Chua et al. have suggested
that, in most cases, electron conduction in organic devices is inhibited
by electron trapping at the interface due to a high concentration of
hydroxyl groups that act as traps for electrons [11]. Therefore, it seems
that the quality of the substrate used for the growth of an n-type

material is the critical point for obtaining this type of conduction.
5.2 Achieving n-type transport by means of bulk heterojunctions

The appealing possibility to use different structures as active

layers, such as polymer blends and bulk hetero-junctions has attracted
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great interest recently. They have been extensively employed for
optimizing the electrical and optoelectronic properties in organic solar
cells and light emitting diodes, but in the last years a lot of effort has
been addressed also in the filed of OFETs and OLETs. Combining
together a suitable couple of organic semiconductor could in principle
allow to obtain both kind of charge carrier transport (holes and
electrons). We already demonstrated (see the previous chapter) the
possibility of fabricate all organic FETs by a very easy and flexible low
cost technique, namely uCP. This technique allowed to realized unipolar
p-type OFETs working in accumulation mode. In this section we
demonstrate that it is possible to achieve n-type conduction in OFETs
also employing polymeric Source and Drain electrodes made out with
PEDOT:PSS and patterned by uCP. We choose Fullerene Cgo as suitable
n-type organic semiconductor. The main characteristics of this
compound were already introduced in the first chapter of this thesis. In
fact, Ceo is one of the most employed n-type organic materials, due to its
relatively high electron affinity which allow to minimize the electron
injection barrier even when high work function metals (such as Au and
Al) are used for the fabrication of Source and Drain electrodes. Ceo
unfortunately has also some drawbacks, first of all, as the major of n-
type organic semiconductors, it is very unstable and it quickly oxidised
upon exposure to air. Moreover, it shows poor orientation control and a
small grain size (around 50nm.), even when deposited under very strict
conditions onto very flat surface, such as SiO2. As a consequence, the
resulting low crystallinity of the deposited films seriously degrades the
performances of Ceo OFETs. Nevertheless, very recently Itaka et al. [12]
demonstrated that controlling the wetting of a substrate by a molecular
overlayer can improve the crystal quality of organic semiconductor
films, which in turn is favorable for efficient charge transport, see

Figure 5.1. They showed that depositing a thin pentacene layer (1 or 2
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monolayers) prior to the deposition of a Ceo layer leads to an increase of

the n-type mobility if compared to a single Ceo layer device.

b) Panlacensa

abghb s
TIrEy

200 nm

Figure 5.1: a) Schematic representation of organic compounds on a substrate with
poor wettability; b) AFM images of a thickness-gradient pentacene thin film library
with layer thickness varying from 0.5 to 1 monolayer, grown on atomically flat
sapphire (0001) substrate. c) AFM images of C60 thin films grown on a sapphire

substrate without and with (d) a thin pentacene buffer layer [12].

We fabricated two sets of devices; in the first case we used a
single layer structure by employing Ceo as organic semiconductor. In
the second case, following the considerations drawn by Itaka et al. we

employed a double layer structure, using a very thin pentacene buffer
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layer (nominal thickness 3nm.) in order to improve the quality of the Ceo
film subsequently deposited. Pentacene and Ceo were evaporated from
resistively heated AloOs crucibles in a custom-made vacuum chamber
(base pressure 5x10-8 mbar). The amount of deposit and the evaporation
rate (typically 5 A/min) were monitored by a quartz crystal
microbalance placed next to the substrate. As can be clearly noticed
from Figure 5.2 where the device structure is depicted, a fully flexible
and transparent (see inset) structure was finally obtained. All devices
were realized in “top contact” configuration by printing the source and
drain electrodes after the organic semiconductor deposition, since this
structure already allowed to obtain unipolar p-type OFETs with
mobilities up to 0.1 cm?/Vs and Ion/losf ratios around 105, see Figure
5.2.

y 4
Mylar® Fullerene, C,,
T |
PEDOT:PSS Pentacene
— —

Figure 5.2: Schematic representation of the devices assembled in TC configuration,

without (left) and with (right) a thin pentacene buffer layer.

The first set of devices, realized by employing a single layer Ceo
structure, did not show n-type conduction. One possible reason for this
could be the rather large electron injection barrier at the
PEDOT:PSS/Ceo interface, which could be estimated to be ca. 1.9 eV
under ultrahigh-vacuum conditions [13]. Note that in our case the Ceo
layer was exposed to air prior to PEDOT:PSS printing, and therefore the

value for the electron injection barrier may vary. In addition, a poor
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structural and morphological quality of the Ceo layer on bare Mylar®
could also be invoked as a cause for device failure. In fact, the high
surface roughness of Mylar® (Root Mean Square Roughness = 1.2 nm),
can cause a high concentration of defects (i.e. charge traps) within the
active layer, thus inhibiting electron transport through the channel.
Interestingly, when a 3 nm pentacene buffer-layer (ca. 2 layers of
vertically inclined pentacene molecules) is used, the Ceo layer grows
much more uniform and it is even crystalline, as it will be shown in the
XRD data reported in the following section. Electrical measurements
performed on the devices obtained with the 3 nm Pentacene buffer
layer, have shown that the improvement in Cgo film crystallinity
immediately resulted in a clear n-type device behavior, as can be seen
in Fig. 5.3. Despite the possibly high electron injection barrier (see
above) a clear field effect is visible, and the electron mobility (estimated
from the transfer characteristics in the saturation regime) was ca.

3.2x105 cm?2/Vs.

1E-84

5,0Nn- b)

Transfer characteristic
Vd=+50V

u=3.2 X 105cm2/vs
Vt=+59V

4,0nA

3,0n4

I,(A)

—°2,0n-
1E-9
1,0n4

0,0¢ ::;f'—a = —'

0 20 40 60 80 100
Vo (V)

Figure 5.3: Typical Output (a) and transfer (b) characteristics of Top Contact FETs
realized with a 3nm pentacene buffer layer and 30nm Ceo layer. The device works as a

unipolar n-type FET.

Interestingly, this may indicate that the structural quality of the
semiconductor film, and as a consequence, charge trapping in the
channel, is more important than the barrier height for achieving n-type

charge transport. In addition, using Pentacene as buffer-layer allowed
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to obtain, an all organic n-type FET also with polymeric contacts. Note
that despite the presence of a thin Pentacene layer, no p-type
conduction was measured in this type of devices. Since Pentacene
exhibits pronounced island growth on rough substrates such as
Mylar®, no complete monolayer over the entire gate dielectric surface
could probably be formed. Thus, the absence of a continuous
percolation path is assumed to be the main reason for the lack of hole

conduction within the channel.

5.3 Ambipolar Transport in All Organic FETs

Since the absence of a continuous percolation path seems to be
the main reason for the lack of hole carrier transport within the
channel, we fabricated devices with thicker Pentacene buffer-layers
(nominal thickness 20 nm) in order to ensure the formation of a
percolation path and, consequently, to obtain also hole transport across
the device channel. As can be seen in Figure 5.4, this strategy led to
ambipolar behavior, which can be noticed both from the output and
transfer characteristics of the devices. It is worth to note that having a
complete and continuous Pentacene layer at the interface with the gate
dielectric led not only to obtain hole transport across the channel, but
also to a clear improvement in the electron mobility. This implies that
Ceo can grow even more uniformly and crystalline when the Pentacene
buffer-layer is thick enough to cover the whole insulator surface,
forming a complete and continuous film. Despite the very high electron
injection barrier, and the fact that all devices were measured in air, we
obtained hole mobilities up to 1x10-2 cm?2/Vs and electron mobilities up

to 3.5x10-% cm?2/Vs.

116



Chapter 5: All Organic Ambipolar Field Effect Transistors

16,0n b) ,
6,0+ ’ g
2 12,00 "HPe —— Vg=60v
-5,0u1 p-type — vg=20v ——— Vg=T0V
-4,0p — Vg=0VvV 8,0n Vg=80V
Vg=-20V — ~ ——Vg=90v
2 -3,014 — — Vg=-40vV < 4,00 ) Vg=100V
< Vg=-60V o / _
62,04 - vg:»sov 0.0/ Vg=110V
I Vam100V Vg=120V
-1,0p yZ -4,0n+
/
0’07 - '8,0”‘ T T T T T T
0 20 -40 -60 -80 -100 0 10 20 30 40 50
VD(V) VD(V)
transfer characteristic -
_ Transfer characteristic
Vd—-lOO?:/ , . Vd=+50V
1074 p=8x10""cm“/Vs 1075 1=3.2x10"%em?/Vs
Vi=+4V VE=+80V
. 1074
< —_
—710"4 Z10°]
c) 10°7 d)
10°4 p-type n-type
T y T T T 100 4— . . . . . .
100 50 0 -50  -100 0 20 40 60 80 100 120
V(V) Vi(V)

Figure 5.4: Electrical characteristics of a Top Contact all organic ambipolar FET
realized with 20nm pentacene buffer layer and 30 nm Ceo layer. a) Output
characteristic of the device working in p-type mode; b) Output characteristic of the
device working in n-type mode; c) transfer characteristic of the device working in p-

type mode; d) transfer characteristic of the device working in n-type mode.

These results are further supported by X-Ray diffraction analysis

which are reported in the following section.

5.3.1 XRD and AFM Characterization

Experimental

X-ray diffraction measurements have been performed at the beamline
W1.1 at the synchrotron radiation source HASYLAB (Hamburg,
Germany) using a wavelength of 1.1808 nm. In order to achieve a flat

substrate surface, Mylar® foil was fixed on quartz coupons (area 1cm?)
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using double-sided adhesive tape. The vacuum-deposition process was
identical to the case of OFET preparation as described above.
Atomic Force Microscopy (AFM) measurements were performed in

Tapping Mode™ with a Nanoscope III device (Veeco Instruments).

Structural investigations

We performed specular x-ray diffraction scans on both 60nm thick Ceo
films deposited on the pure Mylar® substrate (spectrum (e) in Figure
5.5) as well as on Mylar pre-covered with a layer of nominally 10nm
Pentacene (curve (d)). A 20nm thick Pentacene film was investigated as
reference for the underlayer (curve (b)). Within the pure Pentacene film,
the peak at a value of the momentum transfer (q,) of 0.4085 A-! (lattice
spacing d=1.538 nm) and its weak second order peak at 0.813A-! can be
assigned to reflections of the (001) and (002) net planes of a well known
P polymorph that is usually referred to as Pentacene thin film phase [10,
14, 15]. The 60nm thick film of Ceo deposited directly on Mylar® does
not show any Bragg peaks, in contrast to the film of equal nominal
thickness deposited on a 10nm thick Pentacene underlayer. We find a
peak at q,=0.7720 A-! (lattice spacing d=0.814nm) that can be assigned
to the (111) reflection of cubic Ceo polymorphs [16, 17] as well as to the
(002) reflection of hexagonally grown Ceo [17], which cannot be
distinguished from our data. This result is in accordance to previous
findings for Ceo vacuum-deposition on sapphire, where -crystalline
growth of Ceo took place exclusively after pre-coverage of the substrate
with a monolayer of Pentacene [12]. However, a film of 30nm Ceo on
3nm Pentacene, which corresponds to nominally two monolayers of
Pentacene, did not exhibit any indication of crystalline Cgo growth in x-
ray diffraction (not shown). We attribute this to the pronounced island
growth of Pentacene on Mylar® due to the high surface roughness of the

substrate. Hence, the nominally 20nm thick film of Pentacene (Figure
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5.5 curve (b)) exhibits an out-of-plane crystalline coherence length of
30+5nm as estimated from the (001) reflection under the use of the
Scherrer formula [18]. Therefore the 3nm Pentacene film can be
regarded as far from being closed, leaving areas uncovered for the
subsequent Cgo deposition and thus increasing its amorphous ratio,
which can explain the worse ambipolar performance of devices based on

that structure.

1 TP(001)
w
E
> C60
§ onP
E
8 C60
£
S P
(@)
|
Ref.
0,3 0,4 0,5 0,6 0,7 0,8 0,9

q, A%

Figure 5.5: Specular x-ray diffraction scans on the Mylar/tape/quartz substrate as
reference (a), a film of 20nm Pentacene (b), a layer of 60nm Ceo (c) and a film of 60nm
Ceéo on 10nm Pentacene (d). Precoverage of the substrate with P leads to crystalline
growth of Ceo. TP(hkl) denotes reflections of planes (hkl) originating from the Pentacene

thin film phase (see text). The star marks a substrate contribution.

Moreover, by the analysis of the AFM micrographs reported in
Figure 5.6, some other interesting conclusions can be drawn. Ceo grown
on bare Mylar® (b) is characterised by a granular structure with an

grain density of 3000 pm2 (grain diameter < 30nm). From Figure 5.6 (c)
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we can clearly notice that under the use of a pentacene buffer layer, Ceo
grains nucleate over the underlying pentacene islands, which leads to a
reduction of the island density by a factor of 3 (see Figure 5.6 (c)).
Together with our finding of crystalline Cgo growth from XRD, this
explains the enhancement in the electron mobility we observed in the

OFETSs characteristics.

Figure 5.6: Atomic Force Microscopy (AFM) micrographs of 1x1(Jm showing: 20 nm.
pentacene on bare Mylar® (a); 60 nm Ceo on bare Mylar® (b); and a film of 60nm Ceo
on 10 nm pentacene. The precoverage of the substrate with pentacene leads to an
increase in the average grain dimension. The color range represents 0-20 nm in (a), (c)

and 0-10 nm in (b).

5.4 A comparison between all organic ambipolar FETs with
different architectures
In order to have a comparison between different OFETs

architectures, we realized all organic FETs both in Bottom Contact and
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Top Contact configurations and we employed Pentacene/Cego
heterojunctions realized by double layer structures and also by a blend
phase obtained by co-evaporating both organic semiconductors at the
same time and at the same nominal rate, in order to have an equal
percentage of both materials. We herein report the obtained results.

As can be seen from the Figures 5.7 and 5.8 reported in the
following pages, all devices worked as ambipolar FETs. Nevertheless,

some interesting differences can be pointed out.

b)
a)
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Figure 5.7: Electrical characteristics of a Bottom Contact all organic ambipolar FET
realized with 20nm pentacene buffer layer and 30 nm Ceo layer. a) Output
characteristic of the device working in p-type mode; b) Output characteristic of the
device working in n-type mode; c) transfer characteristic of the device working in p-

type mode; d) transfer characteristic of the device working in n-type mode.
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For example, even though the field effect behaviour is clearly
visible, BC device in the double layer configurations are characterized
by mobilities that are almost one order of magnitude lower than those
recorded for the same kind of devices in TC transistors, and this is
visible either for hole and electron mobility. It is worth to note that for
both type of devices, BC and TC, the organic semiconductor deposition
was performed in the same conditions, same chamber pressure, and
deposition rate and thicknesses for both the employed organic
semiconductors. Therefore, as we already stated in the previous

chapter, the structure of the device itself strongly influence its electrical

performances.
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Figure 5.8: Electrical characteristics of a Top Contact all organic ambipolar FET
realized by co-evaporating a 30 nm Pentacene/C60. a) Output characteristic of the
device working in p-type mode; b) Output characteristic of the device working in n-
type mode; c) transfer characteristic of the device working in p-type mode; d) transfer

characteristic of the device working in n-type mode.
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Other interesting differences can be seen by analysing the
behaviour of BC and TC OFETs realized with a co-evaporated film as
active layer. In this case we did not noticed any significant difference
between BC and TC devices in the electron mobility, whereas the
difference is much more evident in the case of hole mobility. In fact,
electron mobility is almost equal while hole mobility is one order of
magnitude higher for TC transistors. Indeed, this could be an indication
that charge traps for holes are mostly localized at the
electrode/semiconductor interface, whereas charge traps for electrons

at the interface between dielectric and semiconductor.
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Figure 5.9: Electrical characteristics of a Bottom Contact all organic ambipolar FET
realized by co-evaporating a 30 nm Pentacene/C60. a) Output characteristic of the
device working in p-type mode; b) Output characteristic of the device working in n-
type mode; c) transfer characteristic of the device working in p-type mode; d) transfer

characteristic of the device working in n-type mode.
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Interestingly, if we compare the electrical performance of the co-
evaporated FETs (both BC and TC) with those recorded in the double
layer devices, it is clear that while hole mobility does not change
significantly, electron mobility drops down by orders of magnitude for
both configurations, BC and TC. This behaviour can be easily explained
if we consider the morphological characteristics of the active layer in the
co-evaporated films. In fact, the co-deposition at the same time of both
materials is not sufficient to let Ceo grow in a crystalline phase. While
Pentacene films are characterized by the same -crystal structure
obtained for thin films deposited onto bare Mylar® substrate, Ceo films
are almost amorphous or show very poor grade of crystallinity upon co-
evaporations. This can explain why we did not see any significant
difference in the mobility measured for BC or TC devices; we assume
that the density of defects induced by the co-deposition is higher than
that induced by the discontinuity of the pre-patterned source and drain
electrodes. Nevertheless, a clear difference is still visible when we
consider the hole mobility; in fact, since the deposited film (even in the
co-evaporated phase) still shows a crystalline structure, in this case the
defects induced by the pre-patterned electrodes can strongly influenced
charge carrier transport as underlined in the previous chapter.

In conclusion, in this chapter we demonstrated the possibility of
fabricating fully flexible and transparent all-organic n-type and
ambipolar OFETs on plastic substrates by employing a double layer
architecture comprising Pentacene and Ceo as active layer. It was shown
that the use of a Pentacene buffer-layer on the rough dielectric polymer
led to an improvement of the crystallinty in the Ceo active layer, allowing
to obtain n-type conduction. Moreover, it was also shown that by
completing the Pentacene buffer-layer to form a continuous layer,
ambipolar device behavior could be obtained. In addition, this further
increased the electron mobility in Ceo by one order on magnitude. These

results confirm the importance of the substrate quality for controlling

124



Chapter 5: All Organic Ambipolar Field Effect Transistors

transport properties and even the type of charge carrier in organic

semiconductor thin films.
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Chapter 6

Tuning the electrical properties
in OFETs by means of organic

bulk heterojunctions

Organic bulk heterojunctions represent indeed a very powerful
tool for tuning and optimizing the optoelectronic properties in organic
devices. In particular they have been extensively employed for the
realization of Organic Solar Cells, and OLEDs with the aim of improving
exciton dissociation or charge recombination by combining a suitable
couple of n-type and p-type organic semiconductors [1-6]. Very recently,
they have been also employed in the field of OFETs and OLETs for
obtaining ambipolar conduction [7-10]; for example, in the previous
chapter we demonstrated that by using a suitable couple of materials it
is possible to realize all organic ambipolar FETs. In this chapter we
show that bulk heterojunction can be employed also for tuning other
electrical parameters in OFETs. We fabricated OFETs on Mylar® plastic
substrates, starting from the structures we introduced in the previous
chapters, and we present a comparative study using the same basic
device structure but employing different organic semiconductor

materials and morphologies. Morphology variation is achieved by
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controlled co-evaporation of two dissimilar materials. The electrical
device performances were investigated, focusing, in particular, on the
extraction of parameters that can be correlated to the insulator/organic
semiconductor interface. As active organic material forming the channel
we chose a-sexithiophene (6T: Sigma Aldrich) and aq,®-
dihexylsexithiophene (DHO6T: H. C. Stark GmbH) and the following
sample notation will be used: pure 6T (A), pure DH6T (B). All organic
molecular layers were deposited by thermal evaporation at pressure
below 2x10-7mbar, at a constant rate around 4A/min; the film

thickness was monitored by a quartz crystal microbalance.

6.1 a-sexithiophene (6T) and a,w-dihexylsexithiophene (DH6T)
OFETSs

All devices characterised in these sections were realized on
Mylar® using two different configurations: i) Bottom Contact with Au
electrodes; ii) top contact with PEDOT:PSS electrodes. In figure 6.1 we
show the schematic of the assembled devices. Since DH6T showed a
very poor adhesion onto Mylar® surface, it was not possible to print the

PEDOT:PSS electrodes by employing uCP.

Mylar® ' PEDOT:PSS
- iy
Semiconductor Au
 —

Figure 6.1: Schematic representation of Bottom Contact devices with Au electrodes

(a); and Top Contact devices with PEDOT:PSS electrodes (b).

129



Chapter 6: Tuning the electrical properties in OFETs by means of

organic bulk heterojunctions

In fact, upon removing the PDMS stamp from the surface after the
printing process, in most cases we observed a transfer of the DH6T from
Mylar® surface to the PDMS stamp. All organic FETs with DH6T were
therefore realized by means of a lamination process. First, two thin Au
pads were patterned onto Mylar® surface vie deposition through a
shadow mask; after this, the organic semiconductor was deposited on
the free Mylar® surface. In the last step we put the patterned PDMS
stamp (were we already spun a thin PEDOT:PSS film) in contact with
the sample surface in order to realise a contact between the Source and
Drain electrodes with the two previously deposited Au pads, see Figure
6.2. In this way it is possible to have an indirect access to Source and
Drain electrodes by connecting the microprobe station tips to the gold

pads.

—
' Semiconductor Mylar®

V4
‘ PEDOT:PSS Au

Figure 6.2: Lamination process employed for contacting DH6T OFETs.

As can be noticed from the output and transfer characteristics
reported in the following Figure 6.3 and 6.4 all devices worked perfectly
as unipolar p-type FETs. However, some interesting differences can be
pointed out. First of all, DH6T samples showed channel mobility higher

by one order of magnitude if compared to 6T samples. The average
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mobilities for 6T samples are around 8x10-3cm?/Vs whereas mobilities
up to 5x102cm?2/Vs were estimated for DH6T devices, and these data
are in full agreement to what has been reported in literature for 6T and
DHO6T FETs.

2,5 Bottom Contact Au electrodes
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o,oji:""", : r : ; 0,0+ y ; i ;
0 -20 -40 -60 -80 -100 100 50 0 -50 -100
Vo) Ve(V)

Figure 6.3: Output and Transfer characteristics of 6T OFETs.

One more point which need to be empathized is that 6T samples
are characterised by a threshold voltage ranging form -7V to -20V for
BC Au electrodes and TC PEDOT:PSS electrodes respectively, therefore
they are turned off for gate voltages around zero and, as typical
transistors working in accumulation regime, they can be switched on by
applying a negative gate voltage sufficient to collect a number of hole
high enough to form a complete channel. On the contrary, DH6T
samples show a very high positive threshold voltage. This means that
the channel is already formed without applying any gate voltage,

therefore they are in their ON state even when the gate voltage is equal
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to zero. A high positive gate voltage is required in order to repel hole

from the channel and turn the device off.
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Figure 6.4: Output and Transfer characteristics of DH6T OFETs.

Despite their very similar chemical structure, 6T and DH6T
semiconductor lead to a very different electrical behaviour. Very
recently, Duhm et al. [11] reported a different hole injection barrier for
DH6T (with respect to 6T) in a monolayer device (AE=0.15eV) and in a
multilayer device (AE=0.80eV) deposited on a metal, Ag (111) substrate.
They attribute the origin of the unexpected lower BE of a multilayer
DH6T film compared to the ML to the hexyl substitution, and to an
associated abrupt change in molecular orientation in the thin film after
ML completion. In fact, a defined transition from lying to vertically
inclined molecules was observed for DH6T/Ag, see Figure 6.5.

Therefore, the reported difference in hole injection barrier for the two
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materials, has been ascribed to differences in the growth mode and in
the insulating properties of the hexyl substituents, leading to different
electronic properties with respect to 6T [11]. When 6T and derivatives
are deposited on insulating materials the formation of a first layer with
the molecule long axis parallel to the substrate is not observed (there's
no affinity between n-structure and insulator). As a consequence, the
molecules fully adopt the closed-packed structure from the first layer at
the interface with the insulator. Presumably, the shift of the work
function between 6T and DHO6T that is to be considered in the case of

the samples we realized on Mylar® should be AE=0.80eV.

} DH6T/Ag (111)

binding energy (eV)
o
o

0 10 20 30 40 50 60 70
Ql:n-nart‘s‘J

Figure 6.5: Schematic energy level diagram (derived from UPS) for DH6T on
Ag(111).8pusr denotes the DH6T thickness, Evac the vacuum level, and An the hole
injection barrier (HOMO onset). Eris the Fermi level of the metal substrate (a). Sketch
of the proposed growth model of DH6T/Ag(111), with lying monolayer and almost

standing multilayer.

Moreover, we assume that the presence of the alkyl chains as
substituents has an inductive effect on the distribution of charge in the
molecule. This effect is amplified when the orientation of the dipole is
parallel to the direction of charge delocalization (i.e. the conjugation

direction). This dipole generates a non-uniform potential in the molecule
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(qualitatively reported in Figure 6.6) which possibly increases the
average energy of the electrons in the m-orbitals, thus rigidly shifting

towards higher energies the energy levels of the unsubstituted molecule.

O OO

J\ /L

FFFFF 7 FFF FFF
>k ﬁ{,/ i\»}

F b wfa
FFF\FFF K

Figure 6.6: Qualitative sketch of the dipole induced by the alkyl chains substituents

(upper); DFH6T molecule (lower).

As a matter of fact, the tiophene ring is electron-rich and all
known unsubstituted tiophene oligomers are p-type. A o-electron
donating alkyl substitution is an effect that enhances this properties
(using the inductive effect notation =+I). Moreover, very recently,
Facchetti et al. [12] reported the functionalization of 6T with perfluoro
alkyl chains (see Figure 6.6). They show that OFETs realized with
DFH6T as the active material are characterised by n-type behaviour,
whereas, with the same device structure, DH6T shows p-type
behaviour. Since the crystalline structure is very similar to DH6T close-
packed structure, the different behaviour between 6T, DH6T and
DFH6T cannot be only ascribed to differences in morphology or
crystalline structure.

In the case of DFH6T, it can be that the fluoralkyl substituents

may impart sufficient o-electron-withdrawing capacity (using the
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inductive effect notation =-I) to lower the HOMO-LUMO core energies
allowing electron injection to exceed hole injection, thus allowing to
obtain n-type behaviour.

As a matter of fact, in light of what above reported the following
conclusions can be suggested. If we assume the presence of aligned and
interacting molecular dipoles, the increase in mobility observed for
DHO6T can be understood as an effect of the electrostatic potential
generated inside the material. The very small differences in the packing,
orientation and electronic structure of the two materials can only
impart small perturbations to their electronic transport properties.
Moreover, it is well known that FET behaviour is based upon the
difference between the Fermi level difference of the gate contact and the
semiconductor. If we consider the Metal Insulator Semiconductor (MIS)
structure, the Fermi level must be the same for the whole structure. If
the metal and the semiconductor Fermi levels are equal, the junction
should not change the band structure of the semiconductor. If there is a
difference between the Fermi levels of the two materials, an electron
transfer from the higher energy Fermi level to the lower one will take
place, until equilibrium is reached, thus resulting in a continuum Fermi
level. Since a metal has generally a higher electron density if compared
to organic semiconductors, the Fermi level shift will be more
pronounced for these rather than for the metal. As a consequence,
when considering the MIS junction band diagram, we can take a fixed
metal Fermi level and consider only the Fermi level shift in the organic

semiconductor. Therefore, when E} > Ef an upwards band banding will

take place, and if the difference is high enough an accumulation of

positive charges (holes) at the interface with the insulator can occur.
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Figure 6.7: MIS representation for E; ~ E[' (a) and E; > E[ (b); Au, 6T and DH6T

band diagrams (c).

In light of these considerations, the observed shift in the
threshold voltage towards positive voltages (depletion OFET) suggests a
higher Fermi level energy for DH6T than that for 6T. Very interestingly
the work function shift reported by Duhm when DH6T molecules are
arranged in a close packed structure (AE=0.80eV) could thus account
for the observed formation of an accumulation layer in the 100% DH6T
FET analysed. In fact, if we assume a higher electron affinity for 6T,
when realizing the MIS junction of the FET the higher energy difference
between DH6T and gold (relative to the difference between 6T and gold)
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causes a bending of the energy bands that creates an accumulation

layer which may be responsible for the FET ON-state at O gate voltage.

6.2 OFETs with co-evaporated films as active layer

In the previous section we have shown that, despite their very
similar chemical structure, 6T and DH6T (when used as active
semiconductor layer in OFETs) lead to significant differences in the
most meaningful electrical parameters (i.e. mobility, threshold voltage).
In this section we want to demonstrate that it is possible to modulate
the electrical behaviour of the final devices by using the same materials
in a mixed phase. For this purpose, we fabricated a set of samples by
depositing both organic semiconductors at the same time upon a co-
evaporation process, and we employed different ratios of the two
compounds. In the specific, we realized co-evaporated OFETs with the
following blend ratios: 75% 6T — 25% DH6T; 50% 6T — 50% DH6T; 25%
6T — 75% DH6T.

In the following pages we show the output and transfer
characteristics recorded for all the assembled devices and we
summarise the most meaningful parameter in order to give a clear and

complete view.
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Figure 6.8: Output and Transfer characteristics recorded in co-evaporated samples
with 30% DH6T - 70% 6T.

Bottom Contact 700/06T 50%6T 300/06T
6T DH6T
Au Electrodes 30%DH6T 50%DH6T 70%DH6T
Mobility
53x103 | 6.8x 103 8.8 x 103 8.7 x 103 4.5 x 102
(cm2/Vs)
Threshold
-7.5 +5 +11 +12.5 +45
Voltage (V)

Table 6.1: Tabulation of the mobility and threshold voltages for different blend ratios.
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Figure 6.9: Output and Transfer characteristics recorded in co-evaporated samples

with 50% DH6T - 50% 6T.
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G

Top Contact 70%6T 50%6T 30%6T
6T DH6T
PDT:PSS Electrodes 30%DH6T 50%DH6T 70%DH6T
Mobility
9.5x10% | 1.1 x 1072 2.3x 103 2.5x 1072 5x 1072
(cm?2/Vs)
Threshold
-21 -6 +20 +45 +65
voltage (V)

Table 6.II: Tabulation of the mobility and threshold voltages for different blend ratios.
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Figure 6.10: Output and Transfer characteristics recorded in co-evaporated samples
with 70% DH6T - 30% 6T.

Once again, as we can clearly see from the Figures reported in
this section showing the output and transfer characteristic of the
assembled devices, all OFETs realized by means of co-evaporations
worked as unipolar p-type transistors. Nevertheless, there are some

interesting points that need to be empathised.

6.2.1 Analysis of the threshold voltage

As it can be clearly seen from Figure 6.11 we observed, both for
BC Au electrodes and TC PEDOT:PSS electrodes OFETSs, a clear trend in
the threshold voltages by varying the relative percentage of the two

compounds within the co-evaporated film. This is much more evident
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for PEDOT:PSS devices where we found an almost linear dependence of

the threshold voltage from the 6T percentage in the mixed film.

50+

0 20 40 60 80 100

6T%

0O 20 40 60 80 100

6T%

Figure 6.11: Threshold voltage as function of 6T percentage within the co-evaporated

film. Bottom contact Au electrodes (upper) and Top Contact PEDOT:PSS electrodes

(lower).

In the previous section we motivated the DH6T samples behaviour

with the possibility of a "cross-talking" between molecular dipoles
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present on the alkyl substituted molecules (DH6T) that strengthens its
intensity in a close packed structure and that thus depends on the
packing of the molecules. We can assume an averaging of the dipole
strength over the nearest neighbours of a DH6T molecule in the case of
6T-DHO6T blends. This could in part explain the reason for the shift of
the threshold voltage as a function of the percentage of DH6T we
observed. However, further investigations will be addressed in the early
future in order to better understand the physical process at the basis of

this behaviour.

6.2.2 Analysis of the mobility

It is worth underlying that co-depositing two dissimilar organic
materials should lead to the “artificial” introduction of structural defects
simultaneously, thus giving place to an increase of the density of
defects within the active layer. As a consequence a dramatic decrease
(even by orders of magnitude) of the mobilities recorded in the co-
evaporated samples should to be expected. As we can notice from Table
6.1 and 6.II this was not the case, and mobilities in the co-evaporated
samples are comprised in the range defined by the two extreme value of
composition (100% 6T or 100% DH6T)
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Figure 6.12: Channel mobility as function of 6T percentage within the co-evaporated
film. Bottom contact Au electrodes (left) and Top Contact PEDOT:PSS electrodes
(right).
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In order to enlighten such phenomenon, we performed Atomic
Force Microscopy investigations on all the deposited active layers, both

in the single and in the blend phase.

n]

100% 6T

e

57% 61

ORS00 an

-raege: 2 furri

Figure 6.13: AFM micrographs for different 6T-DH6T ratios films. The relative

percentage of the two compounds is reported in the pictures.

As can be clearly seen in Figure 6.13, no phase separation occurs
upon co-evaporating the two dissimilar materials. Therefore, the density

of structural defects (as grain boundaries for instance) should not
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change too much and the two species seems to be well intercalated
within the deposited film, where DH6T molecules seem to adapt their
orientation to the surrounding environment. The co-evaporated films
show a typical layer by layer growth where terraces are still visible, even
though the roughness of the terraces within the blend film seems to be

higher than the one obtained for single materials.
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Figure 6.14: XRD spectra (upper) and interlayer d spacing as function of 6T

percentage (lower).

These last observations are supported by XRD analysis performed
on the same samples and shown in Figure 6.14. From these data it is

possible to note a linear shift of the first monolayer d-spacing from 2.2
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nm. to 3.8 nm. upon increasing the percentage of DHOT in the film
(Note that the reported values correspond to the molecule length of 6T
and DH6T respectively). As a result, DH6T molecules change their
molecular inclination as a function of the density of 6T molecules within

the film.

6.3 Photocurrent Measurements

All photocurrent measurements were performed on the devices
fabricated in Bottom Contact configuration with Au Source and Drain
electrodes. The measurements were realized keeping the gate electrode
floating and applying a nominal 9V voltage between Source and Drain
electrodes. As can be seen from Figure 6.15 where we report the
recorded photocurrent spectra, no significant difference can be noticed
upon changing the blend composition. The only difference that can be
pointed out is the dependence of the signal/noise ratio from the
percentage of DHOT within the co-evaporated film. In fact, the
photocurrent signal is given by the ratio between the increment in the
measured current induced by photo-generation and the bulk current of
the material (Alpn/Io). If the Io value is too high, the amount of photo-
generated carriers could not be enough to obtain a significant value of
the Alpn/Io ratio, thus resulting in a rather noisy signal. Therefore, this
is in accordance with the data we obtained in OFETs measurements. In
fact DH6T samples are characterized by a very high positive threshold
voltage, as a result there is charge accumulation at the interface with
the gate dielectric even without applying any gate bias. Moreover, in the
previous sections we demonstrated that the threshold voltage shift
almost linearly as function of the DH6T percentage. If this is true, it is
expectable to obtain an almost regular noise increase in the recorded
photocurrent spectra upon increasing the percentage of DH6T within

the active layer, as can be seen in Figure 6.15.
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Figure 6.15: A comparison between the photocurrent spectra recorded for all devices.

It is interesting to notice that the relative position of the energy
bands is not affected by the presence of the alkyl chains as

substituents; we can clearly see 5 different peaks which can be
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correlated different energetic transitions. We have compared the

recorded spectra with the ones we found in the literature [13, 14].
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Figure 6.16: A comparison between the photocurrent spectra recorded for all devices.

In Figure 6.17 we show the spectra obtained for the materials we
employed in our study, whereas in Figure 6.17 we show the absorption
spectrum of B3,f-DH6T (with alkyl chains in 3,3’ instead of a,®). As can
be seen, no significant difference can be noticed in the reported spectra,
and all the recorded peaks seems to be almost in the same positions.
What it is interesting is a difference in the relative intensity of the
reported peaks compared to the one we obtained. This can be due to the
different crystal structure of the investigated films. In a,0-DH6T
molecules are standing almost perpendicular to the substrate whereas
in B,f-DH6T molecules are inclined by 20° angle [14]. These data,
therefore, confirm what we previously stated; the presence of alkyl
chain substituents does not change the energetic structure (difference
between the energetic bands) either if they are use as lateral (3,3-DH6T)

or terminal substituents (a,0-DH6T).
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Figure 6.17: Absorption spectra of B,f-DH6T in solution and in thin film (upper).
Absorption spectra of 6T, a,0-DH6T, and B,f-DH6T. [13, 14|

In conclusion, in this chapter we demonstrate that using organic
semiconductor heterojunctions is a very powerful method for
modulating the electrical performances of OFETs. In particular we
showed that employing controlled co-evaporations of two dissimilar
materials as 6T and DH6T allowed tuning the threshold voltage of the
devices without negatively affecting the other electrical parameters. This
is particularly interesting, because 6T and DH6T OFETs usually need
very high voltages to be turned in their on state (6T devices are
characterised by a threshold voltage ranging from -10 to -20V whereas

DH6T ones by very high positive voltages, around +50V). Tuning the
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threshold voltage upon co-evaporating the two materials with the
appropriate ratios, can, therefore, lead to obtain OFETs working in
accumulation and/or in depletion regime with threshold voltages
approaching zero. This is even more interesting as we observed that the
recorded channel mobility measured seems not to be negatively affected
by the co-deposition process, and its value is comparable to the values
reported in literature for OFETs fabricated with the same materials in a

single layer configuration.
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Chapter 7

Improving charge injection in
organic light emitting transistors

using a molecular adhesion layer

Recently a new class of organic optoelectronic devices has
attracted a huge attention, namely Organic Light Emitting Transistors
(OLETSs) [1-8]. These new devices combine the switching functions of a
common transistor with the light emission, and, moreover, they are
excellent test systems to investigate physical processes such as charge
injection, transport and electroluminescence in organic materials.

The first part of this chapter is dedicated to the description of the
working principles of OLETs and the description of the examples
reported so far in literature. In the second part we introduce a novel
technique employed for the realization of an adhesion layer for the
patterning of metal Source and Drain electrodes. OFETs as well as
OLETSs usually employ Au electrodes realized on SiO2 which acts as gate
dielectric. Unfortunately Au adhesion on SiO; is very poor; therefore, a
thin adhesion layer deposition is required. Typically a thin metal film
(e.g. Ti or Cr) is used as adhesion layer before Au deposition. This
process introduced a second metal/semiconductor interface along the

electrode wall influencing both the growth of the organic film and the
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charge injection from the metal electrodes into the channel of the
device. To avoid the metallic adhesion layer a low-cost and
straightforward approach to promote Au adhesion on SiO> can be used,
based on a self-assembled monolayer (SAM) of [HS—(CH2)3—-Si—(OCHz3)s],
3-mercaptopropyltrimethoxysilane (MPTMS) [9-12]. MPTMS reacts with
the silanols groups at SiO2 surface via the -OCHsz functionalities, by
formation of Si-O-Si bonds and elimination of CH30H. This results in a
-SH terminated surface with a chemical affinity for Au, enabling the
deposition of very thin Au layers. The presence of the MPTMS layer is of
great benefit for device operation since it allows a lower contact
resistance with the organic film, resulting in a more efficient carrier

injection.

7.1 Organic Light Emitting Transistor (OLET)

Organic Light Emitting Diodes and Organic Field Effect
Transistors, have attracted a great interest over these decades for their
applications to future plastic optoelectronics devices such as flexible
displays or sheet computers etc... OLETs represent a relevant novel
opportunity, since it combines in one device both the switching
properties of OFETs and the optoelectronic properties of OLEDs.
Moreover, it is a very powerful instrument to investigate physical
processes such as charge injection, transport, and electroluminescence
in organic films, and to overcome some constrains posed by the existing
vertically-stacked light-emitting devices. The higher charge carrier
mobility for OTFTs, if compared to organic and polymer LEDs (of the
order of 1075 cm?2/Vs under dc operation), should result in lower exciton
quenching by charge carriers in OLETs than in OLEDs. The three
electrodes device structure of OLETs allows, in principle, to better
control injection and currents of electrons and holes to minimize

unbalanced mobility and enhance exciton density. Furthermore, taking
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Figure 7.1: Structure of the organic light-emitting transistors fabricated on SiO2/n-Si
substrates (top). Light is generated by recombination of holes and electrons injected
into the transistor channel by source and drain contacts, respectively. Example of a

working OLET (bottom).

advantage of the gate electrode bias, the location of the exciton

recombination region can be controlled.

7.2 Procedural steps

We realized bottom contact tetracene OLETs employing concentric
Au interdigitated source and drain (S/D) electrodes, where a MPTMS
SAM is used to promote Au adhesion on SiO>. A dedicated interdigitated
electrode layout was designed, since this geometry is particularly
suitable for OLETs characterization as it maximizes the
electroluminescence intensity. The concentric geometry allows

circumventing parasitic currents due to the unpatterned organic
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semiconducting film, [13] enabling an unambiguous interpretation of
the (opto-) electronic characteristics, see Figure 7.2 (a). Tetracene has
been used for these studies as it is a valid model system for OLETSs

based on small molecules [1, 2].

Figure 7.2: Interdigitated concentric Au source and drain (S/D) electrodes with W =
18800 ym and L = 40 um (a). Two more geometries were used, with, L= 6 ym and W =
41800 ym and L= 10 ym and W = 41000 um. Scanning Electron Microscopy
micrographs of Au films on MPTMS (b) and on Cr (c). SEM images were acquired using
a JEOL SEM.

Heavily doped (0.01-0.02 ucm) n-Si wafers (gate electrode), covered
with a thermal SiO; layer (gate dielectric), went through a silylation [14].
The reaction was performed in the gas phase rather than in solution, to
achieve a reproducible growth of the SAM [15]. Silylation was followed
by deposition (by electron beam evaporation) of a 30 nm-thick Au film
and definition of the S/D by photolithography. For comparison, we
fabricated standard substrates using the same layout. In this case the
wafers went through the deposition of a 6 nm-thick Cr layer, followed by
a 55 nm-thick Au film. This high Au thickness was required to avoid the
problem of Cr diffusion in the Au film occurring during the 30’

annealing in N2 at 190°C performed to stabilize the Au/Cr contact.
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Chemical wet etching was performed using a solution of NazS»>0s,
CS(NH2)2 and K3[Fe(CN)s] for Au and a solution of (NH4)2Ce(NO3)s and
acetic acid for Cr. Prior to organic film deposition, the substrates were
cleaned by Oz plasma (100W for 5 minutes), which ensures the removal
of residuals MPTMS traces. Tetracene (TCI, 98%) was used as the
source material. Tetracene films, with nominal thickness in the range
from 30 to 50 nm and deposition rate ranging from 3 to 5 A/s, were
sublimed in high vacuum conditions with the substrate kept at room

temperature.

A Vacuum chamber

B To vacuum system or N, inlet
C Electrical connections

D Cryostat

E Probe station and T controller

F Pre-amplified Photomultiplier

Figure 7.3: Scheme of the integrating sphere for electroluminescence measurements.

OLETs were then placed in a probe station inside a calibrated
integrating sphere, where light detection was achieved through a pre-
amplified photomultiplier. Simultaneous current and
electroluminescence measurements were systematically performed in

vacuum at room temperature both in dc and pulsed mode.

7.3 Morphological characterization
As can be clearly noticed both from the SEM and AFM
micrographs reported in Figure 7.2 and 7.4 the procedural steps

strongly influenced not only the morphological characteristics of the
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gold electrodes but also the growth mechanism of the tetracene film
both on the channel region and at the top of the electrodes themselves.
Figures 7.2 (b) and (c) display Scanning Electron Microscopy (SEM)
micrographs of the Au electrodes grown on MPTMS and Cr, respectively.
The films have different surface morphologies. On MPTMS, there are Au
grains exhibiting an inhomogeneous size distribution. On Cr, Au grains
are easily observable and they are typically 100 nm in size. Figures 7.4
(a) and (b) show 6 um x 6 um AFM micrographs of tetracene films grown
during the same deposition run on substrates employing MPTMS and
Cr adhesion layers, respectively. Interestingly, the micrographs show
that the two substrates lead to significantly different growth scenarios.
In the channel region, the grain size is larger for films deposited on the
substrate employing the MPTMS adhesion layer. These films are also
more continuous at the electrode interface, with better interconnected

grains, probably because of the lower electrode step, see Figure 7.5.

Figure 7.4: 6x6 uym Atomic Force Microscopy micrographs of tetracene active films
grown during the same deposition run on substrates employing MPTMS (a) and Cr (b)
adhesion layers between source/drain Au electrodes and SiO; dielectric. The
transistor channel (SiO, gate dielectric) and the contact (Au) are shown on the left and
right regions of the figure, respectively. The RMS roughness is about 10.5 nm for both
films. The images were acquired with a Scanning Probe Microscopy (SPM) Solver Pro
Atomic Force Microscopy (AFM) (NT-MDT) in semi-contact mode using NSG-01 Si
cantilevers (NT-MDT).
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Figure 7.5: AFM 3D micrographs of showing the better interconnection of the
tetracene grains at the channel/electrode interface for films grown during the same
deposition run on substrates employing Cr (a) and MPTMS (b) adhesion layers

between source/drain Au electrodes and SiO; dielectric.

Since the micrographs in Figures 7.4 and 7.5 were obtained from
films grown during the same deposition run, the different morphologies
are related to substrate properties. To go deeper into this aspect, we
measured the Root Mean Square (RMS) roughness in the transistor
channel region of the two SiOz substrates. AFM reveals that substrates
employing MPTMS as adhesion layer have a RMS roughness of 0.2 nm
whereas substrates employing Cr as adhesion layer have a higher RMS
roughness, i.e. 0.6 nm. This last value is attributable to a local redox
reaction of Cr on SiO2 occurring during the annealing. As can be

observed from AFM micrographs previously reported, it seems that the
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surface roughness of the SiO; dielectric strongly influences the
morphology of the organic film. Smoother surfaces favour the
nucleation of larger islands, leading to films made up of larger grains,
as can be seen by the grain area analysis reported in Figure 7.6. Larger
domains within the channel would imply a lower number of grain
boundaries, possibly acting as charge carrier traps that contribute to
lower the hole FET mobility. The larger size of the tetracene grains
together with their improved interconnection at the electrode interface
should increase the number of charge carriers injected and transported
through the transistor channel. This would in turn increase the number

of excitons available to emit light after electron-hole recombination.
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Figure 7.6: grain area distribution for tetracene films grown during the same
deposition run on substrates employing MPTMS (a) and Cr (b) adhesion layers

between source/drain Au electrodes and SiO, dielectric.

7.4 Optoelectronic Characterization

The analysis of the electrical behaviour of the two different kinds
of devices show very interesting results. The typical optoelectronic
output characteristics are depicted in Figure 7.7. The plots report drain-
source current (Izis) and electroluminescence (EL), simultaneously
collected, versus drain-source voltage (Vi) at increasing gate-source

voltages (Vys). Both devices behaved as p-type transistors working in

159



Chapter 7: Improving charge injection in organic light emitting

transistors using a molecular adhesion layer

accumulation regime. The hole FET mobility, x4, was calculated at the

saturation using the following relationship:

W 2
‘Ids,sat :Zluci (Vgs _VT) (7.1)

where W and L are the transistor channel width and length respectively,
C; is the dielectric capacitance per unit area (1.7:10-® Fcm2 for 190 nm-
thick SiOz) and Vris the threshold voltage. Vr typically ranges between
-7 and -10 V for both devices. The highest x values observed from
several samples, prepared in different deposition runs, were 1x10-2 and
103 cm?2/Vs in LETs employing MPTMS and Cr adhesion layers,
respectively, whereas the typical Ln/Io (from transfer curves at Vas= -40
V taking I at Vgs= 20 V and ILn at Vgs= -50V) is around 10° for both
devices. As a result, the better quality of the organic semiconductor film
grown on samples where the MPTMS adhesion layer was used, as
described in the previous section, led to optimize charge transport
across the channel in order to obtain higher field effect mobility.
Moreover, Figures 7.7 (a) and (b) reveal that, under the same bias
conditions (Vas = -40 and Vg =-30 V), LETs employing MPTMS give an
EL signal one order of magnitude more intense than those employing
Cr. In addition, with MPTMS, EL generation requires lower | Vy| and
| Vas| biases (about 10 V). The larger size of the tetracene grains
together with their improved interconnection at the electrode interface
should increase the number of charge carriers injected and transported
through the transistor channel. This would in turn increase the number
of excitons available to emit light after electron-hole recombination. This
is a plausible explanation of the increased EL intensity observed when
MPTMS is employed as adhesion layer. The improvement in charge
injection from S/D electrodes into the channel for samples realised

employing MPTMS is also confirmed by the analysis of the contact
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resistance depicted in Figure 7.7 (c). In this case we used the transfer

line method in order to estimate the contact resistance for both devices.
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Figure 7.7: Optoelectronic output characteristics of tetracene LETs employing
Au/MPTMS (a) and Au/Cr (b) electrodes. Drain-source current (Iss), on the left y axis,
and electroluminescence (EL), on the right y axis, vs drain-source voltage (Vas),
recorded at increasing gate-source voltages (Vg). W/L = 41800/6 pym/um. (c) Width
normalized device resistance (RW) as a function of the channel length L (at Vg=-40V)
for tetracene OLETSs fabricated on Au/Cr and Au/MPTMS substrates during the same

deposition run. Deposition flux of the active films: 4 A/s. Nominal thickness: 30 nm.
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The graphs depicted in Figure 7.7 (c) reports the width normalized
device resistance (RW) as a function of the channel length (L) for Au/Cr
and Au/MPTMS substrates, as deduced from the inverse slope of linear
region of the output curves of devices having L=6, 10 and 40 um. The
intercept with the y axis for L=0 gives the specific contact resistance R,
which is ® 2 MQcm for Au/Cr and = 0.5 MQcm for Au/MPTMS. The
MPTMS adhesion layer, enabling the minimization of electrodes
thickness, reduces the influence of the pre-patterned substrate on the
growth of the organic active film, thus leading to better interconnected
tetracene grains at the semiconductor/electrode interface. Moreover,
the use of the molecular adhesion layer results in a smoother gate
dielectric surface leading to increased tetracene grain size. Tetracene
LETs employing as adhesion layer a MPTMS SAM exhibit significantly
higher hole mobility and electroluminescence intensity and lower
contact resistance compared to standard substrates.

In conclusion, in this chapter we demonstrated that the
optoelectronic performances in OFETs and in particular in OLETs
strongly depend from the (triple interface between organic
semiconductor/insulator/metal contacts. The use of the molecular
adhesion layer results in a smoother gate dielectric surface leading to
increased tetracene grain size. Tetracene LETs employing as adhesion
layer a MPTMS SAM exhibit significantly higher hole mobility and
electroluminescence intensity. Moreover, it led also to a pronounced
improvement of charge injection into the channel, resulting in the

lowering of contact resistance compared to standard substrates.
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Conclusions

In conclusion, in this thesis we demonstrated that the electrical
and optoelectronic performances of organic semiconductor based
devices are strongly influenced on one side by the geometry and
architecture of the device itself, on the other hand, by the structural
and morphological properties of the employed materials, and that the
nanosized interfacial volume between the different materials layers in
the device often play a key-role for determining the final properties of
the device. In other words, device behaviour is more affected by material
boundaries than by intrinsic properties of materials. At the light of the
previous considerations, material properties derived from the device
measurements must be carefully interpreted.

All Organic FETs assembled with different architectures have
been analysed. The better performances obtained for Top Contact
devices compared to Bottom contact ones (higher mobility, higher
Ion/Ioff current ratios and lower parasitic effects) are clearly correlated
to the role played by the triple interface metal/organic
semiconductor/gate dielectric in the two different configurations. This
was further confirmed by the results we obtained for OLETs, where,
modifying the metal electrode/semiconductor interface by using a
molecular adhesion layer, it was possible to significantly improve the
opto-electronic performances.

The second part of the thesis work is concentrated on the study of
organic bulk heterojunctions. It was shown that it is possible to tune
the electrical performances of OFETs by using organic bulk
heterojunctions, realized employing different organic semiconductor
materials and morphologies. We used two different couples of materials:
i) a-sexithiophene (6T) and a,w-dihexylsexithiophene (DHO6T); ii)
pentacene and Ceo. Morphology variation was achieved by controlled co-
evaporations and double layer depositions of the two dissimilar

materials. In the first case we demonstrated that it is possible to
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modulate the most meaningful parameters by changing the co-
evaporation ratio between 6T and DH6T within the active layer; whereas
in the latter we have shown that using pentacene as buffer layer before
the Ceo deposition, it is possible to obtain both unipolar (either p-type or
n-type) and ambipolar OFETs, just by controlling the thicknesses of the
two deposited layers. These findings demonstrated that bulk hetero-
junctions are powerful instruments and open the way for tuning and
optimizing the electrical properties in OFETs by means of suitable

engineering of materials.
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