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Introduction

Chapter 1

1 Introduction

The introduction and flourish of inorganic semiconductor microelectronic industry based on
silicon and germanium in the middle of 20" century has changed the world beyond anything that
could have been imagined before. However, the growing energy needs of the world are forcing us
to think beyond the well established, but expensive inorganic semiconductor industry. Many
studies are conducted over the years on various materials in view of substituting inorganic
semiconductors. All these studies resulted in the emergence of a new class of materials called
‘organic semiconductors’ that has the potential to compete with the inorganic electronic industry.
A tremendous progress has been made in every aspect of organic electronics in the past two
decades. Many new materials are being designed and synthesized, and through the use of these
materials many new applications has been conceived and realized. As a result, commercialization
of organic devices is now a reality, and the sector is usually termed as plastic electronics. The
invention of the first organic photovoltaic (OPV) cell and organic light emitting diode (OLED) by
Tang and co-workers from Eastman Kodak, as well as the first organic field-effect-transistors
(OFET) by Koezuka and co-workers were the first major leap forward in the growth of organic
electronics. Ever since these two inventions, organic materials are finding themselves as active
materials in various kinds of electronic, optical and chemical devices like flexible organic light
emitting diodes (OLEDs) [1-4], low weight thin film batteries [5, 6], organic photovoltaic cells,
bio sensors, thin film super capacitors etc. OLEDs are already deployed in the commercial

markets with great success.

Ideally, organic semiconductors are mechanically robust and flexible, light weight, easily
processed, and cheap. The possibility to tailor the chemical structure to change the chemical-
physical properties is certainly a very attractive and potentially profitable prospect. Owing to the
ability to design and synthesize organic materials with desired properties, these materials can be
used as active materials in diverse applications in almost all possible streams of science, which is

the main motivation for the interest towards these materials.
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In organic semiconductors, the carbon p, orbitals are largely overlapped, resulting in a high
delocalization of the m-electrons, forming the so-called n-conjugated system. The z-conjugated
materials can be broadly classified into two categories: small molecules (or oligomers) which are
usually processed in vacuum by sublimation, and polymers, usually processed by wet chemical
techniques. This thesis is mainly focused on small molecules processed in vacuum. For these
materials the more controlled environment during the sublimation lead to a greater control over
the structure and properties of the deposited layers, while polymer thin films fabricated by
solution process show microcrystalline domains embedded in an amorphous matrix. This makes
small molecules particularly interesting for the study of fundamental aspects of the material. In
this thesis, we mainly discuss our studies on a-quaterthiophene and a-sexithiophene, while a short
section is devoted to a solution processed polymer, namely poly (3-hexylthiophene).

The control of molecular orientation in thin solid film phases of organic semiconductors is a basic
factor for the exploitation of their physical properties for optoelectronic devices. To improve the
solid state properties, highly crystalline organic thin films are necessary, and for the control of the
solid state structure organic molecular beam epitaxy (OMBE) represents a suitable choice and is
utilized in present work. The aim of the first part of the work described in this thesis has been to
gain precise control over the growth of small molecules in the thin film form, by exploiting
organic-organic epitaxy with suitable substrates and studying the fundamental properties. In the
context of organic epitaxy, the substrate surface quality and its characteristic corrugation, i.e., the
surface fluctuations at the atomic/molecular scale are primarily responsible for driving the film
orientation [7-9]. In the first part of the thesis, we show how a proper choice of the substrate
permits to select not only specific orientations, but also polymorphic and pseudomorphic phases

of the overlayer [10-12]. Here we discuss the structural and optical properties of epitaxial thin
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films of the organic semiconductor a-quaterthiophene, grown by OMBE on different organic
substrates, namely pentaerythritol (PET) single crystals and potassium hydrogen phthalate (KAP)
single crystals. With the help of several characterization techniques we were able to show that
a-quaterthiophene thin films grown on both substrates are crystalline and, even more important,
grow according to a unique epitaxial relationship with the substrate, which in turn leads to a
unique crystalline orientation of the film in the growth plane. At room temperature, the KAP
single crystal substrate permits to grow crystalline thin films composed by the low temperature
polymorph of 4T (4T/LT). On the contrary, the use PET single crystal substrates allow us to
successfully grow thin films composed by the high-temperature (4T/HT) polymorph and by a
preponderant new pseudomorphic phase with slight structural differences with respect to 4T/HT.
Noteworthy, 4T/HT was never observed in thin films, while the usually favored polymorphic
phase of 4T is the low temperature one. 4T/HT is predicted to display better transport properties,
being therefore more suitable for device applications [13, 14].

The performances of organic devices like OPVs, OLEDs and OFETs have been drastically
improved over the years. However, the key constraint for further improving the device
performances is charge transport. The mechanism of charge transport is complex, highly
dependent on the self organization of the organic material at the nanoscale, n-conjugation, orbital
overlap etc. Adding to these constraints the polycrystalline structure deposited organic films
generate grain boundaries that affect charge transport. To precisely determine the impact of local
nanoscale self-organization of the material electrical properties at the nanoscale, high resolution
characterization methods such as conductive atomic force microscopy (C-AFM) can be of great
interest. This method enables to correlate a spatial feature on the sample with its local
conductivity. As there are many open questions in the working of C-AFM, this part of the thesis
focuses on studying the technique itself, as well as the molecule under study. In the second part of
the thesis, the material under study are polycrystalline a-sexithiophene thin films deposited on
two different substrates (glass and ITO) using OMBE. Various transport mechanisms through the

film have been identified and investigated under two different C-AFM configurations to probe
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local properties or bulk properties of the material. The effects of different grain packing and grain
boundaries on the film electrical response are investigated. Space charge limited current (SCLC)
mechanisms and resistive mechanisms are observed depending on the bias polarity and seem to
be related to film thickness, injection barrier at the ITO/6T contact, and spreading effect at the
nanoscale tip sample contact. The carrier mobility has been extracted in longitudinal direction and
vertical direction by modifying Mott-Gurney equation for C-AFM configuration. Finally the
results on electrical studies on 6T are compared with polymer P3HT, in order to understand the
differences in electrical transport through well organized small molecular thin films and
polymers.

Chapter 2 outlines the general overview of the properties of organic semiconductors is presented,
along with a general introduction to electrical properties and optical properties of molecular films.

An overview to organic epitaxy is also proposed.

Chapter 3 outlines the experimental techniques exploited for the preparation and characterization
of the samples studied in this work. An overview of the physical and chemical properties of the
materials used in the thesis, of the properties of substrate and on the methods for film growth and
characterization techniques is discussed. The growth procedures include organic vapor phase
purification, sublimation using OMBE. Atomic force microscopy (AFM) and conductive atomic
force microscopy (C-AFM) are used as a tool for characterizing the morphology and electrical
properties of the film. A model that explains charge transport mechanisms in organic
semiconductors as investigated by scanning probe geometrical configuration is also described in
this chapter. Other characterization methods used in this works are specular (6-20) X- ray
diffraction scans and polarized optical absorption measurements in transmission mode in the

spectral range from 1.5t0 5 eV.

In Chapter 4 the results of the first part of the thesis are presented. Here, the growth as well as the
structural/morphological characterization of 4T thin films grown by means of OMBE on KAP
single crystals and PET single crystals is discussed. With the help of several characterization
techniques it is shown that 4T thin films grown on the (010) surface of KAP single crystals and
(001) surface of PET single crystals are crystalline and grow according to a unique epitaxial
relationship with the substrate in a peculiar crystalline orientation of the film in the growth plane.

Epitaxial relations between the 4T overlayer and the substrates are deduced. It is also shown that,
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with the help of suitable substrate, crystalline thin films composed of different polymorphs can be

grown by means of organic epitaxy.

Chapter 5 is devoted to the study of local morphological and electrical properties of 6T thin films
deposited on different substrates using different C-AFM configurations, which constitutes the
second part of this thesis. Here, how the nanoscale orientation of molecules impacts the electrical
properties of materials is discussed in detail. The mobility in longitudinal and transversal
direction of the film is extracted by employing C-AFM; Along with investigation of the material,

charge transport model in different C-AFM configuration is also discussed.

Finally, Chapter 6 outlines a short summary of all the results, together with some of the open

perspectives for the prosecution of this work.
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Chapter 2

2 Fundamentals

2.1 Introduction to organic semiconductors

In the late 1970s, Shirakawa et al. reported high conductivity in oxidized and iodine-doped
polyacetylene [2], demonstrating that polymers could be used as electrically active materials in
devices. This resulted in the birth of organic electronics. Since then, tremendous efforts were
made to improve the performances of organic semiconductors as active materials in devices. As a
result drastic improvements were made in the synthesis and processing of new classes of organic
semiconducting materials and have been demonstrated very useful for device applications [3-8].
Even though the performances of organic devices are inferior compared to their inorganic
counterparts as of now, the advantages of the former is that they are easily processable,
comparatively inexpensive, light weight, in addition, they can be flexible and have chemically
tunable opto-electronic properties. Organic light-emitting diodes (OLEDs) have been
commercialized already and organic field-effect transistors (OFETs) and organic photovoltaic
cells (OPVCs) are expected to get commercialized in the near future.
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Figure 2-1 (a) Structural formula of a benzene molecule. Schematic representation of (b) e-orbitals in
benzene and (c) m-orbital system with the presence of a delocalized charge density on the entire molecule,
with a nodal plane in correspondence of the molecular plane.

Typically, organic semiconductors are m-conjugated systems composed of alternating single and
double carbon-carbon bonds. The carbon atom in conjugated molecules is characterized by sp?

hybridization. When two hybridized carbon atoms come closer, molecular orbitals are formed by
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the overlapping of wave function of atomic orbitals of both atoms. These shared orbitals are the
so called delta states, formed by s, px and p, electrons and the m-orbital, i.e. a n-electron system
formed by the overlapping of p, orbitals of sp? hybridized carbon atoms in the molecules, and is
above and below the molecular plane. In the =-molecular orbitals, the electrons are delocalized. In
Figure 2-1 the structural formula of the simplest model conjugated organic molecule, benzene, is
reported. Figure 2-1(b) and (c) presents a schematic of ¢ molecular orbital and = molecular orbital
of the molecule respectively. When compared to overlapping of o-molecular orbital, that
constitutes the backbone of the molecules, n-orbital overlapping is significantly weaker. Since the
electrons in m-molecular orbital are weakly bound to the molecule when compared to that in o-

orbitals, the lowest electronic excitations of conjugated molecules are the ©—n transitions [9, 10].

Small molecules Polymers
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Figure 2-2 Chemical structure of small molecules and polymers: (a) Pentacene (b) sexithiophene
(¢) Zn-phtalocyanine (d) poly (3-hexylthiophene),(P3HT) (e) Poly[2-methoxy-5-(3",7'-dimethyloctyloxy)-
1,4-phenylenevinylene] (MDMO-PPV) (f) Phenyl-C61-butyric acid methyl ester (PCBM).

It is typical for organic molecules to define the highest occupied molecular orbital (HOMO) level,
often considered as the upper limit of the valance band and the lowest unoccupied molecular
orbital (LUMO) level as the lower limit of the conduction band of the solid formed by such
molecules. As the typical energy band gap between the occupied and empty states (HOMO and
LUMO) are typically between 1.5 eV and 3 eV, molecules and the molecular solids absorb and

emit light in the visible range. This spectral range makes organic materials very interesting in
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terms of devices, like OPVCs and OLEDs. In general, the intrinsic electronic properties of a
molecule depends upon the length of the conjugation system or the presence of electron
withdrawing or electron donating groups attached to it. This provides a wide range of possibilities
to tune the optoelectronic properties of organic material, while the inorganic semiconductors lack
such versatility.

Organic semiconductors can be categorized into two main groups: low-molecular weight
materials also called small molecules (often they are oligomers, e.g. sexithiophene, pentacene etc)
and polymers (P3HT, PCBM etc) [11]. Small molecules are rigid molecules which can be
deposited from the gas phase by sublimation, while conjugated polymers can only be processed
by solution based techniques, like spin-coating or inkjet printing. Moreover, small molecules can
be grown as single crystals by employing different techniques and also as crystalline films, e.g.
by organic molecular beam epitaxy, allowing intrinsic electronic properties to be studied on such
model systems. Some examples of small molecules and polymers are presented in Figure 2-2. In
this thesis two small molecules are introduced, namely a-quaterthiophene and a-sexithiophene

along with P3HT, a polymer.

The molecules in organic semiconductors are bonded to each other by means of van der Waals
forces, which are significantly weaker intermolecular forces, as compared to covalent bonding
typical of inorganic solids. As a result organic crystals have totally different mechanical and
thermodynamic properties, such as their reduced hardness and low melting point, to name a few,
when compared to inorganic solids. More significantly, such weak intermolecular force leads to a
much weaker delocalization of electronic wave functions amongst the nearby molecules. This has
direct implications on the opto-electronic properties of the organic semiconductors. This implies,
in such materials molecular order plays an important role in electrical properties such as
conductivity. That is the reason why organic devices should employ materials where the
molecules are designed and packed in the solid for optimum orbital overlap, in order to avoid e.g.
the need of very large operating voltages in devices. As the intermolecular bonding is weak,
molecules forming molecular crystals retain most of the properties of the single molecule, thus,
their optical behavior can be easily adjusted by modifying the molecule chemical structure. In this

part of the thesis we will be discussing mainly the physical properties of small molecules.
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2.2 Optical properties of organic semiconductors

The optical response of molecular crystals resemble closely to the characteristics of the molecules
composing the solid. This happens as a consequence of the weak electronic delocalization within
the crystal, leading to only a small perturbation of the electronic orbitals of the molecules when
they are packed in the crystal, unlike the case of inorganic solids. Hence, a molecular crystal is
sometimes described in the frame of oriented gas model, although there are some differences
between the electronic and vibrational spectra of the single molecule and those of the
corresponding molecular crystal. First, difference is in molecular crystals the electronic and
vibrational spectra are usually shifted towards the lower energies, which is referred as gas-to-
crystal shift, as a consequence to the intermolecular force of attraction between the adjacent
molecules [12]. Another difference is the existence of Davydov splitting in organic crystals. Here,
the resonance interaction between Z translationally inequivalent excited molecules per unit cell
leads to a splitting of energy levels into Z states in analogy to Z coupled harmonic oscillators. In
case of two molecules per unit cell, as in the case of molecular crystals studied here, this
interaction results in an upper and a lower Davydov component [13], with different energy
position and also polarization. Furthermore, the interaction between molecules causes the
molecular electronic and vibrational states to broaden giving rise to sets of closely spaced states,
called excitonic bands. The degeneracy between excited molecular states can be lifted either
completely or partially in crystals and selection rules can be violated, when compared to single
molecules [14]. This is because in the case of crystals, the selection rules are not only determined

by the molecular symmetry, but also by that of the whole crystal.

Davydov developed molecular exciton theory that connects the electronic states of a crystal to
those of the constituting molecules, by taking into account the weak van der Waals interactions
between the molecules as a weak perturbation [1, 13]. The molecular exciton theory permits to
build the eigen-states of a perfect, rigid lattice of No identical interacting molecules, where N is
the total number of unit cells in the crystal and o the number of molecules per unit cell of that
particular crystal. When each molecule is considered as a two level system, with the wave
function and energy of the ground and excited states given by '¢°, eo, ¢* and e*, respectively the

Hamiltonian H of a system of interacting molecules is given by

10
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2.1)

N !
H = ZHna‘i' z Vnam/?
na

namf

wherein H,,, represents the Hamiltonian of the isolated molecule at the crystal site no, while the
second term accounts for the intermolecular interaction, where V,,,; accounts for the small
perturbation due to van der Waals interaction between molecules na and mp. The symbol Y’
indicates it does not contain the term with na = mp. The wave function ¥ of the crystal ground
state is given by the antisymmetrized product of the ground state wave functions of the single

molecules and the corresponding energy at the first order is given by
Eo=Neg + D = Nep + Z;uxmﬁ < (Pga(p?nﬂ | Vnamﬁ|¢ga¢$nﬁ > (2.2)

Wherein D represents the energy term which accounts for the van der Waals interaction that keep
the molecules together in a stabilized manner within the crystal. By considering that, when one
molecule is in its excited state, and the excitation being completely shared among all the
molecules constituting the crystal, the wave function ¥* for the excited state, can be built. Such a
collective excited state of the whole crystal is called exciton. In this case, the crystal periodicity
has to be taken into account and a wave vector K is introduced, which takes N values in the first
Brillouin zone. The corresponding eigen energies, E(k) form the excitonic bands of the crystal
and are given by the equation:

E(k) = Eq + e*-eot+ AD + I(k) (2.3)

Here AD is the gas-to-crystal shift. It represents the difference between the van der Waals
interaction energy D of a single molecule in the ground state with the rest of the molecules in the
crystal while D’ represents the same, when the same molecule is in its excited state. D and D’ are
marked in Figure 2-3. I(k) is the exciton shift, which represents the transfer interaction between
site na and the remaining sites of the crystal, and is responsible for the dispersion (i.e. the
dependence of E on k) of the exciton band. The equation for solvent shift and exciton shift is

given by the following equations.

11
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AD = %c[rg’ {< ¢1*1a¢$n[>’ | Vnam/?|¢1*1a¢$nﬁ > —< d)gad)?nﬁl Vnamﬁld)gad)gzﬁ > (2'4)

I(k) = i\lnc[r;’ {< ¢1*1a¢$nﬁ | Vnamﬁl‘brgad):nﬁ > exp [ik- (Tna - rmﬁ)]} (2'5)

Where r,,, is the position of the molecule in the site o of the n" unit cell. From these equations the
dielectric behavior of the crystal (e.g. the transition probabilities and transition moments between
two states, the complete dielectric tensor, the corresponding selection rules, the spectroscopic
functions etc.) are detectable under precise experimental conditions, once the ground and excited
states of the crystal are known.

energy _ _ _
G010 5 o b, E'= (N-1) & +e

D__ ¥, Bl

D ¥, E,

N isolated molecules molecular crystal

Figure 2-3 Schematic of the electronic energy states of an assembly of N identical non-interacting molecules
and of the corresponding molecular crystal. Taken from [1].

2.3 Electrical properties of organic semiconductors

As previously described, the semiconductive properties of organic materials originate from the
presence of the delocalized cloud of electrons in the n- molecular orbitals. The parameter that

describes charge transport in any material is the mobility x defined by

u=E/v (2.6)
Wherein v is the speed of the charge and E is the applied electric field. The mobility of charges is
a parameter that represents how fast the charge can travel through the material. The mobility in

any solids but, in particular, in organic semiconductors is strongly depended on the structural

12
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order. Depending on the degree of molecular order, the transport mechanism in organic materials

can be either of two extreme cases: band like transport or transport by charge hopping.

In inorganic semiconductors the atoms are covalently bonded to form rigid structures, where the
materials are crystalline, energy levels form where the delocalized carriers can move freely, band
with high mobility. A schematic representation of charge transport in bands is presented in Figure
2-4 (a).
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Figure 2-4 Carrier transport mechanisms in materials. (a) Band like conduction. (b) Hopping conduction [15].

In an ideal crystal, depicted as a straight line in Figure 2-4 (a), the delocalized carrier moves as a
plane wave without scattering. However in a real crystal the crystal symmetry can be disrupted by
lattice vibrations, which scatter the charge carrier and thereby reduce their mobility. With
decreasing temperature, the mobility increase [15]. However, in the case of organic
semiconductors, due to weak intermolecular forces, instead of a continuous band structure for
transport, discrete energy band structure is dominant in the bulk. As a consequence, the freely
propagation wave of charge through the energy band, as usually seen in the case of inorganic
semiconductor, no longer exists. As a result, charges have to hop through localized states via a
phonon assisted hopping process, involving thermionic emission and tunneling of carriers

between localized sites (see Figure 2-4 (b)). Here the lattice is irregular and lattice vibrations are

13



Fundamentals

essential for a carrier to move from one site to another. As a result of the high disorder in organic
semiconductors, there are no two distinct kinds of transports clearly separated by a band gap just
like in the case of inorganic semiconductors like silicon, but instead there are two narrow energy
distributions centered on the LUMO and HOMO levels. The shape of the energy distributions
(density of states, (DOS)) is assumed to be Gaussian [16].

One of the most accepted hopping models for organic semiconductors was formulated by Béssler
and co-workers [16]. Béssler’s formalism on organic semiconductor hopping process was based
on Miller-Abrahams formalism, was originally used to describe the hopping process among deep
traps in inorganic semiconductors [17]. Miller and Abrahams have modeled the transition rate
V;_,j between an occupied site of energy & and an unoccupied site of energy ¢; separated by a

distance r.

vij o exp(—2yr;) expl- (- &) | koT] & > & (2.7)

1 & <&

A first factor influencing the transition rate is the tunneling factor exp(—Zyrij) with y 1 the

localization length, the second factor has a Boltzmann form exp[- Ae / kyT]. Using this expression
for the transition rate, Bassler et al. proposed hopping model charge transport in disordered
organic semiconductors. His formalism predicts that the mobility in organic semiconductors is

proportional to the electric field followed by Poole-Frenkel dependence (i a exp (E/Eq)*?

). It also
implies that the mobility is thermally activated. Furthermore, it has been experimentally proven
that the mobility is proportional to the charge carrier concentration n in the organic
semiconductor. The first injected charges in the organic semiconductor occupy the electronic
states in the tail of the Gaussian DOS. When the charge concentration is increased then the
charges fill progressively the DOS towards the DOS center where more states are available than

in the tail which implies less activation energy is required for hopping. As a result, x increases

with injected charge concentration.
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Charge injection and transport

In general, the charge transport models in organic semiconductor device can be classified as
either bulk limited or injection limited transport [18, 19]. During the injection of charge carriers
from the electrode to the material, the height of barrier at the organic semiconductor metal
interface, which controls the carrier injection, plays a pivotal role in determining the nature of
transport. The contact between the organic semiconductor and the metal is said to be ohmic, when
the barrier for carrier injection at the interface is as small as possible, then the carriers will be
injected easily into the material and the transport of charge will be dominated by the bulk.
Electrodes in ohmic contact act as an infinite reservoir of charge, which can supply more carriers
per unit time than the sample can transport, which can maintain a steady state space charge
limited current (SCLC) in the organic device [20-23]. In this case the charges injected will
significantly changes the electric field distribution throughout the active layer. As a result, non
uniform charge density is found across the active layer and is largest close to the injecting
electrode. Space charge limited current (SCLC), when diffusion contributions are neglected can
be expressed as

2
J= gnswrﬂ% (28)

Wherein J is the current density, g is the permittivity in free space, &, is the relative permittivity
of the sample, x is the mobility and L is the thickness of the film. Current voltage characteristics
become more complex, when the active material contains traps. In that case, a linear regime
where the transport is injection limited is exhibited at first, followed by a steep trap limited

transport regime and eventually the V2 dependent trap-free SCLC regime is reached.
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Figure 2-5 Typical SCL current-voltage characteristics in logarithmic scale. Different transport regimes are
labeled.

The space charge limited (SCL) |-V characteristics of an organic semiconductor with traps are
illustrated in a logarithmic scale in Figure 2-5. At small voltage, Ohm’s law dominates the I-V
characteristics with the current density proportional to the applied voltage, due to the presence of
thermal equilibrium free carriers. With increase of voltage, the SCL current starts to dominate and
reaches the shallow trapping field region. With further increase of voltage, the injected electrons

fill all the trapping sites in the organic semiconductor. At a particular voltage VTFL all the traps

are filled by the injected carriers called the trap-filled-limit (TFL), the current rises very sharply.
After the trap-filled-limit, the current-voltage characteristics are characterized by the trap-free

square law in equation (2.8).

But, if the injection at the contacts the bottleneck for charge transport, a device is said to be
injection or contact limited [24]. The efficiency of injection at the interface between the organic
semiconductor and the injecting electrode can be a complex function of many parameters. The
interface energetics plays a key role, since the carriers might have to overcome a potential energy
barrier to be injected into the active layer. Factors like work function of the injecting electrode,
interfacial traps, doping levels, interfacial dipoles etc. influence the interface energetics [25]. Two
models are used to describe injection limited mechanisms. The first one is the Richardson-
Schottky model for thermionic emission [26], based on the assumption that the electrons/holes

can be injected from the metal electrode, once they acquire adequate thermal energy to overcome
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the potential barrier at the metal-organic interface. The model is valid at low electric field and at
higher temperatures. When the electric field increases, the work function of the metal for

thermionic emission decreases, and the Schottky barrier height also decrease.

The second model is the Fowler-Nordheim model [27], which is based on quantum mechanical
tunneling injection through the barrier. This type of injection is favorable at very low
temperatures or in the cases where the potential barrier height at the interface is relatively large so
that the charges can no longer get thermally activated to overcome the barrier and here thermionic

emission losses its significance.

2.4 An overview to organic epitaxy

Epitaxy refers to the deposition of a crystalline overlayer with a specific orientation on a
crystalline substrate. The orientation is determined by the surface of underlying substrate
establishing a specific geometrical relationship between the crystalline lattices of the two
materials. The fundamentals of inorganic epitaxy has been well studied and its relevance has been
pointed out long before [28, 29].In the case of inorganic epitaxy the important condition is a
desirable crystal lattice match between the substrate and the overlayer. As the mismatch gets
larger, the over layer film strain to accommodate the lattice structure of the given substrate. So for
overlayer films with good crystalline quality, low mismatch value is a necessary parameter and if
the mismatch exceeds a critical value, overlayer material will fail to orient epitaxially. The lattice
mismatch f is given by:
f = laral (29)
as

Where a and a, are the bulk lattice constants along a particular direction of film and substrate,
respectively. Moreover, the nature of bonding between the atoms involved in inorganic epitaxy is
chemical in nature. Organic-organic epitaxy is ruled by different set of rules, thanks to weak
van der Waals force of attraction between the molecules. In the case of organic epitaxy, many
instances are reported in the literature which demonstrates that, even when lattice mismatch is of
the order of several tens of percent, an orientation effect can be accomplished through a more
relaxed epitaxial condition, the so-called coincident epitaxy [30-34]. The interplay between the

molecule-molecule and molecule-substrate interactions drives molecular aggregation [35-37]. In
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the context of organic epitaxy, the substrate surface quality and its characteristic morphology or,
more precisely, its corrugation, i.e., the surface fluctuations at the atomic/molecular scale, is
primarily responsible for driving the film orientation. The epitaxial relationships between the
substrate and the overlayer can be classified on the basis of geometrical coincidence between
lattice or reciprocal lattice points and directions of film and substrate [32]. Line-online is found to
be the most common lattice registry observed in the epitaxy of small molecules, i.e. with lattice
coincidence only between the non primitive reciprocal lattice points of the substrate and the

overlayer.
| | IJ:LI | I_‘:LI ] [‘D_\
layer-by-layer island layer-plus-island

Figure 2-6 Schematic representation of three types of growth modes in OMBE. The substrate is represented
by gray color and overlayer by blue color.

Film growth phenomena during organic molecular beam epitaxy (OMBE) is a non equilibrium
processes. In Figure 2-6, three typical modes of OMBE growth have been schematically
illustrated [1]. The first mode is the Frank-van der Merwe growth mode where the film grows in a
layer-by-layer fashion. Here the film growth proceeds by completion of each monolayer before
the successive monolayer starts growing. This type of growth is typical when the lattice mismatch
between substrate and overlayer is very small. The second one is Volmer-Weber mode which
refers to the situation when the film grows by forming 3D islands, which then increase in size
until they coalesce. Here, the lattice misfit and the consequent interface strain between substrate
surface and the overlayer are high enough such that the second monolayer starts growing on top
of first monolayer, before the completion of first monolayer. The third type of growth, which is
also the most common one, is Stranski-Krastanov mode, where the film grows in a layer-plus-
island fashion. Here the growth is layer-by-layer up to a critical film thickness, after which a
transition occurs and islands start growing on top of layers. This type of growth mode refers to
those systems where the first few monolayers near to the interface maintain small but significant

strain, which is released by the mentioned structural transition, as the film thickness increases.
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Chapter 3

3 Experiments and methodology

In this chapter, we describe in detail the thin film growth process. This part is then followed by
the introduction to some major characterization techniques, like atomic force microscopy,
conductive atomic force microscopy, X-ray diffraction and optical spectroscopy, that were
employed in the present work. A model that describes the charge transport mechanisms in organic
semiconductors with scanning probe geometrical configuration is also introduced. Finally, the

organic materials that we worked on are also presented.

3.1 Thin film growth

Organic molecular beam epitaxy (OMBE), a technique based on molecular beam epitaxy [1, 2], is
employed to grow high quality crystalline thin films in present work. This technique involves a
slow and controlled deposition of sublimated molecules on to a substrate of interest, in an ultra
high vacuum atmosphere (~10® - 10 Torr); it has the advantage of providing precise control
over the thickness of the film deposited, down to a fraction of a single layer. The used technique
also provides high control over various growth parameters such as deposition rate, thickness,
source temperature and substrate temperature. In addition, the technique provides an atomically
clean environment and substrate. In general, it provides altogether a new prospect for
understanding many of the fundamental structural, optical and electronic properties of ultrathin

organic film systems [2].

In Figure 3-1 a picture of OMBE apparatus is presented with its most important parts labeled. The
deposition chamber is maintained in ultra high vacuum condition with the help of three different
vacuum pumps operating in successive steps. At first a 20 m*/h rotary pump is operated to
achieve a pressure of 10 Torr, followed by a 500 Is™ turbomolecular pump which takes the
pressure inside the chamber to 10 Torr and finally a 1500 Is™ cryopump is operated to achieve

the maximum vacuum capacity of 10”° Torr inside the deposition chamber ( see Figure 3-1) .
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Clean substrates are inserted into the system through an introduction chamber, transferred to the
deposition chamber through a transfer chamber. The introduction and transfer chambers are

separated from each other by means of gate valves.

— T : w:'*
- | |

¢

Figure 3-1 Photograph of OMBE apparatus. Main parts of the apparatus, the Knudsen cells, microbalance,

mass spectrometer, micromanipulator, transfer chamber, growth/deposition chamber are labeled.
These two chambers help the deposition chamber to stay in high vacuum condition, even while
the substrate is introduced or samples are taken out of the deposition chamber. The deposition
chamber can host six different sources, all situated at the same distance from the surface of the
sample (16 cm in this work). The sample is placed in such a way that its surface faces at the
sources. The sources consist of a temperature controlled oven or Knudsen cell. The temperature
of the Knudsen cell is controlled by a filament heating system. The shutter that connects the
Knudsen cells to the main chamber is opened only after the sublimation temperature of the
material is reached. This helps to evaporate out the contaminants (if at all any) with lower
sublimation temperature on to the shutter wall, preventing them to reach the sample. Once the

shutter is open, the molecular beam is directed towards the sample surface.
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With the help of a quartz microbalance, the nominal thickness of the film and the rate of
deposition are monitored. With the help of an AC signal the quartz crystal oscillates. Starting
from the assumption that addition of material to the quartz surface induces same effect as the
addition of same mass of quartz, then the following equation can be used to relate the change in

the period of oscillation of the crystal with the thickness of the film [4].

T = Ngqo(7 - 74)/ds (3.1)

Wherein, T is the thickness of the film, N, is a frequency constant, d is the quartz density, d; is
the film density, 7, is the oscillation period of the uncoated crystal and 7 is the oscillation period
of the loaded crystal. The substrate temperature can be controlled with the help of a heating and
cooling mechanism while the quartz microbalance is kept at constant temperature by means of a
water cooling system. OMBE also provides the opportunity to measure in situ real time optical
characterization of the film by means of reflectance anisotropy spectroscopy (RAS) system and
RHEED system [5].

3.2 Overview to scanning probe microscopy

Introduction

One of the most important discoveries of 1980’s in the field of material science is the
development of a new technique for studying surface structure of a material called Scanning
Tunneling Microscopy (STM). Following this invention, a whole family of related techniques
was developed. These techniques are now classified in the general category of scanning probe
microscopy (SPM). The common feature of all SPM techniques is the usage of a very sharp
probe, which is used to scan across the surface of interest. The interactions between the probe and
the surface while scanning, is being used to produce a very high resolution digital image of the
sample surface. The resolution of the image can be potentially of the order of sub nanometer
scale, depending upon the technique and sharpness of the probe tip. Among these techniques, the
most important one is atomic force microscopy (AFM), invented in 1986, a versatile instrument

which presents a wide range of different operating modes [6, 7] and applications.
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3.21 AFM

AFM was created to overcome the limitations of the STM, which could image only electrically
conductive samples in vacuum. The AFM is designed in such a way that it can be used to probe
non conducting samples as well as conductive samples, with or without vacuum. This makes the
AFM a particularly useful instrument for the study of organic samples, which are often insulating
or poorly conducting [8-11]. As AFM can be used in liquid environments, it has great advantages
in the field of biology, as most of the biological samples need to be kept in an agueous

environment [12].
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Figure 3-2 (a) Schematic representation of a typical AFM with all its fundamental components. (b) SEM
image of a rectangular cantilever with tip mounted on it.

The schematic of basic set-up of a typical AFM is presented in Figure 3-2. AFM contains a
flexible cantilever with length of 100 — 400 pum, which is free to bend in vertical and lateral (twist
in lateral direction) direction. The free end of cantilever contains a tip, made of silicon or silicon
nitride is used for probing the samples (Figure 3-2(b)). Generally the tips are in the form of a
square-based pyramid or a cylindrical cone with a curvature radius at the apex generally of the
order of tens of nm and a height of the order of tens of microns. The cantilever will deflect or

bend at the close proximity of the sample because of the forces between the tip and the sample

25



Experiments and methodology

surface. A laser beam is directed on the reflective back side of the cantilever which will be
reflected on to a photo detector (divided in to four quadrants). Any deflection of the cantilever
will create a change in the position of the laser spot on the photodetector, and will be recorded.
From the recorded deflection, which is proportional to the tip sample interactions, a digital map
of surface topography is generated by the computer. The probe is brought into and out of contact
with the sample surface by the help of a piezoelectric scanner, whose motion in the three
dimensions can be controlled with nanometric precision by varying the applied bias. A feedback
circuit system is also integrated to the system, which will readjust the scanner vertical extension
in function of the cantilever deflection, helps to achieve precise control over probing.

finish

’ |

Slow scan direction

start —>':j§£,’]<—

S
>

Fast scan direction

Figure 3-3 Schematic illustration of the scanning process of an AFM. The AFM images constitute of an
assembly of the points collected during the scanning in the fast-scan direction.

The scanning process in AFM is illustrated in Figure 3-3. The tip probes along a row in forward
and then in the reverse direction (horizontal scanning along the fast scan axis) and then passes to
the next line (frame scanning along the slow scan axis). The angle between the fast-scan direction
and the long axis of the cantilever can be changed according to the required experimental

condition.

The scanner and the dimensions of the tip limit the resolution of AFM. The vertical resolution of
AFM is dependent on the precision of vertical movements of the scanner. With the scanner used
in present work, the best attainable vertical resolution is approximately 1A. The lateral resolution
is dependent on the tip size and curvature. Considering a tip sample contact radius of the order of

less than 10 nm in present work, the lateral resolution is approximately of the same order.
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AFM imaging modes:

In general, the forces that contribute to the deflection of an AFM cantilever have contributions
from a wide range of different forces like van der Waals force, electrostatic force, chemical force,
capillary force and repulsive force. However, the most dominant force associated with AFM is
the van der Waals force [7]. To get better insight about the way AFM modes work, it is essential
to use so-called force—distance curves. A schematic representation of the force regimes under
which different imaging modes occur is presented in Figure 3-4. Here the interaction forces

versus the tip sample distance is plotted, with probe-sample distance increasing to the right side

of the plot.
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Figure 3-4 Diagram illustrating the tip-sample interaction potential as a function of the tip-sample distance.
The force regimes under which each of the three most common AFM imaging modes operate are indicated.

The net forces acting between the probe and the sample surface at large probe sample separation
is practically zero. As the probe come close to the sample surface, attractive van der Waals
interactions make the probe being towards the surface. Once contact is made, the net interaction

becomes repulsive as in this regime a very strong repulsion will be generated either by coulombs
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force or Pauli’s exclusion principle. Based on the mentioned force regimes the imaging modes in
AFM can be broadly classified in to three. They are contact mode, non-contact mode and
intermittent contact mode imaging. Depending upon the nature of information required from the

sample surface being examined, one among the three modes can be employed.

In contact-AFM mode, the probe sample interaction is in repulsive regime, where the AFM tip
makes physical contact with the sample surface (see Figure 3-4). As the scanner traces the tip
across the sample, the contact force between the tip-sample causes the cantilever to bend to
accommodate the ups and down in the sample topography. Contact AFM can be employed in two
different modes. In constant force mode, a feedback mechanism is employed to keep the
cantilever deflection a constant. As the cantilever is deflected, a feedback circuit alters the z-
height according to the topography of the sample, to cause the cantilever to return to the original
deflection or set point. The variation in the z-position is recorded and this information as a
function of the x, y position is used to create the corresponding topographical image. In variable
force imaging, the average distance between the probe and the sample is fixed while scanning and
the spatial variation of the cantilever deflection is used directly to create the topographic image of
the sample surface. Contact mode AFM is often used for probing hard and relatively flat sample.

In non-contact mode imaging, the cantilever oscillates either in its resonant frequency or just
above where the amplitude of oscillation is typically a few nanometers (<10 nm), near the surface
of the sample [13]. When the probe come close to the sample surface (1-10 nm above the
surface), long-range attractive forces such as van der Waals and electrostatic forces dominates
between atoms in the probe and the sample. This leads to a shift in the frequency of oscillation of
the cantilever. With the help of feedback loop system, the shift in frequency is detected and the z-
positioning of the cantilever is adjusted in such a way that a constant oscillation amplitude or

frequency is maintained.

Non-contact mode AFM (NC-AFM) does not suffer from tip or sample degradation effects makes
it preferable for measuring soft samples, e.g., biology sample and organic thin film. However,
performing NC-AFM in air is not preferable as the presence of water layer over the sample

surface can make topography for the sample look different.
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Intermittent-contact or tapping mode atomic force microscopy(TM- AFM) is similar to NC-AFM,
except that for TM-AFM the vibrating cantilever tip is brought closer to the sample surface and
the probe will repeatedly engage and disengage with the sample surface, restricting the amplitude
of oscillation. While scanning the sample, the oscillatory amplitude of the cantilever will change
according to differing topography. With the help of feedback mechanism the z-height between the
sample and the probe is altered to maintain constant amplitude, an image of the surface
topography is digitally constructed in a similar manner as with non-contact mode imaging. The
TM-AFM operating region is indicated on the force distance plot in Figure 3-4. TM-AFM is a
compromise between contact and non contact AFM as it is unlikely to damage the sample like
contact AFM because it eliminates lateral forces (friction or drag) between the tip and the sample.
It is also more effective in imaging larger scan sizes that may include greater variation in sample,
when compared to NC-AFM.

Figure 3-5 (a) Height image of fibrillar P3HT deposited on glass substrate. (b) Phase image of (a). The
fibrillar morphology of the film is not very evident from the height image, while the phase image provides
superior image detail and higher resolution.

While scanning the sample surface in tapping mode, it is also possible to collect phase-contrast
images, in addition to height images. Phase imaging is an extension of TM-AFM that provides
nanometer scale information about the surface structure and properties of the sample surface that

is not often revealed by the height image. In this mode of imaging, the phase shift of the
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oscillating cantilever relative to the driving signal is measured. This phase shift is directly related
with specific material properties that effect the tip/sample interaction. As a result phase imaging
detects variations in adhesion, composition, friction and viscoelasticity and makes it very useful
in identification of contaminants, mapping of different components in composite materials etc. In
Figure 3-5, the height and phase image of thin film of P3HT polymer with fibrillar morphology is
presented. The fibrils are not very evident from the height image, while the phase image provides
superior image detail and higher resolution.

3.2.2 Conductive AFM

Conductive AFM is a current sensing technique based on contact mode AFM, for the electrical
characterization of semiconducting and low-conducting samples. C-AFM consists of a metal
coated AFM tip, which will act as one of the electrode. The technique allows user to measure the
current flowing through the metal coated probe of the microscope and the semiconducting /
conducting sample upon dc bias, simultaneously providing two dimensional mapping of the
topography and electrical properties. Current sensitivity of commercially available modules
yields few hundreds of femto-ampere [14, 15]. The electrical characterization of soft materials
such as organic semiconductors is possible with this technique without causing any sample
damage, by using soft cantilever. A schematic representation of C-AFM is presented in Figure
3-6

The C-AFM can be operated in the imaging mode and spectroscopic mode. In imaging mode, it is
possible to collect two-dimensional conductivity images by performing a scan at a fixed bias and
measuring the current for each scanning point, while simultaneously collecting topographical
images. In spectroscopic mode, the tip is fixed in a point of the sample and current is measured,
while the voltage bias is ramped to get local current-voltage (I-V) curves. Such I-V profiles can
be employed to locally study the charge transport mechanisms and to extract the charge carrier
mobilities [14, 16]
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Figure 3-6 A schematic representation of C-AFM set up.

The C-AFM measurements are performed in two different configurations, side configuration and
vertical configuration [17]. In both configurations, the C-AFM tip acts as the anode. A schematic
display of these two configurations is presented in Figure 3-7 (a and b) and (c and d) for side
configuration and vertical configuration, respectively for different bias polarity. In the side
configuration, organic sample is deposited on an insulating surface like glass with a patterned
back electrode (cathode) at one side of the substrate. Here the tip scans the thin film surface over

the substrate with the cathode located microns aside.
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Figure 3-7 (a) Side configuration with negative sample dc bias. Holes are injected from C-AFM tip and
travel laterally through the film to cathode. (b) Side configuration with positive sample dc bias. Holes are
injected from cathode and travel laterally through the film to tip. (c) Vertical configuration with negative
sample dc bias. Holes are injected from tip and travel vertically to cathode through the organic thin film. (d)
Vertical configuration with positive sample dc bias. Holes are injected from cathode, travel vertically to the
tip through the film.

The probability of perturbation of the measurement emerging from the direct contact between the
C-AFM tip with the cathode while probing on the film is avoided this way. Here, the carriers
injected have to travel in lateral direction a distance of few hundreds of microns to reach the
cathode. In the vertical configuration, the film is deposited directly on a conducting substrate. The
injected carriers travel vertically through the thickness of film, which is of the order of few tens

of nanometer.

AFM components used for this work
The AFM used for present work is a Veeco Nanoscope Multimode V, equipped with tapping
mode and C-AFM extension modules. It is equipped with two different piezoelectric scanners: a J

scanner, with maximum scanning area of 140 x140 um® and an E scanner, with maximum

scanning area of 14 x 14 pm?. In the case of tapping mode AFM, PPP-NCHR manufactured
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silicon probes from Nanosensors with a curvature radius less than 10 nm and a cantilever spring
constant of ~40 Nm™ have been employed while PPP-contPt coated platinum iridium 5 (Ptlrs) tips
have been employed in the case of C-AFM. The conductive probes present a curvature radius of
about 20 nm and spring constant of ~0.1 Nm™. The Images were collected with the maximum
available number of pixels in each direction (512 or 1024). The collected images have been

corrected and analyzed with the Nanoscope software version 7.30.

3.2.3 Charge transport mechanisms in organic semiconductors with

scanning probe geometrical configuration.

Schottky diode model is used to explain the behavior of inorganic diodes. However in organic
semiconductors, in general, the free carrier density is extremely low compared to inorganic
semiconductor. As a result, depletion region in organic thin films is often larger than the
thickness of the film (the depletion region extends over a small part of the whole thickness of the
inorganic semiconductor). Because of this reason, the working principle of organic diodes is
better described by metal-insulator-metal (M-1-M) model than the Schottky diode model [3]. The
energy level alignment of the p-type organic diode is

<(JA’
2 LUMO LUMO
cathode
Py F=0
O"’o anode
HOMO oMo
V, <0 V.=0 Vo=V, Vo>V,

Flat bands

< Reverse bias | ||niection Iimit} I Bulk limited >

Figure 3-8 Energy diagram of an organic diode described using MIM model [3].

described by M-1-M model is shown in the Figure 3-8. The M-1-M device is characterized by a
diffusion potential Vy (built in potential) that corresponds to the difference between work function
of anode and cathode. It is worth pointing out that the V, depends only on the electrodes but not

the active organic material. When the electrodes are electrically connected to the active material,
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and no voltage is applied, the built in potential induces a bend in the energy level in such a way
that, it prevents the hole injection at the anode (the equilibrium condition). If the applied potential
applied to the anode (V,) becomes exactly equal to the diffusion potential, flat band condition is
reached and if V, exceeds V, ,favorable band bending will happen for the injection of holes from

the anode and bulk limited current start flowing through the organic diode.

Organic diode configuration is discussed here using C-AFM tip as one of the electrode. Unlike
other macroscopic devices that monitor the charge transport through the sample, C-AFM is
operated with asymmetrical electrodes. The influence of geometrical asymmetry of electrodes has

to be taken care of, while studying organic semiconducting materials using C-AFM.

Generally in single carrier - conjugated devices, the analysis of charge carrier transport is based
on space-charge-limited current measurements [18-21]. In these measurements usually the
devices consist of two planar contacts that efficiently inject either holes or electrons. In trap free
space charge limited regime, the current density is described by Mott-Gurney law (see equation
(2.8)). However, because of the geometrical asymmetry of electrodes in C-AFM measurements,
whether to use Mott-Gurney law in its pure form is still an open question, as many groups have
reported discrepancies between the mobility value extracted from point probe configuration in C-
AFM and macroscopic measurements [22-24]. Typically the planar electrode law directly applied
to C-AFM measurements leads to over estimation of current density. A schematic diagram
showing current flow in planar devices and C-AFM configuration is presented in Figure 3-9.

Nanometric Injecting contact

Extracting contact

Figure 3-9 Schematics showing the (a) C-AFM (tip plane geometry) and (b) device measurements (plane
parallel geometry). The current spread out from the C-AFM tip allowing larger density of space charge
limited current under the probe than the plane parallel electrodes.

Extracting contact
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In order to explain this, the differences between planar electrode configuration and C-AFM
configuration have to be explained. The C-AFM configuration has two peculiarities when
compared to plane electrode system: a) it has sphere-plane contact system where the C-AFM tip
apex is hemispherical and the back contact is planar, b) point probe contact system as the contact
area at the tip-sample interface is of the order of few nanometers. In sphere plane contact system
charges are injected / collected radially at the probe sample contact. The current is spread out
from the C-AFM tip allowing larger density of space charge limited current under the probe than
the plane parallel electrodes. Considering the nature of electric field between the contacts in
sphere-plane configuration, Lampert et al. [25] has modified the Mott-Gurney law for sphere
plane geometry (carriers injected from the tip) in which current is given by the following analytic

equation

2
I = meqey— (3.2)

Wherein | is the current, &, is the permittivity in free space, &, is the relative permittivity of the
sample, u is the mobility and L is the distance between two electrodes. From the modified
equation, with thickness of the film the current collected between the electrodes in sphere plane
configuration should decrease. However, Desbief et al. [26] in their work on polymer films
(P3HT) with C-AFM reported that the C-AFM current intensity on the film is independent on the
distance between the C-AFM tip and the back electrode. This result contradicts the modified
Mott-Gurney equation for sphere plane geometry by Lampert, despite the sphere plane
configuration of C-AFM. Desbief et al. argued that this is a direct consequence of the nanometric
size of the injecting C-AFM probe, such that the probed current is local in nature. The dominating
resistance that limits the value of the current signal in C-AFM configuration is expected to be that
of the tip—sample contact, resulting from spreading mechanisms [14]. Considering these two
peculiarities of C-AFM configuration, i.e. the sphere plane geometry and point probe geometry,
the Mott-Gurney law has to be modified further taking into account the tip radius, applied force

on the tip, penetration depth, lateral expansion of the field etc.

In order to better define the operation of C-AFM, a model is introduced by Moerman et al. of

University of Mons [27]. Here the total resistance offered by the C-AFM set up while probing the
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sample is considered and compared. The electrical equivalent of C-AFM set up is modeled with

four resistances connected in series as shown in Figure 3-10(a), where

Rtotal = Rext"’ Rtip + Rt+Rcathode (33)

Where Ry is the total resistance of the system, R., is the resistance offered by the external
circuit which includes among others the resistances of tip cantilever, the external wires and the
amplifier electrical detection module. R, and Rcamoge are the contact resistances (R.) at tip sample
interface and cathode sample interface respectively, while R; is the transport resistance through
the organic semiconductor. It has to be noted that the highest resistance in the circuit will limits

the current flow.

Rexe Which includes among others, the resistances of tip cantilever, the external wires and the
amplifier electrical detection module is typically of the order of ohms as the components involved
in the external circuitry are highly conducting inorganic materials. The transport resistance across
the organic semiconductor sample can be expressed as

Where in ps.y, is the resistivity of the organic semiconductor film under investigation, L is the
distance between the tip and the back electrode (cathode), t is the thickness of the film and W is
the width of the back contact as schematically represented in Figure 3-10(b). It has to be noted
that the transport resistance of typical organic semiconductors are of the order of several Giga
ohms [28, 29].

The contact resistance is generally expressed in terms of the following equation [30]

R. = £ (35)

Where r is the radius of the contact area while p is the resistivity of the material. Approximating
the sample-cathode contact area with the shape of a disc with radius r, the contact resistance at
the cathode-sample interface can be estimated using equation (3.5). Usually the cathode-sample

contact area in C-AFM configuration has typical contact radius of the order of millimeters, and
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the expected R. is of the order of kilo ohms. But in the case of tip-sample interface the
hemispherical apex of the C-AFM tip has radius of the order of few nanometer, and the resulting
contact has a nanoscale contact radius. This implies the R. at tip sample interface will be of the
order of Giga ohms. Spreading resistance originates owing to the nanometric area of the tip
sample contact, generates a confinement of current flow across the contact (see Figure 3-9 (b)).
Assuming no electronic barrier at the tip sample contact and R, entirely dominated by spreading
mechanisms, the hemispherical geometry of the apex of the tip should yield

Rc = Rtip = P;orcoal (36)

Here p;ocq 1S the resistivity of the film at the tip sample contact and ry is the contact radius at the

tip-sample interface.

Rcathode

Roxt Substrate

Figure 3-10 (a) Equivalent electrical circuit of C-AFM tip sample system where in R, represents the resistance of
the external circuitry, Ryjp is the contact resistance between the tip and the sample, Ry is the transport resistance

and Rcathode IS the resistance at the interface between sample and the back electrode. (b) Schematic description of
the current injection from the tip into the sample within a sphere-plane geometry (c) with ry the contact radius and
Z the radius of the electric field expansion under the tip. L is the distance between the tip and the back contact

electrode, t is the thickness of the film and W is the width of the back contact.
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Comparing the values of four resistances that contribute to the total resistance Ry, from the
paragraph above, it is evident that the from R is negligibly small when compared to that of the
two contact resistances (R; = Rip +Rcathode) and Ry AIlSO Since Reathose << Riip, Re ~ Riip. This
implies R; and R, are the two resistances which restricts the charge transport, when probed
through C-AFM.

A ratio 6 between R; and R; is defined, in view of finding out the dominant resistance which
limits the current flow through the circuit

R i 4L
g = Be — Priim 2L, (3.7)
Rs  Procal Wt

Assuming that at the voltage range typically applied in C-AFM, the local resistivity of organic
semiconductor at the tip sample contact remains close to the resistivity of the film, the variation
of 0 is solely dependent on geometrical parameters. This implies that according to variation in
geometrical parameters two types of current regimes are possible

1. Contact resistance dominating regime correspondingto 6<1

2. Transport resistance dominating regime corresponding to 6 > 1

In our experimental configuration, L is of the order of few microns, thickness of the film is few
tens of nanometers and W is of the order of centimeters. This implies that while scanning within a
few tens of micrometer distance from the back electrode, 6 <<1 and R; is negligible compared to
R.. This leads to contact resistance dominated regime, justify independent variation of current
with L and thereby ensuring a local probing of the electrical properties of the organic film under
investigation. The possibility to probe local electrical properties of a thin film in spreading
resistance dominated regime makes C-AFM a very powerful tool for electrical characterization of

sophisticated organic devices.

In such local resistance dominating regime the Mott-Gurney law for plane parallel electrodes has
to be modified to account for local probing of current. This is done by solving the Poisson’s
equation, by considering contact resistance as a result of the tip-plane geometry. The analytical

expression for modified Mott-Gurney equation when carriers are injected from point tip is [27].
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_ v? 3.8
1 = 3mepeury T (3.8)

Wherein g is the local mobility of organic semiconductor just underneath the tip (in the probed
volume), r, is the contact radius and Z is the radius of the hemisphere beyond which the voltage
drops and the field tends to zero, with assumed value less than 30 nm. It has to be noted that the
typical Mott-Gurney law has an inverse L* dependence on the J, however the modified Mott-
Gurney law there is no dependence of L suggesting local probing of current. By this equation, the
guadratic variations of the current with the voltage are used to extract the local mobility value.
Hertzian contact model can be used to estimate the contact radius at the tip sample interface, r,
assuming a perfectly elastic deformation at the contact. The equation for ry by Hertzian contact
model is the following

LI (3.9)

Wherein Ry, is the tip radius, F is the applied force between the tip and the sample surface and E

is the Young’s modulus of organic semiconductor.

3.3 X-ray diffraction (XRD)

X-ray diffraction is a powerful technique for the structural characterization of materials. In
crystalline materials, all atoms are considered as sets of parallel crystallographic planes which are
characterized by Miller indices (h k I). During XRD measurements, X-ray beam with a particular
wavelength (2) is incident on the crystalline sample. As the wavelength of X-ray is comparable to
the inter-atomic distances in solids, X-rays will get diffracted by the different crystallographic
planes in the sample into many specific directions. This will give rise to specific diffraction
patterns due to interference effects between rays scattered by different planes. The necessary
condition for certain set of crystallographic planes produce constructive interference to give

diffraction maxima is provided by the Bragg law

2dsin@ = nl (3.10)
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Here d is the spacing between diffracting planes, 8 is the incident angle, n is the order of
diffraction, and A is the wavelength of the beam and 6 is the angle between the incident and the
diffracted X-ray beams. Typically, X-Ray diffraction patterns are represented as the scattering
intensity versus 20 (in degrees) with each reflection on this pattern corresponds to the set of
parallel crystallographic planes (h k 1). XRD experiments were performed recording specular
scans (6/26 mode) with a Panalytical X’Pert Pro powder diffractometer in Bragg- Brentano
parafocusing geometry, using Cu K, radiation (2 = 1.54 A) over a 20 range of 3° to 50°,a step
size of 0.02°, an interval of 10 s. Here the sample is stationary in the horizontal position, both
the X ray tube and the detector move simultaneously over the angular range 6. During the
analysis, the sample surface is always at an angle of 8 and the detector is always at an angle of 26
with respect to the incident X-ray beam. In this XRD configuration, the only detected diffraction

peaks will be those corresponding the lattice planes oriented parallel to the sample surface [31].

3.4 Optical spectroscopy

Polarized optical absorption measurements were performed at normal incidence in transmission
mode in the spectral range from 1.5 to 5 eV using a UV-Vis-NIR spectrophotometer Perkin-
Elmer Lambda 900, equipped with a depolarizer and Glan-Taylor calcite polarizers. It makes use
of Beer-Lambert’ s law, which relates the absorption of light to the number of molecules in the

path through which the light is travelling.

A=logly/l =¢.c.l (3.11)

Wherein A is the absorbance measured, |, is the intensity of the incident light, | is the transmitted
intensity, | the path length through the sample, and c the concentration of the absorbing species

and ¢ is the molar extinction coefficient (L mol™ cm™).
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3.5 Materials and samples

Three different organic molecules are introduced in this thesis. First two belongs to the category
of low molecular weight small molecules, a-quaterthiophene and a-sexithiophene while the third
one belongs to the category of polymers, poly (3-hexylthiophene-2,5-diyl).

3.5.1 a-Quaterthiophene (4T)

4T belongs to the family of oligothiophenes, n-conjugated organic molecules of different chain
length, consisting of thiophene rings (C4H,;S) as subunits. The thiophene subunits are bonded with
each other by o-bonds via its a-carbon atoms to form small chain length oligomers of thiophene
termed as a-nT (see Figure 3-11 Thiophene monomer presented with the atomic nomenclature for
the carbon atoms. n represents the number of conjugated rings in a given oligothiophene., 4T

consists of four thiophene subunits bonded likewise.

S
7N\
—C, C~
\c‘ c,/

/ \

Figure 3-11 Thiophene monomer presented with the atomic nomenclature for the carbon atoms. n
represents the number of conjugated rings in a given oligothiophene.

Since 4T has a higher vapor pressure, allowing reduced temperatures for thin-film growth
processes at relatively low temperature, together with its solubility, makes it a good candidate for
device fabrication, especially organic FETs [32]. Two polymorphs are known for 4T: the low
temperature (4T/LT) and the high temperature (4T/HT) polymorphs, both displaying a
monoclinic structure characterized by a layered herringbone arrangement of the molecules
(Figure 3-12 (a) and (b)) [33]. For the LT polymorph, the unit cell parameters are a = 6.09 A,
b=7.86A,c=3048A, and S =91.81¢, and the cell contains four molecules.
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Figure 3-12 (a) Crystal structure of 4T/LT, and (b) 4T/HT (H-atoms omitted). (c) Molecular orientation as
viewed along the [52 0 21] direction of 4T/LT and (d) as viewed along the [33 0 42] direction of 4T/HT. The
herringbone angle is also reported.

For the HT polymorph, the unit cell parameters are a=8.94 A, b=575A c=14.34 A, and p =
97.22°, and the cell contains two molecules. The main difference between the two polymorphs is
the tilt angle of the long molecular axis with respect to the (001) plane and the herringbone angle
(see Figure 3-12). Noteworthy, 4T/HT was never observed in thin films, while the usually

favored polymorphic phase of 4T is the low temperature one (4T/LT).

Substrates

The substrates used for the growth of epitaxial thin films of 4T are commercial (010) oriented

potassium hydrogen phthalate (KAP) and (001)-oriented pentaerythritol (PET) single crystals.
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a)

c) d)

Figure 3-13 (a) KAP molecule (b) Crystal structure of KAP (H-atoms omitted). (¢c) PET molecule (d) Crystal
structure of PET (H-atoms omitted). Purple, red, and grey caps represent K-, O-, and C-atoms, respectively.

Potassium hydrogen phthalate (KAP) single crystals were purchased from Ekspla (Vilnius,
Lithuania). KAP crystals belong to the orthorhombic system, with unit cell axes a = 6.48 A, b =
9.61 A, and ¢ = 13.33 A and space group Pca2; [34]. Figure 3-13 (a) and (b) shows the molecular
structure and crystal structure of KAP respectively. The molecularly flat (010) surface of the
crystal is prepared by mechanical cleavage in air immediately before the deposition, with
cleaving direction parallel to [101]kap [35]. The cleavage surface is a corrugated one, exposing
the phenyl rings which are tilted relative to each other whereas the potassium ions are located in
layers beneath.

The pentaerythritol (PET, CsH,0,4) substrates were provided by Fujian Institute of Research on
the Structure of Matter, China; they were grown by cooling an aqueous saturated solution of PET,
prepared at 75°C using materials with 98% purity. Small clear and transparent slabs,
approximately 1 to 2 mm thick and oriented parallel to the (001) plane, were cleaved from the

PET crystals grown by spontaneous nucleation and then used as seeds. The seeds were then glued
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onto a rod clothed with a plastic pipe and introduced into the saturated solution to grow pure

samples [36]. PET crystals belong to the tetragonal system, space group 14, with a=b = 6.079 A
and ¢ = 8.745 A unit cell axes and two molecules per unit cell. Figure 3-13 (a) and (b) shows the
molecular structure and crystal structure of PET respectively. Freshly cleaved PET substrates
with cleavage plane (001), with a peculiar corrugation interesting in view of epitaxy is used for

deposition.

Film growth

In view of deposition, 4T was synthesized by a standard procedure [37] and then purified
repeatedly by vacuum evaporation. Thin films of 4T were grown by OMBE at 5 x 107*° Torr
base pressure, with 170°C deposition temperature, while keeping the substrate at room
temperature. The sources were Knudsen type effusion cells with double heater and double
temperature control. The nominal film thickness was monitored by a quartz microbalance
mounted close to the substrate [38, 39]. Films of various thicknesses from 5 nm to 50 nm were

deposited with a rate of deposition of 8 A/min.

3.5.2 a-Sexithiophene (6T)

Sexithiophene (CyH14Se) is also called as o-hexathiophene, a-hexathienyl or a-sexithienyl
belongs to the class of p-type organic semiconductors. It is a planar, rod like aromatic organic
molecule. It belongs to the family of oligothiophenes and consists of six conjugated thiophene
rings. 6T is stable in air, easily vacuum processable, exhibits both high conjugation of n-electrons
and high crystallinity in the solid state. There are strong intermolecular n-n interactions between
the molecules, which arises due to relatively high molecular weight and conjugation of the
molecule. As a result, two-dimensional nucleation and the subsequent layer-by-layer growth of
the thin film phase is possible on inert substrates by deposition techniques in vacuum, makes the
molecule very interesting for devices like organic FETs [40-43]. 6T crystallizes in a layered
structure, stacked in a herringbone fashion with molecules all parallel to one another, and the

molecules are tilted to the lamellar plane [44].
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Figure 3-14 (a) Crystal structure of 6 T/LT, (H-atoms omitted). (b) Herringbone angle is presented.

In crystals, occurrence of two polymorphs are known: the low temperature (6T/LT) and the high
temperature (6T/HT) polymorphs, named after their preparation method[45]. The unit cell
structure of both polymorphs is monoclinic in nature with 4 and 2 molecules per unit cell for
6T/LT and 6T/HT, respectively. The 6T/LT phase is well studied and experimentally easier to
obtain compared to 6T/HT (unit cell and herringbone angle reported in Figure 3-14). However,
Servet et al. have reported the presence of polymorphism [46] in 6T thin films with cell
parameters different from those of the single crystal, while Porzio et al. has reported different 6T
unit cell parameters from powder [47]. The existence of such thin film phases is dependent on the
growth parameters.

Table 3-1 presents the reported unit cell parameters of 6T by XRD studies. On inert surfaces like
amorphous glass, silicon oxide or indium tin oxide (ITO), the 6T molecules adsorb in so-called
standing orientation with its long molecular axis nearly perpendicular to the surface. However,
depending on the type of substrate, the growth conditions and the number of monolayers, the
molecular orientation can get quite complex. The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) was experimentally determined to 5.2 eV
and 3.1 eV respectively [49].
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Table 3-1 Unit cell parameters, tilt angle of the molecular axis to the lamellar plane normal (), herringbone

angle (z), and interlayer spacing of the known crystalline structures of 6T [48]

6T-Porzio 6T/LT 6T/HT 6T-Servet
a(A) 45.38 44.71 9.14 5.98
b (A) 7.86 7.85 5.68 7.80
c(A) 6.03 6.03 20.67 50.28
B°) 99.0 90.76 98.0 111.3
#(°) 23.8 24.1 336 21.3
7(°) 62 65 55 62
Interlayer deoo) = 22.41 deoo) = 22.35 doony = 20.48 dooz) = 23.42
spacing (A)
Substrates

ITO patterned glass substrates are used for depositing 6T using OMBE. 3 x 3 cm? substrates are
purchased from ‘Naranjo substrates’ (see Figure 3-15 (a)). Prior to the OMBE deposition, the
substrates are cleaned by a cycle of ultrasonic baths with soap solution, de-ionized water and
acetone with each step lasting for 15 min. Afterwards, the substrates are dried by a stream of
nitrogen gas. The substrates are then cut in to smaller pieces and used for deposition. AFM phase
images of the surface of the ITO and glass substrates are presented in Figure 3-15 (b) and (c)
respectively. ITO surface consists of grains of various sizes ranging from 150 to 350 nm in
diameter. The r.m.s roughness estimated from 2 x 1 um*> AFM height image (not shown) is
9.1 nm. These ITO grains are expected to play a role on the surface morphology of the organic
molecules grown on top of it. The surface of glass is comparatively smooth with respect to ITO,
with r.m.s roughness of 1.3 nm.
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Figure 3-15 (a) Image of 3x 3 cm? area of commercially available ITO patterned glass substrate.
(b) 2 x 1 pm? AFM phase image of ITO surface. (c) 2 x 1 pm? AFM phase image of glass surface.

Film growth

Commercially available 6T microcrystalline powder is purified repeatedly using vacuum
sublimation prior to OMBE deposition. 6T thin films were then grown on ITO patterned glass
substrate by means of OMBE. Thin films of 6T were grown by OMBE at 5 x 10 *° Torr base
pressure, with 245°C deposition temperature, while keeping the substrate at room temperature,
while the thickness of the film is monitored by a quartz microbalance. Films of thickness varying

from 5 nm to 40 nm were deposited with a rate of deposition of 2A/min.

3.5.3 Poly (3-hexylthiophene-2,5-diyl) (P3HT)

The second category of organic electronic materials is conjugated polymers, lighter, more flexible
and less expensive materials. The presence of side alkyl chains, along the chain backbone
increases the solubility of the material. This allows easier solution based processing than their
small molecule counterparts. This makes polymers a desirable alternative in many device

applications like organic solar cells, OLEDS, OFETs etc although they cannot reach a high
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degree of structural order. Among conjugated polymers, poly (3-hexylthiophene-2,5-diyl) (P3HT)
(see Figure 3-16 (a)) is one of the well studied and most promising polymers for device
applications. For example, efficiencies over 6.5% has been reported for organic solar cells that

used regioregular P3HTs as the donor material [50].

P3HT can crystallize to form fibrils, depending upon the degree of regioregularity, defined as the
percentage of monomers adopting a head-to-tail (HT) configuration rather than head-to-head
(HH) [51]. Regioregularity of conjugated polymers is well known to be an important factor to
determine their order in the solid state such as crystallinity and molecular orientation [52, 53]. It
has also been reported that a higher regioregularity leads to better interchain interactions [54],
better morphological order leads to better charge mobility [55]. So in view of devices, higher the

regioregularity, better the device performance.

The fibrillar morphology is the signature of crystalline ordering in regioregular P3HT chains
while the absence of any such fibrils reveals the lack of self assembling of polymer chains. In
each fibrils, the P3HT molecules have extended conjugated backbones with adjacent molecules
stacking face to face and the long axis perpendicular to the fibril axis (which is also the 7-
stacking direction) [56]. Also, the plane of the conjugated backbone is perpendicular to the
substrate. A schematic representation of crystallization of P3HT fiber is illustrated in Figure 3-16

(b), and hopping of holes through the n- stacking is also reported in the same figure.
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Figure 3-16 (a) Molecular structure of P3HT. (b) Schematic representation of the crystallization of
regioregular-P3HT chains into one fibril due to n- stacking of the conjugated backbones. The
hopping of holes through the z- stacking is also illustrated.
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Substrates

The substrates used for deposition of P3HT thin films are cleaned ITO patterned glass substrate

and the details of substrate are explained in the previous sections (see Figure 3-15)
Film growth

P3HT polymer with different degree of regioregularity was prepared in Laboratory for Polymer
Synthesis, KU Leuven by Willot et al.[57]. Thin films of the P3HT with different degree of
regioregularity (56%, 83%, 89%, 95% and 100%) were deposited on ITO patterned glass
substrates by means of solvent assisted drop casting with chlorobenzene as solvent, at a
concentration of 0.2 mg mL ™. 25 mL cm™ of the solutions was drop casted on glass substrates
and allowed the solvent to evaporate overnight in a solvent-saturated atmosphere. The saturated
atmosphere results the solvent to evaporate slowly, in turn generating the film morphologies
approaching thermodynamic conditions. However, this process yields films with thickness less
than 20 nm.
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Chapter 4

4 Epitaxy of a-Quaterthiophene

Introduction

Among the organic molecules suitable for electronic applications, a-Oligothiophenes form an
important class under the category of small molecules [1]. This is therefore one of our choice. In
this section of the thesis we will present the results on the morphological, optical and structural
characterization of epitaxial thin films of a-quaterthiophene (4T) grown on two different organic
single crystal substrates namely potassium hydrogen phthalate (KAP) and pentaerythritol (PET)
using OMBE, and to corroborate the results, the molecular packing within the film, along with its
epitaxial relationship with the substrate is determined. KAP (010) is known to induce the growth
of crystalline 4T films having the structure of the LT polymorph [2] which is used as a reference
to understand the structural and morphological characteristics of 4T on PET. Also, here we show
how a proper choice of the substrate permits to select not only specific orientations, but also
polymorphic and pseudomorphic phases of the overlayer by comparing the results of the epitaxial
films grown on both substrates [3-5]. The possibility of growing crystalline organic thin films on
various organic substrates can be of great interest in fundamental studies as well as in the field of
novel photovoltaic applications like cascade organic solar cells [6]. In such applications, the
donor layer of the cell is made by combining different organic materials with complementary
light absorption ranges demonstrating how the control and study of organic-organic interface to

be particularly relevant.
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4.1 a-Quaterthiophene thin films on potassium acid phthalate (KAP) single

crystal substrate

The crystal structure and physical properties of 4T and KAP along with the description of the
growth process of 4T epitaxial thin films on KAP single crystals is presented in section 3.5.1. The
KAP (010) surface presents peculiar structural features that are very interesting in the context of
organic epitaxy, presented in Figure 4-1. The reason for selecting this substrate is, the presence of
phthalate conjugated rings surfacing at the cleavage plane, which is believed to induce, a specific
orientation of the 4T molecules through the m-m interactions [7]. This section of the thesis is
devoted to the structural, optical and morphological characterization of the samples.

Figure 4-1 (a) Orthorhombic crystal structure of KAP. (b) Caps model of the KAP (010) surface. White,
red, purple, and grey caps represent H-, O-, K-, and C-atoms, respectively.

4.1.1 Structural characterization

The structural properties of 15 nm 4T films, grown on KAP (010) by OMBE at room temperature
are investigated by XRD in 6-26 configuration and the out-of-plane molecular packing is inferred.
The measurements are performed in such a way that only reflections observed are those coming
from the families of lattice planes parallel to the substrate surface can be observed. However, in

this configuration, most of the diffracted intensity would come from the thick KAP crystalline
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substrate (usually the thickness of the cleaved KAP substrate is around 100 pum); as a result the
strong diffraction peaks of the crystalline substrate would conceal the weaker peaks originating

from the thinner 4T overlayers.

(002) Si(200)

(00 12)

20(°)

Figure 4-2 X-ray diffractogram collected in 6-20 geometry with a Cu-K, X-ray source, from a 4T thin film
with a nominal thickness of 15nm grown on top of KAP(010) single crystal. The (00l) peaks (labeled in blue,
where | is even) arise from the 4T film, while the silicon (200) (marked in black) originates from the silicon
stibstrate 11sed as a riaid stunnort for the heterostricture.

Therefore, to increase the sensitivity to the film signal and for avoiding the superposition of the
intense substrate diffraction peaks, we used a wet transfer technique for substituting the substrate
slab (surface area ca. 25 mm?, thickness ca. 100 um) with a Si(100) plate, whose diffraction peaks
are far from those of the overlayers. For this purpose, we sputtered an amorphous C-film on the
4T film surface; then, we placed the substrate/4T-film/C-film assembly on the surface of distilled
water from the substrate side. After an hours, the KAP substrate dissolved and the free insoluble
4T film covered with the C-film (which makes the film easily visible) was found floating on the
water surface. We placed the films on a Si (100) plate and let them dry in a nitrogen atmosphere
before data collection. The wet-transfer method is a well-established method for organic device
assembly, which can be routinely used for fast and cost effective device fabrication [8, 9].The
measurements have been carried out using a Cu-K, X-ray source (A= 1.54 A) and the resulting
diffractogram after wet transfer is shown in Figure 4-2. From the diffractogram, reflections from

the (00I) planes up to the sixth order corresponding to a spacing of 15.23 A were found. This
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spacing matches with that of the (002) planes of the LT polymorph of 4T [10], in accordance with
the known structure and orientation of these films. The presence of the (00I) reflections
(reflections shows no odd-l planes, which in agreement with the symmetry of the considered
system) of the LT polymorph indicate that, the crystalline domains are in contact with the
substrate with the (a b) crystal plane, parallel to the substrate surface; therefore the molecules
orient in almost upright standing position with the long axes of molecules form an angle of 24.8°
to the normal of the substrate plane [11] showing herringbone pattern. In the diffractogram, a
known peak of Si (200) can also be found, which is originated from the silicon substrate and can
be used as a mean to check the calibration of all the observed peaks positions.

4.1.2 Optical characterization

In the case of highly oriented crystalline thin films, polarized optical spectroscopy can give
significant hints about the orientation of the film crystal structure with respect to the substrate [3,
12]. In Figure 4-3, the absorption spectra of a 15 nm-thick 4T thin film grown on KAP (010) is
reported, as collected at normal incidence under linearly polarized light. A strong anisotropy is
observed in the spectra, indicating a preferential orientation of 4T crystalline domains, similar to

that reported in reference [7, 11].
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Figure 4-3 Absorbance spectra of a 15 nm-thick 4T thin film grown on KAP (010) taken at normal incidence
with light linearly polarized along different directions, labeled by the angle f between the electric field vector
and KAP [100].

The maximum peak intensity in Figure 4-3 was found at 3.69 eV for § = 90°, where £ is the angle
between the electric field vector of the light and axap, as sketched in the inset of Figure 4-3. A
similar peak position is reported in the literature as due to the ac polarized excitonic transition in
4T/LT, detected when impinging at normal incidence on the (001) crystal plane and is observed
in both single crystals as well as thin films [2, 13].However, the spectrum collected with
perpendicular polarization, i.e., with g = 0°, show a complete extinction of the peak. Maximum
peak intensity at # = 90° and a complete absence of the absorption peak in the spectrum at g = 0°
in Figure 4-3 reveal a complete film orientation, i.e. almost all the molecules contributing to the
absorption spectrum are oriented in such a way that their long molecular axis projection on the

substrate lies along the c-axis of the KAP (010) substrate.

4.1.3 AFM characterization

Local characterization of the morphology of 4T films on KAP (010) is done by TM-AFM. A
typical AFM height image of 8 nm nominal thick 4T thin films on KAP is reported in the Figure
4-4,
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o 10 20
Distance (pm)

Figure 4-4 20 x 20 pm? AFM height image of an 8 nm thick 4T thin film on KAP (010) showing needles and
islands. Below is the cross sectional signal along the white line.

The height image reveals the existence of two types of characteristic features on the substrate
surface, which are flat terraces and needle like crystallites oriented in four different directions
with respect to the ckap. The flat terraces contain few monolayers of 4T, which show almost the
same height, close to the nominal thickness. Since the terraces cover majority of the film, the
XRD reflection and the optical spectroscopy predominantly show the response from these
terraces. So the results of optical and the structural studies suggest that the molecules in the flat
islands stand almost in an upright position which is in agreement with the height of monolayer
measured by AFM, which is 1.5 £ 0.2 nm . In the case of 8 nm nominal thick films, the needles
height is 60 £ 20 nm, while the width of the needles is less than 50 nm. The typical length of the
needles is ranging from 2 pum to 8 um. The needles are observed to lie along four specific

directions, forming angles of + 5° and+ 63° with respect to the cyap.

4.1.4 Results

In the case of inorganic materials, epitaxial orientation is possible only when the lattice mismatch
falls within a few percent. However the situation is different in the case of organic epitaxy. In our

case, for example the lattice mismatch between the substrate and the overlayer is found to be very
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high. Yet our experimental results suggest that the orientational effect on 4T molecules by KAP
(010) substrate is very strong and effective. The reason for this rests on the concept of coincident
epitaxy, which is a more relaxed epitaxial condition holding for materials where bonding is weak,
as organics [14, 15]. Coincidence between KAP (010) substrate and the 4Toverlayer is classified
as line-on- line; in the line-on-line registry, non-primitive reciprocal vectors of the surface lattices
of substrate and overlayer coincide. Line-on-line is found to be the most common lattice registry
observed in the epitaxy of organic semiconductors [12, 16-18]. This occurs because in molecular
crystals surfaces are relatively more corrugated with respect to atomic materials, and corrugations
run often along non-primitive crystallographic directions [as in the case of the surface of KAP
(010)]. Therefore one can say that a minimum interface energy condition between two surfaces of

molecular materials is achieved by matching their directions of main corrugation.

The results of optical characterization are in total agreement with the structural information
obtained from XRD measurements. A molecular model of crystalline 4T islands on the substrate
is illustrated in Figure 4-5 and it corroborates the results of optical and structural studies. Figure
4-5 (b) presents the surface of KAP (010), which is corrugated in such a way that hydrogen atoms
forms grooves along the [101]xap . When the a axis of 4T is parallel to the ¢ axis of the substrate,
the [101]kap Will become parallel to [110],r and the molecules fit in these grooves giving rise to
line-on-line epitaxy. The 4T molecules are adsorbed on these hydrogen grooves on the substrate
surface, so as to have a closer contact with the substrate surface. In reference [11] it is reported
that in needles, molecules orient in such a way that the ac plane of the unit cell is parallel to the
surface of the substrate and the axes of needles are parallel to a,;. The surface potential
calculations of reference [11], is also in agreement with this structural model as the comparatively
large electrostatic interaction between the CH dipoles of the thiophene rings and the oxygen
atoms of the carboxylic groups of KAP makes the 4T molecules arrange in the discussed pattern.
In other words, the surface corrugation and surface potentials are complimentary to each other,
both illustrating the way molecules interact in solid state. This in turn suggests that in the case of
non equilibrium processes like the growth by organic molecular beam epitaxy, surface
corrugation is the most important parameter that determines the molecular orientation rather than

the crystalline periodicity or the possibility to form molecular complexes.
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Figure 4-5 Structural model of the epitaxial interface between KAP (010) and 4T/LT (001). (a) (Side view)
Under this epitaxial orientation, the main corrugations of 4T/LT and KAP, running along [100] and [001],
respectively, are observed to match, giving rise to a stable interface. (b) (Top view) Line on line epitaxy
between the main corrugation of KAP (010) along [101] of KAP with the <110> of 4T/LT.

4.2 o-Quaterthiophene thin films on pentaerythritol (PET) single crystal

Just like in the case of KAP (010), the PET (001) surface presents peculiar structural features that
are very interesting in the context of organic epitaxy, as shown in Figure 4-6. Notwithstanding the
tetragonal symmetry of the crystal, its basal surface is decorated by couples of C-atoms,
uniaxially aligned along PET [110] (see Figure 4-6 (b)). This confers the (001) surface a
peculiarly strong corrugation, which could in principle drive the orientation and structure of the
overlying 4T thin film.
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Figure 4-6 (a) Crystal structure of tetragonal PET (H-atoms omitted). (b) Caps model of the PET (001)
surface. White, red, and grey caps represent H-, O-, and C-atoms, respectively.

4.2.1 Structural characterization

Figure 4-7 shows the XRD pattern of a 15 nm-thick 4T film grown at room temperature on PET,
compared with that of a film grown under the same conditions on KAP. In the case of 4T grown
on KAP, only reflections corresponding to (002) planes of the LT polymorph were found, while
on the contrary, the peak positions in the pattern of 4T on PET suggest the presence of three
polymorphs. One of them is 4T/LT, since all the peaks present in the blue pattern (4T on KAP)
appear also in the red pattern (4T on PET) of Figure 4-7(b). Additionally, a series of reflections
up to the fourth order, consistent with a 14.23 A spacing, was found. This spacing matches with
that of (001) planes of the HT polymorph [10]. Finally, the most intense film peaks (labeled with
a star) correspond to an unknown phase (which we call pseudomorphic phase, 4T/PM), and show
a position in-between those of the HT and LT phases (but closer to HT). The interlayer spacing of

the corresponding lattice planes in the PM phase is 14.54 A,

Furthermore, the red pattern shows some intensity at 22.61°, which is attributed to the (020)
planes of the LT phase (and a peak at 20.27°, being a remainder of the dissolved substrate). The
presence of (00I) reflections indicate film domains composed of layers of molecules (length ca.
1.7 nm) all parallel to one another and standing almost upright with respect to the substrate plane.
In the LT phase (Figure 3-12 (c)), the molecules form an angle of 65° to the basal plane, which
reduces to 58°in the HT phase (Figure 3-12 (d)),). Accordingly, the PM phase would consist of

63



Epitaxy of a-Quaterthiophene

molecules forming an angle of ca. 60° to the basal plane. On the other hand, the presence of some
intensity from (0kO0) reflections of the LT polymorph is indicative of a phase with molecules lying
flat on the substrate i.e. where the ac plane of the 4T/LT is lying parallel to PET (001).
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Figure 4-7 (a) XRD patterns (. = 1.54 A) collected on 15 nm-thick 4T films (a) XRD patterns (4 = 1.54 A)
collected on 15 nm-thick 4T films grown on KAP and on PET (blue and red pattern, respectively). The
peak indexes refer to the substrate crystal structure. (b) XRD patterns collected on 4T films grown on KAP
and on PET after wet-transfer on Si (100) plates. The peaks are indexed in accordance with the known
crystal structures of the LT (green indexes) and HT (black indexes) polymorphs of 4T. The starred peaks
belong to the unknown 4T polymorph.
Considering the integrated area of the XRD peaks in Figure 4-7 as proportional to the square
modulus of the corresponding structure factors calculated from the single crystal structures of
AT/LT and 4T/HT, one can estimate the relative amounts of LT over HT, resulting 2:3. Assuming
structure factors for the PM phase similar as those of the HT one, the ratio among LT, HT, and

PM phase (the preponderant phase) can be calculated obtaining 2: 3: 12. From the XRD results,
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information about the contact planes of the three polymorphs with respect to the substrate was

found, as well as a new 4T phase observed.

4.2.2 Optical characterization

0.40 - PET[010] p=135°
p p=0° 3.64eV

PET[110]

Absorbance

25 3.0 3.5 4.0
Energy (eV)

Figure 4-8 Absorbance spectra of a 15 nm-thick 4T thin film grown on PET (001) taken at normal
incidence with light linearly polarized along different directions, labeled by the angle g between
the electric field vector and PET[010].

For studying the in plane azimuthal orientation of the mentioned polymorphs on a macroscopic
scale, polarized optical measurements were performed. Likewise in the case of 4T on KAP (see
Figure 4-3), polarized optical spectroscopy gives significant hints about the orientation of the
films or the film domains. The maximum peak intensity in Figure 4-8 was found at 3.64 eV for g
= 135°, where f is the angle between the electric field vector of the light and bpet, as sketched in
the inset of Figure 4-8. The spectrum collected with perpendicular polarization, i.e., with g = 45°,
does not show a complete extinction of the peak, so that the structure alignment should be only
partial, contrary to Figure 4-3 which shows a complete extinction. In addition, in the 45°
spectrum the main peak is shifted towards higher energy, at about 3.69 eV. This peak position
perfectly matches the ac polarized excitonic transition in 4T/LT, similar to that seen on 4T on
KAP.
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On the other hand, for 4T/HT the main absorption peak is at about 3.64 eV or slightly above, as
deduced from reflectance measurements reported in the literature [13]. Reflectance spectra of a
single crystal before and after the phase transition from the LT to the HT polymorph show that
the main peak in HT and LT polymorphs is found at 3.76 eV and 3.81 eV, respectively.
Considering a shift of 0.12 eV, that has been observed between reflectance and absorption spectra
in the LT polymorph [13], we deduced that in the HT crystal the main peak in absorption should
be at about 3.64 eV (or slightly above, considering that the shift could be smaller, being the peaks
at lower energy). In the absorption spectra in Figure 4-8, the observed position of the main peak
when it displays maximum intensity is indeed at 3.64 eV. This is in full agreement with the
estimated value for the main peak of the HT polymorph.

4.2.3 AFM characterization

In order to get a microscopic description of the samples along with the macroscopic one deduced
from optical spectroscopy, the surface morphology of the 4T films deposited on PET(001) was
studied by AFM and the results are summarized in Figure 4-9. The morphology indicates the
presence of a wetting phase of flat islands with a regular layered structure (terraces), and some
needle-shaped 3D crystals. The island thickness is close to the film nominal thickness (ca. 10
nm), while the needle height is of the order of 100 nm. The measured interlayer spacing in the
islands is 1.4 £ 0.17 nm (see Figure 4-9(d)), consistent with (00l)-oriented domains, i.e., with
molecules in an upright standing position with (a b) plane of 4T/HT parallel to PET (001). This
phase is therefore the one responsible for the detection of (00I) peaks in Figure 4-7 (as a
consequence, (0k0) peaks in XRD must be attributed to the needles). As shown in Figure 4-9 (c),
the terraces display a lozenge shape, which is typical to the growth of 4T, where the a-axis of 4T
align orthogonally to PET [110]. The needles are observed to be in four specific directions,
forming angles of + 20° (with an error of 2°) and very few ones forming 0° with respect to the
PET a-axis.
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Figure 4-9 (a) Optical micrograph of a 8 nm-thick 4T film deposited on PET(001). (b) The 30 x 30 gm* AFM
image showing both the flat islands and the needles. (c) The 10 x 10 zm? AFM image showing the lozenge
shape of fully formed terraces. (d) Cross-sectional profile as taken along the blue horizontal line in (b).
Inset: zoomed profile (inside the red circle) showing the layered film structure. The orientation of the PET
substrate indicated at the bottom-left corner of panel (a) holds for all panels.

4.2.4 Results

At first structural model of 4T islands is proposed. In absorption spectra, the peaks corresponds to
the 4T islands as the light is scattered off from the needles because of their thinner dimensions. In
the absorption spectra we did not observe separate peaks for HT and PM phases. Therefore, it has
been considered that the preponderant PM phase have almost the same optical response as the HT
phase. For discussing the epitaxial relation between 4T and PET, we start by considering the 4T
structure as belonging to the HT polymorph, then, we will use the conclusions to get some more
information on the new PM phase. When looking at the polarization angle giving maximum
intensity in Figure 4-8, a preferential alignment of the 4T film structure with respect to the PET
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substrate can be deduced: the [010] direction of the 4T/HT structure align parallel to the [110]
direction of PET(001). This configuration corresponds to a unit cell oriented with
4T/HT [100] // PET [110] and the 4T molecules almost standing upright (see Figure 4-10). This
preferred orientation is readily explained, since it brings to the alignment of the main corrugation
of the PET surface (enclosed between (110) planes) with that of 4T/HT (enclosed between (200)
planes. The matching requires a misfit below 4% (dy30 = 4.31 A and dyp = 4.47 A, respectively,
Figure 4-10). This lattice coincidence between substrate and overlayer is classified as line-on-
line, as explained in the case of 4T on KAP (010).

In the 4T/HT (001) // PET (001) interface, the coincident planes that give rise to line-on-line
epitaxy are 4T/HT (200) and PET (110) as shown in Figure 4-10 (a). From a combination of XRD
data and epitaxial arguments, we can infer some structural features of the new PM phase of 4T,
then justifying its selection by the PET (001) substrate. If we compare the two known polymorphs
of 4T, we realize that some relevant structural features are common to both of them: (i) all
molecules parallel to one another (Figure 3-12), (ii) layered arrangement, (iii) herringbone motif
and (iv) same volume per elemental molecular monolayer (730 A®). Starting from this last
condition (iv), we assume it to be characteristic of the mutual interactions between the
neighboring 4T molecules and therefore to be valid for the PM phase also. Hence, for an
interlayer spacing of 14.54 A, deduced from XRD as the one of the PM polymorph, a unit cell
basal surface of 50.2 A? is inferred (to be compared with 51.4 A for HT and 47.9 A for LT). Due
to the dominance of the new PM phase, we can assume it to have a surface lattice allowing for a
total compensation of the residual 4% lattice misfit given by the HT phase with the substrate. As
a consequence, we can guess the PM phase to have a spacing of its main corrugation (d,o)
matching that of PET (001) (di10 = 4.31 A). Following this we can deduce the following surface
cell parameters for the new PM polymorph: a=4.31 Ax2=8.62 Aandb =5.83 A.
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Figure 4-10 Structural model of the epitaxial interface between PET (001) and 4T/HT (001). (a) (Top view)
The spacing among (110) planes of PET (bottom left) highlighted by black lines is observed to equal that
among (200) planes of 4T/HT (top-right) when the epitaxial relation 4T/HT [010]//PET [110] is fulfilled. (b)
(Side view) Under this epitaxial orientation, the main corrugations of 4T/HT and PET, running along [010]
and [110], respectively, are observed to match, giving rise to a stable interface.

Back to the optical spectra of Figure 4-8, the non-negligible intensity observed for g = 45° and
the spectral shift of the corresponding peak up to 3.69 eV corroborate the existence of a small
portion of the 4T/LT polymorph which, in addition, possesses a peculiar, but different alignment
with respect to the PET substrate. The a-axis of the 4T/LT unit cell is exactly the same as the a-
axis of PET. This favors the presence of two orthogonal orientations for 4T/LT through the
epitaxial coincidences 4T/LT [100] // PET [100] and 4T/LT [100] //PET [010].
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The relative amounts of LT and HT+PM phases not distinguishable in films on PET can be
deduced approximately also from absorption spectra. To do this, the absorbance of two 4T films
grown contemporarily on PET and on KAP, therefore with exactly the same thickness, is
compared. Keeping in mind the two orthogonal orientations of the LT polymorph on PET, we can
to compare the intensity of the absorption peak of 4T/KAP, when the a-axis of 4T makes an angle
of 45° with respect to the polarization plane, with the minimum peak intensity at g = 45° of
AT/PET, both consistent with an ac polarized transition of the LT phase (# = 45° the absorption
peak does not possess the component from HT phase because of its unique orientation with
respect to the substrate). In this way, a ratio 1.6 is found between the LT response in the two
films, which corresponds approximately to the ratio between LT and HT+PM polymorphs in the
film on PET (001). Considering the uncertainty of such evaluation, this ratio very well matches
the 1:7.5 ratio between LT and HT+PM calculated from XRD results (see section 4.2.1),
demonstrating the full consistency of our structural and optical data.

Finally the epitaxial relation between the needles and the substrate can also be deduced. The
needle-like crystallites, observed in Figure 4-9 (a) and Figure 4-9 (b), display a well-defined
preferential direction. In the needles, the {020} planes of 4T align parallel to PET (001). Looking
at the model for the surface structure of PET (001) (Figure 4-6(b)), and following recent
arguments developed for organic epitaxy [11, 12], we heuristically assume that the 4T molecules
would find a favorable orientation when aligned parallel to [110]-oriented rows formed by
prominent H-atoms of the PET (001) surface (Figure 6(a)).
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Figure 4-11 Epitaxial orientation of 4T/LT needle-like crystals (elongated parallel to the short axis of the cell)
resulting from the alignment of the molecular axes parallel ((a) and (b)) and orthogonal ((c) and (d)) to the H-
atoms rows of the PET(001) surface. The 4T contact plane is (0 2 0) in (a) and (c) and (0 2 0) in (b) and (d).

In this arrangement, the needles of the 4T/LT phase, elongated parallel to the a-axis (short axis),
would form an angle of —20° with respect to PET a-axis, corresponding to the interface
4T(0 2 0)//PET(001) (the same angle would be —13° molecules were to orient as HT phase in
needles). The angle between the PET a-axis and the needles was experimentally found to be
-20 *+ 2° This clearly demonstrates the attribution of the LT polymorph to needle-like
crystallites and that their preferential alignment is driven by the collinear arrangement of 4T
molecules and rows of H-atoms on the PET surface. However, from optical and AFM images,

one can realize the presence of a non-negligible population of needles oriented at +20° with
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respect to the PET a-axis. In order to give rise to this orientation in needles, the alignment of 4T
molecules must be orthogonal to the rows of H-atoms of the PET surface, when contacting the
substrate with the (020) plane (Figure 4-11(d)). Surprisingly, the orthogonal alignment of 4T
molecules with respect to the hydrogen rows, are not selected when the contact plane is (020)
(Figure 4-11(c)). Similarly the orientation of the 4T cell symmetrically equivalent to Figure 4-11
(a) is selected with 4T (0 2 0) // PET (001), while (Figure 4-11(b)) is not selected. These findings
may be explained by a possible surface reconstruction and kinetics during the film growth of
PET (001), giving rise to a reduction of its symmetry. Sporadic needle orientation at 0° to the
PET a-axis is also observed (Figure 4-9(b)). This may derive from the almost perfect match
between the 4T/LT a-axis and the surface parameter of PET (001). However, in this case, two
orthogonal orientations would be expected, i.e., 4T/LT [100] // PET [100] and 4T/LT [100] //
PET [010]. In fact, the selection of only one of these arrangements is observed experimentally,
probably due to the same surface reconstruction leading to a dominant orientation of needles at —
20°.

4.3 Conclusions

4T thin films were grown by using OMBE on two different substrates, namely KAP and PET.
Substrate driven selection of crystal structure in epitaxial thin films of 4T has been studied and
discussed. The growth of 4T thin films on various organic single crystal substrates, such as KAP,
sexithiophene, tetracene, rubrene, etc., has shown the presence of either the LT phase or
pseudomorphic phases very close to the LT one.[3, 16, 19]. This study demonstrates that epitaxial
4T films can be grown also on single crystal PET, where a pseudomorphic phase very close to the
HT polymorph is found to be the dominant film phase. The possible epitaxial relations between
the lattice of substrate and overlayer are deduced. This is the first time that a polymorph close to
the high temperature phase of 4T is found in thin films grown at room temperature. The 4T/HT,
due to its better conductivity predicted, is considered as the most promising polymorph of 4T for
applications in organic devices [20]. The similarity in the microscopic properties of the PM and
the HT phase, as inferred from our results, suggests in principle that the newly formed PM phase
can also be exploited for making high quality organic devices. Moreover, the solubility of PET
enables the use of cost-effective wet-transfer methods, particularly useful also for device

processing. These results clearly show how the mechanisms of organic epitaxy can be exploited
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not only to drive the orientation of the overlayer in its thermodynamically stable phase, but also

to induce the growth of new and different oriented phases with useful physical properties.
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Chapter 5

5 Nanoscale study of electrical properties of
organic thin films by using conductive atomic

force microscopy

In this chapter, nanoscale morphological and electrical properties of 6T thin films grown by
OMBE are studied by using AFM and C-AFM, respectively. Here, C-AFM is employed in
different configurations to investigate the nature of charge transport mechanisms through organic
semiconductor thin films. The results on nanoscale electrical properties of 6T thin films are then
compared with the electrical properties of a polymer, P3HT.

5.1 Structural and morphological studies of 6T thin films on ITO and glass

X- ray diffraction measurements are performed (6/26 mode) at room temperature on 40 nm thick
6T films, deposited on glass and ITO substrates using OMBE. The diffraction patterns are
reported in Figure 5-1 (a) and (b) respectively for 6T deposited on glass and ITO, respectively.
The crystalline phase with standing upright molecules of 6T forming the low temperature
polymorph (6T/LT) is discernible through the presence of (h00) reflections on both the substrates,
consistent with an inter layer spacing (d,o0) of 22.35 A [3]. The crystal structure of 6T/LT belongs
to the monoclinic space group P2:/n with unit cell parameters a = 44.708 A, b = 7.851 A, ¢ =
6.029 A, p=90.76 A, and four molecules per unit cell. The molecules are stacked nearly parallel
to the long axis of the unit cell, leading to a classical herringbone structure with (b c) crystal face

as the contact plane with the substrate (see Figure 3- 14 (a)) [3-5].
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Figure 5-1 X-ray diffractogram collected in #-28 geometry with a Cu-K, X-ray source, from vacuum evaporated
6T thin films grown on top of (a) glass and (b) ITO. The (h00) peaks of 6T/LT are marked in black in (a) and
(b) The peaks marked in red come from ITO [21.

To get some insights about the local organization of 6T films grown on both glass and ITO,
optical and AFM images were collected. A 50 x 50 pm? optical image and 25 x 25 pm? AFM
height image of a 15 nm thick 6T film deposited on glass are shown in Figure 5-2, (a) and (b)
respectively. From both optical and AFM images, two types of morphologies can be observed;
predominantly a background matrix of 6T grains (region 1 in Figure 5-2) and dendritic structured
islands (region 2 of Figure 5-2). The dendritic islands grow randomly with different micro scale
sizes (ranging from 1pum to 25 pm in length, along the long axis of the dendritic islands). AFM
scan on 6T films with different thickness revealed that the dendritic islands are visible on very
thin films (less than 20 nm thickness), while they are absent in thicker films; by increasing

thickness, the background grains possibly grow on top of the dendritic islands.
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Region 1

Figure 5-2 (a) 50 x 50 pm?’ optical image of a 15 nm thick 6T film on glass. (b) AFM height image of
25 x 25 pm? area of a 15 nm 6T film on glass showing background grains and dendritic islands.

AFM scans over smaller regions are performed by scanning a 2.5 x 2.5 um? area in region 1,
finding two types of self organized domains (see Figure 5-3): three dimensional pyramidal
domains and elongated needle like crystallites. To better understand how these two self organized
domains evolve during early growth stages, AFM scans were performed on samples with
different thickness, starting from very thin samples.
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Figure 5-3 (a) 2.5 x 2.5 pm? AFM height image of a 15 nm nominal thick 6T thin film on glass in region 1
(comprises of pyramidal islands and needle like crystallites). (b) Cross sectional height signal along the red
line on (a).
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Figure 5-4 shows a sequence of AFM height images of 6T films on glass with increasing
thickness. This type of growth is reported to be diffusion mediated thin film growth [6] described
by the following steps. First, monomers diffuse on an almost bare substrate, eventually a stable
nucleus is formed when a critical number of monomers join together (Figure 5-4 (a)). In the next
step, adsorbates nucleate new islands, and they start to aggregate into existing ones (Figure 5-4
(b). Finally, some small islands coalesce to form large grains (Figure 5-4 (b) & (c)). The process
strongly depends on the growth conditions (deposition rate, substrate roughness etc)).The r.ms
roughness of the film (R,) is labeled on the AFM height images in Figure 5-4 and as might be
expected, the r.m.s roughness increased with the thickness of the film.
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Figure 5-4 Sequence of AFM height image of 6T thin film with increasing nominal thickness on glass
substrate (a) 5 nm (b) 8 nm (c) 10 nm (d) 15 nm (e) 25 nm. The r.m.s roughness (R) is labeled on the images.

From Figure 5-4, it is possible to identify the manner in which 3D pyramidal islands are grown.
Each island is formed of an array of monolayer terraces of 6T nucleated one over another (from

here on ‘terraced islands’). A typical monolayer at the base of the island has a diameter of
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450 £ 30 nm and height of an island is roughly equal to the thickness of the film. A magnified
AFM scan on terraced islands is shown in Figure 5-5 (a) over a 1.2 x 1.2 pm? region. The cross
section signal of Figure 5-5 (b) reveals the step height to be 2.4 + 0.1 nm, which matches with the

deooy Spacing of 6T/LT unit cell (Figure 3-14) [7, 8]. This implies that 6T molecules prevalently

Height (nm)

Figure 5-5 (a) 1.2 x 1.2 pm? AFM height image showing monolayer terraces of 10 nm thick 6T film on glass.
(b) Section along the red line on (a) showing step height of 2.4 £ 0.1 nm.

orient with the long axis nearly perpendicular to the substrate surface and the crystals are grown
with their (b c) plane parallel to the substrate [4, 9]; this is in agreement with previous
observations on 6T thin films grown on relatively inert surfaces, such as SiO, or KBr [10, 11].
Loi et al. [7] have extensively studied such monolayer 6T terraces deposited on smooth substrate
like SiO,, reported single crystalline orientation inside the monolayers. However, the amorphous
glass substrates offer relatively higher surface roughness when compared Si/SiO, substrates
(Si/SiO; substrate has r.m.s roughness of 0.2-0.3nm [7], while the measured r.m.s roughness of
glass is 1.2 nm). The roughness of the substrate is likely to play a role in the self organization of
molecules inside the monolayer terraces on glass. From the height image shown in Figure 5-6 (a),
the monolayer island appears to be rather flat. In order to investigate the effect of substrate
roughness on the self organization of molecules in monolayer terraces, we used AFM in phase
imaging mode. Phase imaging (see section 3.2.1) is a powerful tool for mapping small variations
in sample properties that may not be evident from height images, at very high resolution. From

the phase image Figure 5-6 (b), we observed sub contrast within each monolayer islands.
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Figure 5-6 (a) AFM height image of an 8 nm thick 6T film showing monolayer terraces. (b) Phase image
of (a) showing nano crystalline substructures within the terraces; (c) zoomed phase image.

The sub contrast in phase image is roughly circular, with diameter of 25 + 5 nm, and indicates the
existence of crystalline sub domains (made of standing molecules) within the monolayer islands.
This will bring additional grain boundary resistance within each monolayer island, a bad scenario
in view of devices. The effect of such grain boundaries on local electrical conductivity will be
discussed in the later part of this chapter. Such polycrystallinity can be seen as a direct
consequence of the roughness of amorphous substrates, as the molecules could crystallize only
over a short range, there by forming nano crystalline domains (such sub domains are not reported
on Si/SiOy).
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Figure 5-7 (a) Three dimensional AFM height image of an 8 nm thick 6T film on glass. (b) Lying orientation
of 6T molecules in needles. (c) Vertically standing terrace orientation of molecules in the three dimensional
domains.

The terraced islands can progressively incorporate flat-lying molecules to form needle like
crystallites [12] (see Figure 5-7 (a)) during the evolution of the growth process. In needles, (a c)
plane of the 6T unit cell is parallel with the substrate surface [12] (see Figure 5-7 (b)). Height of
the needles are approximately three times that of terraced grains as shown in Figure 5-3 (b) (in
15 nm thick films, typical needle has a height of 50 + 20 nm), whereas the width is of the order of
the tip diameter (typically 20-30 nm). The 6T needles do not exhibit terraces, like in the case of
terraced grains. From a large number of AFM height images inspected, the needles seems to grow
on top of three dimensional domains, not in direct contact with the bare substrate. The needles
nucleate on the step edges of the monolayer terraces (see Figure 5-7 (a) marked in red). As the
needles grow on top of the terraced islands, such structures are not favorable for device
applications like transistors and diodes, as the connection to the electrode will be limited and the

circuit will offer very high resistance due to the presence of added grain boundaries.
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Figure 5-8 (a) 25 x 20 pm* AFM height image of 15 nm 6T thin film on glass showing dendritic island, (b) and
(c) 1.3 x 1.3 pm? and 0.25 x 0.25 pm?® magnified images of grains in dendritic island area respectively.

Figure 5-8 shows the topographic image of dendritic island of region 2 (see Figure 5-2) on a
15 nm thick 6T film. Generally dendritic islands occur during epitaxial growth in systems where
island edge diffusion is restricted [13]. Albonetti et al. [14] reported that the shape of 6T
monolayer islands changes from round shape to dendritic with different properties of the
substrate. They have reported the presence of dendritic islands when deposited on the native
Si/SiOy substrate with less resistivity, while on native Si/SiO, substrates with higher resistivity,
6T islands were observed to be round shaped and smaller in size compared to the others [14]. In
the present case, the amorphous glass substrate might possess numerous local surface defects
when compared to the native Si/SiOy substrate. The incoming molecules can be immobilized at
the local surface defects on the glass surface, resulting in a nucleation governed by surface
defects, affects the crystallinity of the film. As a hypothesis, we propose such immobilization of
molecules, due to the presence of local defects on the substrate, which can lead the formation of
dendritic islands (see Figure 5-8 (a)), while on smooth areas of the substrate round terraced grains
(see Figure 5-7 (a)) are observed, similar to that reported in [14]. The granular grains inside the
dendritic islands exhibit no terraces (with a diameter of 100 £ 10 nm) indicating amorphous
grains. The presence of such islands has been shown to cause transport limitations in device
applications [15].
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Figure 5-9 (a) 50 x 50 pm’ optical micrograph of a 15 nm 6T film on ITO. (b) AFM height image of
25 x 25 pm? area of 6T thin film on 1TO.

Organic semiconductor/ITO interface is of great interest for device applications. ITO surface
offers relatively higher roughness compared to glass substrate (see Figure 3-15). 6T thin film
deposited on ITO exhibits different types of morphologies. A 50 x 50 pm? optical micrograph and
25 x 25um? area AFM height image of a 15 nm nominal thick 6T thin film on ITO are shown in
Figure 5-9 (a) and (b), respectively. Both microscopy measurements indicate similar types of
morphology as those previously observed; a background matrix of 6T 3D grains (region 1) and
dendritic 6T islands (region 2).

Figure 5-10 (a) 5 x 5 pm? AFM height image of 15nm thick 6T film on ITO. (b) Magnified scan of (a) (1 x 0.5
pm? area) showing back ground grains and the substructure inside it. (c) 1 x 0.5 pm? area AFM height
image showing grains in the dendritic island.
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To get better insight about the morphology of grains, smaller size AFM scans were performed.
The topography of the background 3D grains in region 1 of 15 nm thick film are shown in Figure
5-10 (a). A magnified scan on Figure 5-10 (a) indicates that the self organization of molecules in
3D grains on ITO (see Figure 5-10(b)) is different from that previously observed on glass. While
grains on glass substrate exhibit monolayer terraces, grains on ITO do not exhibit such terraced
organization, suggests that the relatively higher roughness of the ITO surface (Figure 3-15)
hinders the diffusion and aggregation of sexithiophene into terraced grains. The dimension of
these 3D grains are 220 + 20 nm in diameter, as seen in Figure 5-10 (b). The individual grains
are made of small granular substructures of 35 + 5 nm diameter as displayed in Figure 5-10 (b).
Such substructures evidenced from the phase image of monolayer terraces (not visible from
height image) on glass substrate (Figure 5-6 (b)) are clearly noticeable from the height image of
Figure 5-10 (a). Needle like crystallites reported on glass substrate do not grow frequently on ITO
substrate like in the case of glass substrate (see Figure 5-3 (a)). The grains in the dendritic islands
of 6T on ITO are quite similar to those observed on glass (Figure 5-10 (c)). They are granular,
100 £ 20 nm in diameter. These grains do not show any terraces or substructures within, indicates

the amorphous nature of grains.
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Figure 5-11 Sequence of AFM height images of 6T films with increasing thickness on ITO (a) 5 nm (b) 8 nm
(c) 10 nm (d) 15 nm (e) 25 nm. The r.m.s roughness (R) is noted on the images.

The evolution of 6T film with thickness on ITO substrate is shown in Figure 5-11. For lower
thickness (see Figure 5-11 (a) and (b)), the film follows the surface morphology of the ITO
surface. With increasing thickness, 3D grains are formed. The dimensions of 3D grains become
smaller for thicker films. To understand the evolution of film morphology, r.m.s roughness of
both substrate and films are compiled and compared. The r.m.s roughness of the 2 x 2 pm? ITO
substrate is 9.1 nm (Figure 3-15 (b)), with the surface of ITO exhibiting not so flat grains of
different sizes (ranging from 250-350 nm in diameter). Each single grain of ITO also exhibits
r.m.s roughness of 4.5 = 0.1nm. The r.m.s roughness of the film shows an increasing trend with
film thickness as shown in Figure 5-11, starting from 3.9 nm for 5nm thick film. Comparing the
roughness of the substrate and the overlayer, it can be concluded that molecules fill the valleys in
between the ITO grains substrate initially, and then 6T 3D islands start to grow on top of the ITO
grains, where each 3D island forms by amalgamation of sub structures. The substructures are a
direct consequence of roughness on each ITO grain. XRD studies in the earlier part of this

chapter indicated standing self organization of 6T on ITO. That means, the molecules join to form
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small crystallites, but due to the roughness of the ITO substrate, the crystalline orientation stays

short ranged.

5.2 Study of electrical properties of 6T using C-AFM

C-AFM is employed to study the nanoscale electrical properties of 6T. Here, C-AFM tip coated
with Ptlrs, with work function @ ~ 5.2 eV [16] is employed as anode while the ITO with work
function 4.8 eV is employed as cathode. Fermi level alignment of the 6T film in diode
configuration during C-AFM analysis is described in Figure 5-12. Figure 5-12 (a) presents the
energetic band diagram, before it is electrically connected. When the electrodes are directly
connected to 6T, and no voltage is applied, the Fermi levels align and the built in potential Vy (~
0.4 V) induces a band bending which prevents the hole injection at the anode tip. This is known
as short circuit condition, represented by Figure 5-12 (b). When a positive potential is applied to
the cathode (from here on positive dc sample bias), holes are injected at the cathode and move
towards the tip anode (see Figure 5-12 (c)). While the band bending is favorable for the transport
of holes from cathode to anode in positive dc sample bias, the energy level difference of ~ 0.4 V
between the cathode (ITO) and HOMO of 6T constitutes a significant barrier for the holes. When
a negative potential is applied to the cathode (from here on negative dc sample bias) exceeding

the built in potential Vg, holes injected at the anode move towards the cathode (see Figure 5-12

(d)).
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Figure 5-12 Energy band diagram of C-AFM diode configuration when (a) not electrically contacted to (b) in
short circuit condition at zero dc sample bias, (c) in positive dc sample bias (d) in negative dc sample bias.
The direction of hole transport is indicated by red arrow in (c) and (d). The energy levels are given in eV
relative to vacuum level.

The work function of the Ptlrs coated C-AFM tip is the same as the HOMO level of 6T and this
ensures a perfect ohmic contact (no barrier) at the tip-film interface on injection of holes from the
tip. The work function of both electrodes lie close to HOMO of 6T, hence favor the only transport
of holes through the HOMO, whereas electron transport through the LUMO of 6T is practically
impossible. The C-AFM tip-sample contact radius in this case can be extracted from the Hertzian
equation (3.9), given in chapter 3. Applying the values of Young modulus for small molecules of
~ 15 GPa [17], tip radius of ~ 20 nm and the applied force between the tip and the sample surface
of ~6 nN, leads to a typical contact radius of ~ 2 nm. This low contact radius at low forces
strengthens the non-destructive probing of the sample surface with a high lateral resolution (< 10

nm).
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5.2.1 6T on glass in side configuration
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Figure 5-13 (a) 30 x 30 pm® C-AFM height image of a 15 nm thick 6T film on glass displaying background
grains and dendritic islands. Below is the height profile corresponding to the white line displayed. (b)
Simultaneously acquired current image showing different current contrast at the dendritic islands and back
ground grains at a dc sample bias of -2 V. Below is the current profile corresponding to the white line
displayed. Black color at the bottom of (b) represents zero current when no bias is applied.

In side configuration the local measurement was made close to, yet not directly above the ITO-
electrode, in order to force the transport laterally through the 6T film. Typical morphologies of
6T thin films over an area of 30 x 30 um? and their electrical response simultaneously acquired
for dc sample bias of -2 V (holes injected from tip) are shown in Figure 5-13 (a) and (b)
respectively, for the film deposited on glass with 15 nm nominal thickness. As previously
explained, the height image shows two types of morphologies: background grains and dendritic
islands. The black color in the bottom of current image in Figure 5-13 (b) corresponds to a zero
current signal. It is evident that the two regions, i.e. the background grains and the dendritic
islands has different current response for a given dc sample bias. From Figure 5-13 (b), in
particular looking at the current profile, the dendritic islands are observed to conduct less, when
compared to the background matrix. For a bias of -2 V in Figure 5-13 (b) the dendritic islands

show C-AFM current of 220 £ 20 pA, while the back ground grains shows current value of
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550 £ 20 pA. This lower current contrast at dendritic islands ought to arise from a combination of
three possible causes: a) unfavorable injection to the grains from tip due to a possible barrier
induced by the modification of HOMO level of 6T, b) difficulty in transport in the amorphous
grains where the m-stacking may be altered c¢) difficulty for charge carriers in crossing the
interface between the dendritic island and the background to reach the ITO electrode by lateral

transport due to high grain boundary resistances.

In order to better understand how the background grains conduct, scans over smaller areas were
investigated over the background matrix. Figure 5-14 displays the topography and corresponding
current image for dc sample bias of -2 V over an area of 1 x 1um? in the background matrix. As
previously explained, two types of crystallites are observed on background grains, the terraced
grains and needle like crystallites. A needle is marked in yellow and a grain marked in white in
Figure 5-14 (a). The current and height profile signal corresponding to the blue line drawn on (a)
and (b) is presented in Figure 5-14 (c). It is observed from the Figure 5-14, that the current
response in two types of crystallites in the background matrix differs. The needle like crystallites
conducts much less compared to the top of the grains (see Figure 5-14 (c)), within the voltage
limit applied. For a sample bias of -2V, the top of island exhibits a current of -550 + 20 pA, while
a needle exhibits current of —100 * 30 pA.
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Figure 5-14 (a) 1 x 1 pm?AFM height image of a 15 nm thick 6T film over the background matrix displaying
terraced grains ( marked in white ) and needles ( marked in yellow ). (b) Corresponding current image at dc
bias of -2 V, showing the specific current input of both the grains and needles (Black region at the bottom of
(b) represents the current signal at 0V dc sample bias). (c) Section signal comparing the height and current

corresponding to the blue line displayed on (a) and (b).

Possible reasons for the lower conduction trough the needles are: a) unfavorable injection to the
grains from tip due to a possible barrier induced by the modification of HOMO level of 6T, b)
needles grow over the terraced grains with a height three times higher than the grain itself. Given
the fact that the orientation of molecules in needles are different from that in the terraced grains,

the transport of holes from needles to the background can be hampered, owing to the highly

resistive grain boundaries, resulting in low current signature in needles.
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Figure 5-15 Transverse shear microscopy image of pentacene deposited on SiO, showing well defined
faceted grains in the first monolayer. In this image the contrast corresponds to grain orientation. Inset
presents the schematic of herringbone packing motif of pentacene molecule in nearby islands forming grain
boundaries. Adapted from [1].

Also, the conductivity is high at the top of the grain, while less at the grain boundaries. This is
illustrated by taking the example of pentacene monolayer reported in the literature [1]. Figure
5-15 presents transverse shear microscopy image of a small molecule, pentacene deposited on
Si0O, showing well defined faceted grains in the first monolayer [1]. In this image the contrast
corresponds to grain orientation and the formation of grain boundaries are schematically
represented in the inset of the same image. In the case of polycrystalline thin films of 6T, the in-
plane orientation of molecules in different islands are in random direction just like in the case of
pentacene (see Figure 5-15), causing disorder at the grain boundaries, which will affect the
n-stacking and hampers conductivity at the grain boundaries. This is evidence to the fact that
C-AFM, in this specific geometrical configuration and bias, probes the local current over a

nanometric volume, just under the tip.

The origin of C-AFM current contrast is discussed in section 3.2.3 of chapter 3. According to
that, in this very C-AFM geometry and bias, we expect local probing of current. In order to prove
the local probing, we monitored the dependence of C-AFM current with respect the distance from
the back electrode ITO, on a 15 nm thick 6T film at a dc sample bias of -2 V. Figure 5-16 (a)
presents the C-AFM height image with ITO at one side, (b) presents the current image and (c)
presents the average current profile over the line scan in the dashed square in (b). The profile
shows that the current (see Figure 5-16 (c)) is almost a constant over a distance of 50 um. The

uniform current is expected for the particular distance, where contact resistance dominates over
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the transport resistance (0 < 1) according to the model discussed in chapter 3. As a consequence,
the current probed is local and hence no significant variation with distance from the cathode is
observed.

40nm
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Figure 5-16 (a) C-AFM height image of a 15 nm 6T thin film in side configuration, cathode ITO is at one
end. (b) Simultaneously obtained current image for dc sample bias of -2 V. (c) Average current profile over
the line scan in the dashed square in (b).

Figure 5-17 presents the C-AFM current image 15 nm thick of 6T thin film obtained by ranging
the dc sample bias from 0 V to -3 V along the slow scan axis, i.e., the vertical direction. The
current progressively increases with the applied bias, as expected. The current-voltage
characteristic constructed from the line-averaging of the current image vertically is shown in
Figure 5-17 (b) and exhibits a quadratic dependence of current over voltage, indicating
dominating space charge limited current in the measurements. In this configuration and bias, the
contact resistance dominates (0 < 1) and the C-AFM current probing is highly local, effective
over a small volume under the tip with a radius Z. From the current voltage characteristic of
Figure 5-17 (b), it is possible to extract the value of mobility from the equation (3.8) (the
modified Mott-Gurney equation). The contact radius r, calculated from equation (3.9) is ~ 2 nm;
Z is ~ 30 nm. The value of Young modulus is ~ 15 GPa for small molecules [17] and & = 3, a
typical value for organic materials. The local mobility extracted using these values in equation
(3.8), is 0.52 x102 cm?/V s.
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Figure 5-17 (a) C-AFM current image of a 5 x 5 pm? area of 15 nm 6T thin film on ITO substrate obtained
by varying the dc sample bias from 0V (top of the image) to -3V(bottom of the image). (b) I-V characteristics
derived from line averaging of the current image. Inset shows the 1-V curve in log-log scale.

Charge transport in side configuration is comparable to that in a transistor, where molecules are
oriented in upright standing position and charge transport occurs through the favorable n-stacking
direction. Therefore, the mobility extracted using C-AFM configuration is compared with FET
mobility. The highest reported FET mobility of 6T is (2 — 3) x10 cm?/Vs [18, 19], while in our
case is approximately 5 times lower than the highest mobility reported. This difference in the
mobility is expected and is attributed to the fact that we used amorphous glass as substrate (r.m.s
roughness 1.3 nm), while highest mobilities are often reported on transistors with 6T deposited on
smooth SiO, (r.m.s roughness < 0.3 nm [7]) substrates. As a result, the molecules orient better on
SiO,, results in better overlap of nearest neighbor molecular orbitals and hence provides better
carrier mobility. Also the current contribution due to low conducting needles and grain
boundaries include, while line averaging the C-AFM current image, decreases the intensity of
current measured, there by decreases the mobility. However the significance of this result rests
on the fact that the modified Mott-Gurney equation provides a non destructive way to extract

local mobility of sophisticated organic devices.

As local current is probed in C-AFM at this configuration and bias, it is possible to extract the

local mobilities offered by a specific area in a polycrystalline film. As the top of the grain and the
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grain boundaries conduct differently, and thanks to the high resolution of C-AFM, it is possible to
compare the mobility at the grain boundaries with respect to grains present in the 6T film. In
Figure 5-18 (a) current voltage curves are constructed for these two specific areas, on top of the
grain and at a point on grain boundary by scanning same area with a sample bias starting from 0V
to -3V, in 0.5V increment steps.
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Figure 5-18 (a) 3 x 0.75 pm? height image of 15 nm thick 6T film, in which a grain boundary is marked in
green and top of the grain is marked with yellow box. Different sample bias is applied on the scan area
starting from 0 to -3 V with an increment of 0.5 V. (b) I-V curve constructed by taking average current on the
marked grain for different voltages (c) I-V curve constructed by taking current for different voltages on at the
star marked point on the grain boundary.

The I-V curve thus constructed on the top of the grain, marked in yellow in Figure 5-18(a), is
shown in Figure 5-18(b), it shows a quadratic dependence of current over voltage indicating
SCLC mechanisms is acting. The fit of the SCLC behavior yields the local mobility values over a
well oriented terraced grain by substituting the values of ro, Z and ¢ defined in the previous
paragraph in equation (3.8). The local mobility extracted is 1.4 x10 cm?/Vs, very close to the

highest reported mobility for 6T transistors. Similarly 1-V profile constructed from grain
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boundary (see Figure 5-18(c)) yields a value of 0.22 x 102 cm?Vs. It indicates a decrease of
about one order of magnitude in the mobility values at the grain boundaries when compared to

highly oriented grains.

It is observed that the 6T grains cover the substrate surface completely after a critical nominal
thickness of ~ 10 nm. All films with nominal thickness above 10 nm provide same electrical
response as that described above. Films with nominal thickness below 10 nm are partially
covered on the glass substrate. The investigation on the first few layers of 6T thin films,
demonstrated to be the only ones responsible for charge transport, in the case of orderly grown
layered 6T transistors [20]. In order to study such partially covered films, we deposited films with
8nm nominal thickness at a very low deposition rate of 0.5 A/min. Figure 5-19 (a) is a schematic
representation of film structure observed in these samples, while Figure 5-19 (b), presents the
C-AFM height image of partially covered film showing a critical degree of coalescence between
the islands. The scan was performed at a distance 200 um away from the ITO cathode. The film
shows predominantly monolayer islands of 6T connected to each other with a critical degree of
coalescence. Some of them show up to 3 monolayer terraces one on top of another. The white
features in Figure 5-19 (b), represents the second and third monolayer terraces. The current image
is presented in Figure 5-19 (c). However the current image does not show expected correlation
with the height image. Some grains showed higher conductivity while some others are less
conductive, even though the height images presents homogeneous distribution of 6T islands. To
better understand this unexpected behavior we made I-V curves on specific grains in three
different regions. At first we took I-V curves on the grains well connected to ITO and at a very
close distance L (within 5um) (on region 1, marked with a red star in Figure 5-19 (a)). Here, as in
the case of thick films, the grains exhibit a quadratic dependence of current with respect to the on
voltage i.e. a slope 2 in log-log scale (see blue curve of Figure 5-20). As in this current regime the
distance L between the probe and the ITO is small, the current is contact resistance dominated

(6 < 1) and follows space charge limited mechanisms, as explained in chapter 3.2.3.
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Figure 5-19 (a) Schematic diagram of partially covered 6T thin film showing region 1, region 2 and region
3. (b) 10 x 10 pm? C-AFM height image at a distance 200 pm away from the ITO. (c) Current image of (b)
showing region 2 and 3 at a dc bias of -2 V. The stars indicate the areas in which 1-V profiles (point and
shoot) has been recorded. Red star represents region 1, green star represent region 2 and white star
represent region 3.

However it is found that when the distance between the probe and the ITO (L) increases to nearly
200 upm, the current starts decreasing with distance and does no longer provide a contact
resistance dominated current. It has to be noted that for this probe-ITO distance in well connected
thicker films, the dominating current was space charge limited. We performed I-V curves on
grains showing different current response in current image (Figure 5-19 (b)), which is scanned at
a distance L ~ 200 pm. In Figure 5-19 (b)), there are grains showing higher conductivity (from
here on called as region 2, marked with green star in Figure 5-19 (a) and (c)) and grains showing

lower conductivity (region 3, marked by white star in Figure 5-19 (a) and (c)).
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The local I-V curve recorded in region 2 and reported in Figure 5-19, exhibits a linear
dependence of the current with the voltage (slope~1 on the log-log scale I-V characteristic) (see
black curve of Figure 5-20).This can be explained on the basis of transport resistance dominated
current mechanisms explained in section 3.2.3. It has to be noted that since the film is not fully
covered, the holes injected from the probe have to travel very large pathways effectively to reach
the ITO, even though L is 200 um. Since effective distance to be travelled by the holes increases
significantly for partially covered films, transport resistance dominates over contact resistance
and results in transport resistance dominating regime here i.e. 0 > 1. The large distance to the ITO
back electrode also explains the smaller current values in region 2, as compared to I-V
characteristics recorded with the same dc sample bias in region 1. Such linear dependence of C-
AFM current on voltage has been observed previously by Bolsee et al [21] where current
decreases with distance. The resistance of the film calculated from the linear I-V curve in
transport dominated regime is (4.7 + 1) x 10° Q which is close to the value reported in the
literature [21].
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Figure 5-20 Local I-V characteristics recorded on region 1 (blue), region 2 (black) and region 3 (red) in log-
log scale showing quadratic variation of current with voltage for region 1 and 3 while a linear current
voltage relation is displayed in region 2

The grains with lower conductivity in region 3 of Figure 5-19 (c) are poorly electrically
connected to other grains, i.e. they are connected to other grains at very few points only, and

displaying a lower conductivity when compared to region 1 and 2, represents another electrical
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regime. Interestingly the 1-V curve recorded here shows a quadratic variation of current with
respect to the voltage (slope nearly 2 in log-log scale), with the current intensity lower than that in
region 1 and region 2 for any bias (see red curve of Figure 5-20). A hypothesis to explain this
behavior can be proposed. In these not very well connected grains, grain boundary resistance
(Rqr) becomes predominant relative to the transport and contact resistances and greatly limits the
charge transport from one grain to another. The quadratic variation of current with respect to
voltage is typically a signature of space charge limited current. However whether the observed

OpA

guadratic behavior is related to space charge mechanism is still an open question.
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Figure 5-21 (a) Height image of a 500 x 250 nm? area of 6T monolayer deposit on glass substrate and its
height profile below. (b) C-AFM current image of (a) at -1.5 V dc sample bias. (¢) & (d) Cross sectional
height and current profile along white lines on (a) and (b) respectively.

In view of understanding the local electrical properties in a single terraced grain, when they are
contact resistance dominated (region 1), magnified C-AFM scans were performed. As explained
before, the phase images (see Figure 5-6 (b)) obtained using AFM displayed mosaics like nano
crystallites in magnified scans. Using C-AFM, the local electrical properties of these nano
crystallites are investigated. Figure 5-21(a) displays the topographical image of a monolayer
grain. Looking closely at the corresponding current image at a dc sample bias of -1.5 V (Figure
5-21 (b), it is observed that the monolayer island does not conduct uniformly, but it comprises
highly conducting spots surrounded by lesser conducting boundaries. The local conductivity of
conductive spots is about two times higher than that at the boundaries. This result suggests that
even though the molecules stand up with respect to the substrate inside these grains (which is

confirmed by the height of the monolayer), molecules agglomerate to form nano crystalline
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mosaics of diameter 30 £ 10 nm. This is in agreement with the phase images reported in Figure
5-6 (b)). Figure 5-22 (a) shows the topography of two monolayer terraces, one on the top of
another. The simultaneously attained current image for a sample bias of -2 V presented in Figure
5-22 (b) displays spots with high local conductivity, as explained before. A magnified current
image of the marked region in (b) presents a part of bottom terrace and top terrace is presented in

(c). The current line profile (c) is shown in (d) of the same Figure 5-22.
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Figure 5-22 (a) Height image two 6T monolayers one on top of another on glass substrate (b) C-AFM
current image of (a) at -2 V dc sample bias. (c) Zoomed image of the marked region of (b) & (d). Cross
sectional current profile along white lines on (b). The line profile shows the difference in the current
conduction in bottom grain and top grain.

If the bottom terrace is taken into account in Figure 5-22 (b) and (c), individual nano crystallites
appear to be separated by broader grain boundaries more than that on the top terrace. In the top
terrace the nano crystallites seem to have packed more tightly compared to that in the first island.
This scenario is visible on the zoomed current image which comprises of a part of top and bottom
terraces (Figure 5-22 (c)). The current profile (d), displays the current response along the white
line drawn in Figure 5-22 (c). The current profile on the bottom terrace shows higher current on
the nano crystallites while lower current is observed at the boundaries separating individual nano
crystallites. In the case of current profile on the top grain, owing to the tight packing of nano
crystallites the negative current seems to be uniform and higher than that in the bottom terrace.

This result indicates that the self organization of molecules in terraced islands progressively get
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better with thickness. Since the terrace like morphology is clearly observed in height image, with
constant height in a given plateau of single terraces, we can conclude that the difference in C-
AFM current image might originate from the different injection barrier between the probe and the
sub grains or resistance between individual grains due to grain boundaries. However the grain
boundary resistance is a more likely explanation for decrease of current in between the grains.
This explains why thin film transistors provide lower mobility values of the order of magnitude of
two, compared to single crystalline transistors, as the delocalized holes find a slight disruption in
molecular packing every 35 £ 10 nm (size of sub crystalline domains). From the point of view of
the C-AFM technique, this result proves that its resolution in the current images is very high,
when compared to that of the usual height image.

Side configuration in positive sample bias

In side configuration with a positive sample dc bias, holes are injected from the broad ITO
electrode to the point C-AFM tip-sample back contact. The typical electrical pathway of holes for
two polarities is entirely different. For negative dc sample bias, holes are locally injected from a
point probe and might find a favorable pathway to ITO. On the contrary, in positive dc sample
bias, the charges are injected along the macroscopic ITO contact, so that their pathways to the
probe definitely differ from the case of negative dc sample bias and leads to an averaged
electrical signature. Hence, there is no local probing in this case. When holes are injected from
back electrode which is of the order of millimeters in width (w), to a point electrode at a few
microns apart, the effective pathways for the carriers is of the order of millimeters. This is
sketched in Figure 5-23 (a) where w is the width of the injecting ITO electrode, L is the
perpendicular distance from tip to ITO (few tens of microns). The effective pathway for holes
from back electrode to ITO will be approximately equal to the width of the ITO electrode. For
such large pathways (few mm), the transport resistance limits (6 >1) the current behavior, given
the contact resistance at the ITO-sample interface is negligibly small compared to transport
resistance offered by the film as explained in section 3.2.3 and the expected behavior of current I-

V characteristics is linear.
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Figure 5-23 (a) Schematic diagram showing injection of holes from macroscopic ITO electrode to the point
probe. The width (w) of the injecting ITO electrode is of the order of millimeters and the distance between the
electrodes L is in the order of tens of microns. (b) C-AFM height image of 15 nm 6T thin film in side
configuration, back electrode ITO is at one end (c) simultaneously obtained current image for positive dc
sample bias of 2V (d) line averaged current profile of (c).

In Figure 5-23 (b) C-AFM height image of a 15 nm 6T thin film in side configuration, with the
ITO cathode illustrated on the left. The corresponding current image at a dc sample bias of 2V
and the line averaged current profile signal is presented in Figure 5-23 (c) and (d) respectively.
Figure 5-23 (d) shows that the current is uniform with respect to the distance from the back
electrode for a distance of 50um. However, if we were probing current in transport dominated
regime, the current ought to decrease with distance. The absence of such decrease is probably due
to the following reason. As explained in the paragraph before, the average effective electrical
pathways for holes is of the order of few millimeters, and as long as L is much lower than the
width of the injecting ITO contact (here, L/w ~ 10%), we will get uniform current in C-AFM

configuration, irrespective of L.

In Figure 5-24 the typical height and current images in side configuration as shown for a sample
of 15 nm under bias of 2 V. Black color in Figure 5-24 (b) represents zero current. As in the case
of dc negative bias, the dendritic islands conducts negligibly, in the case of negative sample bias
in side configuration discussed in the same section. In Figure 5-24 (b), the background region

exhibits some low conducting spots, representing the needles.
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Figure 5-24 (a) Height image of a 40 x 40 pm? area of 15 nm 6T thin film on glass substrate showing
background grains and dendritic islands in side configuration (b) C-AFM current image of (a) at 2V dc
sample bias. Below (a) and (b) is the cross sectional signal along the white line drawn on (a) and (b)
respectively.

Magnified current image of the background grains reveals how the regular terraced grains and
needles respond to positive dc sample bias (Figure 5-25). The former conduct uniformly all over
the surface while the latter conduct much less. The profile shows how the current decreases
drastically at the needles. Needles have different molecular organization compared to the terraced
grains likely to result in high resistive grain boundaries offers the ITO injected holes an additional
resistance to overcome reach to the tip. This explains the decrease in current conductivity through
the needles. In Figure 5-25 (b) for a sample bias of 2 volt, the needles provide current around 25

pA while the terraces shows a current of more than 125 pA.

102



Nanoscale study of electrical properties of organic thin films by using conductive atomic force
microscopy

300pA

OpA

S
o

Terrace

N
o

o)
E
i
;

Needle

0 50 100 150 200 250 300 0 50 100 150 200 250 300

Distance (nm) Distance (nm)

Figure 5-25 (a) C-AFM height image of a 1 x 0.75 pm? area of 15 nm 6T thin film on glass substrate showing
background grains in side configuration (b) C-AFM current image of (a) at 2V dc sample bias. (c) & (d)
Cross sectional height and current profile along the white lines on (a) and (b). Local conductivity on needles
is found to be very less. Black color at the top of (b) represents zero current signal at OV dc sample bias,
kept as a reference.

In order to understand the current mechanisms through the film when positive sample bias is
applied, average current voltage curves are taken and are shown in Figure 5-26. Figure 5-26 (a)
presents C-AFM height image of a 10 x 10 um?® area of 15 nm 6T thin film on glass substrate
showing background grains, (b) presents the current image corresponding to Figure 5-26 (a)
obtained by varying the dc sample bias from OV (top of the image) to +3V (bottom of the image),
while (c) presents the current voltage characteristic derived from vertical line averaging of the

current image (b). The 1-V profiles on positive sample bias shows a linear behavior [22].
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Figure 5-26 (a) Height image of a 10 x 10 pm? area of 15 nm 6T thin film on glass substrate showing
background grains in side configuration (b) C-AFM current image of a 10 x 10 pm? area of 15 nm 6T thin
film on glass substrate obtained by varying the dc sample bias from 0V (top of the image) to +3V (bottom of

the image). (c) I-V characteristic derived from vertical line averaging of the current image (b) showing linear
behavior.

The intensity of current for a given bias is lower than that in the case of the same .negative
sample bias (see Figure 5-17). From Figure 5-26 (c) an injection barrier of 0.5 V is observed,
which is very close to the energy level difference between the anode and the cathode. The
resistance of the film is calculated using the Ohm’s law and is (6.8 = 1) x 10° Q which is very

close to the resistance value extracted from the transport dominated regime in negative sample
bias.

5.2.2 6T on ITO in vertical configuration

Electrical properties of 6T deposits on ITO were also studied with C-AFM. Here the vertical

conduction of holes in the film is probed. Note that, in vertical configuration the injected charges
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have to travel trough the thickness of the film which in our case is less than 50 nm where as in

side configuration the distance between the probe and the ITO is of the order of few microns.
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Figure 5-27 (a) C-AFM height image of a 20 x 20 pm? area of 15 nm 6T thin film on 1TO substrate showing
background grains and dendritic islands. (b) C-AFM current image of (a) at -0.5 V dc sample bias. Below the
images are the cross sectional signal along the white line displayed on (a) and (b) respectively.

In wvertical configuration at negative sample bias, the carriers are injected from the
C-AFM tip into 6T towards the ITO electrode. Typical morphologies of 6T thin films over an
area of 20 x 20 um?and their electrical responses simultaneously acquired for dc sample bias of
-0.5 V are shown in Figure 5-27 for a film deposited on ITO with 15 nm nominal thickness. The
current image in Figure 5-27 (b) shows high contrast for both dendritic and back ground grain
like organization. The average current at the background grains for -0.5 V sample bias is about
600 pA while that given by grains in dendritic islands is around 550 pA. The current obtained on
vertical configuration for a 15 nm film is approximately 6 times higher than in the side
configuration for a dc sample bias of -0.5V. In side configurations the current exhibited by
dendritic grains is less than half of that given by the background grains (see Figure 5-13).
However, in the case of 6T on ITO, grains in dendritic islands exhibit almost same current as the
background grains for a given bias. This is because in this case, the dendritic islands are directly

connected to the ITO and the holes travel vertically through the film thickness, while in side
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configuration the holes injected has to cross additional grain boundaries while travelling
longitudinally to reach the back contact. On has to keep in mind that, in vertical configuration, the
holes have to travel perpendicular to the n-stacking direction, while in side configuration, charges

hop through favorable n-stacking direction.

Magnified current images were taken to better understand the local conductivity of the grains.
Figure 5-28 (a) C-AFM height image of a 1 x 1 um’ area of 15 nm film on ITO substrate is
presented showing background grains, while (b) of same figure displays C-AFM current image of

(@), at -1V dc sample bias. Overlying grains are marked in both height image (black color
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Figure 5-28 (a) C-AFM height image of a 1 x 1 pm? area of 15 nm 6T thin film on ITO substrate showing
background grains. (b) C-AFM current image of (a) at -1V dc sample bias. Overlying grains are marked on
(a) and (b). Black color at the bottom of (b) represents zero current signal at 0 dc sample bias, kept as a
reference.
marking) and current image (white color marking). Figure 5-28 (b) shows highest current contrat
on top of low lying grains as well as at the lower part of the higher grains. The current contrast
exhibits a decreasing trend with respect to height of the grains. Furthermore, the highest grains
might result from grains sitting on top of other with no direct contact to the ITO. Such grains
exhibited very low conductivity. This is probably due to the added grain boundary resisitance

along with height of the grains.

Figure 5-29 (a) presents the height image of 15 nm 6T film on ITO and Figure 5-29 (b) is the

corresponding current image obtained by ranging the dc sample bias from 0 V to -3 V along the
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slow scan axis, i.e. the vertical direction. The current-voltage characteristic constructed from the
line-averaging of the current image is shown in Figure 5-29 (c). However the current did not
followed the V2 law and in log-log plot the 1-V characteristics showed a slope of ~ 3. More point

and shoot I-V profiles were taken on films with different thickness (15 nm, 25 nm and 40 nm),
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Figure 5-29 C-AFM height image of a 5 x 3 pm? area of 25 nm 6T thin film on ITO only showing
background grains. (b) C-AFM current image of (a) obtained by varying the dc sample bias from 0V (top of
the image) to -3 V (bottom of the image). (c) Current-voltage characteristic derived from line averaging over
the dashed box displayed in the current image.

in order to understand the role of thickness in determining the current. It is to be noted that on
side configuration in negative sample bias, the C-AFM gives local current which is independent
of the distance between the electrodes (in contact resistance dominated regime); in addition, in
side configuration the current varies quadratically with respect to voltage (I a ¥?). Figure 5-30
shows the 1-V profiles taken as point and shoot for three different thickness. From the figure the
behavior of 1-V profiles for all the mentioned thickness were found not to be quadratic, unlike in

the case of side configuration. For all thickness, the all 1-V profiles give a slope of ~3.
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Figure 5-30 (a) I-V characteristics of 6T thin films on ITO with thickness 15 nm, 25 nm and 40 nm in
negative sample bias. (b) The log-log plot of I-V characteristics shows deviation from quadratic behavior, i.e.
I a V2law. The blue dashed line corresponds to slope 2.

Also we do observe the current vary with the film thickness. For higher thickness lower is the
current. This suggests that unlike side configuration where contact is limiting the current, the bulk
properties of the film is limiting the current in vertical configuration. So we are no longer probing
locally in vertical configuration. So in this scenario, either Mott- Gurney law or the modified
Mott-Gurney for local contact (see equation 3.8) cannot be used to extract the mobility of charge
carriers. Deviations from ideal space charge limited behavior have been reported on organic
semiconductors before. Basically two interpretations were proposed to explain this deviation from
the V2 law. The first approach is based on the frame work of SCLC in which mobility is treated as
a constant and the transport is mediated through the exponential distribution of traps in the band
gap, where charge carriers are trapped and released. Here deviating from the Mott-Gurney law,
current voltage characteristics display J a V" with m >2 [23]. Many groups have reported a
carrier density dependent mobility model that originates due to the hopping through the
exponential tail of density of states (DOS) [24-26]. However, this explanation is does not seems
to fit with our result. Because we do observe deviation from V> dependence of current in negative
sample bias in side configuration as well as positive sample bias for vertical configuration (is

explained in the later part of this section)

The second approach is the assumption of electric field dependent charge carrier mobility

described by a Poole-Frenkel type behavior [27-29] where,
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Here, u, is the zero field mobility, E = V/L is the electric field in planar device, and Eo is the field
coefficient. In these conditions also, the VV* law changes to V™ where m > 2. Weber et al. [30] has
used Poole-Frenkel equations in C-AFM configuration to explain the deviation from ideal space
charge regime mobility. However macroscopic and empirical Poole-Frenkel equation is not
suitable in C-AFM configuration even though many groups have used it to find out the mobility.
This is because of the geometrical configuration of C-AFM which uses a hemispherical nano tip.
In plane parallel configuration, the trap free space charge limited field distribution E varies with
square root of the thickness of the film, while in standard point probe configuration [31], the trap
free space charge limited field distribution E in spherical flow case is given by the following

equation
L 5.2
Eoc\/Z (5.2)
VavL (5.3)

where L is the thickness of the film. As the field distribution is different in two geometrical
systems, macroscopic Poole-Frenkel law is no longer valid in C-AFM case. The equation for

current in C-AFM geometry in vertical configuration for SCLC dominating transport is given by

I = %nsognug [31]* (54)

! The equation (5.3) is adapted from reference [31] which explains the space charge limited current in
spherical flow. However to make it compatible with C-AFM geometry with a hemispherical tip, the
original equation is multiplied by 1/2.
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Figure 5-31 Square root film thickness versus sample voltage graphs for normalized current values 1 nA, 2 nA,
3 nA and 4 nA, constructed from Figure 5-30 (b).

In order to prove the validity of equation (5.3) and thereby (5.4), a graph (see Figure 5-31) with
square root of film thickness versus sample voltage has been constructed from the I-V profiles in
Figure 5-30 (b), for normalized current values of 1 nA, 2 nA, 3 nA and 4 nA. Figure 5-31 shows
the results, with a clear linear dependence of voltage on square root of thickness of the film. This
implies L™ variation of SCL current in C-AFM configuration compared to L™ dependence in

planar devices.

Yet in Figure 5-30 | vary with V? instead of V2. No modification of permittivity of 6T is expected
with V or E. So from equation (5.4), only the modification of mobility with E is expected, to be

expressed as

U= ok ©-1)
where y, is the zero field mobility and E the electric field in spherical flow case (sphere-plane
configuration). However in the case of 40 nm film, the 1-V profile displayed quadratic behavior
for a very short voltage range (starting from 0.8 V to 1.7 V) and after that it deviates from the
quadratic dependence to get a slope of ~ 3 in lo-log I-V profile(see Figure 5-30 (b)). In this
voltage range, the mobility extracted using equation (5.4) is 1.43 x 10 cm? /Vs. This mobility

value is one order less than the highest mobility value extracted for side configuration. However,
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this decrease is expected as in side configuration, where in 6T z-stacking direction is same as that
of the hole transport direction, while in vertical configuration =n-Stacking direction is
perpendicular to the direction of hole transport. As quadratic variation in a small voltage range in
the I-V profile is observed for 40 nm film, while not in the case of 25 nm and 15 nm and less
thicker films, the value of the radius of the hemisphere just below the tip, beyond which the

voltage drops drastically, Z (see section 3.2.3) is approximated to be less than 30 nm.
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Figure 5-32 (a) C-AFM height image of a 20 x 20 pm? area of 15 nm 6T thin film on 1TO substrate showing
background grains and dendritic islands. (b) C-AFM current image of (a) at 2V dc sample bias. Below (a)
and (b) is the cross sectional signal along the white line drawn on (a) and (b) respectively.

In vertical configuration at positive sample bias, the carriers are injected from the planar ITO to
C-AFM tip. Typical morphologies of 6T thin films over an area of 20 x 20 um?’ and their
electrical response simultaneously acquired for dc sample bias of + 2V are shown in Figure 5-32
for the films deposited on ITO with 15 nm nominal thickness. As usual, dendritic and background
grains were observed each of them leading to specific electrical signature. It is observed from the
current image Figure 5-32(b) that the intensity of current is less than that in negative sample bias,
for same bias amplitude. Unlike the case of negative sample bias, the dendritic islands conducts
very less compared to background grains, except at some weak points (Figure 5-32(b)). This is
probably due to the high injection barrier offered by the grains in dendritic islands at the ITO/6T
interface. Higher conduction for negative sample bias is due to high density of SCL current just

under the tip; this configuration compared to positive sample bias (where injection is from planar
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electrode) makes conduction through the amorphous grains in dendritic islands. In
Figure 5-33 height image of a 2 x 2 um? area of a 25 nm 6T film on ITO is provided showing
background grains along with the corresponding current image at a sample bias of 2V. A closer
look at the background grains shows homogeneous conduction inside individual grains of similar
height. However, with the increase of grain height, the current contrast decreases, indicating no
local probing in this configuration. Also at the grain boundaries higher current is observed due to
two reasons. First, a higher tip sample contact area at the grain boundary edges and, second, grain
boundaries of 3D grains having a lower thickness and being closer to ITO than the top part of the
grains. Cross-sectional height and current profile along white lines on (a) and (b) of Figure 5-33

shows that the current decreases with grain height.
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Figure 5-33 (a) Height image of a 2 x 2 pm? area of 25 nm 6T thin film on ITO substrate showing background
grains. (b) C-AFM current image of (a) at 2V dc sample bias. (c) Cross sectional height and current profile
along white lines on (a) and (b) shows that with height the current decreases.

In Figure 5-34 (a), the point and shoot I-V characteristics on films with nominal thickness of

10nm, 15nm, 25nm and 40nm are displayed. Figure 5-34 (b) shows current voltage characteristics
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plotted in log-log scale. The current is here seen to decrease with the thickness of the film. Except
the sample with extreme low thickness of 10 nm, all other samples display a current with square
law dependence (see Figure 5-34) on the applied positive sample bias after a bias of 3 V (i.e.
slope 2 in log-log scale), suggesting a dominating trap free space charge limited current, while
films of 10 nm presents a slope of 3 in the logarithmic I-V profile, similar to that in the case of
negative sample bias, where the mobility of holes are field dependent. Injection limited current

was observed, before the emergence of the space charge limited region indicated by a linear
behavior.

1200 : T T T
a) T b)
1000 —30m -3 | i
=40 nm ;‘ 10000 =40 nm E
800 F J I - SIOPO 2 e - - — ~
Z 2 w0
< 600 | 2 1000] il
c =
e @ _‘&"-‘-ﬂ
E 400+ M il ":':-
o 4 O 100
200 -
0= ; ‘ . — 10 . .
1 2 3 4 5 6 3 4 5 6
Sample bias (V) Sample bias (V)

Figure 5-34 (a) C-AFM I-V characteristics of 10 nm, 15 nm, 25 nm and 40 nm film in vertical
configuration at positive sample bias. Other than 10 nm film, in all other samples the current varies
quadratically with voltage (b) (a) in log-log scale, other than 10 nm nominal thick sample, all others
give a slope of 2 in log-log scale. 10 nm film shows a slope of 3.

In C-AFM configuration at negative sample bias, it was observed that the space charge limited
current varies with respect to L™, contrary to L™ variation in planar devices. Similarly, it is very
important to monitor the dependence of the film thickness on C-AFM current at positive sample
bias. As explained before in the case of negative sample bias, spherical flow of current is
considered with voltage proportional to the square root of the thickness (VL) (see equation (5.2)
and Figure 5 31). Similar graph was plotted to see if V is proportional to VL at normalized current
values. However, in the case of I-V profiles in positive sample bias (see Figure 5 34 (a), we did
not find any linear dependence of V on square root of thickness, implies that the charge transport

is entirely different from that in the case of negative sample bias. In order to check whether there
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exists an L™ dependence of current in positive sample bias, just like in the case of planar devices,
average current values were taken from all three 1-V curves that showed space charge limited
regime, for four different voltage values, (3V, 4V, 5V and 6V). A graph is constructed with
inverse of the thickness value versus 1/V, as shown in Figure 5 35. In the inset a log- log plot of
this curve is displayed with a slope nearly equal to three. This indicates that in positive dc sample
bias in C-AFM configuration, for films with lower thickness as in present study, current has
inverse dependence on L% This implies in this configuration and bias, the C-AFM current follows
the V2 and L™ dependence of typical Mott Gurney law ( | a V¥/L?) for macroscopic contacts.
However the presence of asymmetric electrodes (point probe electrode at the charge extracting
end) is likely to play a role in the magnitude of the current extracted at a given voltage i.e. tip-
plane symmetry of C-AFM set up requires a modification in the typical Mott-Gurney law. As
there is asymmetry in the geometry of electrodes there will be a difference in the quantity of
charges extracted at the point contact when compared with planar electrode configuration. As a
result the mobility extraction by Mott-Gurney law for planar devices is not valid in this

configuration.
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Figure 5-35 L vs. 1/V2 profile across the 6T deposit extracted for C-AFM 1-V profile in vertical configuration
for positive sample bias. Inset shows the log-log scale of the graph with slope nearly equal to 3.
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The I-V curve obtained for films of 10 nm thickness and lower shows a different behavior. The
current no longer varies quadratically with voltage and in log-log scale it gives a slope of ~ 3 for
this thickness. This implies that the nature of transport is limited by thickness of the film. i.e. for
positive sample bias, when the thickness of the film L exceeds a critical thickness, say t,,
transport is dominated by space charge limited regime (15nm, 25nm and 40nm nominal thick
deposits), while when the thickness of the film is less than the critical limit t,, owing to the very
high electric field acting over very low thickness, either electric field dependent mobility or
charge density dependent mobility come in to play, in which current no longer varies with square
of the voltage just like in the case of negative sample bias.

5.3 Local probing of electrical properties of P3HT using C-AFM

In this section, the charge transport properties of thin films of a small molecule, i.e. the 6T films
discussed in section 5.2 are compared with that of a solution processed polymer, 100%
regioregular poly (3-hexylthiophenes) (P3HT). The same substrate (ITO patterned glass) as the
one for 6T deposition is used and C-AFM is employed in two different configurations, for
negative and positive polarity. The HOMO of P3HT is of the same level as 6T, and Ptlrs coated
C-AFM tip is employed as in the case of 6T films. Figure 5-37 (e) presents the phase image of
100% regioregular P3HT thin films on glass. Unlike in the case of 6T thin films, on glass and on
ITO P3HT shows a similar morphology, the fibrillar one. Figure 5-36 (a) presents the CAFM
current image of the polymer with 100% regioregularity, obtained by ranging the dc sample bias
from 0 V to -3 V along the slow scan axis in side configuration for a negative sample bias.
Similar to every bias and geometrical C-AFM configuration, monotonic increase of the current
with the bias is observed. The current-voltage characteristic constructed from the line-averaging
of the current image (see Figure 5-36 (2)) is shown in (b) of same panel. A quadratic variation of
the current is observed, attributed to a space charge limited current (SCLC) regime. This
represents a contact resistance dominant regime (6 < 1) and, in order to extract the hole mobility,
the modified Mott-Gurney equation (equation (3.8)) is employed. The contact radius ro, calculated
from equation (3.9) is ~ 2 nm. Z is ~ 30 nm, & = 3.2, a typical value for polymers and the
mobility calculated is 1.29 x 10”° cm?/Vs.  This mobility value is very close to the reported in the
literature [32]. When compared to polycrystalline 6T thin films, the mobility is lower by an order

of magnitude of two. This is expected, considering the better n-stacking in vacuum evaporated 6T
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thin films. In Figure 5-36 (c) C-AFM in side configuration for positive sample bias is also
presented. The I-V profile however shows a quadratic dependence of | on V. This result is
contrary to the linear dependence exhibited by 6T thin films on similar configuration and polarity.
It has to be noted that in P3HT, for a sample bias of +3 V, the current is just less than 15 pA,
while for 6T for same bias current is of the order of 300pA. However, the I-V characteristics of
6T for positive sample bias (see Figure 5-26 (c)) for the same current range as observed on P3HT
I-V profiles (i.e. less than 15pA) also showed a deviation from linear behavior. This implies that
in the case of 6T thin films, owing to the better self organization of the molecules within the film,
the traps will be filled by a very small increase in bias. Once the traps are filled, a transport
resistance dominated regime is reached, where current varies linearly with voltage. However, in
the case of P3HT, the traps are not filled for the given voltage range and therefore causing the
slowdown of the charge transport. Here, charge transport is affected by the presence of traps and

hence results in a deviation from linear 1-V characteristics.
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Figure 5-36 (a) C-AFM current image of a 5 x 2.5 pm? area of 100% regioregular P3HT thin film on glass
substrate obtained by varying the dc sample bias from OV (top of the image) to -3V(bottom of the image) in
side configuration at negative sample bias. (b) Current-voltage characteristic derived from line averaging of
the current image with a quadratic fit. (c) Current-voltage characteristic derived from line averaging of the
current image of 100% regioregular P3HT in side and vertical scanning configuration on both polarities.
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C-AFM I-V profiles of P3HT deposited on ITO (vertical configuration) for negative sample bias
is given on Figure 5-36 (c). The I-V profile in log-log scale show an exponent of 3.8, deviating
from the square law. However, the current intensity on 6T at vertical configuration for negative
sample bias was higher when compared to C-AFM side configuration. But in the case of P3HT,
the current intensity at a negative sample bias for side configuration is greater than vertical
configuration. This is because on vertical configuration, the holes have to be transported in a
direction perpendicular to the n-staking direction of P3HT. Along this direction, the presence of
alkyl chains reduces the efficiency of charge hopping from polymer chain to polymer chain.
Moreover, the fibrils are formed one over another further increases the presence of extra grain
boundary resistances along with the presence of carrier trapping sites in P3HT fibrils, hampers
the charge transport in vertical configuration. Here the presence of carrier trapping sites
determines the nature of I-V profile. As a result, thel-V characteristics deviate from the expected
behavior of space charge limited regime in ideal spherical flow case, in negative sample bias,
when compared to 6T. Similarly in the case of positive sample bias on ITO, the slope of the I-V
curve was ~3.8. The similarity in slope of logarithmic I-V profiles for two different polarities
indicate that the presence of excess of charge trapping sites play a greater role in determining the
nature of I-V curves in P3HT at vertical configuration, irrespective of the nature of injecting
contact, while in the case of trap free 6T, geometrical configuration played greater role in

determining the nature of transport.
5.3.1 Morphological and electrical properties of P3HT with varying

regioregularity in side configuration at negative sample bias

Tapping mode AFM studies were employed to study the nanoscale morphology of the P3HT
deposits with varying degree of regioregularity. Figure 5-37 presents typical phase images
(2 x 2 pm? area) of P3HT deposits with 56%, 83%, 89%, 95% and 100% regioregularity. It is
evident from the phase images that, besides the polymer with 56% regioregularity, the
dominating feature of all the samples are its nanofibrillar morphology. Such fibrils have been
reported often in thin films of P3HT [33, 34]. As explained in (section 3.5.3) the fibrillar
morphology is the signature of the crystalline ordering in regioregular P3HT chains, while the

absence of any such fibrils reveals the lack of self assembling of polymer chains.
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Figure 5-37 2 x 2um? AFM phase images of thin deposits of P3HTs with varying regioregularity (a) 56%
(b) 83% (c) 89% (d) 95% and (e) 100% regioregularity respectively.

Close examination of phase contrast AFM images revealed width, length and height of the fibrils.
The majority of the fibrils in 100%, 95% and 89% regioregular polymers displays a length over
Ium up to 3um with similar morphologies. This suggest that despite of the small amount of
coupling defects in 95% and 89% regioregular polymers , the polymer chains were able to self
assemble in the same way as in 100% regioregular deposit to form long fibrils. However the
AFM images on 83% regioregular polymer predominantly showed branched fibrils, less than
1um long probably owing to the excess presence of coupling defects in it. The length and width
of the fibrils for different regioregular P3HT deposits is reported in the Table 5-1.
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Table 5-1 Typical dimensions of the fibers for P3HTs with different degree of regioregularity measured using

AFM and the hole mobility values extracted from C-AFM current voltage characteristics from Figure 1 3(c).

Degree of Width(nm) Length Mobility p
regioregularity of (cm?V'is™
P3HT

100% 14+1.5 >1pm 1.29 x 107
95% 15+1.5 >]pum 1x10°
89% 14+1 >1pm 25x%x10°
83% 13+1.5 <lpm 0.74 x 10°
56% No fibrils

The width of the fibrils doesn’t change significantly in the different polymers, within the
experimental error range for tapping mode AFM and the width is consistent with the packing
structure mentioned as it is roughly equal to the average chain length for a fully extended
molecule. The observed constant same width on the fibers for P3HTs with different degree of
regioregularity reflects similar molar mass of the polymers used for this study. The height of the
fibrils is generally observed to be 13 + 2 nm, i.e. few stacked lamellae. It has to be noted that the
SCLC behavior is observed for all the samples investigated expect the polymer with 56%

regioregularity. In this polymer, no current is detected because of its amorphous nature.

The current voltage characteristics of the polymers with varying regioregularity in negative
sample bias at side configuration are presented in Figure 5-38. The hole mobility value extracted
for all polymer deposits from Figure 5-38 using the modified Mott-Gurney equation (equation
(3.8)) is reported in the Table 5-1. The mobility values extracted for polymers with 100% and 95
% regioregularity has values very close to each other, suggesting that the charge transport
properties do not get hampered by the presence of a small amount of regio-irregularity [58].
However the mobility value for 89% regioregular polymer drops significantly even though this
film displays the same fibrillar structure compared to 100% and 95% regioregular polymer films.
This may suggests that even though the morphology is similar, the excess presence of packing
defects inside the fibrils due to lower regioregularity hampers the transport through it. While

polymer with 83% regioregularity showed a further decrease in mobility value of the order of one
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when compared to the first two. This suggest that along with the increased packing defects due to
lower regioregularity, the shorter length of fibrillar structures also limits the transport as the holes

has to move through interchain hopping which is slower than intra chain transport

Current (pA)

DC sample bias (V)

Figure 5-38 Current-voltage curves obtained by line averaging of the current images of P3HT with a degree
of regioregularity of 100%, 95%, 89% and 85% respectively in negative sample bias at side scanning
configuration.

5.4 Conclusions

In this chapter the local transport properties of 6T thin films deposited by OMBE on two different
substrates, glass and ITO, have been studied. The nanoscale morphology and charge transport are
explored with AFM and C-AFM respectively and compared. Morphological studies with 6T
deposits of varying thickness were carried out on the two different substrates by tapping mode
AFM. The growth of three dimensional structures of different types, with peculiar grain geometry
and molecular orientation, were identified. On glass, well organized terraced grains along with
needle like crystallites and dendritic islands with amorphous grains were identified. On ITO, well
organized 3-D grains (without terraces) and amorphous grains in dendritic islands were identified,
while no needle like crystallites were found. Yet, 6T molecules predominantly orient in a
standing mode, i.e. nearly perpendicular with respect to substrate, forming self organized lamellar

structures on the smooth glass substrate and granular structures on the relatively rough 1TO
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substrate. The standing mode self organization is further evidenced by means of XRD, and the
molecular structure is similar to that of the low temperature polymorph of 6T crystal. In view of
devices, identifying the nature of charge transport through 6T structures with different nanoscale
self organization is necessary. The investigation of local charge carrier transport mechanisms
have been carried out by conductive-AFM measurements applied in two different scanning
configurations (side and vertical) to better discriminate between the planar and transversal
transport mechanisms in the thin films. Positive and negative sample bias has also been applied to
compare the charge injection from the ITO cathode or from the tip anode, respectively, to better
understand the origin of current contrast in C-AFM measurement. The different transport regimes
are illustrated in Figure 5-39. In side configuration (red curve), when the charge carriers are
injected from the C-AFM tip into the film to reach the ITO back electrode, three transport
regimes are evidenced. Here, the distance between the injecting tip contact and the back contact
plays a major role in the determination of a specific transport regime. At small distance (few
hundreds of microns), the contact resistance at the tip-sample contact dominates the transport
regime (where 0 < 1). In this regime the transport is space charge limited. The current is probed
over a nanoscale volume under the tip, indicates local probing. The distance between the
electrodes does not affect the current in contact resistance dominated regime. Local carrier
mobility can therefore be extracted using a modified Mott-Gurney law taking into account the
size of the contact and the sphere plane geometry of the tip sample contact. The highest local
planar mobility extracted for 6T is (1.2 + 0.2) x 102 cm?Vs. Further away from ITO, the
transport is dominated by the resistance of the film and a linear dependence of the current with
the voltage is observed (where 6 > 1). The resistance value extracted from this region is found to
be (4.7 + 1) x 10° Q. Further away a third transport regime is evidenced. This electrical regime is

observed on films that are partially covered on the substrate.
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Figure 5-39 Typical C-AFM I-V characteristics observed for two different C-AFM scanning configurations.
Blue curve represents the 1-V characteristics in vertical configuration which give thickness dependent SCLC
regime for positive sample bias and field dependent space charge current in spherical flow system for
negative sample bias. Red curve represents the 1-V characteristics in side configuration showing SCLC
regime for negative sample bias and resistive behavior for positive sample bias.

In third regime the transport is limited by resistance of the grain boundary between the crystalline
domains. When the charges are injected from ITO to the tip in side configuration, the transport is
observed to be dominated by the resistance of the film irrespective of the tip-ITO distance and a
linear dependence of the current with the voltage is found, owing to the large carrier pathways
and the resistance of the film extracted in this configuration and bias is of the same order of
magnitude as that extracted from negative sample bias in side configuration. In vertical
configuration at negative sample bias (blue curve in Figure 5-39), C-AFM measures the current in
transversal direction (through the film thickness) and the C-AFM current strongly depends upon
the film thickness. That means that C-AFM in this configuration and bias probes the bulk
properties of the organic film. Current variations are dominated by the geometry of the point
contact between the probe and the sample. The dominant transport mechanism is space charge
limited in radial flow case. Here the current is inversely proportional to the thickness of the film.
Large field in the thin film induces field dependent mobility leading to divergence from the
square dependence of the voltage for current. This effect obviously decreases with the film

thickness. The field independent transversal mobility is calculated to be (1.43 + 0.2)x10° cm?/Vs.
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For positive sample bias in vertical configuration current variations are dominated by the plane
parallel geometry of the ITO back contact. The current is dominated by the space charge limited
mechanism. As a result the current is proportional to the inverse cube of film thickness. However
the current intensity depends on the spreading effect at the tip-sample contact and hence it is
different from that obtained in plane parallel geometry; also compared to negative sample bias,
the field is lower in this case. Hence the field dependent mobility occurs for the film with
thickness lower than10 nm.

The charge transport mechanisms in different geometrical configurations for different bias on thin
films of 6T are compared with that of the regioregular polymer P3HT. On vertical configuration
at positive and negative sample bias, the holes in polymer film exhibited field dependent mobility
owing to the low thickness, similar to that exhibited by 6T.In fact, on side configuration, at
negative sample bias the transport is space charge limited. The local hole mobility extracted from
this regime is found to be1.29 x 10 cm?/Vs.

Morphological and electrical properties of thin deposits of polymer P3HT decreasing the degree
of regioregularity were studied using AFM and C-AFM respectively. Fibrillar morphology with
long range self assembly of molecules were formed on polymer deposits with 83% or more
regioregularity. The results indicate that a fairly high amount of region irregularity cannot prevent
the long range self-assembly of the molecules under thermodynamic conditions. Charge transport
properties were studied with C-AFM and the hole mobility for polymers with different
regioregularity were extracted. Charge transport properties enhanced with increasing
regioregularity in general, however it was found that the presence of a small amount of region
irregularity (~5%) under thermodynamic conditions do not influence the charge transport

properties of the polymer in a significant manner.
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Chapter 6

6 Conclusions and Perspectives

This work was devoted primarily to the study of thin films of small molecules such as 4T and 6T
that can be used as active materials for device applications. In the first part of the thesis the
relevance of organic epitaxy in growing high quality crystalline thin films was explained.
Crystalline thin films of 4T were grown by OMBE and the optical, structural and morphological
properties were studied. 4T thin films have been grown over of two different organic substrates,
namely PET and KAP single crystals, where KAP substrate is used as a reference. In both cases
highly ordered films, with the molecules packed in 4T monoclinic crystalline phase was obtained.
The lattice registry between the substrate and the overlying 4T epitaxial thin film is satisfied by
virtue of line-on-line epitaxy. However the selection of crystal structure in these epitaxial thin
films of 4T was found to be driven by the substrate. 4T thin films on KAP (010) have shown the
presence of the low temperature crystal phase of 4T, similar to that reported in the literature. The
epitaxial relations between the lattice of the substrate and the overlayer were deduced, thanks to
morphological, optical and structural characterizations. 4T thin films had a unique in-plane
orientation on KAP, as determined by the epitaxial relationship: 4T [110] // KAP [101]. It is
demonstrated that epitaxial 4T films can be grown also on single crystal PET, where a
pseudomorphic phase very close to the high temperature crystal phase grows as the dominant film
phase. The possible epitaxial relations between the lattice of substrate and overlayer are deduced,
where 4T/HT[010] // PET[110]. This is the first time that a polymorph close to the high
temperature phase of 4T is found in thin films grown at room temperature. The 4T/HT, due to its
better conductivity, is considered as the most promising polymorph of 4T for applications in
organic devices. The similarity in the microscopic properties of the pseudomorphic phase and the
HT phase indicates that the newly formed pseudomorphic phase can also be exploited for making

high quality organic devices like OFETSs, which require molecules in a standing orientation. In
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addition, the epitaxial relations between the PET lattice and thin needle like crystallites, which are
made of the low temperature crystalline phase of 4T, were also deduced. Besides, the solubility of
both substrates, KAP and PET enables the use of cost-effective wet-transfer methods, a useful
method that can be employed for device processing. These results indicate that the mechanisms of
organic epitaxy can be exploited in driving the orientation of the overlayer in its
thermodynamically stable phase as well as in inducing the growth of new and different oriented
phases with useful physical properties.

On a purely crystallographic standpoint, we consider noteworthy that, notwithstanding the high
symmetry of the PET crystal, its basal surface presents local structural features having a strong
impact on the molecular arrangement and the anisotropy of the overlayer. These features derive
primarily from the segregation of alkyl groups and O-H groups of the PET molecules giving rise
to a lamellar structure and a uniaxial alignment of protruding H-atoms. The choice of crystalline
substrates for organic epitaxy can take advantage of these findings.

In the second part of the thesis, we have explored the nanoscale morphology and charge transport
mechanisms in organic semiconductor films by utilizing AFM and C-AFM, respectively. At first,
we studied the morphology of 6T thin films grown on two different substrates (glass and 1TO) by
performing tapping-mode AFM analyses on thin films of increasing thickness. On both substrates
the molecules predominantly self organize in a standing mode with the low temperature crystal
phase evidenced by XRD. We observed three types of morphology on 6T films on glass:
predominantly well organized grains with monolayer terraces, non-terraced grains in dendritic
shaped islands, and needle like crystallites. On ITO two kinds of morphologies were found: 3-D
island-like structures and grains in dendritic islands while needle like crystallites are not present
on 6T thin film on ITO.

Highly resolved technique like C-AFM was employed to study the local electrical properties at
nanoscale. C- AFM was applied in two different scanning configurations (side and vertical) to
better discriminate between the planar and transversal transport mechanisms in the thin films.
Positive and negative sample bias has also been applied to compare the charge injection from the
ITO cathode or from the tip anode, respectively to further understand the origin of current

contrast in C-AFM measurement.
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In side configuration, we evidenced three different current transport regimes at negative sample
bias. Depending on the distance between the injecting anode tip and the back cathode ITO, a
contact resistance dominated regime, transport dominated regime and a grain boundary resistance
dominated regime were diversely observed. In contact resistance dominated regime (when 6 < 1)
the current is probed locally and the current mechanism is space charge limited. In this regime,
current does not vary with the distance between the electrodes. Local carrier mobility was
extracted from the current voltage characteristics in this regime, using a modified Mott-Gurney
law taking into account the size of the contact and the sphere plane geometry of the tip sample
contact. The highest local planar mobility extracted for 6T is (1.2 + 0.2) x 10 cm? V.s which
was close to the reported FET mobility of the material. Resistance of the film extracted from the
transport resistance dominated regime (when 0 > 1) is (4.7 + 1) x 10° Q. The grain boundary
resistance regime is usually observed in those films that are partially covered on the substrate,
where the transport is limited by the resistance of the grain boundary between the crystalline
domains. In positive sample bias at side configuration, a transport dominated regime was
evidenced and the resistance extracted from this regime was of the same order of magnitude as

that evidenced for holes injected from the tip.

In vertical configuration at negative sample bias, C-AFM measures the current in transversal
direction across the film. C-AFM in this configuration and bias, probes the bulk properties related
to the organic film unlike local properties in the case of side configuration in same bias. The
dominant current transport mechanism is space charge limited in radial flow case and the
measured current is inversely proportional to the thickness of the film. In this configuration, large
field in the thin film induces field dependent mobility leading to divergence from the square
dependence of the voltage with current and hence the intensity of current measured in this case is
very high when compared to all other configurations. The field independent transversal mobility
is extracted by adapting the equation for space charge limited current in spherical and radial flow
case. The transversal field independent mobility of 6T is calculated to be (1.43 + 0.2)x10° cm?
/Vs. In vertical configuration for a positive sample bias, the dominant current transport
mechanism is identified to be space charge limited as current variations are dominated by the
plane parallel geometry of the ITO back contact. The intensity of current is inversely proportional
to the cube of the thickness of the film, which implies in this configuration bulk properties of the

film are investigated. This clearly demonstrates that depending upon the configuration and bias
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polarity, plenty of dominating effects play a role in determining the nature of charge transport.
The C-AFM current contrast observed is therefore strongly dependent on the configurations and

bias polarity applied. This also indicates the remarkable versatility and potentiality of C-AFM.

Finally, the results on 6T in different C-AFM configurations are compared with a polymer,
regioregular P3HT. The local hole mobility extracted using modified Mott-Gurney law for
regioregular P3HT in side C-AFM configuration, at negative sample bias is found to be
1.29 x 10° cm?V.s. Finally, different P3HT polymer deposits with varying degree of
regioregularity are locally investigated in C-AFM side configuration at negative sample bias and

the local hole mobility is extracted and compared.

In conclusion, the overall research work discussed in this thesis opens some interesting and
promising perspectives concerning the use in organic semiconductors in device applications. The
possibility to use 4T crystalline thin films or other organic molecular thin films for the fabrication
of devices like organic field-effect transistors, bi-layer or cascade solar cells by exploiting the
possibility to induce specific in-plane orientations of the film is demonstrated by selecting the
suitable substrate, to exploit organic molecular beam epitaxy. As there are many open questions
still remaining with the operations of C-AFM like finding the mobility in vertical configuration in
positive sample bias, more work has to be done to formulate equations describing that particular
configuration. Since C-AFM in a particular configuration measures the local electrical
characteristics, this can be exploited to tailor the performances of various devices like OFETS,
OPVs and OLEDs. As far as C-AFM future work is concerned, extending the local electrical
characterization to various other promising organic semiconductors, bulk hetero-junctions of
polymers and small molecules and polymer nano-particle matrix are of great interest in the
context of devices. As a future work, it would be also interesting to study about the oxidation
mechanisms of organic thin films using C-AFM. It would be also interesting to use an extension
of C-AFM called photoconductive C-AFM, to monitor the photocurrent in bulk hetero-junction
blends at nanoscale to explore the photovoltaic properties of the material and yield local external
guantum efficiencies. Through this research work and the future activities, we hope to develop
enhanced understanding of nanoscale interactions and processes which can be functional in a

wide range of applications.
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