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Abstract

This thesis is centered on studies of phase separation and mixing in co-deposited thin
films of rod-like conjugated molecules. The main focus is to determine which molecular
properties lead to phase separation and/or mixing of two materials. To address this
question I used five materials, of importance in the context of “organic electronics™:
pentacene (PEN), quaterthiophene (4T), sexithiophene (6T), p-sexiphenylene (6P),
a,w-dihexylsexithiophene (DHOT). With these it was possible to form material pairs
which differ in the parameters: energy levels, length of the conjugated core, and alkyl-
end-chain-substitution. All films were deposited by organic molecular beam deposition
onto the chemically inert substrates silicon oxide and Mylar, a polyethylene terephthalate
(PET) foil. The material pairs were deposited simultaneously from two thermal sublima-
tion sources. The mixing ratio was controlled by the individual deposition rates, which
were measured online by a microbalance. The total deposition rate was 0.5 nm/min, and

the film thicknesses ranged from 4 nm to 40 nm.

Phase separation is observed for material pairs with dissimilar conjugated core sizes, i.c.
[4T/6T]. Noteworthy, the co-deposition of material pairs with similarly sized conju-
gated cores [4T/PEN] and [6T/6P] lead to well ordered layered structures. The mole-
cules show mixing within layers on a molecular scale and the long molecular axis is ori-
ented almost perpendicular to the substrate surface. Material pairs with similarly sized
conjugated core and alkyl-end-chain-substitution [6T/DHO6T] and [6P/DHG6T] show
also growth in mixed layered structures. An especially appealing fact is that the interlayer
distance increases proportional to the DHOT content in the film. This can be explained
with a phase separation into an aromatic and an alkyl domain vertically to the substrate
surface. A decrease of the DHOT content in the film leads to a less dense packing in the
alkyl domain. This leads, due to the flexibility of the alkyl chains, to a decrease of the

overall interlayer distance.

The low surface corrugation and the interconnected islands render the material pair
[6T/DHG6T] well suitable for the use as active layer in organic field effect transistors. It
is shown that it is possible to tune the charge carrier density in the channel by changing
the ratio between 6T and DHOT. This effect enables switching the transistor from en-
hancement to depletion mode, while maintaining a high charge carrier mobility. This is

comparable to p-type doping of inorganic semiconductors.

Keywords: phase separation, mixing, organic molecular beam deposition,
OMBD, thin films, OFET, XRD, FTIR, pentacene, quaterthiophene, sexithio-
phene, p-sexiphenylene, a,w-dihexylsexithiophene

1T



11T



Zusammenfassung

In dieser Arbeit wird die Phasenseparation und Mischung zwischen konjugierten Stib-
chenmolekilen in diinnen Filmen untersucht. Hauptaugenmerk liegt darauf zu ergriin-
den welche molekularen Eigenschaften zu Mischung und/ oder Phasenseparation fith-
ren. Mit den 5 Molekilen Pentacen (PEN), Quaterthiophen (4T), Sexithiophen (6T), p-
Sexiphenylen (6P), alpha,omega-Dihexylsexithiophen (DHOT) werden Materialpaare
zusammen gestellt, die sich in den Parametern ,,optische und elektrische Eigenschat-

ten®, ,,Linge des konjugierten Kerns® und Alkylkettensubstitution unterscheiden. Alle

Schichten werden mittels organischer Molekularstrahlabscheidung auf die Substrate
Siliziumoxid und Mylar, einer PET Folie, simultan von zwei Quellen aufgedampft. Das
Mischungsverhaltnis wird mittels der individuellen Aufdampfraten eingestellt und eine

Gesamtrate von 0.5 nm/min eingehalten.

Es wird Phasenseparation fiir Materialpaare mit ungleicher konjugierter Kernlinge, z.B.
[4T/6T], beobachtet. Erstaunlicherweise fuhrt die Co-Verdampfung von Molekulpaaren
mit dhnlicher konjugierter Kernlinge [4T/PEN] und [6T/6P] zu wohlgeordneten Fil-
men, in denen die Molekiile in gemischten Lagen parallel zur Substratoberfliche auf-
wachsen und die Lingsachse der Molekiile fast senkrecht zur Substratoberfliche orien-

tiert ist.

Molekilpaare mit dhnlicher konjugierter Kernlinge und Alkylsubstitution [6T/DHO6T]
und [6P/DHOGT] zeigten ebenfalls geordneten Schichten, wobei als Besonderheit eine
lineare Abhingigkeit des Lagenabstandes vom DHOT-Gehalt zu beobachten ist. Dies
wird mit einer Phasenseparation in eine aromatische und eine alkyl Domine erklart. Mit
abnehmendem DHOGT-Gehalt im Film ist die Alkyldomine weniger dicht gepackt, was
auf Grund der Flexibilitit der Alkylketten zu einer Abnahme des gesamten Lagenab-

standes fuhrt.

Die besonders geringe Oberflichenrauhigkeit und die miteinander verbundenen Inseln
der [DH6T/6T] Filme pridestinieren sie zur Verwendung in Feldeffekttransistoren. Es
wird gezeigt, dass es méglich ist, die Ladungstrigerdichte im Kanal durch Anderung des
Verhiltnisses zwischen DHOT und 6T so zu veriandern, dass der Transistor im Verar-
mungs- oder Anreicherungsregime betrieben werden kann. Dabei bleibt die Ladungstra-
germobilitit auf gleich bleibend hohem Niveau. Dies entspricht dem Dotieren eines

anorganischen Halbleiters.

Schlagworter: konjugierte Molekiile, Phasenseparation, organische Mischfilme,
Pentacen, Sexithiophen, Quaterthiophen, Sexiphenylen, AFM, XRD, Feldeffekt-

transistor, organische Halbleiter
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1. Introduction

The story of organic electronics started with the observation of photo conductance
in crystals of anthracen by Pochettino[1] in 1906. Further time marks were the
development of a theory on intra molecular charge transport by R. Markus in the
1960s, which was rewarded with the Noble price in 1992. The prophetic theoreti-
cal work of Ratner and Aviram on “molecular rectifiers”[2] in 1974. Heeger,
MacDiarmid, and Shirakawa were awarded the Nobleprice in 2000 for their work
on charge transport in conductive polymers, which has begun in the 1970s. Com-
pared to the growth in research and application of inorganic semiconductors, the
development of organic electronics proceeded initially in small steps. However the
number of publications on molecular electronics started to rise dramatically in
the 1990s.

How can this strong interest in organic electronics be explained, since classical silicon
based microelectronics is well established and well understood? The first reason
is, besides academic interest, that with organic electronies it is possible to realize de-
vices, which are not realizable with inorganic materials. The best example is the
organic light emitting device (OLED), which is a large area light source, whereas
the inorganic LEDs are essentially point light sources. Another example is the
OLED display, which is already on the market with 28 cm display size. They have
inherent better contrast and lower power consumption than the common LCD
displays, because the OLED screen only consumes power for the emitting pixels,

whereas the LCD screen only filters a white back light, which is always turned on.

An other reason is costs. All inorganic semiconductor fabrication techniques in-
clude energy consuming high temperature process steps. Processing techniques
like inkjet printing and roll-to-roll processing suitable for organic electronics have a
great potential to save money and energy. This is especially important for applica-
tions, which are very price sensitive, like radio frequency identification tags, and
have moderate requirements on the device performance, or large area applica-
tions, like organic solar cells, where photo conversion efficiency versus the cost

per surface area is a key factor.

The materials used in the context of organic electronics can be divided into two
categories, polymers and small molecules, differing mainly in their processability.
Polymers are in general processed from solution, using processes like spin coat-
ing, inkjet-printing, etc. Small molecules are processed in general by vacuum

processes, like organic molecular beam deposition and related techniques. Huge



efforts have been made to make, for instance, pentacene solution processable [3]
while preserving its outstanding electrical properties. Another special advantage
of organic electronics is the possibility to specifically tailor the molecules and their

properties for their intended application.

The miniaturization of device structures through top-down methods like photo-
lithography has almost reached the stage of stagnation. This limit can be over-
come with the use of self organizing material systems [4]. This miniaturization
process is finalized in molecular electronics, introducing devices like molecular
transistors [5, 0]. It is therefore of special interest to control the interface be-
tween two organic semiconductors by phase separation. This is also of significant

importance for the use in organic heterojunction photovoltaic cells [7].

The formation of supramolecular structures is a successful strategy of nature to
build up structures of multiple functions from non-covalent bound standard
building blocks. Examples are the light harvesting complexes of plants and bacte-
ria in which chlorophyll molecules fulfill the different tasks of collecting the elec-
tromagnetic energy (antenna complex) and charge separation (reaction center) [8,
9] depending on their spatial arrangement and their local environment. The cell
membrane is another example in which the mixing ratio of two components
changes the physical properties of the whole structure. The intercalation of cho-
lesterol into the lipid bilayer has two effects: it prevents the hydrocarbon chains
of the phospholipids from crystallization and decreases the permeability of the
bilayer for small water-soluble molecules by decreasing the flexibility of the hy-

drocarbon chains [10].

I want to utilize this strategy to for organic electronics applications by combining
different organic molecules which form by means of self organization structures
with the desired properties. In the context of organic electronics, organic composites
have been mostly reported focusing on solution processing [5, 11] and evapo-
rated films in the monolayer range [12]. The co-deposition of two organic mate-
rials from the gas phase (OMBD - organic molecular beam deposition), which is
used in this work, offers the advantages of solvent-free processing and an easy
control of the mixing ratio and the film thickness. However, this method has
been reported in very few cases. Such studies were focused on donot/acceptot-
type molecular pairs for their application in bulk heterojunction solar cells [7, 13,
14] and light emitting diodes [15], where pronounced phase separation was often
observed [14, 16, 17].



The objects of my study are five different rod-like conjugated molecules (Fig. 1.2)
individually well studied in the context of organic electronics. These molecules have
in common that they typically grow on insulators, like silicon oxide, in layered
structures with their long molecular axis pointing almost perpendicular to the
substrate surface. Their m-systems arrange in the so called herring bone pattern
and their crystal unit cells have a similar foot print. (C.f. Fig. 1.1). All of these
materials exhibit polymorphism. This means that for one material several
(meta) stable crystal structures exist, depending on the deposition conditions
(cast from solution, organic molecular beam deposition, deposition rate, substrate
temperature, substrate material, etc.). A good knowledge of the pure material
properties is important to determine which film properties are affected by the co-

deposition.

Fig. 1.1: Typical growth mode of rod-like conjugated molecules (4T Low
temperature polymorph [18]): a) view along a-axis b) view along the long
molecular axis visualizing the typical herring bone structure. [Cambridge
Structural Database PEWXAQO1]

With these five materials (Fig. 1.2): pentacene (PEN) [19, 20, 21, 22, 23, 24, 25,
26, 27], a-quaterthiophene (4T) [18, 28, 29, 30], a-sexithiophene (6T) [29, 31, 32],
p-sexiphenyl (6P) [33, 34, 35, 30|, and a,w-dihexylsexithiophene (DHOT) [33, 37,

38, 39] it is possible to realize material pairs differing in the parameters: van der



Waals length (vdWL) of the conjugated core (CC), optical and electronic proper-

ties and alkyl-end-chain substitution.

PEN

Fig. 1.2: Chemical structures of the used rod-like molecules : pentacene
(PEN), a-quaterthiophene (4T), a-sexithiophene (6T), p-sexiphenyl (6P),
and o,w-dihexylsexithiophene (DHO6T).

This thesis is structured in the following way: First I will describe the fundamen-
tals of organic electronic starting with the linear combination of atomic orbital
(LCAO) to describe elemental electronic properties. This method can be used to
approximate the properties of a molecule as a whole from the interaction of its
constituent atoms. I then turn to the conjugated molecules, which are in general
carbon based, with alternating single and double bonds, which constitute one of
the most important material classes in nature i.e. the chlorophyll used in light
harvesting systems, the red blood pigment haem are conjugated molecules. Tech-
nical applications are devices from organic semiconductors and organic conduc-
tors, color pigments, and photoconductors used in laser printers. Starting from

the single molecule, I turn to the charge transport properties in the solid state.

Since in organic devices, the metal — organic contacts play an important rule, the
problems related to the charge injection barriers will be briefly discussed. Further
I will introduce the growth modes of thin organic films and show that the film
properties not only depend on the material used but also on deposition condi-
tions in OMBD.



After presenting these fundamentals, I will introduce actual devices that can be
realized using organic insulators, semiconductors, and conductors: heterojunction
photovoltaic cells, light emitting devices, and field effect transistors. I will explain
their typical structure, and their functional principles. For every device the desired
properties of the organic semiconductor for best performance are discussed. A
special focus will be laid on the phase separation, which is a desired film property
for heterojunction solar cells [40], and on the mixing between two organic com-
ponents, which can be of interest for the active layer of organic field effect tran-
sistors. This is the main motivation to study which molecular properties lead to mixing or

phase separation between two conjugated molecules that are co-deposited by OMBD.

In the materials and methods section I will first introduce the OMBD technique
and the used UHV (ultra high vacuum) equipment. This is followed by an intro-
duction of the characterization methods used in this work. Scanning probe mi-
croscopy is used to analyze the surface morphology of the films. Infrared absorp-
tion spectroscopy can give us first information on the chemical structure of the
molecules (Are the materials still intact after the OMBD?) and on the local mo-
lecular environment (Is it amorphous or ordered?). X-Ray diffraction experiments
deliver information about the domains of the film, which exhibit order. Organic
field effect transistors (OFET) are not only a possible application for new materi-
als, additionally, they are also a tool to measure the charge carrier mobility of or-

ganic semiconductors.

The results and discussion part of this thesis is divided into two parts. The first
part discusses the morphology of thin films grown on the model substrate silicon
oxide. I will show that co-deposited material pairs with similarly sized CC (conju-
gated cores), PEN/4T and 6T/6P, form well ordered layered structures with an
intimate mixing on a molecular level. This is followed by the two material pairs,
DHO6T/6T and DH6T/6P, with similatly sized CC but different overall molecular
length due to an additional alkyl-end-chain substitution. These films show well
mixed and ordered layered structures. A special feature of these films is possibil-
ity to control the interlayer distance & by controlling the ratio between the alky-
lated and non-alkylated component. Material pairs with dissimilarly sized CC, i.e.
4T/6T, PEN/6T, PEN/DHGT, show, in contrast, pronounced phase separation

between the two components.

Since the material pair DH6T /6T with similatly sized CC and alkyl substitution
exhibited mixed films of low surface corrugation and interconnected islands, it is

predestined for the use as active layer in an OFET. I, in collaboration with Dr.



Piero Cosseddu (University of Cagliari), will show that we are able to tune the
charge carrier density in the OFET channel by changing the mixing ratio between
DHOT and 6T. This enables us to change the OFET working mode from the
depletion to the enhancement mode, while simultaneously preserving high charge
carrier mobility. This mechanism is comparable to the p-type doping of inorganic

semiconductors

This work will be completed with a conclusion and outlook on challenges for the

future.



2. Organic electronics

In this section I will give a brief introduction in the fundamentals of organic
electronics. Starting with the bond between two atoms and the linear combina-
tion of atomic orbitals, we come further to the Hiicke/ theory, which can be used

to approximate the energy levels of conjugated molecules.

2.1 Conjugated molecules

The creation of molecules by the formation of bonds between atoms can be
modeled with the theory of LCAO (linear combination of atomic molecules). As
a first case, I will discuss the most simple molecule, the hydrogen ion molecule
H,". It consists of two hydrogen cores A and B and one electron. If the electron
is located near core A, it mostly feels the electric potential of core A and has as
wave function ¢, (A) similar to the single hydrogen atom, vice versa for core B
,,(B). The first approximation is therefore a linear combination of both hydro-

gen wave functions. N is a scaling factor.
W= N, (4) ¥, (B))

The resulting molecular orbitals have a cylindrical symmetry and are called o-

orbitals. The electron probability density is given by:
2 2 2 .
[ =¥, (A +[¥, B £297, (D, (B)}

29", (AW, (B) is called overlap density. The electron density increases, when

the orbitals overlap and interfere constructive (+). A higher electron density be-
tween the positive cores lowers the energy of the molecule compared to the
separated atoms. This is called a bonding orbital 6. A destructive interference (-)
leads to a decrease of the electron density between the cores and therefore to a
higher repulsion and a higher total energy. These orbitals are called anti-bonding

o*.
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Fig. 2.1: LCAO (linear combination of atomic orbitals) for the H,"” mole-
cule. The electron probability density for a) destructive and b) constructive
interference. ¢) The difference in electron density between the nuclei causes
the energy shift between bonding ¢ and anti-bonding c*-orbital.

For more complex atoms and molecules we need some further simplifications.
First we do not take the core orbitals into account, which form the inner closed
shells. Second we do not take the virtual orbitals into account, which are the ones
that are unoccupied in the ground state. We only treat the valence orbitals of the

valence shell.

o-bonds can be formed by s- and p,-orbitals which are rotationally symmetric
with respect to the inter-atomic axis. m-orbitals are not rotational symmetric to
the inter-atomic axis. Instead, a single nodal plane passes through the two nuclei.
n-bonds are weaker than o-bonds since the overlap is less strong. The overlap
integral between two atomic orbitals of different symmetry (o,n) is zero. The
molecular orbitals are filled after G. Lewis with electron pairs of the binding part-
ners. This explains the non existence of the He, molecules, because the o-bond is
filled by an electron pair and the next energetic level available is the anti bonding
o . The formation of He, is energetic unfavorable since the o -bond is slightly

more anti-bonding than the o-bond bonds.

Since carbon is the basis of all organic matter, it is worth to have a look at its
binding properties. In the ground state, carbon has a 2s® 2p,' 2p,' configuration,
which suggests that carbon can only form two covalent bonds since only two
orbitals are partially filled. This limit can be overcome by the excitation (promo-

tion) of a 2s electron into an unoccupied 2p orbital. This investment in energy is



recovered by the formation of two more covalent bonds. The now 4 partially
filled orbitals (2s' 2p,' 2py12pzl) can interfere to form hybridized orbitals with

different geometries.

a) b) ¢)
H

\

H Cé\H -

T = P28
109.47° H

Fig. 2.2: Hybrid orbitals of carbon: a) sp’, b) sp’, and ¢) two sp hybridized
carbons forming a triple bond

sp’ hybrid orbital: Four equivalent partially filled tetrahedral oriented orbitals
form o-bonds with other molecules like hydrogen in methane. (Fig. 2.2 a) The
bonds form an angle of 109.47°.

sp” hybrid orbital: The 2s' and two 2p' orbitals hybridize to three equivalent orbi-
tals. (Fig. 2.2 b) They lie in one plane and enclose an angle of 120°. The un-
hybridized 2p," orbital is oriented perpendicular to this plane. Two sp” hybridized
carbons form a o-bond with their hybrid orbitals and the two 2p," orbitals can
form a m-bond. A benzene ring can be created by binding 6 sp” hybridized car-
bons together to form a resonance n-electron system. The n-bonds disable the
rotation between the atoms and are the reason for the planar arrangement of the

benzene ring.

sp hybrid orbital: Two sp hybridized carbons form triple bonds. Here the two
hybrids of 2s' and 2p, can form o-bonds along the intramolecular axis whereas as

the two 2p, and 2p, pairs form two n-bonds.

To calculate molecular orbitals for a polyatomic system, we can use the variation
principle in which we use a trial wave function ¥ =c¢,¥(4)+¢,¥(B)+.... The goal
of the variation principle is to find the coefficients ¢ giving the lowest energy.
The better the trial function is, the better it approximates the real eigenfunctions

which give the lowest energy.

j\P*H\PdT
E=2__
j Y'WYdr



The minimum is determined by setting the derivative with respect to the coeffi-
cients to zero. The secular equations have only a non trivial solution if the secular

determinant is zero.

a-E p[-ES|
B-ES a-E|
with

a= J“P"(A)H‘P(A)dr
B= .[‘I’*(A)H‘P(B)dr
S = J“P*(A)‘I’(B)dr

Hiickel theory for aromatic molecules

A m-electron system is called aromatic if the electrons are delocalized in an elec-
tron cloud around the ring system. More specific requirements are that the num-
ber of m-electrons equals 4n+2 (Hiickel rule), that every atom in the ring should
be contributing to the delocalization by having a p-orbital or an unshared pair of

electrons. Additionally, the ring system should be planar.

To simplify the quantum mechanical treatment of such systems, the Hiickel the-
ory was developed. In this approach o-bonds and n-bonds are treated separately.
The o-bonds determine the framework of the molecule whereas the n-electron
system determines the electronic structure. Following approximations have to be

done:

e All overlap integrals § are set to zero.
e All resonance integrals between non-neighbors are set to zero
e all neighbor resonance integrals are set to a common value

With this approximation the secular determinant has diagonal elements a-E and
off diagonal elements between neighboring atoms: . All other diagonal elements

are zero [41].
Benzene molecule

All carbons in the benzene molecule are sp” hybridized and form a hexagon with
120° angles. This matches perfectly the bond angle of the sp® hybrid and forms
o-bonds without stress. The 6 p-orbitals overlap to form a ring of 6 n-bonds with

following secular determinant:
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a-E B 0 0 0 i
B a-E 0 0 0
0 p  a-E 0 0|,
0 0 B a-E pB 0
0 0 0 B a-E P
B 0 0 0 B a-E

Solving the secular determinant results in the eigenvalues E=a+2f,atf,atf.
The lowest energy belongs to an all bonding orbital. The orbital of highest en-
ergy is all non-bonding, The two degenerated orbitals are mixtures of bonding
and non-bonding bonds. Since we have 6 electrons to fill in, only bonding orbi-
tals are filled. Due to delocalization the n-energy of the benzene is by 2§ higher
than that of a linear molecule with 3 double bonds. The benzene is especially
stable because of the regular hexagon structure favoring strong o-bonds, all elec-
trons can be accommodate in binding n-orbitals, and the delocalization energy is
large. The delocalization energy is the energy of which the n-electron system is

lowered compared to a number of ethene molecules with the same amount of

double bonds.

Benzene rings can be part of larger aromatic n-electron system like acenes, poly

phenyls, or graphene.

2.2 Charge transport

The electrical conductivity o is defined as o =gnuwhere ¢ is the elementary
charge (+e¢ holes, -¢ electrons), # the charge carrier density and # the charge carrier
mobility. The charge carrier mobility u=v,/ E is the dependence of the mean drift

velocity », on the electric field E. # of organic materials exhibits two very differ-
ent temperature dependencies. Ultra pure organic crystals show (similar to inor-
ganic semiconductors like silicon) an increase of # with decreasing temperature,
i.e. for perylene crystals from about 1 cm?/Vs (300 K) to 100 cm?/Vs (30 K) [42].
The mobility of disordered small molecule and polymer films has exactly the
opposite temperature dependence. E.g. they show a decrease from 10° cm®/Vs
(350 K) to 10°cm®/Vs (200 K) for (4-N,N-diethylamino-2-methylphenyl)-4-
methylphenylmethane (MPMP) [43].

This difference in the temperature dependence and in the magnitude of x is
based upon two different mechanisms of charge carrier transport. Pure single
crystals exhibit band-like conductivity which is explained in standard solid state

physics textbooks [44]. The main contribution to the resistivity is scattering by
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lattice vibrations, the phonons, whose density increases with temperature and

therefore decreases the mobility.

In contrast, disordered molecular solids show thermally activated hopping con-
ductivity. The charge carriers are localized on so called hopping sites (molecules
or small crystal grains) and must be thermally activated to hop from one site to
an other site. The mobility increases therefore with increasing temperature. (See
Fig. 2.3)

localized states

charge carrier

Fig. 2.3: Scheme of the hopping transport mechanism according to the
Bdsseler model in an external electrical field E. The hopping takes place to
sites of lower or higher energies.

Organic films show due to their high defect density a mixture of both transport
mechanisms modeled in the multiple trapping and release model by Vissenberg
and Matters [45]. Hopping transport for non ordered organic films is reviewed in
a paper of H.Bissler [40]. This model is based upon the assumption that the en-
ergies F, of the hopping sites fit a Gaussian distribution. The probability #; (equ.
2.1 and equ. 2.2) of a hopping from site 7 to j depends exponentially on the over-
lap factor between the two hopping site wave functions 2y and the distance be-
tween the two sites AR, The second exponential term is a Boltzman term with
the energies E and E, of the hopping sites, and the elementary charge e.

eE(x, —x,) is the difference in electrostatic energy between the two sites. The dif-

ference between the upward t,(T) and downward t;(|) hopping rates results in a

net charge flow along the electrical field.

12



E.—E,—eF(x, - x,)
tg,' (T) = to exp(—27ARU) eXP(_ - ’

)

cequ. 2.1 kBT
for E,—E —eE(x; -x)>0

equ. 2.2 1;(¥) =1, exp(-27AR,)
for E,~E —eE(x;—x)<0

The treatment of this model by means of a Monte Carlo simulation results in the

following temperature dependence of the mobility:

= th exp[_(gﬂ

Since band transport exhibits at least one order of magnitude higher mobilities,

equ. 2.3

crystalline ordering of the organic semiconductor films is desired for most appli-

cations.

2.3 Metal-organic contacts

Most organic devices, like OLEDs, are connected to a power source by metal
contacts. The effective injection of charge carriers into OSCs (organic semicon-
ductors) is therefore of importance for good device performance. It is therefore
crucial to minimize the electron or hole injection barrier at the interface between

metal electrodes and organic material.

In the neutral contact approximation [42] the electron injection barrier @, is just the
difference between conduction band (CB) of the OSC and the low work function
®,,, of metal M2 (Cf. Fig. 2.4). The hole injection barrier ®, is the difference
between the OSC valence band (VB) and the high work function ®,;, of metal
MI1. This picture is strongly idealized, as it has to be assumed that the OSC does
not contain charge carriers of its own, in other words is not doped. Additionally,
the metal surface should have the same work function as the bulk and no contact

dipole between metal and OSC, which alters the work function, should exist.

Unfortunately this picture is too simple. It is a topic under strong debate and in
the focus of elaborate photoelectron spectroscopy [47] studies. Since a small
charge injection barrier favors the injection of charge carriers and is therefore
crucial for a good device performance, large effort is made to minimize this bar-

riet.
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Fig. 2.4: Neutral contacts: An intrinsic semiconductor between two metals
M1 and M2 with work functions ®,; > ®,,. The build-in voltage is
Dy = Dy - Oy, Pe is the electron injection barrier, @, is the hole injec-
tion barrier, CB is the conduction band, VB is the valence band and V, /
V, are the vacuum levels of M1 and M2.

Since OSC can not easily be rendered to p- or n-type by doping like inorganic
semiconductors, the p- or n-type conduction is determined by the type of charge
carriers that are injected into the OSC. In general, low work function metals like
calcium (@ ~ 2.9 eV) are used to inject electrons and high work function metals
like gold (@ ~ 5.1 eV) are used for hole injection. Since the work function of
metals vary only in a relative small range and are located near the HOMO of
most OSC, the majority of materials can be considered as p-type conductors. The

rare occasions of n-type OSC [48] must have a high electron affinity.

2.4 Thin film growth mode

The film growth in organic molecular beam deposition (OMBD) can be de-
scribed similar to the inorganic molecular beam deposition. However, the main
difference is that the atoms can be described as spheres with an almost isotropic
interaction to its nearest neighbors. On the other hand, conjugated molecules
deposited by OMBD are due to their © electron systems highly anisotropic in
their nearest neighbor interactions. In general organic solids have one or even
more (meta) stable bulk crystal structures (this is called polymorphism). The in-
teraction with the substrate makes the thin film growth even more complex. A
good review of the film growth by Locklin et al. [49] is available. In general thin

films grow in three different modes shown in Fig, 2.5.
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Fig. 2.5: a) Layer-by-layer (Frank-van der Merwe), b) layer-plus-island
(Stranski-Krastanov), and c¢) island-growth (Volmer-Weber)

In thermodynamic equilibrium the growth is determined by the following three

interactions (Fig. 2.6):
®_, substrate - molecule interaction

@, ... molecule - molecule interaction — n-n interaction between the = - sys-

intra

tems of molecules oriented almost parallel in one layer

®. _molecule - molecule interaction — the interaction of an molecule on

inter

top of an existing layer of molecules

[111]]

cl)inter

/171

Fig. 2.6: Schema describing the different molecular interactions

The film growth in OMBD starts with a molecule hitting the substrate surface. It
will then diffuse on the surface and thermalize or desorb again. The molecule will
first lie flat on the substrate to minimize its energy. If ®_, is large as in the case
of metal substrates like gold the substrate surface is first covered with lying mole-
cules. If ®_, is weak as in the case of inert substrates like silicon oxide, the
molecules will arrange almost perpendicular to the substrate surface to maximize

the interactions of the m-electron systems and therefore d;

intra*
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Island growth is observable if @, is stronger than @, and D, In this case the

molecules can easily diffuse to already existing molecule layers and grow on top

of them instead of covering the substrate.

Layer-by-layer growth is observed if @, is comparable to @, . and the next mo-
lecular layer starts to grow after all coordination sites of the preceding layer are
filled. Normally the influence of the substrate fades after a few “wetting” layers
and the films starts to grow in layered structures on top of a continuous layer.

This is called the Jayer-plus-isiand mode.

It is therefore possible to influence the film growth by specifically tailoring the
molecules. A higher aspect ratio of the rod-like molecule is expected to lead to
layer-by-layer growth [50], because the intralayer interaction @, increases while

ntra

the interlayer interaction ®, ., stays comparable. Additional alkyl-end-chain sub-
stitutions as in the case of the DHOT used in this work have two effects. The van
der Waals interaction between the alkyl chains increases the intra-layer interaction
o

tions @,

while simultaneously decreasing the interlayer @, . and substrate interac-

intra’ inter

Assuming thermodynamic equilibrium, theoretical treatment can give informa-
tion on the expected growth mode, but cannot predict important parameters like
nucleation density, island size, and shape [50, 51]. Kinetic factors like substrate
temperature, deposition rate and the kinetic energy of the molecules (controllable
by super sonic beam deposition [52]) have a strong influence on the film proper-

ties.

A low substrate temperature decreases the diffusion length so that the molecules
are basically stuck in place and can not find their bulk arrangement. A higher
substrate temperature gives the molecule the opportunity to diffuse on the sur-
face to find a high coordination site and to cross activation barriers. Such an acti-
vation barrier is for instance the transition from lying molecules to standing
molecules. This has been shown for diindenoperylene (DIP) [53], where the oc-
currence of domains of lying molecules vanished at higher substrate tempera-
tures or even by annealing the films after deposition. A lowering of the deposi-
tion rate has a similar effect since the molecules have more time to diffuse to an
existing crystallization nucleus promoting a low island density and higher order.
In contrast, high deposition rates can even lead to amorphous film growth since
the molecules are just stuck in place and have no time to rearrange. This kinetic

effects have been elaborately studied for PEN on SiO, by Yanagisawa et al. [51].
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The growth of the initial film layer can be explained by the diffusion limited ag-
gregation models [54].

To the best of my knowledge, the co-deposition of two materials via OMBD has
not been described theoretically yet. It is clear that a mixing of two kinds of
molecules A and B is favored because this increases the entropy of the system.

But this is only the case if the interactions between A and B @, are comparable
to @, .. and D,

mtra nter

so that the crystallization energy does not decrease significantly

when molecules A and B form mixed films.

2.5 Electronic devices

This chapter is devoted to the working principle of organic heterojunction
photovoltaic cells (OHPYV), organic field effect transistors (OFET) and organic
light emitting devices (OLED). After introducing the basic functional principles
of each device, it will be discussed how the performance of each device can be
improved by the optimization of the organic semiconductor film morphology.
Special attention will be given to phase separation and mixing of two different

rod-like materials.

2.5.1 Organic heterojunction photovoltaic cell

Unlike other organic electronic devices like OLED and OFET, the OHPV (or-
ganic heterojunction photovoltaic cell) has not reached the maturity of commer-
cialization yet, mainly due to the low efficiency and lifetime compared to inor-
ganic solar cells. The goal of current research is to further increase the lifetime
and power conversion efficiency while simultaneously decreasing costs by large
scale manufacturing processes like roll to roll processing. In the following I will

explain the basic function mechanism of solar cells.

Classical inorganic and organic solar cells have the general steps of charge carrier
generation in common. First a photon with an energy larger than the band gap of
the semiconductor is absorbed. This creates a bound electron-hole pair called the
exciton. This exciton has to dissociate into a free electron and a free hole which

can then drift by the build-in potential to the electrodes.

The inorganic photovoltaic cell consists of a junction between p- and n-type
doped semiconductors. The diffusion length of the excitons is so high that they

can diffuse to the p-n-junction. Since the excitons are only weakly bound, they

17



can easily dissociate there by thermal excitation. The free charge carriers can then
drift to cathode and anode driven by the build-in potential which is approximately

the difference between the Fermi levels of the p- and n-doped semiconductor.

On the other hand, the radiation creates in organic semiconductors a highly local-
ized exciton which has a binding energy E; of 0.4 to 1.2 eV [55]. This Frenkel
exciton cannot dissociate thermally. In the OHPV [50] the exciton dissociation
can only take place at the interface between donor and acceptor type molecules.
This principle is shown in Fig. 2.7a. After the excitation of a donor or acceptor
type molecule, the created exciton diffuses to the donor - acceptor interface. The
exciton can dissociate if the offset between the conduction or valence bands is
larger than the exciton binding energy Ej. The now separated electron and hole
can then drift to the electrodes supported by the build in potential Ejy; which is
the difference between the work function of the used metal anode @, and cath-
ode @,.

Ey=0,-0,.

We can deduce the requirements on the OSC used in an OHPV by analysing the

three main steps of the photo-conversion process.

1. To provide optimal photon absorption the transition dipole moments of the
used electron acceptor and donor molecules should be large. The material op-
tical gap should be small to absorb also light down to the red part of the sun

spectrum.

2. For maximum quantum efficiency all created excitons have to be able to dif-
fuse to the donor acceptor (D/A) junction, before they recombine radiatively
or non-radiatively. It is therefore necessary to increase the exciton diffusion
length. An optimal length scale of the D/A domains is in the range of the

exciton diffusion length (1 nm to 100 nm).

3. After exciton dissociation at the heterojunction, the charges have to drift to
the electrodes. Therefore a direct path from the site of charge separation to
the electrodes is needed. Otherwise the charges are trapped in isolated do-
mains and cannot contribute to the external photocurrent. Optimal transport
is facilitated by a high charge carrier mobility which requires a high degree of

order.

The standard set up of an OHPV consists of a transparent substrate followed by
a transparent electrode (normally Indium Tin oxide ITO) covered with the or-

ganic semiconductor and a metallic back electrode. The requirements on the or-
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ganic semiconductor film lead to an ideal structure of interdigitating rods of do-
nor and acceptor material with phase separation in the order of the exciton diffu-
sion length. (Fig. 2.7b). This structure maximizes the interface of the heterojunc-
tion while still providing a direct path for the separated charges to the electrodes.
To achieve such morphology was the main motivation for my work and lead my

interest to the phase separation between two kinds of OSC materials.

a) b)
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Fig. 2.7: a) Energy scheme of an OHPV. 1.) Absorption of a photon and
creation of an exciton. 2.) Exciton diffusion to the donot/acceptor intet-
face and dissociation. 3.) Drift of the charge carriers to the metal contacts.
b) Scheme of an OHPV cell

2.5.2 Organic field effect transistors

Organic transistors have reached the level of commercialization in the last years.
They are used in the field of low cost “plastic electronics” applications like single
use sensors [57] or radio frequency identification tags [58]. In research organic
field effect transistors (OFET) are a powerful tool to determine charge carrier
transport properties of OSC. I will first explain the basic principles of the OFET
which is a close relative of the metal oxide semiconductor field effect transistor
(MOSFET). The OFET has typically a metal-insulator-OSC structure which can
be thought of as a plate capacitor with the gate electrode and the semiconductor
forming the capacitor plates. (See Fig, 2.8.) They are separated by a very thin in-
sulating layer called gate dielectric. The source and drain contacts, which are sepa-
rated by a gap called the channel, can inject charge carriers into the semiconduc-
tor. An OFET works mostly in the accumulation mode meaning that for p-type
OSC a negative bias 1, and 17, is required in order to obtain charge carrier ac-
cumulation and transport within the device channel. A negative bias [ attracts

holes to the OSC/gate dielectric interface and enables us to effectively control
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the charge carrier density 7, in a very narrow 2D channel near to the interface.
Charge carriers are highly localized at the OSC/insulator interface, because the
electrical field decays very fast (2-3 molecular layers). By applying a positive gate
voltage 17 it is possible to push the holes away from the interface and, as a con-
sequence, to fully deplete the channel of holes. This voltage is called threshold
voltage 7. If the positive bias is further increased electrons are induced into the
channel. This is called the inversion regime. Normally the current in the inversion
regime is negligible since the charge injection is small due to a high electron injec-
tion barrier. See metal organic contacts chapter 2.3. The OFET is not in the off
state at zero gate voltage 7, if the p-type OSC is doped by lattice defects or
oxidation. The holes must therefore actively pushed away from the interface re-

sulting in a positive threshold voltage 1.

L
—7 < »
source 7 drain @ I
Vi 47
|I OSC
| gate

T

1

Fig. 2.8: Scheme of an organic field effect transistor (OFET). L: channel
length, Z: channel width, 1. gate voltage, 1/},: drain voltage, I): drain cur-
rent. The thin blue layer is the gate dielectric.

The OFET works in two different regimes:

In the linear regime (I’ <I/,<< (I/5-17))) the gate voltage . is more negative
than the drain voltage 1, and therefore the electrical field and charge carrier
density in the channel are almost homogeneous. The drain current I}, increases
linearly with the drain voltage 17, and can be described with the following for-
mula, where Z is the channel width, L. the channel length, C; the capacitance of
the gate electrode, and y the field effect mobility. See Fig. 2.8 and Fig. 2.9.

e

Z
1, =" uC, [(VG Vi )Vo =2 }
equ. 2.4
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The further increase of 17, results in a zero electrical field between gate and
drain electrode. This result in an area in the channel, in which no free charge car-
riers are present. This effect is called pinch-off. A further increase of the applied
source-drain voltage 17, will not lead to a significant increase of the source-drain
current [;,. The OFET saturates and I}, is only dependent on the gate bias 1.
The drain current [, in the saturated regime can be calculated with following

equation [59].

Z
I, =E/JC1’(VG _Vr)2

equ. 2.5
saturation regime
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Fig. 2.9: Output characteristics of an OFET with linear and saturated re-
gion. The dashed line shows the onset of the saturation regime, the pinch
off voltage, from [60].

One of the fundamental points in determining the electrical performances in
OFETs is that, even though they are usually thought of as macroscopic devices,
their behaviour is strongly driven by interfacial phenomena taking place on the
nano-scale. On the one hand, there are the intrinsic properties of the organic
semiconductor such as molecular packing and island or domain boundaries,
where the interfaces are on the molecular and inter-island scale. On the other
hand, there are the interfaces organics/electrodes and organics/gate dielectric
which are dependent on the device structure, and significantly dictate the elec-

tronic properties of the OFET.

In this thesis I will show how by a proper engineering of the OFET active layer a

fine tuning of its most important parameters can be achieved.
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2.5.3 Organic light emitting devices

The organic light emitting device (OLED) uses the reversion of the photo-
voltaic effect to produce photons from electrical power. Fig. 2.10 shows a scheme
of a prototypical two layer OLED. The first step is the charge carrier injection.
Holes are injected from a high work function metal, e.g. ITO, Au into the hole
transport layer (HTL) and the electrons are injected by a low work function mate-
rial, e.g. Ca, Mg, Ag, Al, into the electron transport layer (ETL). The charge carri-
ers drift to the interface between HTL and ETL (emission layer) where they re-
combine to excitons. The offset between HOMO and LUMO of the ETL and
HTL is needed to prevent the charge carriers from drifting to their counter elec-
trode resulting in radiation less recombination. The formation of exciton results
in ' singlet excitons and ¥4 triplet excitons which can not decay radiative and are
therefore lost for the direct conversion into light. This can be overcome by the
use of triplet emitters which have effective radiative triplet decay channels due to
the heavy nuclei effect. Actual OLEDs consist of up to 5 or more layers of vac-
uum deposited small molecules and solution processed polymers. This makes the
morphology of the interfaces between the layers very important. Also guest host

system are important (mixing).

A

2 X ©
5
5
N
1.
EF—G)\ metal 2
metal 1

Fig. 2.10: Scheme of two layer OLED. 1) Charge injection, 2) Charge trans-
port 3) Exciton creation and 4) Radiative decay. The energy diagram is
drawn for an applied external voltage which is larger than the build in volt-
age 1.
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3. Materials and methods

In this chapter I will describe the organic materials which are used to fabricate
the co-deposited thin films. The technique of organic molecular beam deposition
will be explained with focus on its advantages: The solvent free processing; the
easy control of the mixing ration of two organic moieties; and easy control of
the film thickness. The samples are characterized by complementary characteriza-
tion methods which as a sum give a comprehensive picture of the film properties.
The surface morphologies of the films are characterized by scanning probe mi-
croscopy, which gives the first indication on phase separation and mixing observ-
able on the film surface. Infrared spectroscopy (IR) gives information on the bulk
properties of the film. It delivers information if the molecules are still chemical
intact after the deposition. Further IR can deliver information on the local envi-
ronment of the molecules. It gives therefore indications for phase separation or

mixing; and ordered or amorphous growth.

X-ray diffraction delivers information on the ordered contents of the films. New
mixed crystalline phases could be detected as well as the separation into ordered
domains of pure material. The last part of this section will treat the OFETs.
They are used to characterize the electronic properties of the films such as the
charge carrier mobility # and are additionally a proof of concept for an actual

application for the studied organic films.

3.1 Materials

Pentacene (Aldrich), 4T (Aldrich), DHOT (H.C. Stark) and 6P (T'CI Europe) were
used as received. 6T (Aldrich) was purified by temperature gradient vacuum sub-
limation by S. Hirschmann in the Group of Prof. Dr. Jens Pflaum Universitit
Stuttgart. As substrate for infrared spectroscopy we used 1.5 mm thick double-
side polished (0 0 1) Si wafers (Siegert Consulting). For AFM measurements 0.5
mm thick singleside polished (0 0 1) Si wafers (Siegert Consulting) were used.
Both wafers have a native oxide layer. The silicon was cut into 1 cm’ coupons
with a diamond tip. During the cutting process the surface comes only into con-
tact with KIMTECH wipes (Kimberly Clark). After every step, the surface was
vigorously blown with dry nitrogen to remove any debris from the scratching
process, which might scratch the surface. The silicon coupons are then used with-

out further cleaning.
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3.2 Organic molecular beam deposition

The vacuum chamber consists of two main parts, the load lock and the prepara-
tion chamber, which is pumped by an ion getter pump (Varian). The load lock is
used to transfer the samples from the ambient to ultra high vacuum in the main
chamber. After the sample is placed in the load lock and the load lock is evacu-
ated by the turbo pump (Varian V301) for about 20 min, the gate valve between
load lock and main chamber is opened. Then the transfer rod can pick up the
sample from sample holder in the load lock and transfer it into the preparation
chamber. To start the deposition of the organic films the substrates, still attached
to the transfer rod, are turned towards the sublimation sources. The nominal
mass thickness is monitored online with a microbalance (Syncon STM100). The
microbalance consists of a quartz crystal which is electrically excited to perform
vibrations at its resonance frequency. The deposition of a very thin film on top
of the crystal leads to a decrease of the resonance frequency. This can be evalu-
ated by the controller into a nominal mass thickness. (Parameters: density 1.35
g/cm’, tool = 100%, z = 100%). We monitor the film thickness by a labview pro-
gram which tracks the actual deposition rate. We are able to co-deposit up to 4
different materials simultaneously. A central shutter can block each molecular

beam to measure the deposition rate of each source separately. (Fig. 3.1)

load lock
E:l(:r?ce sample transfer rod
. =
shutter
— sublimation
sources
turbo
pump
scoll pump Ion getter pump

Fig. 3.1: Schematic drawing of the vacuum chamber which was used to de-
posit OSC onto the substrates.
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3.2.1 Sublimation sources

The organic molecules are sublimed from the solid phase by heating in a ceramic
crucible. Sublimation [41] is the direct phase transition from the solid to the gas-
eous phase for temperatures lower than the triple point temperature T, (Fig. 3.2).
The ceramic (AL,O;) crucibles are resistively heated by Tantalum wires because
of their high melting point and their much superior processability compared to
the brittle Tungsten wires. The deposition rate is controlled by the heating cur-

rent. The sources delivered stable deposition rates over hours.
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Fig. 3.2: Phase diagram showing the phase boundaries between solid, liquid,
and gaseous phase. The point of co-existence of all three phases is called
triple point.

3.2.2 Vacuum

The organic molecules are sublimed from crucibles at temperatures from 80 °C
to 250 °C. To estimate if the molecules hit residual gas molecules on their way to
the sample, I estimate the mean free path with equ. 3.1. In this coarse approxima-
tion [61] I assume an atmosphere consisting of molecules with a very large di-
ameter 4 of 2 nm (comparable to pentacene), a partial pressure P of 107 mbar
and a temperature T of 300 K. The resulting free mean path length is 23 m,
which is two orders of magnitude larger than the source sample distance of
0.3 m in the vacuum chamber. Therefore most of the molecules reach the sub-

strate without a collision with residual atmosphere.
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3.3 Scanning probe microscopy

All SPM (scanning probe microscopes) operate with a similar principle. A very
small probe scans and senses the sample surface via a short range interaction.
This interaction is usually used to measure the separation between probe and
sample surface. Thereby, the tip-sample distance is kept constant with sub atomic
resolution by a piezo stage (constant height mode). The surface of the sample is
scanned line by line resulting in a three dimensional map. The advantage of the
SPM technology is, that it is able to measure in real space with a resolution which
is only limited by the decay length of the used short ranged (near field) interac-
tion. This results for some SPM techniques in possible atomic resolutions. In
contrast to light and scanning electron microscopy, which are as far field tech-

niques diffraction limited to a resolution of half of their wavelength.

SPM was invented by Binning and Rohrer [62] in 1982 with the scanning tunnel-
ing microscope (STM). The STM images the sample surface with a very sharp
metallic tip. (See Fig. 3.3.) The tip or the sample is moved by a piezo scanner. If a
voltage between tip and sample is applied, a very small quantum mechanical tun-
nel current I} begins to flow. It has an exponential dependence on the tip sample
separation and decreases one order of magnitude with an 1 A increase in tip-
sample distance. The tunnel current is therefore a very good measurand for the
tip-sample distance. A drawback is that this method is limited to samples with
conducting surfaces. Yet, it is possible to image very thin films of non conducting
materials, if they are thin enough to allow the electrons to tunnel through the

non conducting barrier (~1 nm).
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Fig. 3.3: Scheme of a STM (Scanning tunneling microscope).

To measure samples with non conducting surfaces Binnig, Quate, and Gerber
[63] developed the AFM (Atomic Force Microscope) in 1986. The first version of
this now SFM (Scanning Force Microscope) called device utilizes a diamond tip
on a cantilever whose Z-movement was monitored by a STM tip on the rear of
the cantilever. Today most SFM use the beam deflection method [64]. A light
beam is reflected from the backside of the cantilever and its deflection is meas-

ured with a four segment photodiode. (Fig. 3.4)
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Fig. 3.4: Scanning force microscope (SFM) in beam deflection mode setup.

There are several operation modes for the SFM. First, we distinguish between
static and dynamic modes. The most used static mode is the contact mode (CM)
in which the tip-sample distance is controlled so that a constant tip bending is
achieved. This method can be used on hard rigid sample surfaces like metal clus-
ters on metal single crystals. For organic samples the tip-surface interactions in
CM are often stronger than the molecule-substrate interaction which can result in

nano manipulation of the sample, instead of an imaging;

In the dynamic mode a piezo actuator forces the cantilever to vibrate near its
resonance frequency. There are two ways to measure the tip-sample interaction.
1) The shift of resonance frequency is measured. This mode is often applied in
vacuum SPM, where the damping is low and the cantilever has a very high Q-
factor (small band width). 2) In atmosphere or liquids (low Q-factors) it is useful
to detect the amplitude of the oscillation at a fixed resonance frequency.
Throughout this work the SFM Veeco Nanoscope IV was used in the tapping or
intermittent contact mode. Here the cantilever is excited near to its resonance
frequency and conducts oscillations of several nanometer amplitude, getting only
for a short moment in close contact (tapping) with the surface. This reduces the

friction forces while scanning,
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A range of different forces act on a SFM cantilever. This is in contrast to a STM,
where due to its exponential decay, the tunneling through the outermost atoms

of the tip dominates the tunneling current.

The short range forces on a SPM probe can be attractive or repulsive. The repul-
sive force is caused by the Pauli exclusion principle, which causes repulsion when
electron orbitals of same spin are superimposed. On the other hand, can an over-
lap of electron wave functions be attractive, when it lowers the total energy simi-
lar to a chemical bond This short range forces can be described with the repulsive
part of the Lennard-Jones potential (equ. 3.2) which is strictly only applicable for

interactions between uncharged, not chemical interacting atoms.

A part of the long range forces is the attractive part of the Lennard-Jones poten-
tial caused by the Van der Waals forces which are dipole-dipole interactions.
These dipoles emerge from fluctuations and interact with dipoles induced by
their own electrical field. 7 is the distance between two atoms, ¢ is the depth of

the potential, ois the (finite) distance at which the potential is zero.

(2]

At a distance of 0.5 nm the attractive Van der Waals force on the tip is in the

equ. 3.2

range of Fy,y = 2 nN [65]. At this tip-sample distance of 0.5 nm [65], the short
range forces become comparable to the longer range forces and pose therefore

the upper limit for atomic resolution.

In ambient conditions micro contacts can act as condensation nuclei for water
vapor. A micro contact can be the crystallization site of a water meniscus, if the

radius of curvature is small than the Kelvin radius 7 (equ. 3.3).

7, I A—
equ. 3.3 * R,Tlog(p/ps)

The Kelvin radius 7, depends on the partial pressure p and saturation vapor pres-

sure ps, surface tension y = 0.074N/m (20°C Water), gas constant R

vz

tempera-
ture T, the molar volume /. For a relative humidity of p/ps = 0.9 a Kelvin radius
of 100 nm is obtained. For smaller p/p, this formula is not applicable, since 7

becomes comparable to the size of molecules.

Condensation is possible since the typical SFM tip radia are much smaller than

100 nm. It is possible estimate the force [66] with (equ. 3.4) where R is the radius
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of curvature, @ the angle of the meniscus, 6 the contact angle, and D the dis-
tance between tip and sample. This results in a maximal attractive force of
F=9.310*N, which is much larger than the van der Waals Forces. Typical force
vs. distance measurements in ambient reveal adhesion forces in the order of
10° N - 107 N mainly originating from capillary forces [67]. Therefore large oscil-
lation amplitudes are a prerequisite for the tapping mode in air, since the restor-

ing force of the cantilever spring has to overcome the capillary forces.

_ 47 Ry cos®
1+ D/[R(1-cosD)]

equ. 3.4

3.3.1 Image processing

Since the surfaces of some thin films (Fig. 3.5 a) exhibit very flat layered struc-
tures it is useful to measure the average step height between this layers with high
precision. For image processing I used the software package SPIP 3.2.11.0 by
Image Metrology ApS. In the height image (Fig. 3.5 a) of the raw data the sub-
strate surface is tilted relative to the image plane and the height histogram (Fig.
3.5 b), which shows the distribution of pixels with certain height values, is fea-

tureless.

a)

Fig. 3.5: SFM raw data of a 20 nm thick organic film on SiO, a) height im-
age b) height histogram - distribution of pixel with certain height value.

As first step I used the “plane correction menu” to tilt the image so that the scan
lines are parallel to the image plane (Fig. 3.6 a). Now, the height histogram (Fig.
3.6 b) shows regular peaks representing the different layers on the surface. The
next step is to perform the “histogram alignment” routine on the image. This

routine fulfills the following process steps. For every individual scan line a height
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histogram is produced and the program assigns the maxima of this distributions

corresponding to different height levels (planes parallel to the image plane).

Fig. 3.6: SFM image after tilting the scan lines parallel to the image plane a)
height image b) height histogram.

Since between the individual scan lines small offsets in height occur, the program
corrects them by adding an offset so that the maxima in the height histograms
match. The resulting height histogram Fig. 3.7 b) exhibits Gaussian shaped peaks
representing the different molecular layers (Fig. 3.7 a). These peaks can be fitted
with multiple Gaussians (Fig. 3.8a). The average step height results from the slope
of the linear fit of the peak centers height over layer number (Fig. 3.8 b).

Fig. 3.7: SFM image after the histogram alignhment routine. a) height image
b) height histogram.
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Fig. 3.8: a) The peaks of the height histogram are fitted with Gaussians.
b) The peak center vs. peak number. The red line is the result of a linear fit
to determine the average step heights.

3.4 Infrared spectroscopy

In this section I will describe the most simple model for molecular vibrations, the
harmonic oscillator. This simple model enables us to understand the basic dis-
tinction into functional group and fingerprint region in the near infrared region
NIR. In section 3.4.2 I will explain the mechanism of the Davidov splitting
which is a direct effect of the molecular arrangement into organic crystals and of
great importance for my work. I will then introduce the general setup of a Fou-

rier transform Infrared spectrometer and finally describe the used setup.

3.4.1 Infrared active vibrations

The most simple molecules which can perform vibrations are diatomic ones. In
the first approximation atoms are represented by two point masses 7, and 7, and
are bound together by a spring with spring constant £ R is the separation be-
tween the atoms and R, the average separation. [(R) is the harmonic potential
I(R) = 7> £(R-R,)’. Its classical solution is a harmonic oscillation with frequency

o with the reduced mass w = m,m,/ (1, +m1,).

equ. 3.5 H
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However, to explain the light absorption the stationary solution of the

Schrodinger equation (equ. 3.6) of the harmonic potential has to be used.

n
24 dR?

+V(R)Y =Ey
equ. 3.6

The eigenvalues of the solutions are E, = (n+72)hw with w from the classical solu-
tion. The selection rule for the optical transition is Az = +1. A more realistic
model for the potential between two atoms is the Morse potential which models
the strong Pauli repulsion between two atoms and allows dissociation of bonds
(Fig. 3.9). The harmonic oscillator is still a good approximation since at room
temperature most molecules are in the ground state and for low energies morse

potential and the harmonic potential match.

4

E

Fig. 3.9: Morse potential modeling the bond in a diatomic molecule. E is
the energy, R is the separation R, average separation between the two at-
oms.

The first item which can be estimated from this model and equ. 3.5 is that vibra-
tions of light atoms like hydrogen, bound to heavier atoms like carbon (u = my,)
oscillate in the high frequency range (1000 cm'— 3000 cm™) called functional
group region. The vibrations of the whole molecule (large ) are located at low
frequencies (500 cm”— 1000 cm™") called fingerprint region, because they are char-
acteristic for a certain molecule and can be used to identify substances from a
database. The gross selection rule for the optical activity of molecular vibrations
is that the electric dipole moment of the molecule must change when the atoms

are displaced. (Fig. 3.10). A permanent dipole moment is not necessary.
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Fig. 3.10: Vibration of the carbon dioxide molecule. a) bending (IR active),
b) symmetric stretch (IR inactive) c) asymmetric stretch (IR active). The
bold arrows denote the dipole moment.

3.4.2 Davydov splitting

A.S. Davydov developed a substantial part of the theory of optical line shifts and
splittings in organic crystals which is known under his name [68]. I start the dis-
cussion with a simple model dimer of equivalent molecules with ground state
wave functions @, and @, and energies E,, E, = E, The non coupled dimer has
the energy E, = 2 E, and the wave function @, = @, @,. One of the molecules
can be excited into @, (with E’) or @, (with E’) and with equal probability. The
single excited dimer wave functions @, are linear combination of excited and
non excited wave functions. The energies of the exited dimer E', for @, are
degenerated E . =E= EO—I-E*.

L

1 ((qu)*z iq)*lq)z)
equ. 3.7 V2

If an interaction [, between the two molecules is turned on, the degeneracy is
lifted. E", and B differ by the resonance interaction energy I,, describing an ex-
change of the excitation energy between molecule 1 and 2.
equ. 3.8 1 =<¢T®2|Kz|‘1’1‘1’2>

The Davydov splitting is defined A, = 2I,,. The energy oscillates between the two
molecules with w = A,/ = 21,,/h. The ground state energy E. gets an additional
shift by the Coulomb interaction in the ground state D’, which is identical to the
van der Waals binding energy. (See Fig. 3.11). The exited state energies £, and E
are additionally shifted by the Coulomb interaction energy D’ of the excited

molecule with the molecule in the ground state.
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equ. 3.9 D' =<®1®2‘V12‘q)‘q)2>

equ. 3.10 D'= (010, |01,

Normally D’ > D’ and the optical transition is red shifted by the so called “sol-
vent” shift D = D-D’. D is caused by the polarizability of the environment
(molecule 2 can be a chromophore or a solvent molecule) whereas I,, can only be

caused by the resonance interaction between two identical molecules.

E{ D,"D, D,P,"
E . E-k- ,Q*
+ ,
D 20,,= 4,
E *+ ’ ¢*+
?,2, ?,0, E.,®,
Monomers Dimer
(V12 =0) (Vlﬁé 0)

Fig. 3.11: The Davydov splitting 4, and the solvent shift D = D’-D’ in re-
spect to the monomer without interaction [, .

The polarization of the optical transition into the Davydov levels is given by vec-

tor addition of the single molecule transition dipoles M' and M.

equ. 3.11

. N NP
M g0 = (D, |e-r‘CDi>:—2<d)ld)2 e-7|®,@; +dj@, )
=L[z\22i1\21]

V2

The special case M' || M* (Cf. Fig. 3.12 a) results in the allowed transition M" and
the forbidden transition M. The non-parallel orientation of M' and M* (Cf. Fig.

3.12'b) leads to two allowed dimer transitions which are polarized perpendicular

to each other (Since ‘Ml‘ = ‘]\22‘)
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Fig. 3.12: Scheme of the Davydov shifted energy levels. a) A parallel orien-
tation of the transition dipoles leads to a single red or blue shifted absorp-
tion line. The transition into the other Davydov component is forbidden
(dotted line). b) A non-parallel orientation, shown at the right, results in
two allowed transitions which are polarized perpendicular to each other.

The magnitude of I,, can be approximated as dipole interaction of the transition
dipole moment of the excited molecule with the neighboring molecules in the
ground state. See equ. 3.12 with M' the transition dipole moment of the optical
transition of the molecule and R, , the distance between molecule 1 and 2.

Mi

IleC—3

equ. 3.12 1.2

The value of I,, ranges for optical singlet transitions normally between 10 cm’
and 100 cm”. The measurement of the dimer spectra can be used to study the
resonance interaction if the distance and orientation of the molecules is known.
This can be realized with mixed single crystals of deuterated and non-deuterated
molecules [69]. They intermix at all ratios, have the same crystal structure, but the
optical transition have an offset of about 100 cm™ which prevents the resonance
interaction between deuterated and non-deuterated molecules. With increasing
concentration of molecules in the deuterated matrix it is possible to measure the
monomer, dimer, and crystal absorption spectra with known molecular orienta-

tion.
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3.4.3 Christiansen effect

The Christiansen effect is a wavelength dependent scattering effect [70, 71, 72]. It
is important for samples with strong differences in the index of refraction be-
tween sample and substrate material. In our case it is the difference in the index
of refraction between organic thin film, silicon substrate and the surrounding
vacuum. The effect increases with increasing roughness of the interface (Mie
scattering [73]). It can alter the apparent position of absorption lines since
anomalous dispersion is observed around all strong absorption lines (Fig. 3.13 a).
A match of the sample and substrate index of refraction leads to a decrease of
the scattering on one side of the absorption line (in this example low energy
side), whereas the scattering becomes stronger at frequencies with increased re-
fractive index difference (high energy side). This leads, in this example, to an ef-
fective blue shift of the apparent absorption line compared to the natural line

position (blue in Fig. 3.13 b).

2) b)
\_J/\En(substrate) 100% J\
n | T |
Vo frequency Vo

Fig. 3.13: Christiansen effect: a) Index of refraction at a strong absorption
line shows anomalous dispersion. b) Frequency dependent scattering re-
sults in the typical apparent asymmetric absorption bands which differ
from the symmetric natural absorption band (blue line).

3.4.4 Fourier transform infrared spectroscopy
3.4.4.1 Principles

Most modern commercial infrared spectrometer are Fourier-transform spec-
trometers. Instead of monochromators with dispersive elements normally used in
the UV/VIS range, the major part of a FTIR spectrometer is a Michelson intet-
ferometer (See Fig. 3.14). In Michelson interferometers the incoming beam is

divided by a beam splitter into beam I and II. After the reflection at mirror I and
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11, the beams are united by the beam splitter, pass the sample and superimposed
on to the detector. The path length difference x between the two beams is x

= 2 Xiror » Ximirsor 15 the displacement of mirror I1.

fixed TR

mirror |
I ‘ \ I
beam splitter I
X
——p

) II
light source
I i xmirror
movable
mirror II
L] sample

I detector

Fig. 3.14: Michelson interferometer: The light from the source is split into
beam I and beam II, reflected by mirror I and II and superimposed at the
beam splitter passes the sample to the detector. The difference in path
length between beam I and II can be changed by moving mirror II.

I begin the detailed discussion [73] with the interference of two electro magnetic

waves F, , with frequency w,,,, wave number v, ,, path length r,,,and electric field

amplitudes E, /> at the detector.
equ. 3.13 E,, = E,, sin(@,, =27V, 1), )

The electrical field at the detector is £, = E,+E,. Since the detector signal is pro-

portional to the time averaged square of the wave amplitude <E,’>.

equ. 3.14 = SC<E[2’> - €C{<E12> * <E22> + 2<E1E2>}: Li+L+1,

with
I, =2ec(E\E,) =

28CE1E2 <cos((a)1 —w,)t+2x(v,r; —v,1,))—cos((w, + @)t + 27 (v,1r; +V,r, ))>
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The interference of two waves with different frequencies w, # w, leads to I,, = 0
since both cosine terms are time dependent and average to zero. For w, = w, and
therefore v, = v, the first cosine term becomes time independent and results in.

equ. 3.15 Iy = 250E1E2 cos(2zv(r —1,))

In the Michelson interferometer is gcﬁ'lé'l =1,=1,=5() and r, = r, - x with

x=2x

mirrort

For monochromatic light equ. 3.14 results in:

equ. 3.16 I,(x)=2S()(1+ cos(27wx))

The interferogram of light with a single frequency results in a cosine wave. This
effect is used to monitor the mirror position with the help of a HeNe laser beam
where each intensity maximum indicates a path difference of x = A = 632 nm.

A continuous light source results in the following detected intensity.

I(x)= O]IV (x)dv = o]-S(v)a’v + O].2S(v) cos(2rwx)dv
equ. 3.17 0 0 0

The first term is x independent and is the total intensity of all spectral compo-

nents, the second term I(x), called interferogram, is x dependent.

I(x)= o].S (v)cos(2mwx)dv
equ. 3.18 0

The frequency spectrum S(») can be calculated from the measured interferogram

I(x) via inverse Fourier transformation.

Sv)= O].[ (x)cos(2zwx)dx
equ. 3.19 0

The resolution of a Fourier spectrometer can be estimated in the following way
[74]. The source has two sharp emission lines A, and A, which are to resolve.

Their interferogram is calculated in equ. 3.20 and plotted in Fig. 3.15.
equ. 3.20

I(x) = A(cos(27zv,x) + cos(2v,x)) = 2 Acos(2x @) cos(2rx v, ;Vz ))

39



To resolve both frequencies it is necessary to capture at least the first beat period
(equ. 3.21). For a higher resolution it is therefore necessary to capture a lar-

Xmax

ger part of the interferogram.

2 2
‘xmax = =
vi—-v,) Av
Av = L
equ. 3.21 Yirror

L
\/\/ \/V

max

Fig. 3.15: Interferogram of two emission lines with wave numbers v, and v,
It is necessary to evaluate the interferogram until the first beat maximum
X, tO resolve the two sharp emission lines.

Since the interferogram can only be sampled at discrete steps and with limited

path difference x

max>

it is necessary to use the discrete Fourier transformation
(DFT) equ. 3.22. The interferogram is sampled at equidistant steps x = zx. The
inverse Fourier transform is shown in equ. 3.23. The spacing of the data points in
frequency and real space are connected by equ. 3.24. The picket-fence-effect
causing the apparent shift of an absorption line, if it is located between two sam-
pling points in the frequency domain, can be suppressed by the so called Zero
filling.

Zero filling means to at least double the interferogram size by adding zeros at
interferogram tails. This increases the data points in the frequency domain and
leads to a smother look of the spectrum. It is important that zero filling just in-

creases the computation time but does not alter line shape nor creates artifacts.
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Another problem which can arise from a too coarse sampling distance x is the
so called aliasing [75]. Due to the symmetry of equ. 3.22, the DFT results in a
superposition of the spectra S(kAv) and its mirror image S((IN-k)Av). The spec-
trometer software normally deals with this problem. It has just to be taken care
of that the intensity of the high frequency tail in the single channel spectrum

(Fig. 3.16) 1s decayed, otherwise this tail is the superposition of the two spectra.

S(k-Av) = gl(n - Ax)exp(i2mk | N)

equ. 3.22 n=0
N-1
I(n-Ax)= (=)D S(k-Av)exp(—i2znk / N)
equ. 3.23 N'is
Av = 1
equ. 3.24 N-Ax

Ax is normally given by the wave length of the HeNe laser A = 632 nm used
for measuring mirror position. To save computation time the Fast Fourier trans-
form (FFT) algorithm is used and restricts that the total number of sample

points NN is a power of two.

The increase of the path difference x,,,. to increase the resolution has the follow-

ing experimental limitations:

1. The amplitude of the oscillation decreases very fast with x so the signal to
noise ratio becomes weak. It is therefore necessary that the used detectors

have a very large dynamic range and a good S/N ratio.

max

2. x,,.1s limited by the thickness & of the substrates used for the films [70].

A single channel spectrum (transmitted intensity in dependence of the
wavenumber) of a 0.5 mm Si wafer taken with 2 cm™ resolution exhibits regular
oscillations (Fig. 3.16). The corresponding interferogram (Fig, 3.17 ) shows a sec-
ond (ghost) burst peak. From equ. 3.22 it is deducible that a sharp peak in the
interferogram  I(x =x,) results in an oscillation in frequency spectra
S(v) = I(xp)exp(i27x, v/ N) which is observable in Fig. 3.16.
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Fig. 3.16: Single channel spectrum (transmitted intensity in dependence of

the wavenumber) of a 0.5 mm SiO, waver taken at 2 cm™ resolution. Mind
the oscillation which is not noise.
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Fig. 3.17: Interferogram of a of a 0.5 mm SiO, waver taken at 2 cm™ reso-
lution. Mind the ghost peak at 4000 points.

This ghost burst peak can be explained by internal reflections of IR beam in the
planar Si substrate. (Fig. 3.18). The light of the reflected beam II has the extra
optical path Ax,,= 2 n;, d , with 7z, refractive index, 4 thickness of the substrate,
and interferes therefore constructive when beam I has a delay of x = *Ax . This

sub*

effect can be used [77] to measure the thickness & of the substrate. The positions
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of two oscillation maxima are v,, v,, the IR refractive index is n;, and  is the

number of oscillations between v, and v,.

m 1 1

equ. 3.25 d=—
2 v v, ny

To be able to obtain spectra with a resolution of 2 cm™ it is necessary to use cus-

tom made 1.5 mm thick Si wafer as substrates.

Fig. 3.18: Substrate dependence of the possible x,.. The light beam is split
into beam I and II due to internal reflection. They have a path length dif-
ference of Ax,, = 2n, d with d the substrate thickness and 7z the IR re-

sub

fraction index. The interference of beam [ with beam II causes an ghost
peak at Tx

sub*

3.4.4.2 Setup

In this wotk an IFS 66v/s FTIR spectrometer by Bruker Optics was used. The
whole path of rays was evacuated to about 1 mBar 10 min before the begin of
the measurements, to reduce water and CO, absorption lines. A glow bar was
used as light source, a liquid nitrogen cooled mercury cadmium telluride (MCT)
diode served as detector. The optical setup consisted of KBr beam splitter and
windows. The spectral range was 0 cm™ - 4000 cm™ (it should be mentioned that
a larger spectral range should be used to prevent the aliasing effect [75]), the reso-
lution was 2 cm™. 4000 scans were averaged for one spectrum. As substrate

1.5 mm thick Si wafers with native oxide layer (Siegert Consulting) were used.
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3.5 X-ray diffraction

X-ray diffraction was used in this work on a basic level and therefore only the
basic concepts are here explained here. The principle explanation for the diffrac-
tion of X-ray beams was given by W. L. Bragg. (Fig. 3.19). An incident mono-
chromatic plane wave is elastically diffracted by parallel crystal lattice planes with
an inter-planar distance d,,. The waves can only interfere constructively if the
path difference of 26 = 2d,,, sin(0) is an integral multiple of the incidence wave-

length A. This is denoted as Bragg’s law (equ. 3.26) where 7 is an integer number.

Synchrotron radiation with a wavelength of 0.11808 nm as well as Cu K, radia-
tion of 0.1542 nm was used. Bragg’s /aw correlates the wavelength to lattice spac-
ing and the diffraction angles. To be independent from the wave length A of the
used radiation the scattered intensity is plotted in dependence of vector of mo-

mentum transfer ¢ instead of the angle 0.

4
=—sin(@
9= (@)

equ. 3.27

Fig. 3.19 The incoming X-rays with wave vector k are scattered by lattice
planes with inter-planar distance .. The path difference between two
beams k”’scattered by neighboring planes is 20 = 2d,,, sin(0).

A different description of the X-ray diffraction phenomenon is given by the Laue

Bragg equations. An incoming plane wave with wave vector  is elastically scat-
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tered into spherical waves by the atoms of a Bravais lattice. These spherical waves

can only interfere constructively into a reflected plane wave with &', if the

spherical waves have the same phase for very point of the Bravais lattice. This is

only the case if the vector of momentum transfer §=k'-k fulfills equ. 3.28 for

every the Bravais lattice vectors R .
equ. 3.28 AR _ iy iR _q

Most notably, this condition is only fulfilled if ¢ is a reciprocal lattice vector K .

In general, reciprocal lattice vectors are surface normals of the lattice planes of
the direct lattice. They can be used to identify these planes using the notation of

the Miller indices 4,4,/ taking into account the primitive vectors of the reciprocal

lattice l;l,l;z,[;; and the integer indices 44,/ K = hgl +k1;2 +ZI;3 .The distance

between the planes is herein given by d ,,, = |2&

. From equ. 3.27 and equ. 3.28

it can be deduced that d il (k'—k)=2m is equivalent to the Bragg law.

In the general case of structures that do not exhibit single atoms at their lattice
points, the scattered amplitudes depend on the zuzner structure of the unit cell, as
it is intrinsically the case for (organic) molecular crystals. This property is de-
scribed by the structure factor which is the Fourier transformation of the elec-

tron density p(#) within the unit cell. ¢ is the elementary charge.

F 7 :_l ikF e
equ. 3.29 (k) == Jdre" p(F)

The scattering amplitude A(g) results from the sum of all unit cells in the crystal,
where a, are the base vectors of the lattice and .4, is the scattering amplitude of

an electron.

A(G) = AF(q) Y e
equ' 3'30 u,v,w

The structure factor takes into account the symmetry operations of the unit cell,

which may lead to the suppression of diffraction peaks.

3.5.1 Specular XRD

The method of specular XRD or 6-20 XRD probes exclusively the periodicities
parallel to the substrate surface. (Fig. 3.20 a). The plane of incident and reflected
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beam is oriented perpendicular to the substrate surface and the reflected beam is

detected at the same angle 6 as the incident beam.

3.5.2 Kiessig fringes

In specular XRD scans on films with smooth surfaces internal reflections be-
tween the interfaces film/substrate and film/air may occur. Similar to Bragg’s law
we face constructive interference for the following conditions with D being the

film thickness and 7 being an integer number.

equ. 3.31 I’Zﬂ =2D Sll’l(g)

This results in the so-called Kiessig fringes which are only observable on films
with very smooth interfaces. In the plot of the specular XRD scan (Fig. 3.21)
they are located next to the totally reflected beam and can be used to derive the
thickness D of the organic film where £K is the distance between two Kiessig

fringes.

equ. 3.32 AK
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Fig. 3.20: a) Specular or 6-20 X-ray diffraction geometry which probes lat-
tice planes parallel to substrate surface. b) In-plane XRD geometry in
which the X-ray beam is diffracted at lattice plane almost perpendicular to
the substrate surface and then total internal reflected if o is smaller than
the critical angle of internal reflection.

3.5.3 Laue oscillation

Since real structures like thin films have a finite thickness only a limited number
N of lattice planes contributes to the diffraction. It is possible to calculate the
resulting intensity as superposition of the waves scattered by each lattice plane.
From Fig, 3.19 the path difference between two planes is 24 win(f) leading to a
phase shift of @ = 24 sin(0) 27/A = ¢ d. The summation over all scattering planes

results in:

N
E=YE=E,(+e®+e™ +. ++ %)
i=1
Rl () B _ F oNDen sin(PN /2)
D2 D2 i |0 i
° e l—e sin(® /2)

equ. 3.33
= EO

Since the detection process is limited to intensities, the signal is proportional to:

2 sin’ (DN /2)

equ. 3.34 I~ |E|2 - |E°| Sinz(q)/2)

The intensity pattern has minima at a phase of @=27/N = ¢.4 resulting in Laue-
oscillations with separation AL. (Fig. 3.21) The number of coherently scattering
planes can be calculated with equ. 3.35.
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cequ. 3.35 AL=—= =

Log[l/[counts/s]]

0.0 ' 0.2 ' 0.4 ' 0.6
q, (A7)

Fig. 3.21: Specular XRD scan of a 20 nm thick 4T/PEN film on SiO,. AK
denotes the Kiessig fringes, AL the Laue oscillations.

3.5.4 In-plane XRD

The technique of Graging incidence or in-plane XRD combines diffraction on lat-
tice planes almost perpendicular to the substrate surface with the total external
reflection of the X-rays on the sample surface. (Fig. 3.20 b). This is possible since
the X-ray refraction index of solids is slightly smaller than 1 and the angle a be-
tween incident beam and surface is smaller than the critical angle of total external
reflection. The penetration depth of the X-rays into the sample ranges typical
from 1 pm to 1 nm. In-plane XRD is therefore a very powerful tool to study very

thin films.
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3.6 Organic thin film transistors

In this work OFETs with three geometries were used. The devices were prepared
by Ph.D. Piero Cosseddu in the group of Prof. Annalisa Bonfiglio at the
Department of Electrical and Electronic Engineering of the University of
Cagliari. The organic films were deposited in our lab in Berlin and the electrical
measurements were performed back in Italy. All devices had a channel length
L of 50 um and channel width Z of 5mm (Fig 2.8).

a) b) ©)
Au_] OSC [ Au 0sc Au_ | OSC [ Ay
Mylar Mylar 519,
AU Al Silicon

Fig. 3.22: OFET structures: a) bottom gold contacts on Mylar
b) PEDOT:PSS top contacts. The Mylar acts as gate dielectric between
OSC and gold gate. c) gold bottom contacts on silicon oxide. The 500 nm
Si0, layer acts as gate dielectric and the heavily doped Si Wafer as gate elec-
trode.

3.6.1 OFET on Mylar

I first start with the OFET realized on a 1.6 gm thick poly(ethylenetherephtalate)
(PET) foil (Mylar, Du Pont) [78]. This material has a dielectric constant similar to
SiO, (e, = 3.0), a high resistivity and a low permeability to oxygen, hydrogen,
CO,, and water. The freestanding foil served as gate dielectric and supporting
layer. The foil was spanned on a metal ring of 1.5 cm diameter and fixed with
parafilm. (See Fig. 3.23). A gold gate electrode is applied by vacuum evaporation
through a shadow mask. The source and drain gold contacts are produced by
standard photolithographic processes [60]. After the realization of all the re-
quired electrodes the organic semiconductor layer was deposited on top of
source and drain electrodes. (C.f. Fig, 3.22 a) and Fig. 3.23.)
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Fig. 3.23: Realization of two gold bottom contact OFETs on Mylar. Image
taken from [60].

For top contact devices (Fig. 3.22 b) the organic layer is deposited on top of the
substrate foil just after preparing the gold gate electrode. In this case, source and
drain contacts were made out of poly(ethylene dioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS,Baytron P CPP 105D: H.C. Stark), and were patterned by
means of soft lithography micro contact printing technique [79] on top of the
organic layer. In this technique (Fig. 3.24) a thin film of PEDOT:PSS is spin
casted on a stamp out of polydimethylsiloxane (PDMS) which prints a positive
image of the source and drain contacts. The stamp is then brought in contact
with the organic layer and the PEDOT:PSS is transferred from the stamp to the

device only at places where the stamp has elevated features.

PDMS
PDMS
l
| |
osc osc

Fig. 3.24: Micro contact printing by soft lithography: A thin film of
PEDOT:PSS is spin casted on the PDMS stamp and than printed on the
organic semiconductor layer.

3.6.2 OFET on Silicon

Bottom contact OFETSs were realized on highly doped silicon wafers acting as
gate electrode with a 500 nm thermally grown silicon oxide layer acting as gate
dielectric. (See Fig. 3.22 ¢). By means of the usual photolithographic processes
gold source and drain electrodes were realized with a channel length I. = 50 pm

and channel width W = 5mm.
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3.6.3 Electrical characterization

The electrical measurements were carried out with an Agilent HP 4155 Semicon-
ductor Parameter Analyzer. A probe station with gold tips was used to contact
the electrodes. The measurements were performed at room temperature under
ambient conditions and under a controlled nitrogen atmosphere (0.1 ppm O,). To
investigate the role of oxygen doping part of the devices were annealed under a
controlled atmosphere (0.1 ppm O,) at a temperature of 120 °C. The electrical
characterization was then performed after cooling the devices down to room

temperature.
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4. Results and discussion

The aim of this work is to reveal which molecular properties lead to phase sepa-
ration or mixing of two kinds of rod-like conjugated molecules. For a systematic
study of this question five different rod-like conjugated molecules were co-
deposited: a-quaterthiophene (4T), pentacene (PEN), p-sexiphenyl (6P), a-
sexithiophene (6T), and its alkylated analogue o,w-dihexylsexithiophene (DHGT).
With these five molecules that can be regarded as standard materials in the con-
text of organic electronics it is possible to realize pairs of materials which differ
in the parameters: monomer type, length of the conjugated core (CC), and overall
molecular length. The film morphology of each material pair will be discussed
separately. I will begin with the films grown on silicon oxide followed by certain
0T/DHOT films grown on Mylar. The attributes leading to mixing or phase sepa-
ration will be discussed in the conclusion. In the last part of the result section I
will describe the realization of organic field effect transistors (OFET) which are a
tool for the characterization of the organic film mobility # and an example for

possible applications for the studied material systems.

4.1 Thin films on silicon oxide

In this chapter I present a detailed analysis of co-deposited film on silicon oxide.
I produced for every material pair several films with 30 %, 50 %, and 70 % mix-
ing ratio in terms of the number of molecules. For every mixing ratio films of
4.5 nm, 20 nm, and 40 nm thickness were produced. For special cases, in which
the growth mode of the initial layer was interesting also sub mono layer films
with 1.2 nm thickness were produced. All together over 350 samples have been
produced and analyzed for this study. The molecule pairs are grouped according
to the length of there conjugated core, since this seems to be, at the first glance, a
k.o. criteria for the formation of mixed crystals of two different rod-like conju-

gated molecules.

4.1.1 Similarly sized conjugated cores

I start with molecule pairs which have similarly sized conjugated cores.

4.1.1.1 4T / PEN

I begin with the discussion of the results of the 4T/PEN material pair. The van
der Waals lengths (vdWL) of 1.82 nm (4T) [29] and 1.64 nm (PEN) [22] differ by
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0.18 nm (10 %), calculated from reported crystal structures with a hydrogen van
der Waals radius of 0.12 nm. On insulators, both molecules exhibit the well-
known thin film growth behavior of in layered structures with the long molecular
axis standing almost perpendicular to the substrate surface. This can be seen in
the AFM height image of 4T film growing in the Volmer-Weber (island) growth
mode with well separated islands [80] (Fig. 4.1 a) and PEN growing in the layer-
plus-island mode [81] (Fig. 4.1 ¢). Rematkably, the co-deposited 4T/PEN film
(Fig. 4.1 b) also shows a layered surface morphology. The surface is less corru-
gated (~7 layers) compared with the pure 4T (~13 layers) and PEN (~12 layers)
films. No phase separation into different material domains can be observed vz
AFM for mixing ratios of 11 % to 90 % 4T.

9
\ .

Fig. 4.1: AFM height images of 20 nm thick films deposited on SiO,. a) 4T,
b) co-deposited 4T/PEN with 42 % 4T and ¢) PEN. The measured step
heights 4 are (1.50 £ 0.06) nm (4T), (1.56 * 0.06) nm (4T/PEN) and
(1.51 £ 0.06) nm (PEN).

The average interlayer step height 4 measured by AFM is the same (in the error
margin) for the mixed film (1.56 £ 0.06) nm, the pure 4T (1.50 £ 0.06) nm, and
PEN (1.51 £ 0.06) nm films. In order to probe the bulk interlayer spacing of the
films, specular X-ray diffraction scans (Fig. 4.2) were performed on the pure ma-
terial and co-deposited 4T/PEN samples. The specular XRD scan of the pure
4T film exhibits peaks at values of ¢. = 0.4083 A g. = 0.8233 A7) and
q.= 1.2196 A vertical momentum transfer, which we assign to the (0 0 /) reflec-
tions of a polymorph with 4 = (1.53 £ 0.01) nm, which is very similar to the
LT-4T [18] (low temperature) polymorph of 4T with 4= 1.52 nm. The pure
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PEN film shows peaks at ¢, = 0.4064 A", g.= 0.8138 A", and ¢, = 1.2196 A"
yielding 7= (1.5 4 £ 0.01) nm. I assign them to the (0 0 /) reflections of the TF-
PEN [20] (thin film) polymorph with an interlayer spacing of 4 = (1.54 £ 0.01)
nm. The 4T / PEN co-deposited films with 63 % 4T and 30 % 4T exhibit peaks
at ¢.= 0.3913 A", 4.=0.792 A" and ¢, = 1.1874 A"\, The (0 0 ) Bragg peaks can
be assigned to a layered structure with 4 = (1.59 £ 0.01) nm. A 46 % 4T film
measured zz-house yielded 4 = (1.58 £ 0.03) nm (not shown).

(001)

TF-PEN $F°P"2N (001)
- TF-PEN

T
I PEN
€
>
3 30% 4T
_§ 63% 4T
| 001

f_T _4T) (002) (003) 4T

' ' ' ' LT-4T' ' LT-4T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

q, (A7)

Fig. 4.2: Specular X-ray diffraction spectra of co-deposited PEN/4T film
of 20 nm thickness on SiO,. Ak is the interval of the Kiessig fringes and
Al is the interval of the Laue oscillations.

This interlayer spacing is in good agreement with the step height measured by
AFM and is, to my knowledge (Table 1), dissimilar to all 4T and PEN poly-
morphs. The existence of Kiessig fringes [82, 83] with A% = 0.0308 A indicates
that the mixed films are less corrugated than the pure 4T and PEN films (in
agreement with AFM data) and have a thickness of 20 nm, which is identical to
the nominal mass thickness of the film measured by the microbalance. The Laue
oscillations [82, 83] with AL = 0.036 A" indicate that the coherence length of the
scattering crystallites is about 18 nm, i.e. it almost equals the nominal film thick-
ness. This indicates that the co-deposited film is of high structural order. A phase
separation into crystalline compounds can be excluded, because this would result
in an overlap of different Bragg peaks, which is not the case. Also a separation
into crystalline and amorphous phases would lead to a decrease in the z-extension
of the scattering planes, which would result in a reduced coherence length ob-

servable by the Laue oscillations.
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Table 1: Interlayer distance 4 of the 4T/PEN film compared with known
PEN and 4T polymorphs. The measured 4 does not coincidences with any
known 4T and Pentacene polymorph.

polymorph d (nm)
66 %; 33 % 4T/PEN 1.59
PEN bulk [21] 1.45
PEN TF [20, 23, 24, 25] 1.54
PEN Holmes [26] 1.41
PEN Minakata [27) 1.50
4T HT [84] 1.43
AT LT [84] 1.52

To gather information about the local environment of the molecules, Fourier
transform infrared absorption spectroscopy (IR) is performed on the respective
films. The IR spectra of the pure 4T film (Fig. 4.3) shows a Davidov split peak
[85] with the two peak maxima centered at 688.1 cm™ and 702.4 cm™, which is
associated with the y(C,-H) out-of-plane (o.-o.-p.) [84] vibration of the hydrogen
atoms at the end positions of the 4T molecule. In a co-deposited film with 63 %
4T, the Davidov splitting vanishes and a single peak appears centered at
691.9 cm™. This indicates that the molecular occupation of the crystal unit cell
(in-plane structure of the co-deposited film) changed significantly. Note: I will
show later in this thesis, that in phase separated films (i.e. 4T/DHGT film, section
4.1.4.1) the Davydov splitting of the peak prevails. This change of the local envi-
ronment of the 4T molecules is also supported by the 4.6 cm™ red shift of the
y(C,-H) vibration [84] at 797.6 cm’ associated with the hydrogen atoms at the
B-positions of the 4T thiophene rings.

56



Davidov split

_ - v (C-H)
31w ‘::a H) ¥ (C5H) PEN

- v (C-H)

S / PEN AT 100% 4T
= 63% 4T
S —— 42%4T
2 30% 4T
o

[72]

e

©

700 750 800 850 900
wavenumber (cm™)

Fig. 4.3: IR absorption spectra of the y (C-H) out-of-plane bending region
of co-deposited 4T/PEN films on SiO,.

I will now discuss the peak shifts of the PEN molecules caused by the co-
deposition. The y(C-H) o.-o.-p. vibration [86] of the pure PEN film at 729 cm
shows strong broadening and a maximal blue shift of 8 cm™ in the 63 % 4T film.
The increase of the broadening with decreasing PEN content indicates that the
local environment of the PEN molecules becomes less homogeneous. This
points to statistical mixing of PEN and 4T molecules in the molecular layers. The
blue shift of 2.4 cm™ of the PEN y(C-H) vibration at 903.5 cm™ is also indicative
of the change in the film structure compared to the pure PEN film. These strong
changes in the IR spectra for 4T and PEN together with the layered growth
(from AFM and XRD) give strong evidence for an intimate mixing of 4T and
PEN on a molecular scale. A collective change of the tilt angle between the long
molecular axis and the substrate surface could explain the increase of the inter-
layer spacing (Fig. 4.4). This could also point to the conclusion that & is inde-
pendent of the 4T/PEN mixing ratio in the measured range.
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Fig. 4.4: Increase of the interlayer spacing 4 due to an increase of the tilt
angle between long molecular axis and substrate in co-deposited 4T/PEN
film. o, >0, 00,

4.1.1.2 6T/ 6P

The vdWL of 6T [87] (2.61 nm) and 6P [88] (2.87 nm) differ by 0.26 nm (9 %),
the absolute mismatch being 0.1 nm larger than for 4T/PEN. The AFM height
image of the 6T/6P film (Fig. 4.5 b) shows layered structures similar to the
4T/PEN films. The pure 6T (Fig. 4.5 a) and 6P films (Fig. 4.5 ¢) exhibit their
typical thin film morphology [87, 89] of layered structures. The co-deposited
6T/6P film with a 43 % 6T ratio exhibits an island density which is comparable
to the OP film. It is noteworthy that some edges of the islands enclose angles of
(120 % 20)°, similar to the angles found for the islands of the pure 6P film. This
is an indication that the in-plane-ordering of the co-deposited film may be similar
to that of the 6P film.
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Fig. 4.5: AFM height images of 20 nm thick films deposited on SiO,. a) 6T,
b) co-deposited 6T/6P with 43 % 6T and c) 6P. The measured step heights
dare 2.19 nm (6T), 2.57 nm (43 % 6T), and 2.69 nm (6P).

Next, the specular XRD scans (Fig. 4.0) are discussed, starting with the pure 6T
film of 40 nm thickness. The 6T film exhibits sharp peaks of a (2n 0 0) series up
to n = 6 leading to an interlayer distance of 4 = (2.25 * 0.05) nm, similar to the
LT-6T [90] (ow temperature phase) (4= 2236 nm) or y-6T [91] phase
(d = 2.24 nm). The series of broad peaks belonging to a spacing of 4= 2.42 nm
represents the 3-phase [91] of 6T (2.44 nm).

The 74 % 6T film of 20 nm thickness shows - compared to the pure 6T film -
weaker peaks of the (2n 0 0) series of the LT-6T [90] polymorph. The peaks at
g.= 0.4715 Al and q.= 0.728 A", marked with dashed lines, are assigned to con-
tributions of a mixed phase with 4= (2.59 * 0.1) nm. The 40 nm 58 % 6T film
exhibits a (4 0 0) series belonging to 4 = (2.60 * 0.05) nm. The 52 % 6T (30 nm
thick) and 42 % 6T (20 nm) films lead to interlayer spacings of 4= (2.62 £ 0.05)
nm and 4 = (2.66 * 0.05) nm. The specular scan of a 26 % 6T film (40 nm) (not
shown) measured 7#-house with Cu K, radiation resulted in 4= (2.68 * 0.05) nm.
The pure 6P (10 nm) film exhibits regular (0 0 /) peaks with 4= (2.74 £ 0.05) nm
similar to the y-6P [92] phase with 4 = 2.72 nm.
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Fig. 4.6: Specular X-ray diffraction scans of co-deposited 6T/6P films on
SiO, The thin solid lines mark the peaks of the (2n 0 0) series of the
LT-6T polymorph and the (0 0 /) reflections of the y-6P polymorph.

The interlayer spacing 4 and the step heights on the film surfaces measured by
AFM are plotted in dependence of the 6T content in Fig. 4.7. From 0 % 6T to
60 % 6T content, d shows a weak monotone decreasing dependence on the mix-
ing ratio. The specular scan of the 74 % 6T film shows the co-existence of a pure
LT-6T phase and a mixed phase. I measured the step heights on individual islands
of the 75 % OT film »ia AFM. The step height cumulate at ~2.25 nm, which I
associate to pure 6T islands and ~ 2.45 nm associated to a mixed phase. Both
phases are observable in the specular XRD scan. Additional a broad distribution
around 2.6 nm is observable which can be associated with 6P rich islands. It is to
mention that is hard to measure the step heights of individual islands with high

precision because of it small extension.
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Fig. 4.7: Inter-layer distance 4 of co-deposited 6P/6T films on SiO, meas-
ured by AFM and XRD as a function of the 6T content.

Additional information about the local environment of the molecules in the film
can be derived from IR spectroscopy (Fig. 4.8). First, the y(C-H) o.-o.-p. vibration
peaks [93] of the 6P molecules are addressed. The y(C,-H) vibration of the 6P-
end-rings at 760 cm™ exhibits a blue-shift of 3 cm™ with increasing 6T content.
The y(C,-H) vibration of the para-substituted rings shows a comparable blue-
shift (2.9 cm™) from 814.2 cm™ (6P) to 817.1 cm™ (74 % 6T) film.

Remarkably, the y(C,-H) vibration peak [94] of the 6T molecule at 791.6 cm’!
loses its fine structure when a small amount of 6P is co-deposited. With further
increase of the 6P content, this peak shows a pronounced blue-shift of 3.4 cm’
(26 % 6T). Of particular importance is the Davidov split [85] 6T y (C,-H) o.-o.-p
bending peak at 688 cm™ and 702 cm™. The 74 % 6T film shows only a broad
peak around 686 cm™, which is a superposition of the 6P §(C -H) ring deforma-
tion vibration peak at 689.5 cm” and the non-splitted broad 6T y(C,-H) peak
around 682.5 cm™ that was measured for intercalated films of 6T/DHGT [95]. As
discussed eatrlier in this work, the vanishing of this Davidov splitting indicates
that the local environment of the 6T molecules changed suddenly with the co-

deposition of GOP.

However, it is possible that the IR spectrum of the 74 % 6T film may contain a
small contribution of the Davidov split 6T y(C,-H) peak and is therefore not in
contradiction to the detection of pure 6T domains in the 74 % 6T film by XRD.
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Fig. 4.8: IR absorption spectra of the y(C-H) o.-o.-p. bending region of co-
deposited 6T /6P films on SiO,. The absorption is scaled to a film thickness
of 40 nm.

The data suggest that the 6T / 6P co-deposited films exhibit co-existence of pure
0T and mixed 6T / 6P domains for a high 6T content of >60 % 6T (Fig. 4.9).
Since the vdWL of 6P is slightly longer than the vdWL of 6T, intercalation of
the smaller 6T molecules into the 6P structure becomes possible, leaving only
small holes that do not hamper the growth of the next layer. In the reverse case, a
6P molecule intercalated into a 6T layer would stick out of the 6T surface, since
the 6P molecules are forced to exhibit similar orientation to the surrounding 6T
molecules, thus hampering the growth of the next 6T layer. This causes the phase
separation into pure 6T and 6P rich mixed domains. Therefore, it is expected that
OP-rich films show no phase separation. To test this model, it is necessary to co-
deposit molecules with different van der Waals lengths, which should result in

either a phase separation, or in an amorphous growth.
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Fig. 4.9: Cartoon of the mutual molecular arrangement. For 6T rich films
phase separation into a pure 6T phase (4,) and 6P rich intercalated 6T /6P
phase (4,) was found. The 6P rich film did not exhibit phase separation.

4.1.2 Similarly sized conjugated cores + alkyl-end-chain

So far only well ordered mixed films of molecule pairs of similar conjugated core
sizes are observed. The next step is to modify one part of the pair slightly with
an alkyl-chain-end-substitution to test if the steric hindrance causes phase separa-

tion.
4.1.2.1 6T/ DH6T

First, I discuss the results for co-deposited thin films of 6T and DHGT, for which
the conjugated molecular moiety is identical. Representative AFM images of pure
0T and DHOT, as well as of co-deposited 6T/DHOT films of 20 nm nominal
thickness, are depicted in Fig. 4.10. For pure DHOT (0% 6T; Fig. 4.10 a), islands
exhibiting three distinct height levels can be observed. Some islands were inter-
connected and exhibited a “liquid-like” appearance. A rather similar morphology
was observed for 17 % 6T (Fig. 4.10b), however, with smaller and less intercon-
nected islands. The 57 % 6T film (Fig. 4.10 c) exhibited a more granular appear-
ance with less round island shapes compared to Fig. 4.10a. The morphology of
the 78 % 6T film (Fig. 4.10 c) displays more pyramid-like islands, with more ap-
parent height levels of individual terraces. Finally, pure 6T (Fig. 4.10 ¢) also
showed the characteristic pyramid-like morphology with at least seven exposed
molecular layers, however, with reduced island density and heavily fringed island
edges. Films of 40 nm - 50 nm nominal thickness had very similar morphologies

(not shown).
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Fig. 4.10: Tapping mode AFM images of co-deposited films 6T/DHGT
films on SiO, of 20 nm nominal thickness: a) 0 % 6T; b) 17 % 6T; ¢) 57 %
0T; d) 78 % 6T; e) 100 % 6T. The insets show the height distribution of
the images (#IN/N relative number of pixels per height interval; the first
peak corresponds to the bottom-most visible layer). The height scale is ad-

justed for maximum contrast.

Apparently, the surface morphology changed gradually depending on the ratio
between DHOT and 6T. In general, DHG6T-rich films exhibited interconnected
smooth-edged islands with only two to three layers forming terraces; 6T-rich
films showed more pronounced fringed-island formation with more molecular
layers forming the surface-exposed pyramid terraces. A detailed analysis of the

AFM image height distributions allows one to asses the step height of terraces

64



with high precision. The height distributions for all samples (insets in Fig. 4.10)
showed well-defined peaks, whose distance corresponds to the distinct step
height of island terraces. (The background between peaks is attributed to the
convolution of sample morphology with the AFM tip shape. The very bright
spots seen in some images are attributed to surface contamination, which do not
contribute to the step-height evaluation since they are higher than 10 nm.) The
peaks could adequately be fitted with Gaussian distributions. To derive the aver-
age step height, the resulting peak maxima were plotted as a function of peak
number, and a linear fit was applied. The results of this analysis routine are sum-

marized in Fig. 4.12, together with data from additional samples not depicted in
Fig. 4.10.

log [/ (counts/s)]
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Fig. 4.11: Specular XRD scan of co-deposited 6T / DHOT layers on SiO2:
1) 0 % 6T; 2) 7 % 6T; 3) 60 % 6T; 4) 79 % 6T 5) 100 % 6T. The spectra are
shifted vertically for clarity. ¢, is the vertical momentum transfer vector and
log(1) is logarithm of the count rate.

The plot of the specular XRD scan of the pure DHOT film on a native silicon
oxide exhibited two peaks at g = 0.173 A" and g.= 0.345 A" (see Fig 4.11),
which we assign to the (0 0 1) and (0 0 2) diffractions of a DHG6T polymorph
with a lattice spacing of 4 = 3.64 nm. This spacing is similar to the 4= 3.6 nm
spacing observed for small DHOT crystallites by Lovinger et al. [96] and to other
reported d-values of DHOT on SiO, (3.55 nm [38], 3.54 nm [39], and 3.6 nm
[96]). A film with 7 % 6T exhibited two peaks at 0.170 and 0.339 A™', which are
assigned to (0 0 1) and (0 0 2) diffractions of a single material phase (which will

65



be supported below by infrared spectroscopy results) with a lattice constant of
d=3.71 nm. A sample with 60 % 6T exhibited peaks at 0.212 and 0.414 Al
corresponding to 4 = 2.96 nm. The typical appearance of (00 1) and (00 2)
diffractions is continued for a film with 79 % 6T, resulting in 4= 2.7 nm.
However, pure 6T films exhibited polymorphism, as recognized by a broad
(00 1) peak centered at 0.26 A" and a (0 0 2) peak at 0.52 A", corresponding to
d= 242 nm (representing the known [-phase of 6T [91] with 4= 2.44 nm).
Sharper (0 0 1) and (0 0 2) peak components at 0.279 and 0.558 A" (yielding
d = 2.25 nm) agree with the 6T y-phase (¢ = 2.24 nm)[91].

All intetlayer spacing values for the pair 6T/DHGT are summarized in Fig. 4.12,
including values obtained independently from AFM measurements. We note that
d values derived from AFM data at 6T proportions smaller than 50 % have a lar-
ger error due to the comparably small number of visible island steps. (C.f. Fig;
4.10) The dependence of 4 on the 6T content directly suggests a substrate-
independent linear relation throughout the entire range investigated (except for
pure DHOT, due to a different intralayer structure). These data alone provide

already strong indications for a mixing of 6T and DHOT.
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Fig. 4.12: Interlayer distance 4 of 6T/DHGT co-deposited films on SiO,
and Mylar measured by AFM and XRD as a function of 6T content. The
line is a guide for the eye of the linear dependence. The films deposited on
Mylar are discussed at p. 98.

More direct evidence for this intercalation was obtained from IR measurements
(Fig. 4.13). For pure 6T, the y(C,-H) out of plane bending mode of the 6T termi-
nal rings is located in the spectral region of 660-720 cm’', which exhibited Davy-
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dov splitting into two peaks at 688 and 702 cm™. [85] On the other hand, 6T
samples co-deposited with DHOT exhibited no clear-cut splitting and only one
red-shifted asymmetric peak at 682 cm™ was observed. DH6T showed no such
peak since hexyl chains are attached to the a-position of the terminal rings. This
means that DHOT intercalation of 21 % was sufficient to change the unit cell of
0T molecules, thus subduing the Davydov splitting of pristine 6T. Furthermore,
these spectra directly rule out the coexistence of DHOT and 6T crystallites (or
layers) in mixed films. Changes of the in-plane structure (unit cell) of mixed
6T/DHGT samples compared to pure 6T samples were confirmed by preliminary
grazing incidence X-ray diffraction experiments, which will be reported in detail

elsewhere.
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Fig. 4.13: IR absorption spectra of co-deposited thin films on SiO,:
a) y(C,-H) deformation region; b) alkyl C-H stretching region of
60T/DHOT.

For DHOGT, Garnier, et al. [38], proposed that strong n-n interactions between the
rigid conjugated sexithiophene cores and van der Waals interactions between the
flexible alkyl chains leads to a separation of these subunits into alkyl and
sexithiophene domains within one molecular layer. [96] The observed linear de-
pendence of the interlayer spacing on the 6T content (Fig. 4.12) can be related to
this motif of intralayer phase separation. The observed changes in 4 could then
be explained by two mechanisms: (i) The angle between hexyl chains and sub-
strate, as well as the angle between sexithiophene-moieties and substrate, may
depend on the intercalation level. (i) The conformation of hexyl chains in co-

deposited films changes, as free volume in the hexyl domain is created by replac-

67



ing a DHGT molecule by 6T within one layer. As a consequence, hexyl domains
should be less ordered in mixed films, e.g;, by alterations of the tilt angle between
conjugated core and hexyl chains or by some C-C bonds of the hexyls being in
cis conformation (in densely packed pristine DHOT, hexyl chains are supposedly
in the all-trans conformation [38]). While mechanism (i) is most likely the reason
for the abrupt increase of 4 when going from pure DHOT to mixed films, the

gradual decrease of d for increasing 6T content can be related to mechanism (if).

Support for this explanation is provided by IR data in the region of 2820 cm™ -
2980 cm™ (Fig. 4.13 b), where C-H stretching vibrations of the hexyl groups of
DHOT are located. First, the pure DHOT (0 % 6T) spectrum is discussed. The
strongest peaks at 2855 and 2923 cm™ can be assigned to the symmetric and anti-
symmetric C-H stretching bands of CH,.[97] The small peaks at 2874 and 2958
cm’ are due to the symmetric and anti-symmetric C-H; stretching band of the
terminal methyl group of the DHOT hexyl chain. [97] The asymmetric CH,
stretching peak exhibited a gradual blue-shift of up to 3 cm™ (for the 79 % 6T
co-deposited sample) for increasing 6T content in DHO6T (Fig. 4.13 b). No energy
shift was observed for the other alkyl stretching bands. Park et al. [97] reported
that decreasing order and packing density of self-assembled monolayers of al-
kanethiols on Au led to a blue shift of the methyl C-H; stretching band. There-
fore, it can be concluded that in the co-deposited 6T/DHOT layers the order and
packing density of the DHOT hexyl chains is lower compared to the pure DH6T

films.

4.1.2.2 6P / DH6T

I now turn towards the material pair 6P/DHGT, whose CC length of 6T [87]
(2.61 nm) and 6P [88] (2.87 nm) differ by 0.26 nm (9 %). I will show that such
co-deposited films exhibit the same behavior as 6T/DHOT films. Representative
AFM images of co-deposited 6P/DHOT films of 20 nm nominal thickness are
depicted in Fig. 4.14. The AFM height image of pure DHOT was depicted in Fig,
4.10. The morphology evolution for films with different molar ratios is similar
for 6P/DHOT as for 6T/DHGT. For 18 % 6P (Fig. 4.14 a) smaller islands were
observed compared to pure DHOT. The 44 % 6P film (Fig. 4.14 b) exhibited a
more granular appearance with still rather round island shapes. The morphology
of the 73 % 6T film (Fig. 4.14 c) displays more pyramid-like islands and with
more apparent height levels of individual terraces. Pure 6P (Fig. 4.14 d) showed
the characteristic pyramid-like morphology with seven exposed molecular layers,

however, with increased island density and rather smooth island edges compared
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to pure 6T. Thus, the surface morphology of mixed 6P/DHO6T films also
changed gradually depending on the ratio between DHG6T and 6P.

oo

/\J: II‘./ b s

2% 84 6 4 20 2 4 6 8

Fig. 4.14: AFM height images of 20 nm thick co-deposited films of 6P and
DHOT on SiO,: a) 18 % 6P; b) 44 % 6P; ¢) 73 % 6P; d) 100 % 6P. The in-
sets show the height distribution of the images after background subtrac-
tion. The height scale is adjusted for maximum contrast.

The interlayer distance 4 between molecular layer parallel to the substrate surface
are probed by specular XRD (Fig. 4.15). The 16 % 6P sample showed (0 0 1) and
(002) reflections (g. = 0.169 and 0.338 A"} respectively; corresponding to
d=3.72 nm. Similar assignments yielded 4 = 3.44 nm for 33 % OGP and
d = 3.06 nm for 73 % GP. The pure 6P film showed two slightly asymmetric (001)
and (002) peak series, corresponding to the coexistence of the y-phase [92] (4 =
2.72 nm) and a small fraction of the B-phase [92] (4 = 2.60 nm).
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Fig. 4.15: Specular X-ray diffraction of co-deposited 6P/DHGT layers on
SiO,: a) 16 % 6P, b) 33 % 6P, ¢) 73 % 6P, d) 100 % OP. The spectra are
shifted vertically for clarity. ¢, is the vertical momentum transfer vector, and
log I is the logarithm of the count rate.

The interlayer spacings measured by AFM are included in the compilation of the
X-ray data as function of 6P content in Fig. 4.16. The intralayer spacing d for
6P/DHOT films thus shows the same linear dependence on 6P content as the
6T/DHOT films (with the dependence on 6T content).
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Fig. 4.16: Intetlayer distance 4 of 6P/DHGT co-deposited films on SiO,
measured by AFM and XRD as a function of 6P content. The line is a
guide for the eye of a linear dependence.

The IR data in the region of 2820 cm™ - 2980 cm™ (Fig. 4.17 a), where C-H
stretching vibrations of the hexyl group of DHOT are located, show exactly the
same trend as those for 6T/DHGT samples. The asymmetric CH, stretching peak
gradually blue shifts by up to 3 cm™ (for 72 % 6P) for increasing 6P content in
DHO6T. Consequently, I conclude an intercalation of 6P and DHGT, facilitated by
the flexibility of DHGT hexyl chains, in full analogy to the above discussion of
0T/DHOGT samples (c.f. schematic of both structures shown in Fig. 4.18). The
y(C-H) o.-0.-p. vibrations [93] of 6P (Fig. 4.17 b) at 759.8 cm™ and 814.3 cm’'
show a blue shift of 2.2 cm™ and 1.2 em™ indicating the local environment of the
0P molecules changes with the co-deposition of DHOT. In general, it thus ap-
pears that the strong m-m-interactions between even dissimilar conjugated cores
are responsible for the observed intercalation behavior. Phase separation, instead,
would result in the mixture of inhomogeneous layer thickness (i.e., alkylated ver-
sus non-alkylated domains) within one nominal layer, which seems energetically
unfavorable, in particular in three-dimensional growth. A systematic change in
the tilt angle of the molecules for different film compositions as reason for the
observed 4 variation can be ruled out as this would require two different tilt an-
gles for DHOT and 6T within a sample, which would lead to phase separation.

The opposite was observed.
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Fig. 4.17: IR absorption spectra of co-deposited 6P/DHOT thin films on
Si0,: a) alkyl C-H stretching region of DHO6T b) y(C-H) deformation re-
gion.

Conclusion

I prepared co-deposited thin films of the material pairs 6T/DHG6T and
6P/DHOT with varying molecular ratios (19 % to 80 %). In contrast to my first
assumption, the alteration of the total van der Waals length of 6T molecule by
attachment of an alkyl-end-chain lead not to phase separation due to steric hin-

drance.

Instead, AFM and X-ray measurements show that the films grow in well ordered,
mixed, and layered structures. It is possible to control the interlayer distance 4 by
the DHOT content of the film. I will show that this behavior is not only observ-
able on inert substrate with very low surface roughness but even on a rough
polymer films like Mylar c.f. section 4.2. This indicates that this growth mode
seems not to depend on a specific substrate. The ¢ dependence is attributed to
the mutual mixing of 6T and DHOT or 6P and DHOT within layers, due to the
strong n-m interaction of the conjugated molecular cores and the flexibility of

DHOT hexyl chains, as evidenced by IR investigations. Thus, vacuum co-
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deposition of a rigid conjugated molecule with an alkylated rod-like molecule can
be a practical method to fabricate mixed layers containing two conjugated moie-
ties with vastly different electronic properties with the additional possibility to
tune interlayer distances with sub nanometer precision. This type of self-
assembly of organic molecules on a substrate from the vapor phase will enable
detailed investigations of intermolecular coupling between conjugated layer
stacks, separated by controlled insulating layers. Normally mixed crystals between
molecules consisting out two different isotopes e.g. C,, und C,; were used for
such studies. The two isotopic molecules form mixed crystals at all ratios, but

have slightly different optical properties [69].

\

Fig. 4.18: Schematic molecular arrangements for mixed films, indicating dif-
ferent interlayer spacings d, > d, > d,.
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4.1.3 Differently sized conjugated cores

The four material pairs described so far in this work have the ability to form well
ordered layered mixed structures. All pairs have in common that the conjugated
cores of the pairs were similarly sized. To determine if a matching length of the
CC is a necessary prerequisite for the mixing, I co-deposited materials with dif-

ferent CC length.

4.1.3.1 4T/ 6T

I started with two materials with the same #pe of CC but different vdWL. The
vdWL of 4T (1.82 nm) [29] and 6T (2.61 nm) [87] differ by 0.79 nm (30 %). The
surface of the 20 nm thick 62 % 4T film (Fig. 4.19) exhibits three different kinds
of features: layered structures of 2.3 nm step height (Fig. 4.19 a) covering a small
amount of the surface, 1000 nm X 250 nm (typical values) footprint-area islands
of 150 nm — 200 nm height, and 50 nm high frayed islands (Fig. 4.19 b) plus
some small needle-like islands of 40 nm - 50 nm height. This complex surface
morphology gives the first information that the 4T/6T sample does not consist

of one homogeneous mixed film.
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Fig. 4.19: AFM height images of 62 % 4T /6T film of 20 nm thickness on
Si0,. a) Height scaled to show layered structure with 2.3 nm step height
b) Height scaled to the show island morphology: high needle-like islands
(150 nm - 200 nm height), frayed islands (50 nm), and small needle-like is-
land (40 nm — 50 nm).

The specular XRD scans, measured with Cu K, radiation, are shown in Fig. 4.20.
The scan of the pure material films are shown in Fig. 4.2 and Fig. 4.6. The 22 %
4T film shows unshifted peaks of the (0 0 2n) series of the LT-6T [90] or y-6T
[91] polymorph, indicating standing molecules. The peak at g.= 1.42 A" can be
identified as a superposition of the (0 0 10) and (4 1-1) peak of the LT-6T phase,
indicating a molecular orientation almost perpendicular and almost parallel to the
substrate surface. The small sharp peak at g, = 1.599 A is the (0 2 0) reflex of
LT-6T representing lying molecules. The broad peak at g, = 1.67 A is a superpo-
sition of the (0 0 12) LT-6T peak at .= 1.6868 A" and the 4T-LT [84] (0 0 8) at
g.= 1.65 A",
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Fig. 4.20: Specular XRD scans of co-deposited 40 nm thick films of
4T/6T on SiO,.

The 53 % 4T film exhibits an unshifted (0 0 2n) series of the LT-4T polymorph
indicating that the 4T molecules are oriented perpendicular to the substrate sur-
face. The peak at ¢, = 1.4231 A can be identified as (4 1-1) of the LT-6T phase.
The XRD data shows no sign of a mixed phase of 4T and 6T. The low intensity
of the peaks leads to the following possible interpretations. (i) A large amount of
4T and 6T is not ordered and, as a result, causes no diffraction peaks. (ii) The
scattering planes are not oriented parallel to the substrate surface and, therefore,

cannot be detected in the 6-20 specular scan.

The amorphous growth assumed in (i) would lead to strong changes in the IR
spectra, since the local molecular environment is different for every single mole-
cule similar to the situation in solution. Fig. 4.21 shows that the IR spectra of co-
deposited films are just superpositions of the pure material film spectra. Of spe-
cial interest is the fact that the Davidov [85] splitting of the y(C,-H) vibration
peak of 4T and 6T does not vanish in the co-deposited film. This indicates that
the local crystal structure of the 4T and 6T molecule is unchanged in the co-
deposited film in contradiction to (1). This supports (if) which indicate that a lar-
ger part of the co-deposited film consists of ordered phase separated domains of
4T and 6T which have no preferential orientation to the substrate surface causing
the low scattering intensities (XRD) and “tilted” islands (AFM).
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Fig. 4.21: IR absorption spectra of the y(C-H) out-of-plane bending region
of co-deposited films of 4T/6T on SiO,. Please note that the mixed film
spectra are superpositions of the pure film spectra.

The following material pair differs in it’s CC length and additionally in the type of

the conjugated core.

4.1.3.2 4T / 6P

Similatly to the preceding pair of 4T/6T, the vdWL of 4T [29] (1.82 nm) and 6P
[88] (2.87 nm) differ by 1.05 nm (37 %). The specular XRD scan (Fig. 4.22) of
the 28 % 4T co-deposited film shows only a weak peak at ¢g. = 0.7023 A that can
be assigned to (0 0 2) of almost standing 6P molecules in the y-phase[92]. The
standing 4T molecules in the LT-4T phase[84] are represented by the (0 0 ) series
with a pronounced (0 0 4) peak. There are two strong peaks at ¢g. = 1.376 A" and
q.= 1415 A that can be assigned to (-1 1 1) and (-1 1 2) reflections of the
B-phase [88] or y-phase [92] of 6P and the HT-phase [18] of 4T, because the foot
print of the 4T and 6P unit cells are very similar. These peaks indicate that the

cleavage planes of the crystallites that are oriented parallel to substrate.

The 55 % 4T film exhibits a more pronounced (0 0 /) series of LT-4T [84] and a
consequently weaker (0 0 2) peak of the 6P y-phase. The peaks at g, = 1.376 Al
and 1.415 A show similar strength for both mixing ratios, indicating that both

4T and 6P contribute to these peaks.
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Fig. 4.22: Specular XRD scan of 40 nm thick 4T/6P films on SiO,

The AFM height image of a 4.6 nm 56 % 4T film (Fig. 4.23 a) exhibits layered
structures with 2.86 nm step height (similar to vdWL of 6P) and a “round” shape
similar to DHOT thin films (Fig. 4.10 a). Note the numerous holes in the islands,
which could be 4T inclusion in 6P islands and could explain the low XRD signal
of standing 6P. The white spot is a 25 nm high island with no depletion zone
around it, indicating that the layered structures and the high islands grow inde-
pendently. This suggests that the 4T separates into the high islands from the first
layer on. The surface of a 20 nm thick film (Fig. 4.23 b) exhibits three different
features: layered structures covering the substrate that can be related to the do-
mains of standing 6P, 40 nm high needle-like islands and islands of 60 nm -
90 nm height and 500 nm footprint with ether flat (standing molecules) or tilted
surfaces (lying molecules). It is possible to relate the latter island type to 4T since

their number increases with increasing 4T content of the film.
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Fig. 4.23: AFM height images of co-deposited films of 4T and 6P grown
on Si0O,. a) 56 % 4T film of 4.6 nm thickness. Please note the small holes
in the layered structures and the 30 nm high island. b) 60 % 4T film of 20
nm thickness shown in a non linear height scale. Note the three different

morphologies: Layered structures covering the ground, 40 nm — 60 nm
high 4T-like islands, and 40 nm - 50 nm high needles.

The IR spectrum (Fig. 4.24) shows only weak peak shifts of about 0.5 cm™. As
discussed before, the persistence of the Davidov splitting of the 4T y(C,-H) [85]
vibration around 655 cm™ in the co-deposited film spectra, indicates that most of
the material is in the pure material state and indicates a good phase separation
into ordered domains of 4T and 6T. The 6P peaks [93] show only weak blue
shifts (~0.5 cm™) and no line broadening indicating that the local environment of
the 6P molecules is similar in the 6P and mixed films. This indicates a pro-
nounced phase separation into ordered domains of 4T and 6P. The AFM and
XRD data indicate that a large part of the 4T grows in ordered domains of
standing molecules, where as the 6P grows in ordered domains with molecular

otientation nearly parallel and perpendicular to substrate surface.
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Fig. 4.24: IR spectrum of co-deposited thin films of 4T/6P on SiO, of
40 nm thickness. Note that the 4T y(C,-H) vibration is Davidov split for all
4T contents. All other peaks show only wealk blue shifts (~ 0.5 cm™).

4.1.3.3 PEN / 6T

The material pait PEN/6T has with vdWLs of 1.64 nm (PEN [22]) and 2.61 nm
(6T [87]) exhibits an identical van der Waals length ditference of 37 % (0.97 nm)
to the preceding material pair. However, it exhibits a very different growth behav-
ior. The AFM image of a 55 % PEN film of 4.7 nm thickness (~ 2 mono layer)
is shown in Fig. 4.25a. The film consists of an almost closed first layer with a
smooth surface. A second layer, consisting out of loosely packed islands with a
height of 1.6 nm to 2 nm, is located on top. This height variation already indi-
cates mixing and/or phase separation on the nm scale, at least in the second layer.
The third distinct height level comprises small islands of a typical height of
10 nm. It should be mentioned that the loosely packed second layer poses a
rough surface for the following molecules. That is different to the phase separat-
ing material pairs discussed before, which showed pronounced phase separation
already in the 1 to 2 monolayer range. The 20 nm thick 46 % PEN film (Fig. 4.25
b) exhibits a very high surface corrugation. It consists of small 30 nm - 80 nm

high islands with a high islands density.
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Fig. 4.25: AFM images of co-deposited PEN/GT films with a) 55 % PEN
and 4.7 nm thickness, b) 46% PEN and 20 nm thickness on SiO,.

I now turn to the specular XRD scan (Fig. 4.26) of a 40 nm 45 % PEN film. It
shows rather broad features. The one at g, = 0.3037 A" (corresponding to
d=2.07 nm) could either be assigned to the (0 0 1) peak of HT-6T phase [87]
(with 4= 2.048 nm) or to the presence of a mixed phase. The peak at
g.= 0.7968 A" (4= 0.79 nm) might be associated with the (0 0 3) peak of the
B-6T [91] phase and (0 0 2) of the TF-PEN [20] (thin film) phase.
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Fig. 4.26: Specular XRD scans of 40 nm thick PEN/6T film on SiO,

The in-plane XRD scan (Fig. 4.27) clarifies the situation. No peaks related to
PEN are observable in the spectra of the co-deposited film. The weak peaks at
9, = 1.6167 Al and 9, = 1.9627 Aof the co-deposited film can also be found in
the 6T in-plane scan. A peak at ¢, = 1.3669 A is located between the peaks at
1.315 A" and 1.383 A" of the pure 6T film. From the XRD measurement, it can
be deduced, that a small part of the film has a periodicity similar to the 6T film.

In contrast, no indication for ordered PEN can be found.
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Fig. 4.27: In-plane XRD scans of 40 nm thick PEN/6T film on SiO,.

Since XRD only probes ordered sample portions with lattice planes oriented per-

pendicular and parallel to the substrate surface, I analyze the IR spectra of the
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v(C-H) o.-o.-p. bending region of 6T and PEN (Fig. 4.28) to test for the presence
of eventually unordered phases. The films with low PEN content (30 % and
45 % PEN) (Fig. 4.28 a) show a pronounced broadening of the peak at 729 cm™,
which has a similar line shape as in fully mixed PEN/4T film (Fig, 4.3) discussed
earlier in this thesis. This indicates that the local environment of the PEN mole-
cules is amorphous. The 75 % PEN film shows a superposition of the split-peak
found in the pure PEN spectra and the broad peak indicating a co-existence of
ordered and amorphous phase. The PEN peak at 903.5 cm” doubles its line
width and shows a blue shift of 1.8 cm™, which can be partly attributed to the
Christiansen effect [71, 98].

In contrast, the 6T y(C-H) o.-o.-p. bending peaks (Fig. 4.28 b) do not exhibit
strong broadening. The Davidov splitting [85] of the y(C,-H) vibration around
688.7 cm™ still exists in all of the co-deposited films. The peak at 791.8 cm
shows almost no shift and no change of the line shape as it was observed for
mixing material pairs like 6T/DHGT [95] and 6T/6P (Fig. 4.8). Both observations
strongly indicate that most of the 6T molecules grow in a phase very similar to

that of the pure material film.

The IR data suggest that the film phase separates into domains of amorphous
PEN and ordered 6T. The low intensities found in the XRD data of the mixed
film may point to low texture of the 6T domains. A possible reason for the low
otder of the co-deposited film can be the rough substrate formed by the first two
monolayers for subsequent film growth. This may prevent the following material

from forming ordered layered structures.
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Fig. 4.28: IR spectra of 40 nm thick films grown SiO,. y(C-H) o.-o.-p.
bending vibration peaks of PEN a) and 6T b) normalized to the peak

maximum.

4.1.3.4 PEN / 6P

The vdWL of PEN [22] (1.64 nm) and 6P [88] (2.87 nm) differ by 1.2 nm (42 %)
and a similar morphology as observed for PEN/6T films could therefore be ex-
pected and is actually observed. The AFM height image of a 1.2 nm thick (sub
monolayer) 49 % PEN film is shown in Fig. 4.29 a). It exhibits loosely packed
islands of about 3 nm height, which may indicate a phase separation of standing
PEN and 6P domains on the few 10 nm scale. (Cf. Fig. 4.25 PEN/6T). This layer
(1.5 nm RMS roughness) forms a rough substrate for subsequent molecular lay-
ers. The 20 nm thick 46 % PEN film (Fig. 4.29 b) exhibits close-packed, needle-
like, and about 70 nm high islands. This surface morphology with a RMS rough-
ness of 16 nm to 20 nm does not significantly change its islands height, size, and
shape in the range of 70 % to 27 % PEN content. It has been reported that PEN
and 6P grow in needle-like structures when deposited on rough substrates like
indium tin oxide (ITO) [99] or polycrystalline gold [100].
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Fig. 4.29: AFM height images of co-deposited PEN/6P films on SiO,.
a) 49 % PEN film of 1.2 nm thickness. b) 20 nm thick 46 % PEN film.
The height of the needle-like structures rages from 50 nm to 90 nm.

The IR spectra of the PEN y(C-H) o.-o.-p. bending vibration region (Fig, 4.30 a)
provide information on the bulk properties of the film. The peaks at 729.1 cm’'
and 737.7 cm’" are significantly broadened upon co-deposition with 6P. The main
peak (729.1 cm™) shows a pronounced blue-shift of 1.7 cm™ (58 % PEN) and
2.4 cm™ (27 % PEN). (Note: The background intensity oscillation in the (27 %
PEN) spectrum is due to internal reflections in the sample and was amplified by
the normalization procedure.) The peak at 903.4 cm™ is blue-shifted by 2.1 cm
and its line width is almost doubled. This shifts can be partly attributed to the
Christiansen [71, 98] effect, since the surface corrugation of the co-deposited
films (Fig. 4.29 b) is significantly larger compared to the films of pure materials.
(cf. Fig. 4.1 ¢, Fig. 4.5 ¢) However both, the broadening and the loss of the line
splitting clearly point towards an amorphous local environment of the PEN

molecules.

On the other hand, the 6P y(C-H) o.-o.-p. bending peaks (Fig. 4.31 b) at
759.9 cm™ and 814.2 cm™' only show blue-shifts of 1.5 cm™and 0.7 cm™ upon co-
deposition with PEN. This shifts are small compared with the 3 cm™ blue shifts
observed for the (mixing) material pair 6P/6T (Cf. Fig. 4.8). This shift can be
clearly attributed to the Christiansen effect [71, 98] caused by the high surface
corrugation of the PEN/GP films indicating phase separation into ordered 6P

domains and partly amorphous PEN domains.
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Fig. 4.30: IR spectra of PEN/GP films of 40nm thickness grown SiO,.
v(C-H) o.-o.-p. bending vibration peaks of a) PEN and b) 6P are normal-
ized to the peak maximum

The spatial order of the film was further investigated via specular XRD (Fig.
4.31). The intensity of the (001) and (002) peak of the TF-PEN [20] phase,
measured at ¢, = 0.4069 Al and g.= 0.8143 A™ for the pure PEN film, decreases
to ~1 % of the original intensity for the 58 % PEN film. This indicates that
maximal 1 % of the PEN portion in the co-deposited film has an orientation
similar to the pure PEN. In the 27% PEN film the TF-PEN (001) and (002)

peaks are even 7ot observed.

In contrast, the intensity of the (1 0 0) peak of the y-6P phase [92] decreases in
the co-deposited film (27 % PEN / 73 % 6P film) to only 36 % of the pure GP
film value. That means that a large amount of the 6P molecules are in a similar
orientation as in the pure 6P film. In the 58 % PEN the (1 0 0) y-6P peak is very
weak and broadened. The (3 0 0) peak of the y-6P phase at ¢. = 0.6836 Al s
shifted to ¢g. = 0.7035 A" (27 % PEN). This shift can be explained by a superpo-
sition with the B-6P (3 0 0) peak [92] with d =2.59 nm and a ¢.= 0.7258 A
The broad peak at g = 0.8837 A can be associated with the (0 0 3) peak of PEN
bulk phase [21] superimposed with the (4 0 0) y-6P peak measured at 0.9164 A™.
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The intensity of the peaks around ¢, = 1.394 A, which are associated with PEN
and 6P molecules in an orientation almost parallel to substrate surface is slightly

smaller than in the pure 6P film.
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Fig. 4.31: Specular XRD scan of 40 nm thick PEN/6P films on SiO,.

In contrast, the in-plane XRD scans show a much clearer picture (Fig. 4.32). The
pure 6P film exhibits three major peaks at g, = 1.3847 AT at 9., = 1.6231 A
and at ¢, = 1.9741 A", In the co-deposited film these peaks are only mildly
broadened and exhibit shifts below 0.004 A'. On the other hand, none of the

PEN in-plane peaks could be observed in the spectra of the co-deposited films.
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Fig. 4.32: In-plane XRD scans of 40 nm thick PEN/6P films on SiO,.

The co-deposition of PEN and 6P leads to strongly corrugated films with a nee-
dle-like surface morphology and high corrugation (16 nm — 20 nm RMS rough-
ness for 20 nm thick films). This growth mode is attributed to the roughness of
the first molecular layer which hinders the subsequently deposited molecules to
grow in textured and well phase separated structures. The difference in the initial
two layers seems to be the reason, which distinguishes the growth of PEN/6T
and PEN/GP from the phase separating material pairs 4T/6T and 4T /6P which

grow in well ordered and phase separated films
Conclusion

In this section I presented the results on thin films of co-deposited pairs of rod-
like conjugated molecules, which differ in about 30 % of their conjugated core
length. In general, the films showed phase separation between the two compo-
nents. In detail, two different growth behaviors were observed. First, films con-
taining 4T (4T/6T and 4T/G6P) showed pronounced phase separation into ot-
dered domains of nearly standing or lying molecules starting from the first

molecular layer on.

Second, the pairs containing PEN (PEN/6T) and (PEN/6P) showed a pro-
nounced effect of substrate-molecule interactions on the growth of the first lay-
ers. This leads to mixing / micro-phase-separation on the nm-scale of the first
layers forming a rough substrate for the subsequent molecular layers. This finally

leads to films of needle-like texture and high surface corrugation. The XRD and
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IR data indicate that in these films 6T and 6P are mostly ordered but untextured,

whereas pentacene is mostly unordered.

4.1.4 Differently sized conjugated cores + alkyl end chain

Material pairs with differently sized CC, as discussed in the preceding section,
exhibit phase separation. In contrast, molecular pairs with different total van der
Waals lengths but similatly sized CC (6T/DHGT and 6P/DHGT [95]) preferential
grow in well ordered mixed layered structures. One can therefore assume that the
molecular alkyl-end-substitution promotes the growth of well-ordered mixed

structures.

4.1.4.1 4T / DH6T

To test this assumption, 4T and DHO6T were co-deposited, since they exhibit the
same CC as the phase separating pair 4T/6T. The AFM height image of a 20 nm
53 % 4T co-deposited thin film (Fig. 4.33 b) is displayed in a nonlinear height
scale to resolve the typical DHG6T-like morphology (Fig. 4.33 ¢) covering the sub-
strate. The DHOT-like film exhibits step heights of about 3 nm, similar to
d=(3.2%0.2)nm of the pure DHOT [95] film. The 15 nm — 150 nm high is-
lands are of similar shape like the islands in the 4T films (Fig. 4.33 a). The steps
on top of the high islands have a height of about 1.5 nm, similar to the
d = (1.50 = 0.06) nm measured for the pure 4T film. This seems to indicate phase

separation into domains of standing 4T and DHG6T molecules.
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Fig. 4.33: AFM height images of 20 nm thick 4T/DHG6T films on SiO,:
a) 4T, b) 53 % 4T, ¢) DHOT. The co-deposited film b) is shown with
nonlinear height scale to show the DHO6T-film-like morphology covering
the substrate with ~3.05 nm steps and the 15 nm — 150 nm high 4T-like is-
lands.

The specular XRD scan (Fig. 4.34) of the co-deposited films with 80 % 4T and
38 % 4T exhibits the (0 0 1) and (0 0 2) peak of the LT-4T phase [84] without
shift. The weak (0 0 2) peak of the high temperature phase of 4T (HT-4T) [18]
with 4 = 1.423 nm appears more pronounced in the spectra of the co-deposited
film. The (0 0 1) and (0 0 2) peaks of the DHOT film belonging to 4 = 3.64 nm
are present in the co-deposited film scan, though of weak intensity and signifi-
cantly broadened. The XRD spectra show no peaks pointing to a lying molecular

orientation.
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Fig. 4.34: Specular XRD scans of co-deposited 4T/DHO6T films on SiO,.
The nominal thickness of the DHOT film is 40 nm; all other films are
20 nm thick.

The IR spectra of the y(C-H) o.-o.-p. bending region [84, 85] (Fig. 4.35) show
that the spectra of the co-deposited films are just superpositions of the pure
material film spectra. This indicates that phase separation into domains of pure
4T and DHOT occurs. AFM and XRD data congruently show that most of the
film layers are oriented parallel to the substrate. It can therefore be concluded
that 4T/DHGT films grow in phase separated, ordered domains of standing

molecules, very similar to the respective pure films.
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Fig. 4.35: IR absorption spectra of the y (C-H) o.-o.-p. bending region of
co-deposited films of 4T/DHGT of 20 nm thickness on SiO,. Note that
the mixed film spectra are superpositions of the pure material film spectra.
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4.1.4.2 PEN / DH6T

PEN/DHGT is the most diverse material with respect to the vdWL of CC, the
monomer type, and the alkyl-chain substitution. The vdWL of the CC differ by
about 1 nm, with 1.64 nm for PEN [22] and 2.61 nm for DHO6T, if the vdWL of
the unsubstituted 6T molecule [87] is taken as reference. The AFM micrograph
shown in Fig. 4.36 depicts three films with increasing PEN content. The sub-
strate is covered in the 26 % PEN film (Fig. 4.36 a) with a two layer structure
with ~ 3.1 nm step height, similar to the step height of 4= (3.2 £ 0.2) nm meas-
ured with AFM for pure DHOT [95] films. Additionally, the film exhibits 10 nm -
20 nm high islands. The film with 62 % PEN (Fig. 4.36 b) shows 20 nm high
islands of very diverse shape and 30 nm high elongated islands. The diverse
shape of the islands indicates that they consist of different compositions. The
79 % PEN (Fig. 4.36 ¢), in contrast, shows interconnected islands of 20 nm
height and additional 40 nm high small islands.

Fig. 4.36: AFM image of 20 nm thick co-deposited PEN/DHOT films:
a) 26 % PEN, b) 62 % PEN and ¢) 79 % PEN.

The specular XRD scan (Fig. 4.37) of a pure PEN film shows the (0 0 /) peak
series of the TF-PEN phase [20]. Co-deposition of DHOT leads to a weak and
broad peak at ¢. = 0.1744 A which is assigned to the (0 0 1) peak of DHGT [95]
with 4 = 3.6 nm. As the (0 0 1) peak of the TF-PEN [20] phase and the (0 0 2)
peak of DHOT are supetimposed at very similar ¢ values, it is impossible to iden-

tify possible small changes of the intetlayer spacing. The peak maximal intensities
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of the (00 1) peaks of PEN and DHGT decreases proportional to respective
content in the film. This appoints to phase separation into domains of standing

PEN and DHO6T molecules
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Fig. 4.37: Specular XRD scans of PEN/DHGT co-deposited films on SiO,
of 40 nm nominal thickness.

The IR spectra (Fig. 4.38) of the DHOT y(C-H) o.-o.-p. bending vibration peak
[84, 85] exhibits an almost negligible blue shift of 1 cm™ compared to 2.5 cm™ for
DHGT/6P (Fig. 4.17). The PEN y(C-H) o.-o.-p peak [19] only shifts by 2 cm™
compared to the strong shift of 5 cm™ and the accompanied strong broadening
in the mixed-film spectra of PEN/4T (Fig. 4.3). From all these observations it
can be concluded, that PEN and DHOT grow phase separated in ordered do-
mains of standing PEN and standing DHGT.
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ized to the peak maximum.

Conclusion

Thin films of the material pairs 4T/DH6T and PEN/DHOGT exhibited phase
separation of both components. In contrast to the material systems PEN/6T and
PEN/GP (cf. section 4.1.3), well ordered domains of standing PEN molecules
were observed for PEN/DHGT. The reduced grain size of the PEN/DHGT co-
deposited films compared to the 4T/DHOT films indicates stronger substrate -
molecule interactions for PEN compared to 4T. This decreases the ability of

PEN molecules to diffuse on the substrate leading to a higher nucleation density

[50].
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4.1.5 Conclusion

Five different rod-like conjugated molecules were co-deposited on silicon oxide
substrates. With these five molecules it was possible to form molecular pairs,
which differ in the following parameters: electronic properties, the length of the
conjugated core, and alkyl-chain-substitution. An overview of the experimental

results is given in Table 2. and in Fig. 4.39.

Co-deposition of molecular pairs with similarly sized conjugated cores like
4T/PEN and 6T/6P (section 4.1.1) lead to well ordered layered structures with a
molecular orientation almost perpendicular to the substrate surface. These mole-

cules mix over a wide range of mixing ratios (30 % - 70 %).

Co-deposition of molecules with similarly sized CC but alkyl-chain-substitution,
DH6T/6T and DHGT/6P lead to well ordered films with interconnected islands.
An especially appealing property of these films is the possibility to control the
interlayer distance 4 with sub-nanometer precision by changing the DH6T con-
tent of the film. This effect can be explained by phase separation into an alkyl
and aromatic domain for every layer. (Cf. Fig. 4.18) A decrease of the DHO6T
content in the film leads to less dense packing of the alkyl domain, which results
in a decrease of the total interlayer distance 4 due to the flexibility of the alkyl
chain. Both, the high degree of order and the interconnected islands of the
DHO6T/6T films make them predetermined for the use as active layer in organic

field effect transistor. This was realized in this work, see section 4.3.

Films of material pairs with differently sized CC in general showed phase separa-
tion of the components. A significant difference between films containing 4T or
PEN is observed. Films containing 4T showed phase separation from the sub
monolayer on, which seeds the growth in separated domains of standing mole-

cules.
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Fig. 4.39: Scheme of experimental findings: a) pairs with similarly sized CC
yvield ordered mixed films, b) similarly sized CC and alkyl-end-chains yield
ordered mixed film, c) dissimilarly sized CC yield phase separation d) addi-
tional alkyl chain substitution leads to domains of standing molecules.

In contrast, films containing pentacene showed mixing / micro phase separation
for the first one or two layers. This indicates a stronger molecule - substrate in-
teraction of PEN compared to 4T. This is expected, because the strength of the
molecule-substrate interaction is (in first order) proportional to the density of
binding sites at the molecules [50]. Due to the molecular structure, standing PEN
molecules exposes two binding sites towards the substrate, whereas 47T, 6T, and
6P only expose one. For subsequent growth, the resulting mixed / micro phase
separated first layer acts as rough substrate, which results in phase separated films

of high corrugation and small domain size.

The material pairs with dissimilar CC length and alkyl-chain-substitution,
DHO6T/4T and DHOT/PEN, showed phase separation into well ordered do-
mains. The alkyl chain substitution seems to promote phase separation into well
ordered domains of standing molecules compared to molecular pairs with dis-

similar CC length and lacking alkyl-chain-substitution.
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Table 2: Phase separation and mixing between rod-like conjugated mole-
cules in co-deposited thin films grown on silicon oxide.

PEN 4T 6T 6r DH6T
PEN Mixing Phase Phase Phase
separation separation separation
4T Mixing Phase Phase Phase
separation separation separation
6T Phase Phase Mixing Mixing
separation separation
6P Phase Phase Mixing Mixing
separation  separation
DH6T  Phase Phase Mixing Mixing

separation separation
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4.2 Thin films on Mylar

The DHGT/6T co-deposited films on silicon oxide show a range of special
properties which can be beneficial for the use as active layer in an OFET (cf. sec-
tion 2.5.2): the growth in interconnected islands, the large domain size, and the
possibility to change the inter-layer distance & by controlling the mixing ratio. The
flexibility of DHOT alkyl chain, which is responsible for the gradual change of 4,
can possibly be able to adapt to the roughness of the substrate. This would lead
to an increased order in the aromatic domain of the film which is a prerequisite
for high charge carrier mobility. It is therefore of high interest to study the mor-
phology of this films on a rather rough substrate like the PET foil Mylar, which
is used to build all organic FETs [101]. The bare Mylar substrate has a RMS-
roughness of about 1 to 2 nm. For tapping mode AFM measurements the back-
side of the Mylar was supported by a thick, casted layer of epoxy resin. This is
necessary because the very thin Mylar foil would act as microphone membrane
without the rigid support. The resulting AFM height images are shown in Fig,
4.40. The pure DHOT film and the 37 % 6T film exhibit a very similar topology
to the films grown on SiO,. (Cf. Fig. 4.10). The typical 3 layer high intercon-
nected islands are observable with a similar grain density. The pure 6T film exhib-
its, on the other hand, only half the grain size compared to the 6T films on SiO,.
Further, several fibrous structures are observable. It seems that the alkyl chain

substitution actually improves the order of the film on rough substrates.
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Fig. 4.40: AFM images of co-deposited 6T/DHOT films of 20 nm thick-
ness on Mylar: a) DHGT, b) 37 % 6T, c) 100 % 06T, and d) neat Mylar sub-
strate with RMS-roughness of 1 - 2 nm.

The specular XRD scan (Fig. 4.41) shows only first order reflections at
g,=0.1708 A* (DH6T), ¢, = 0.1763 A" (37 % 6T), g, = 0.2035 A" (64 % 6T)
and ¢, = 0.2666 A™ (100 % G6T). The resulting interlayer distances 4 in depend-
ence of the 6T content are shown in Fig. 4.12. The lower intensity of the pure 6T
diffraction peak manifest the lower order of the 6T compared to the DHG6T con-
taining films. The higher order of the mixed films can be explained by the flexi-
bility of the DHOT alkyl chain which can adjust to the rough substrate.
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Fig. 4.41: Specular XRD scan of co-deposited 6T/DHOT films of 20 nm
thickness on Mylar.
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4.3 Application in organic thin film transistors

In this section it will be shown how a proper engineering of the organic active
layer can be used as a tool for fine tuning the electrical properties in OFETs. In
particular it will be shown that using co-deposited films of DHO6T and 6T as ac-
tive layer with different mixing ratios leads to a wide and predictable tunability of
the threshold voltage 17 without negatively affecting charge carrier transport
within the device channel. It will be demonstrated that this unique property is
correlated with the ability of DHOT and 6T to inter-mix and to form well or-
dered layers of standing molecules. These properties were even observed using
two very different substrates like Mylar and SiO, which allows the generalization

of these results for many OFET structures.
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Fig. 4.42: Electrical measurement recorded on bottom contact devices with
Au source and drain electrodes assembled on Mylar: a) I, vs. 1/, b) I, vs.
I of 2100 % 6T device, ¢) I, vs. 1, and d) I, vs. 1/ of a 100 % DHG6T
device. From [Adv.Mater.[102]]

Despite their very similar chemical structure, 6T and DHG6T gave rise to a very
different electrical behavior, see Fig. 4.42 and data reported in Table 3. The re-
ported mobility values are comparable with the data already reported in the litera-
ture [38, 39]. The higher mobility of DHG6T was attributed to the alkyl chain sub-
stitution by Garnier et al. [38] and Facchetti et al. [39]. The general lower mobility

on Mylar can be explained by the higher surface roughness (~1 nm) compared to

100



SiO, (~0.2 nm). This causes a lower order and smaller grain size in the film espe-
cially for the pure 6T film. However, also a very pronounced difference in the
threshold voltages 17 of the two employed materials can be pointed out. In fact,
0T devices usually showed a slightly negative 17 and seem to work as unipolar
OFETs in the enhancement regime. On the other hand, DHOT devices always
showed a high positive ;. This means that, charge carriers are accumulated at
the gate dielectric interface even without applying any gate bias, and a high posi-
tive gate bias is required to fully deplete the channel from charge carriers. As a
result, in this case, the devices are reproducible working in the depletion regime

using very different devices geometries and gate dielectrics.

Table 3: Mobility and threshold voltage of devices of pure 6T and pure
DHOT active layer. From [Adv.Mater.[102]]

Substrate Active material  # (cm®/Vs) (V)
Mylar 6T 2.6x107 -15
DHo6T 3.5%10? +71
Silicon 0T 1.75%10° +2
DHG6T 7.5%107 +42

This behavior can have two reasons: a more efficient charge injection and a more
pronounced p-type doping induced by oxygen since the device comes into con-
tact with oxygen after device preparation. In fact, both mechanism are effects of
the lower ionization energy (IE) of DHOT (4.8 ¢V) compared to the one of 6T
(5.0 eV) [37]. The lower IE of DHOT results in a lower hole injection bartier
compared to the 6T-electrode interface. The more efficient charge injection re-
sults in a higher hole concentration. On the other hand, the p-type doping of
DHOT is more efficient than for 6T because of the lower IE. This could be
proven by annealing of the devices in an inert gas atmosphere. (Fig. 4.43). The
DHGO6T devices show a pronounced [ shift to lower positive voltages. The 6T
devices show instead no significant shifts. The effect of the oxygen doping is
proven by the fact that this process is fully reversible, since the exposure to ambi-
ent conditions leads to a strong increase of the threshold voltage (Cf. inset Fig.

4.43),
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Fig. 4.43: Effect of the annealing in inert atmosphere at 120°C on 17 of
the devices with pure 6T and DHOT active layer. The subsequent exposure
of the devices to air re-establishes the initial high 17 values (inset), i.e. the
doping is fully reversible. [Adv.Mater. [102]]

Starting from these considerations, a set of OFETs, with different gate dielectrics
and different geometries, using co-deposited 6T/DHGT as active layer are real-
ized. Very interestingly, as can be noticed by the plots reported in Fig. 4.44 and
Fig. 4.45, an almost linear dependence of the 17} as a function of the 6T content
within the active layer can be found. Moreover, the charge carrier mobility does
not seem to be strongly influenced by the co-deposition process. All the meas-
ured devices, with mixed active layers, show an almost constant mobility. This
feature is found to be reproducible for all the different sets of devices that were
realized and measured. As a result, this seems to be an intrinsic property of the
employed active layer, and to be independent of the geometry and gate dielectric

of the assembled devices.
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Fig. 4.44: Threshold voltage 17 vs. 6T content in the DHG6T/6T OFET ac-
tive layer. The measured OFETSs are top (TC) and bottom contact (BC) de-

vices on Mylar and bottom contact device realized on silicon oxide. From
[Adv.Mater. [102]]

This weak dependence of u on the film composition (Fig. 4.45) can be rational-
ized by the observation that co-deposited mixed films of 6T and DHO6T adopt
well ordered layered structures, without phase separation, for all mixing ratios
[95]. As a result, no degradation of mobility is provoked by structural and moz-

phological changes induced by co-deposition.
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Fig. 4.45: Mobility # vs. 6T content in the OFET DHG6T/6T active layer. Meas-
ured on top (TC) and bottom contact (BC) devices on Mylar and bottom contact
device on silicon. From [Adv.Mater.[102]]

In conclusion, I have demonstrated that it is possible to finely tune the electronic
properties of OFETSs with an active layer formed by two mixed organic semicon-
ductors that: (i) have a different ionization energy (resulting in a different affinity
towards oxygen doping and in a different hole injection barrier); (i) are able to
uniformly mix over a large range of mixing ratios and on various substrates. The
key effect is to control the density of mobile charge carriers in the OFET channel
region by oxygen doping, which can be precisely tuned by controlling the layer
composition. This is comparable to the p-type doping in inorganic electronics. I
expect that this has the advantage of a lower diffusion in the organic layer com-

pared to commonly used dopants like Iodine [103].

This is a rational approach to precisely control OFET performance. Moreover,
this approach had been applied even to not ideal gate dielectrics (as Mylar®), and
it is therefore suitable for tuning the electrical properties in flexible plastic de-
vices, providing a considerable extension of the application-potential of organic

electronics.
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5. Conclusion and Outlook

In the first part of this work I have shown that the organic - organic interface is
especially important for applications. This work is therefore a thorough study
devoted to investigate the molecular properties leading to phase separation and
mixing in co-deposited films. In other words: how is it possible to actively control
the organic-organic heterolayer morphology by choosing molecules with the

proper properties.

This was done by the co-deposition of five rod-like conjugated molecules well
known in the context of organic electronics, which differ in the parameters: opti-

cal and electric properties, conjugated core length, and alkyl-chain substitution.

For molecule pairs with differently sized conjugated cores, I observed pro-
nounced phase separation (Cf. Table 2). Some material pairs (4T/6T, 4T/GP,
4T/DHO6T, PEN/DHGO6T) showed phase separation into domains of well ordered
molecules. So far the domain sizes do not fulfill the optimal requirements for
organic heterojunction solar cells, but I am hopeful that it is possible to optimize
domain size and island density by optimizing the process parameters deposition

rate and substrate temperature.

However, molecule pairs with similartly sized conjugated cores (4T/PEN, 6T/G6P)
show very well ordered mixed layered structures of standing molecules over a
wide range of mixing ratios. This is a surprising result, since mixed crystals and
films have so far only been reported in the context of charge transfer complexes
(organic metals) [104], solution processed films in the monolayer range [5, 105,
106, 107, 108, 109], and isotopic mixed crystals [69]. The layered mixed films
could be of use as a guest-matrix system in which the guest molecules are em-
bedded in a highly ordered way. It would be possible to study the guest-guest
interaction under different concentrations as it was done in studies of the Davi-

dov splitting [69] in isotopic mixed crystals.

The co-deposited films of the alkylated DHO6T with non alkylated 6T and 6P
show a very appealing feature. It is possible to control the interlayer distance 4
with sub-nm precision by controlling the ratio between the components. As ex-
ample for a possible application the material pair 6T/DHGT was used as active
layer in an OFET. The measurements showed that it was possible to tune the
OFET from the enhancement to the depletion regime by changing the composi-

tion of the active layer while preserving a high charge carrier mobility. This could
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be explained by the difference in the ionization energy of DHOT and 6T which
leads to different susceptibilities to p-type doping by ambient oxygen. The co-
deposition of the two materials enables us to control the density of free charge
carriers in the OFET channel by oxygen doping. The high order of the mixed
films results in an high charge carrier mobility. It has been shown that it is possi-
ble to control one of the most important OFET parameters by changing the
composition of the active layer which is comparable to the p-type doping in in-

organic electronics.

Another possible application for mixed layered structures could be to study the
interaction between the aromatic core and the metal substrate in dependence of
separation between conjugated core and substrate in a photoemission experi-

ment.

This work has focused on a part of organic electronics which has not been studied in
detail yet. It has been shown that the co-deposition of two materials can lead to
phase separation or mixing between two components. Further efforts have to be
undertaken to systematically study which material properties are responsible for
the different film growth behaviors. The DHG6T/6T OFETs have shown that a
small change in the molecular ionization energy can have a large effect. It is
therefore of future interest to study intermixing systems with larger difference in

the electrical properties.
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Abbreviations

AFM atomic force microscope

SPM scanning probe microscope

STM scanning tunneling microscope
FTIR Fourier transform infra red spectroscope
NIR near infra red

v wave number (cm™)

UV/VIS ultra violet and visible spectral range
& electric constant (8.854...10"*As/Vm)
g, relative static permittivity

TF thin film

HT high temperature

LT low temperature

CC conjugated core

vdWL van der Waals length

0.-0.-p. out of plane

v(C-H) bending vibration

v, symmetric stretch vibration

v, asymmetric stretch vibration

6(C-H) ring deformation vibration

d inter layer distance

XRD X-ray diffraction

i.p. XRD in-plane XRD

q, momentum transfer vector normal to substrate surface
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qu
OSC

OLED
OFET
OHPV

MOSFET

HTL
ETL
HOMO

LUMO

ITO

momentum transfer vector parallel to substrate surface
organic semiconductor

organic light emitting devices

organic field effect transistor

organic heterojunction solar cell

metal oxide semiconductor field effect transistor
voltage between source and drain contact
voltage between source and gate contact

current between source and drain contact
threshold voltage

charge carrier mobility

hole transport layer

electron transport layer

highest occupied molecular orbital

lowest unoccupied molecular orbital

work function

binding energy

donator

acceptor

Indium-Tin-oxide
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