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1 General Introduction

Organic thin �lms are used in many technological and engineering applications nowadays.

They �nd use as coatings, sensors [1], detectors [2], as matrix materials in nanocom-

posites [3], as self-assembled monolayers for surface functionalization [4, 5], as low-k

dielectrics in integrated circuits [6] and in advanced organic electronic applications like

organic light emitting diodes [7], organic �eld e�ect transistors [8] and organic photo-

voltaics [9] (esp. organic solar cells) and many other applications. OLED displays are

now commonly implemented in portable multimedia products like mp3-players. And

just recently, self-cleaning ultrahydrophobic and superhydrophilic surfaces found �rst

applications.

Organic thin �lms can exhibit a large variety of mechanical, electronical and chemical

properties depending on their composition and structure. The applications mentioned

above use very di�erent properties of these organic thin �lms. For example, in mag-

netic nanocomposites for high frequency applications the electric insulating properties

of Te�on thin �lms are used to reduce losses due to eddy currents, while electronic appli-

cations utilize very di�erent properties, like a low dielectric number in low-k dielectrics

or semiconduction in organic electronics. This work shows how di�erent properties of

even the same organic thin �lm can be used to create di�erent functionalities that alter

the macroscopic properties of the coated materials.

Due to the huge variety of organic thin �lms it is impossible to describe their properties

and functionalities comprehensively within the framework of a PhD thesis. In order to

address the topic, examples from various �elds of actual research in materials science were

chosen, including organic semiconductors, dielectrics, barrier layers and hydrophobic

materials.

Organic crystalline materials are of great interest for applications in organic elec-

tronics, i.e., organic �eld e�ect transistors due to their good semiconducting electronic

properties [10]. Though a massive research e�ort has led to promising advances in this

�eld, many challenges remain. The next three chapters deal with issues that arise from

the implementation of these functional organic thin �lms in organic �eld e�ect transis-
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1 General Introduction

tors and show how Te�on-based organic thin �lms can be functionalized to address these

issues.

In chapter 2 noble metal di�usion in organic crystalline semiconductors is studied

and a method to control the di�usion is tested. Most importantly, the in�uence of the

metal di�usion on the electronic properties of contacts in organic �eld e�ect transistors

is examined. Chapters 3 and 4 deal with the application of Te�on-based functional

organic thin �lms. They can improve the performance of organic �eld e�ect transistors

by acting as one part of a protective multilayer against aging and as electret gate layer

for control of the threshold voltage of the transistors.

Chapter 5 demonstrates another application of a Te�on-based functional organic �lm

by turning a microstructured metal alloy surface into an ultrahydrophobic surface. The

re�ection of a laminar water jet from ultrahydrophobic surfaces is shown for the �rst

time and described qualitatively.

In the last chapter the results of this work on organic functional thin �lms are summed

up, �nally general conclusions and an outlook are provided.
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2 Noble Metal Di�usion in Organic

Crystalline Thin Films

2.1 Introduction

Single crystalline silicon is the most important building block of modern microelectronics

as it is used as semiconductor in the fabrication of microprocessors. But for large area

applications like active matrix liquid crystal displays (AMLCDs), for which one or three

�eld e�ect transistors (FETs) are used to control each of the display�s pixels, materials

other than single crystalline silicon are used. Mostly, hydrogenated amorphous silicon

(a-Si:H) is used in these FETs and sometimes polycrystalline silicon. Implementation in

large area �at panel displays is one promising application for organic semiconductors as

their implementation could open the door to novel applications that require mechanical

�exibility, low processing temperatures and low costs [8]. For example, a-Si:H requires

deposition temperatures of about 360 ◦C rendering it impossible to use transparent

organic substrates [8]. Most organic semiconductors are deposited at or around room

temperature, thus creating compatibility with the use of transparent organic substrates.

In recent years there has been a major research e�ort in the �eld of organic electron-

ics, i.e. organic light emitting diodes (OLEDs) [7], organic solar cells [9] and organic

�eld e�ect transistors (OFETs)[8]. But whereas OLEDs are already implemented in

commercial products, for OFETs a number of important problems need to be solved

before they can be implemented. Metallization of OFETs can lead to metal di�usion

into the organic semiconductor thin �lm in certain OFET structures (see chapter 2.2.3),

a�ecting the electronic properties. Understanding of the interface formation between

the metal and the organic thin �lm as well as of the di�usion behaviour can help to

improve the processing of OFETs. With better control of the interface formation the

device performance of the FET can be improved [11].

In this chapter, noble metal di�usion in selected organic crystalline semiconductors

was studied. An extremely sensitive radiotracer technique was used for the �rst time
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2 Noble Metal Di�usion in Organic Crystalline Thin Films

to examine di�usion in these materials. The results are correlated with the electronic

properties of contacts between metal and organic semiconductor and the microstructure

of the organic thin �lms. Furthermore, novel concepts in the form of so-called sub-

monolayer barriers, so far only known from polymers, were tested for their ability to

control the di�usion behaviour. The chapter begins with an overview of organic semi-

conductors in general and details on the materials investigated in this study, followed

by the discussion of the di�erent types of transistor structures and issues arising from

their application. After the description of the experimental methods that were used, the

results of the di�usion experiments and the dependence of the di�usion on temperature

and microstructure as well as the e�ect of the submonolayer di�usion barriers are pre-

sented. The results of the di�usion measurements are then correlated with the electronic

properties of metal-semiconductor contacts that were fabricated using di�erent process

conditions. The chapter concludes with a summary of the results and an outlook on

future work.

2.2 Organic Electronics

2.2.1 Organic Semiconducting Materials

Organic semiconductors have been researched since the late 1940s [12] and a �eld e�ect

in an organic semiconductor was �rst reported in 1970 for a phthalocyanine single crystal

[13]. The �rst polyacetylene OFET was built in 1983. Today, organic semiconductors

can be divided into three material groups: polymers, oligomers and small molecules. All

of these organic semiconductors feature alternating single and double bonds between the

carbon atoms of the backbone, a so-called conjugated structure. However, these three

groups di�er considerably with respect to the structure of the �lms they form. Semicon-

ducting polymers form mostly amorphous, disordered �lms, while oligomers and small

molecules can form ordered �lms. The small molecules can form polycrystalline �lms

and even single crystals. These highly ordered structures show charge carrier mobili-

ties that are orders of magnitude higher than those of polymeric semiconductors (see

tab. 2.1), making them the most promising candidate materials for organic electronics.

The charge carrier mobility µ of the semiconductor is de�ned as

µ =
v

E
(2.1)
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2.2 Organic Electronics

Material class Mobility µ (cm2/Vs) Reference
Si (single crystal) 450 (h+), 1400 (e−) [14]
(poly-crystalline) inorganic 10-102 [14]

(amorphous) 1 [8]
Pc small molecule 3-5 [15]

DIP small molecule 0.1 [16]
Rubrene small molecule, single cry. 10 [17, 18]

hexyl-substituted polymer 0.05 [19]
sexithiophene

Table 2.1: Mobilities of selected inorganic and organic semiconductors.
The mobility of single-crystalline silicon is orders of magnitude higher than
the mobility of the best organic semiconductors. Polycrystalline pentacene
and diindenoperylene �lms show mobilities in the range of amorphous silicon.

with v being the velocity of the charge carrier and E the electric �eld causing the drift

of the charge carriers. It is a very important �gure of merit for organic semiconductors.

Typical values for the mobility of some selected materials are given in tab. 2.1. The

mobilities of even the best organic semiconductors are orders of magnitude lower than

the mobility in single crystalline silicon, ruling out applications requiring high switching

speeds like fast logic circuits. However, a �eld-e�ect mobility (i.e. the mobility deter-

mined from the current voltage characteristics of the FET) in the range of 1 cm2/Vs is

su�cient for its use in displays. Other applications, like radio frequency identi�cation

tags (RFID-tags) could also be realized with such organic semiconductors.

In disordered semiconductors like polymers transport occurs by hopping processes

between localized states as no bands can form. Hopping is assisted by phonons so that

µ increases with temperature but is typically very low (µ � 1 cm2/Vs) [8]. In highly

ordered �lms, like crystals formed by small molecules, overlap of the π− π∗ orbitals can

lead to the formation of small intermolecular bands [20] resulting in band-like transport

of delocalized charge carriers [8].

Fig. 2.1(a) shows the electronic structure of a polyatomic molecule. The atomic nuclei

form individual potential wells. The atomic orbitals (AOs) within these potential wells

are the core levels of the individual atoms. The electrons that occupy these AOs can

be localized at the site of the atoms. At higher energies the wells merge to form one

large well. The electrons that occupy these molecular orbitals (MOs) are delocalized

over the whole molecule, i.e. they are shared by all atoms of the molecule. The MOs

up to the highest occupied molecular orbital (HOMO) are occupied with electrons. The

next-highest MO is called the lowest unoccupied molecular orbital (LUMO). The energy
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2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.1: Energy diagrams of molecules and molecular solids. (a) Energy
diagram of a polyatomic molecule. While the core level electrons are local-
ized at the individual atoms, the electrons occupying the molecular orbitals
are delocalized over the entire molecule. (b) Energy diagram of a molecular
solid. The energy states up to the LUMO are still con�ned to the individual
molecules. In highly ordered organic semiconductors a narrow band forms
above the top of the potential wells. (c) Simpli�cation of (b).
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2.2 Organic Electronics

Figure 2.2: Chemical structure of (a) pentacene (Pc) and (b) diindeno-
perylene (DIP).

di�erence between HOMO and LUMO is the band gap Eg of the organic semiconductor.

The energy di�erence between the HOMO and the vacuum level (VL) is called gas

phase ionization energy Ig and the energy separation between VL and the LUMO is the

electron a�nity Ag. When molecules form an organic solid, i.e. a polymer or organic

crystal, a typical electronic structure develops that is shown in �g. 2.1(b) and (c).

Due to the weak van-der-Waals interaction the energy states up to the LUMO level are

localized in the molecules and transport occurs by hopping. In highly ordered organic

semiconductors like organic crystals narrow intermolecular bands will form which allow

band-like transport [21�23]. These materials show the highest charge carrier mobilities of

all organic semiconductors. These mobilities are su�cient for the realization of organic

displays. As they are the most promising class of organic semiconductors they are

examined here. From this class two materials were chosen for this work.

2.2.1.1 Pentacene

Pentacene (Pc) was selected for the di�usion studies because it shows mobilities that

are in the range of a-Si:H (see tab. 2.1). It is one of the most intensively studied organic

semiconductors due to these high reported mobilities. Organic AMLCDs using Pc �eld-

e�ect transistors have already been demonstrated [10]. This makes them directly relevant

for technical applications. Pc belongs to the group of small molecule semiconductors with

the molecules consisting of �ve fused aromatic rings, as show in �g. 2.2(a). Pc thin �lms

can be deposited by thermal evaporation. Depending on the deposition parameters, Pc

either forms amorphous �lms, polycrystalline �lms or single crystals. In crystals the

molecules arrange in the so-called herringbone structure (see �g. 2.3).

2.2.1.2 Diindenoperylene

Diindenoperylene (DIP) (see �g. 2.2(b)) is another small molecule that forms highly

ordered �lms. It was chosen for the di�usion studies because it not only possesses good

charge carrier mobilities (see tab. 2.1) but its microstructure can be controlled precisely

7



2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.3: Normal views of the ab planes (a) of bulk pentacene and the
respective side views (center (b), right (c)). The z-axis is the normal to the
ab plane (from [24]).

Figure 2.4: (a) Schematic representation of a possible unit cell of DIP
molecules in σ-phase in the x-y plane. a and b are the C axes and g is the
angle between the axes. (b) Sketch of the two growth modes of DIP molecules
in thin �lms. In the σ-phase (left), the molecules re-stacked with their long
axis oriented along the surface normal. In the λ-phase (right), the molecules
are lying �at on the substrate surface (both taken from [25]).

during �lm deposition. This allows to study the in�uence of the �lm microstructure

(e.g., grain boundaries) on the di�usion of noble metal atoms in organic crystalline

semiconductors. In the crystals the molecules arrange themselves in the herring-bone-

structure with a unit cell as shown in �g. 2.4(a). Two di�erent phases are observed

depending on the growth substrate and growth conditions. In the σ-phase (see �g.

2.4(b)) almost all molecules are standing upright on the substrate with their long axis

aligned parallel to the surface normal. Since the overlapping π-orbitals are parallel to

the substrate surface and therefore the channel, �lms formed by σ-phase crystals show a

high mobility in �eld e�ect transistors [25]. In the λ-phase (see �g. 2.4(b)) the molecules

are lying �at on the substrate so that their π-system is oriented perpendicular to the

substrate surface leading to low mobilities in OFET structures.
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2.2 Organic Electronics

2.2.2 Metal-Organic Interfaces

Before the di�erent �eld e�ect transistor designs are discussed, this chapter reviews the

electronic properties of two interfaces between metal and organic semiconductor as well

as metal-oxide-organic semiconductor which are of decisive importance not only because

their electronic properties directly determine the device performance but also because

of the in�uence on the microstructure of the organic semiconductor (see chapter 2.2.3.

Metal-semiconductor junctions (MS junction) as well as metal-insulator-semiconductor

junctions (MIS junctions) are a fundamental part of FETs.

2.2.2.1 Metal-Insulator-Semiconductor Junction

MIS junctions are formed between the gate electrode, the gate insulator and the semi-

conductor. This junction allows control of the charge carrier concentration in the semi-

conductor by applying a voltage to the gate electrode. The energy diagram of a metal

and a p-type semiconductor is shown in �g. 2.5(a). If no voltage is applied equilibration

of the Fermi levels EF of the metal and the semiconductor will cause band bending in

the semiconductor at the interface, resulting in a built-in potential Vbi. Band bending

only occurs in semiconductors with high charge carrier concentrations or in very thick

�lms. For crystalline organic semiconductors, the charge carrier concentration is high

enough to assume band bending. If a negative bias is applied to the gate, the band bends

upward and the Fermi level in the semiconductor shifts closer to the valence band edge

(see �g. 2.5(b)). This leads to an increased majority charge carrier (hole) concentration

near the interface with respect to the bulk. This condition is called the accumulation

regime.

If a positive voltage is applied to the metal, the band bends downward and conse-

quently the region near the insulator-semiconductor interface is depleted of the mobile

majority charge carriers (�g. 2.5(c)). This is called depletion regime. If the positive

voltage is increased further, the Fermi level crosses the intrinsic level of the p-type

semiconductor Ei [27]. Accordingly, the concentration of the minority charge carriers

increases and �nally exceeds the hole concentration. Near the interface the semiconduc-

tor is now n-type. This regime is called inversion regime (see �g. 2.5(d)). Inversion is

reached if

V = Vbi −
Qd

Ci

+ (Ei − EF ) (2.2)

where Qd is the depletion charge and Ci is the capacitance of the oxide layer. The

voltage V = Qd/Ci is required to compensate the charge in the depletion region at the

9



2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.5: Energy diagram of a metal-insulator-p-type semiconductor
junction. (a) In equilibrium, alignment of the metal work function φm and
the Fermi energy of the semiconductor EF leads to band bending and a built-
in potential eVbi. (b) By applying a negative voltage to the metal, the bands
in the semiconductor bend upward. As the valence band edge EV approaches
EF , the charge carrier concentration at the interface increases (accumula-
tion regime). (c) If a positive voltage is applied, the bands bend downward
and the interface is depleted from mobile charge carriers (depletion regime).
(d) If the positive voltage is further increased, EF crosses the middle of the
band gap (Eg) [26] and the intrinsic level of the semiconductor Ei bends be-
low the Fermi level [27]. Thus the interface region is inverted from p-type to
n-type behavior.
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2.2 Organic Electronics

Figure 2.6: Energy diagram of a metal-semiconductor junction (a) without
and (b) with formation of an interfacial dipole ∆. The electron and hole
injection barriers φn

B and φp
B are determined by the metal work function φm,

HOMO and LUMO of the semiconductors and in case of (b) ∆.

interface. If the condition in equation 2.2 is ful�lled this is called weak inversion. In

order to form a conduction channel strong inversion is required. The voltage required

for strong inversion is called the threshold voltage Vth which is given by

Vth = Vbi −
Qd

Ci

+ 2(Ei − EF ) (2.3)

2.2.2.2 Metal-Semiconductor Junction

MS junctions are a very important part of a FET as they are formed between source

and drain material and the organic semiconductor. Important electronic properties

like the charge carrier injection barriers are determined by this junction. The energy

diagram of a junction between a metal and an organic semiconductor is displayed in �g.

2.6. Equilibration of the Fermi levels leads to charge redistribution and band bending

near the interface. In thin �lm transistors (TFTs) (see chp. 2.2.3), charges need to be

injected from the source into the semiconductor and from the semiconductor into the

drain. Therefore, ohmic contacts are required and for good device characteristics the

injection barrier should be low. The hole injection barrier φp
B and electron injection

barrier φn
B are given by

φp
B = I − φm (2.4)

φn
B = φm − A (2.5)

11



2 Noble Metal Di�usion in Organic Crystalline Thin Films

where I is the solid state ionization energy, A the electron a�nity and φm the work

function of the metal. In order to form an ohmic contact with a p-type semiconductor

like Pc and DIP a high work function metal is required. The work function of the

chosen metal should be close to I of the semiconductor in order to minimize φp
B. For

DIP and Pc, Au is used as contact material as the work function of Au and the LUMOs

of Pc and DIP are of about the same value. Formation of an interfacial dipole layer

can in�uence the energy alignment at the interface. The dipole layer can originate

from several di�erent processes like charge transfer, chemical reactions at the interface

or alignment of permanent dipoles [20]. The energy diagram of a MS junction with a

dipole layer is shown in �g. 2.6(b). As the dipole layer in�uences the energy alignment

it also e�ects the carrier injection. Equations 2.4 and 2.5 change to

φp
B = I − φm −∆ (2.6)

φn
B = φm − A + ∆ (2.7)

where ∆ is energy shift due to the dipole layer. Depending on the sign and magnitude

of ∆, the dipole layer can either enhance charge carrier injection by lowering φp
B or

impair it by increasing φp
B. The sequence of the �lm deposition can further a�ect the

interfacial electronic structure. While deposition of organic �lms onto metals leads to the

formation of sharp interfaces, metal deposition onto organic �lms can lead to formation

of a dipole layer due to reactions between arriving metal atoms and the organic �lm.

As mentioned in the introduction, metal atoms might also di�use into the organic �lm

during metallization. In these cases, the interface cannot be regarded as a simple MS

junction between a metal and an organic semiconductor [20]. The interface should rather

be considered as an additional layer created by reaction or di�usion. This additional

layer might have a serious e�ect on charge carrier injection if the charge carrier injection

barriers are increased or decreased by its formation.

For a noble metal like Au no strong interaction with the organic �lm is to be expected.

For Au deposition onto DIP it was already shown that Au is only physisorbed [25]. Due

to the weak interaction between the metal and the organic �lm di�usion might readily

occur. It is very important to understand the di�usion behavior of noble metal atoms

during metallization of OTFTs in order to control the formation of the interface and

its electronic properties. Therefore, a combination of radiotracer di�usion and electric

measurements was used to study the interface formation between noble metals and

organic crystalline semiconductors.
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Figure 2.7: Schematics of (a) a n-channel MOSFET and (b) a p-channel
MOSFET. Two regions of similar doping are separated by a substrate with
opposite doping. By application of a voltage to the gate, a small region at the
interface to the gate oxide can be inverted (see chp. 2.2.2.1). Through this
channel a current can now �ow from source to drain if a voltage is applied
between the two. The schematics are not drawn to scale.

2.2.3 Field E�ect Transistor Structures

Field e�ect transistors can be realized in various designs. In order to understand the

problems arising from their implementation, the basic concepts of some device architec-

tures are brie�y discussed here. The emphasis is put on the thin �lm transistor (TFT)

design which is commonly used for OFETs.

The �rst transistor ever to be build in 1947 was a bipolar transistor based on inorganic

semiconductors [28, 29]. Bipolar transistors are mainly used in ampli�ers nowadays.

Since this work focuses on FETs the working principles are not discussed in detail here,

but can be found in many textbooks (e.g., [27]). FETs have been successfully imple-

mented in practical applications since 1960 [30]. FETs realized with single crystalline

silicon are most commonly used in microelectronics today, especially in the �eld of micro-

processors and logic. Basically, in a FET a current �owing between to electrodes (source

and drain) is controlled by a voltage applied to a third electrode (gate). A FET can be re-

alized by various structures and the most common one is the metal-oxide-semiconductor

�eld e�ect transistor (MOSFET) also called metal-insulator-semiconductor �eld e�ect

transistor (MISFET). In a silicon MOSFET structure (see �g. 2.7), the n-type (p-type)

source and drain are separated by the p-type (n-type) substrate. The gate is isolated

from the channel by an insulating layer, most commonly an oxide. In the n-type region

the majority charge carriers are electrons and in the p-type region holes. Without a

voltage or a negative (positive) voltage applied to the gate, almost no current can �ow

from source to drain. If a positive (negative) voltage is applied to the gate, electrons

(holes) are attracted into a narrow region along the gate. If the voltage is su�ciently

large (threshold voltage, see chp. 2.2.2.1), the p-type (n-type) nature of the substrate

changes to n-type (p-type) in a narrow channel along the gate oxide. Through this con-
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ducting n-channel (p-channel) a current can �ow between source and drain. This device

operates in the inversion regime, as the type of majority charge carrier is inverted in the

channel.

Since a-Si:H and organic semiconductors are only deposited as thin �lms, MOSFET

structures are not feasible. Therefore, FETs from these materials are realized in the

TFT design (see �g. 2.8)[14, 26]. As for the MOSFET, the gate is also separated from

the active layer by an insulating layer. In contrast to MOSFETs, the semiconductor

only forms a thin layer on a substrate. Source and drain are ohmic contacts that are

in direct contact with the semiconductor. If a positive voltage is applied to the gate in

case of a p-type organic semiconductor, the semiconductor near the gate is depleted of

positive charge carriers resulting in a high channel resistance and a small o�-current Io�.

If a negative voltage is applied to the gate during operation, positive charge carriers are

accumulated in the channel resulting in a low channel resistance and a high on-current

Ion. Due to the large number of charge carriers Ion increases drastically with increasing

drain-source voltage VDS. In the accumulation regime the drain-source current IDS is

given by

IDS =
w

l
µCi

[
(VGS − Vth)VDS −

V 2
DS

2

]
(2.8)

where w and l are the width and the length of the channel respectively. µ is the mobility

of the majority charge carriers, Ci the capacitance of the gate insulator, VGS the gate-

source voltage and Vth the threshold voltage. Therefore, a TFT works in the accumulation

regime. While the threshold voltage for MOSFETs is clearly de�ned as the onset of the

strong inversion regime, the notion of a threshold in TFT is not fully justi�ed, as currents

can already �ow at 0 V gate bias [31]. Therefore, the threshold voltage of an ideal p-type

TFT is positive. It is de�ned as

Vth = Vbi +
qp0ds

Ci

(2.9)

where Vbi is the built-in potential, q is the elementary charge, p0 is the bulk hole density,

ds is the thickness of the semiconducting �lm and Ci is the capacitance of the insulator.

Two important �gures of merit are the current modulation (Ion/Io� ratio) and Vth. In

order to compete with a-Si:H-TFTs an organic thin �lm transistor (OTFTs) must have

an Ion/Io� ratio in the order of 106 or higher and a threshold voltage of 15 V or less and,

as mentioned before, a �eld e�ect mobility µ of at least 1 cm2/Vs [8]. Due to the low

mobility and low intrinsic charge carrier concentration of organic semiconductors and

due to the low �lm thickness, Io� is very small and therefore high Ion/Io� ratios can be
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Figure 2.8: Schematics of (a) a top-contact thin �lm transistor (TOC-
TFT) and (b) a bottom-contact thin �lm transistor (BOC-TFT). In the
TOC-design the semiconductor is only deposited on the gate oxide, while for
the BOC-TFT the semiconducting �lm is grown on the gate oxide and metal
contacts. Due to the poor �lm growth on metal, the performance of BOC-
TFTs is inferior to those of TOC-TFTs. The schematics are not drawn to
scale.

realized. However, the threshold voltages required to obtain a good device performance

can be in the order of typically 50-100 V, which is undesired for applications. The reason

for the high threshold voltages might either be high doping levels or undesired doping

due to impurities, which result in a high bulk hole density p0, large �lm thicknesses

(high ds or a thick gate dielectric (small Ci). This causes a high threshold voltage

as the second term of equation 2.9 increases [32]. TFTs can be realized in di�erent

con�gurations. In top contact thin �lm transistors (TOC-TFTs) the source and drain

contacts are deposited on top of the semiconductor (see �g. 2.8(a)) and in bottom contact

TFTs (BOC-FETs), the semiconductor is deposited onto source and drain (�g. 2.8(b)).

In polycrystalline �lms not only the structural order is very important for the device

performance of an OFET but also the microstructure of the �lms. The charge carrier

mobility µ of a polycrystalline �lm is given by

µtotal
−1 =µcry

−1 + µgb
−1 (2.10)

where µcry is the mobility in the crystal (intragrain mobility) and µgb is the contribution

of the grain boundaries to the overall mobility. It follows from equation 2.10, that large

grain sizes and a low density of grain boundaries are favorable. Since the substrate

onto which the semiconductor is deposited plays an important role during growth of the

organic �lm, the �eld e�ect transistor structure can have a direct impact on the mobility

of the semiconductor.

In TOC-OFETs the organic thin �lm is deposited onto a single type of substrate,

most commonly silicon dioxide (SiO2). Pc as well as DIP show good growth behavior

on SiO2 leading to uniform �lms with large crystallites. In BOC-OFETs the organic

�lm is grown on the gate dielectric as well as on the source and drain contacts, which
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are made of gold (Au) in case of both Pc- and DIP-FETs. The growth behavior of

the organic crystalline thin �lms on Au is poor. For Pc it was shown that the grain

size of Pc growing on the Au contacts is much smaller than for Pc grains growing on

SiO2 in the middle of the channel and far away from the contacts. Between these two

regions a gradual transition region extending into the channel exists [33�35]. The small

grains and the resulting high density of grain boundaries are responsible for the low

mobilities in Pc-BOC-TFTs (see equation 2.10) and why TOC-TFTs show a superior

device performance compared to BOC-TFTs [8]. While DIP deposited onto SiO2 almost

exclusively forms the upstanding σ-phase, it was found that for DIP deposition on Au

the σ-phase and λ-phase coexist. As the λ-phase formation is preferred (≥ 74%) the

resulting mobility is low as the overlapping π-system is oriented perpendicularly to the

channel (see chp. 2.2.1) [25]. For those reasons BOC-TFTs are inferior to TOC-TFTs

with respect to performance. Thus, most high performance OTFTs reported are realized

as top contact structures [8]. However, while deposition of organic molecules onto metal

leads to formation of sharp and stable interfaces, deposition of metal onto organic �lms

can lead to penetration of metal atoms into the organic �lm [36, 37] making it di�cult to

control the device properties of TOC-devices [31, 36�39]. Understanding of the interface

formation between metal and organic crystalline �lms is of utmost importance in order

to create well de�ned interfaces and to control the device properties.

2.3 Di�usion in Organic Crystalline Materials

While di�usion in metals, metallic glasses and also polymers is well studied for various

systems [40�43], metal di�usion in organic semiconductors has been hardly researched.

First information on metal di�usion in organic semiconductors was obtained by cross-

sectional transmission electron microscopy (TEM) [39, 44]. For Au deposition on DIP

substrates at high substrate temperatures and for low deposition rates, it was found that

large Au clusters formed within the DIP �lms and even at the interface between the DIP

�lm and the Si substrate. However, due to the di�cult sample preparation for TEM this

method is not well suited for this kind of analysis as sample preparation is very di�cult

and also time-consuming while only a small volume is examined. Even single atoms or

small metal clusters, which are di�cult to detect by TEM, might already signi�cantly

a�ect the charge carrier concentration and the injection behavior. Photoemission was

also used to study the di�usion of metal in organic semiconductors [45], but due to its

surface sensitivity it is not suited to study bulk di�usion. Furthermore, the resolution is
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also not good enough to detect very small metal concentrations. The high sensitivity of

the radiotracer technique allows the detection of even smallest amounts of metal atoms.

The resolution is only limited by the detector and the speci�c activity of the tracer, but

is typically in the range of 10−4 to 10−5 monolayers of metal and therefore provides a

higher resolution than any other analytical method.

2.4 Methods

The di�erent experimental methods that are needed in order to perform radiotracer

measurements of metal di�usion in organic semiconductors are described in some detail

in the following chapter followed by a description of the methods used to fabricate the

contacts that were used to correlate the di�usion data and the electronic properties of

the interface. First, the radiotracer technique itself is introduced. Then, in the following

subchapters those experimental methods that are required for the individual steps of

the radiotracer technique are described. In the last two subchapters deposition of the

source and drain contacts and their electronic characterization are described.

2.4.1 Radiotracer Technique

The radiotracer technique has been used to study di�usion in various systems including

metals, metallic glasses and also polymers [40�43]. It uses radioactive isotopes of a

given element in order to study its di�usion in the material of interest. In order to

achieve that, the tracers must be deposited onto the substrate in which di�usion is to be

studied. Depending on the tracer/substrate system, annealing might be necessary after

the tracer deposition in order to facilitate and accelerate di�usion. Depth pro�les, i.e.,

the tracer concentration with respect to the distance from the �lm surface, allow the

examination of the metal atoms� di�usion into the organic �lm during deposition. In

order to obtain the depth pro�les, serial sectioning of the sample is performed. During

serial sectioning the sample is removed in layers by methods like grinding (the di�erent

layers are collected by changing the grinding paper) or, as in this work, by ion beam

sputtering. In the case of ion beam sputtering, the material that is sputtered o� the

surface (see chp. 2.4.3 for a description of the sputtering process) is caught on a polymer

�lm. The �lm is installed in an apparatus that is similar in design to a �lm camera.

A part of the polymer �lm is exposed to the material that is sputtered o� from the

substrate. After a layer of a certain thickness is sputtered o� the sample, the polymer

�lm is advanced exposing a new piece of the �lm to the sputtered material. In this way,
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sections of the substrate can be caught on di�erent pieces of the �lm. The activity of

the sections can be determined by detection of the radioactive decay of the tracer atoms

in the �lm pieces. Through normalization of the activity in a section with respect to

the thickness of the section a depth pro�le can be constructed. The normalized activity

is proportional to the metal concentration of the section. In this work, two types of

radiotracers were used. The �rst, silver (Ag) containing a fraction of 1.5·10−4 110mAg

radio-isotopes, was used in order to compare the results with those obtained for polymers

[46]. 110mAg is a metastable state of the 110Ag isotope and decays to 110Cd by β−-decay

with a half-life of 249.9 days (see equation 2.11). A neutron is converted into a proton

and an electron under emission of a γ-ray with a probability > 0.95. These γ-photons

were detected in special detectors and used for analysis. The second tracer used was

gold (Au) containing a fraction of 1.5·10−5 198Au isotopes. As mentioned before, Au is

used as contact material for Pc and DIP because of the good alignment of the Au work

function and the HOMO of the organic semiconductors. A good alignment is important

for a low charge carrier injection barrier. 198Au also decays by β−-decay with a half-life

of 2.69 days (see 2.12).

110mAg
λ = 249.9d−→ 110Cd + β− + γ (2.11)

198Au
λ = 2.69d−→ 198Hg + β− + γ (2.12)

2.4.2 Deposition of the Radiotracers

The tracer metal was deposited onto the organic �lms by thermal evaporation. It is one

of the most commonly used physical vapor deposition (PVD) techniques today. Basically,

heat is transferred to a liquid or solid until its vapor pressure (vp) exceeds the background

pressure in the evaporation chamber leading to evaporation or sublimation respectively.

The evaporated material is transported to the substrate, where it condenses and a �lm

is formed. Metals are evaporated as single atoms [47, 48]. Since the mean free path of

the evaporated atoms at 1 Pa and 25 ◦C is only 1 cm, evaporation is performed under

high vacuum conditions (p < 10−6 mbar), so that the mean free path of the atoms

is much larger than the distance from the evaporator to the substrate surface. Under

these conditions, the atoms reach the sample without collisions between each other or

the residual gas in the chamber (molecular �ow regime). The reduced pressure in the

chamber also reduces the temperature required to raise the vapor pressure of the material

above the chamber pressure. A schematic of the ultra high vacuum (UHV) chamber that

was used for deposition of the noble metals is shown in �g. 2.9. The sample was placed
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Figure 2.9: Schematic of the vacuum chamber for thermal evaporation of
the metal radiotracers. The sample (1) is �xed to the sample holder (2) by a
mask (3). The metal tracers are deposited from a thermal evaporator (4). A
shutter (5) shields the sample during heating and cooling of the evaporator.

on a heatable sample holder and for thermal coupling of the sample and the sample

holder a heat-conductive paste was used. The sample was held in place by a mask with

a circular hole in its center. A schematic of the evaporator is shown in �g. 2.10. A

tungsten wire is coiled around a steel crucible that contains the noble metal. An electric

current provided by a DC power supply was used for resistive heating of the wire. The

heat is transferred to the crucible by heat radiation (due to the ultra high vacuum in the

chamber the convective contribution to heat transfer can be neglected). The evaporated

metal atoms can leave the crucible through a small ori�ce at the top of the evaporator,

the distance between the ori�ce and the sample holder being 15 cm. In order to shield

the sample during heating and cooling of the evaporator, a shutter can be placed in

front of the sample. The �lm thickness was estimated by the total activity deposited

onto the sample. The control parameter was the evaporation time. Due to the very low

deposition rates (see below) and the deposition of only submonolayers, �lm thickness

monitoring using, e.g., a quartz crystal microbalance (QCM) (see chp. 3.3.2) was not

possible. The Ag containing the radioactive tracer atoms was evaporated at a crucible

temperature of 680 ◦C at a base chamber pressure of 1.8·10−8 mbar. During evaporation

the pressure increased to 10−7 mbar. The Au tracers were evaporated at 860 ◦C at a

base pressure of 1.8·10−8 mbar.

19



2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.10: Schematic of the metal evaporator used for deposition of the
radiotracers.

2.4.3 Ion Beam Sputtering

The serial sectioning was done by ion beam sputtering. Ion beam sputtering is used

in a variety of processes and applications like Secondary Ion Mass Spectroscopy (SIMS)

and surface modi�cation of polymers [49]. Chemical and physical sputtering processes

can be distinguished. In chemical sputtering, reactive ions (e.g., oxygen ions) react with

the substrate and form volatile species that are desorbed into vacuum. Since an inert

gas (krypton (Kr)) was used in this work, only physical sputtering will be discussed in

more detail. In general, it is a process in which accelerated ions impinge on a surface

and knock out atoms, clusters of atoms or even whole molecules [47, 50].For ion beam

sputtering a gas is ionized in an ion source (also called ion gun) and the ions are accel-

erated towards the substrate. Typical ion energies vary from 102 to 108 eV. On impact

of the ions onto the surface several processes take place (see �g. 2.11). Depending on

the ion energy three di�erent regimes can be distinguished (see tab. 2.2) [51]. Due to

the low energies used in this work (102 eV), only the �rst regime will be discussed in the

following.

When ions impinge on the surface they are either backscattered directly, mostly as

neutral atoms, or penetrate into the substrate. On its way through the substrate, a

20



2.4 Methods

Figure 2.11: Processes occurring during ion impingement. An ion from the
sputter source (1) impinges on the surface and is either directly backscattered
from the surface (mostly as neutral atom) (2) or transfers a part of its kinetic
energy onto atoms of the sample (3). If the transferred energy is larger than
their binding energy, atoms are ejected from the sample (4) together with
electrons and photons (5). The ion continues to lose energy on its way
through the bulk displacing atoms (collision cascade) (6). If the transferred
energy is large enough the displaced atoms can also cause a cascade (recoil

cascade) (7). When the ion lost all its momentum it is incorporated into the
substrate (ion implantation) (8).

Regime Energy range process
collision cascades are dilute;

Single-knock-on < 1 keV only a few atoms involved;
no recoil cascade;

Linear-cascade 1-100 keV recoil atoms cause recoil cascade
Collision-spike > 100 keV all atoms in a certain volume are in motion

Table 2.2: Depending on the ion energy di�erent sputtering regimes are
observed. The ion energies of 10 2 eV used in this work lie in the single-
knock-on regime.
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Material Sputter yield
Au 3.06
Ag 3.27
Si 0.5
C 0.13

Table 2.3: Sputter yields of selected elements for sputtering with Kr ions
with a kinetic energy of 500 eV [53, 54].

penetrating ion transfers its momentum onto atoms and molecules of the substrate cre-

ating a collision cascade (see �g. 2.11). In the single-knock-on regime the cascades are

dilute and only a few atoms are involved. If the transferred energy exceeds the binding

energy of an atom it is knocked out of its place (recoil atom), near the surface it might

be ejected from the substrate, i.e. it is sputtered. In the single-knock-on regime the

energy of the recoil atoms is su�cient for sputtering of the atoms but too low for the

recoil atoms to cause a cascade on their own (recoil cascade). The ion continues its

path through the substrate until it has lost all its momentum and comes to rest and is

incorporated in the �lm (ion implantation). The sputter yield S is a measure for the

e�ciency of the sputtering process and is de�ned by

S =
Number of sputtered atoms

Incident ion
(2.13)

It can range from 10−5 up to 103 depending on the material [52]. In tab. 2.3, literature

values for selected materials are given. The value of S not only depends on the sputtered

material and the type of ion, but also on the angle of incidence and the energy of the

ion [47]. In addition to ejected atoms, electrons and photons are also emitted from the

sample. Two e�ects occurring during ion beam sputtering are of special importance

with respect to its application in serial sectioning. The �rst is the knock-on process

in the cascade itself. If radiotracer atoms are knocked deeper into the material by an

ion or a recoil atom of the cascade, the metal di�usion depth in the depth pro�les (see

chp. 2.7.1) is overestimated. The second e�ect is preferential sputtering of di�erent

components of a compound. In this case, a system composed of noble metal clusters on

top and in an organic �lm is sputtered. The sputter yield of the organic semiconductors

was found to be in the region of graphite (see tab. 2.3). As the sputter yields of metals

are much higher than those of the organic semiconductors and Si, the metal clusters

should be sputtered much faster than the surrounding material. Due to this e�ect the

metal di�usion would be rather underestimated. All �lms were sputtered in an UHV
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Figure 2.12: Schematic of the UHV chamber used for serial sectioning.
The sample (1) is �xed to a rotatable, water-cooled sample holder (2). An
ion source (3) was mounted to the chamber in an angle of 45◦ with respect
to the sample. An ion beam emitted from the source sputtered material from
the sample surface. A fraction of the material is collected on the polymer
�lm (4). The �lm could be advanced in order to acquire several "images".

chamber, its schematic layout is shown in �g. 2.12. To assure uniform sputtering the

sample was placed on a rotatable copper sample holder, which was water-cooled in

order to avoid heating of the sample during sputtering. The sample was �xed to the

sample holder by a mask. A shutter could be placed directly in front of the sample

during stabilization of the ion source to avoid sputtering of the sample and deposition of

material sputtered from the chamber. The ion source used is a 3 cm ion source from Ion

Tech, Inc. In the ionization chamber of the source, electrons are emitted from a helical

tungsten �lament. The electrons are accelerated by a voltage that is applied between two

electrodes within the ionization chamber. The electrons ionize the Kr atoms that stream

into the chamber through the gas inlet. The Kr ions are extracted from the chamber
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and accelerated towards the sample by an acceleration voltage. The kinetic energy of

the ions was 160 eV and the angle of incidence 45◦. The gas pressure in the chamber

during sputtering was 2.5·10−4 mbar and the base pressure 2·10−7 mbar. Semiconducting

and insulating materials would charge up during continued sputtering with positive ions

reducing the sputter rate. In order to avoid charging the ion source was equipped with

a neutralizer �lament that was placed between the grids and the sample. A current in

the order of 2 A run through the �lament led to emission of electrons from the wire.

These electrons neutralize the positive charge on the sample surface.

2.4.4 Detection of the Radioactive Decay

The radioactive decay was measured by detection of the γ-photons that are emitted upon

decay of the tracers (see equations 2.11 and 2.12). A germanium detector was used for

the γ-ray detection. A Ge detector functions as a solid state ionization chamber. Some

important properties of Ge are given in tab. 2.4. In a large Ge single crystal with

a p-n or p-i-n (p-type/intrinsic/n-type) junction either a depletion or intrinsic region

exists. A large reverse bias in the order of several kV is applied. The intrinsic region

in Ge detectors might have a width of up to 60 mm [55]. An ionizing particle like

α− and β−particles and γ−radiation will excite a certain number of electrons into the

conduction band, creating electron-hole pairs (e−-h+ pairs). The electrons and holes are

separated and swept away towards the opposite contacts by the applied electric �eld.

An integrating preampli�er transforms the current pulse into a step voltage. About 33%

of the particle energy is consumed by the formation of electron-hole pairs, the rest is

transformed into lattice vibrations. Due to the relatively small band gap, Ge detectors

have to be cooled down below 100 K in order to minimize leakage currents caused by

thermal generation of charge carriers to an acceptable level [55]. Liquid nitrogen is

used for cooling of the detector. For protection of the detector surface from moisture

Property Ge (at 77 K)
Electron mobility µe (cm

2/Vs) 3.6·104

Hole mobility µh (cm2/Vs) 4.2·104

Energy ε required to create 1 (e−-h+) 2.96 eV
Atomic number Z 32
Band gap Eg 0.746 eV

Table 2.4: Physical properties of Ge which was used as detector material
for detection of γ-photons [55].
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and condensable contaminants it must be operated in vacuum. The entrance window

of the vacuum chamber will absorb charged particles like α- and β-particles making Ge

detectors less suited for their detection. Low energy ions are also detected with a lower

e�ciency. However, other photons are detected with high e�ciency due to the large

width of the intrinsic region of several cm. For comparison, in Si detectors the intrinsic

region is only in the order of 102 µm [55]. Since photons are only detected in the intrinsic

region, Ge detectors are more e�cient and better suited than Si detectors. The Ge single

crystal detector used for this work was p-i-n type from DSG Detector System GmbH

which was operated at 2.5 kV.

2.4.5 Determination of the Sputter Rate

In order to plot the depth pro�les it is necessary to determine the sputter rate rsputter

during serial sectioning. The rate can be calculated by

rsputter =
dsputter

tsputter

(2.14)

where dsputter is the sputter depth and tsputter is the total sputter time. Since tsputter

is known, only the sputter depth has to be determined. During serial sectioning, the

sample was covered by a mask (see �g. 2.13(a)). While the area of the organic �lm

on which the tracers were deposited was centered in the middle of the large opening

Figure 2.13: (a) Drawing of the mask used to �x the sample to the sample
holder. (b) The bar shielded a part of the sample from the ion bombardment.
(c) The part of the sample that was covered by the bar remains unsputtered,
whereas the rest of the sample is sputtered by the ions. The resulting step in
the surface can be measured by a pro�lometer.

25



2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.14: Height pro�le of a DIP surface after sputtering obtained by a
pro�lometer scan. The height of the step is equal to the sputter depth.

of the mask for unhindered sputtering, a part of the �lm is covered by the bar of the

mask. This part of the �lm is not sputtered during serial sectioning creating a step in

the surface pro�le as shown in �g. 2.13(b,c). The step height is equal to the sputter

depth. It was measured using a pro�lometer, a tool that can determine surface pro�les

over distances of several millimeters with a resolution in the order of several nanometers.

In a pro�lometer, a �ne steel tip is brought into mechanical contact with the sample.

The tip is then moved across the surface and its change in height is recorded. With the

resulting data a surface pro�le can be plotted. A typical pro�le obtained for the surface

steps described above is shown in �g. 2.14. The pro�lometer that was used for these

experiments was a Dektak 8000 from Veeco.

2.4.6 Determination of the Surface Topography

Since sputtering of the organic �lms� surface could in�uence the surface topography, it is

necessary to characterize the surface before and after sputtering. This is of great impor-

tance since a change in the surface roughness might in�uence the interpretation of the

depth pro�les.Atomic force microscopy (AFM) is another analytical method for charac-

terization of the topography of a sample surface. In contrast to the pro�lometer, AFM

is much more sensitive but only allows to analyze a maximum area of (100·100) nm2.
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For AFM the interaction of a very �ne tip, which is attached to a �exible cantilever,

and the sample surface is used for imaging. A laser beam is re�ected o� the back of the

cantilever onto a couple of photo diodes causing a photo current. If the tip is brought

close to a surface (non-contact mode) or into contact with the surface (contact mode),

the cantilever is de�ected due to repulsive forces between the atoms in the tip and the

sample. Therefore the position of the laser beam on the photo diodes is changed. If the

tip is scanned across the surface at a constant height the photo currents change due to

the de�ection of the cantilever. The change in the photo currents and the position on

the sample is used to image the sample topography. This is called constant height mode,

a variation of the contact mode. It is mostly suitable for very �at surfaces as rough

surface structures might cause the tip to crash into the sample. Another contact mode

is the widely used constant force mode. Here, the force acting on the cantilever and

its de�ection are kept constant using the photo currents as a variable of a control loop

which controls piezoelectric actuators. This mode reduces the mechanical load acting on

the surface as the force exerted by the tip is kept constant. Since the organic surfaces

that were examined are very sensitive to mechanical loading and the surface roughness

is in the range of 40 nm this mode was chosen for AFM imaging. The AFM that was

used was a Park Autoprobe.

2.4.7 Deposition of the Metal Contacts

The source and drain contacts of the examined OFETs were deposited by thermal evap-

oration of Au as described in chp. 2.4.2 for deposition of the radiotracers. Deposition

of the contacts was not performed in the same chamber as the radiotracer deposition in

order to avoid contamination of the sample with radioactive isotopes, but the general

setup of the chamber is similar to the chamber shown in �g. 2.9. Patterning of the

contact structures was obtained using a stainless steel shadow mask. By deposition of

Au an array of nine contacts was formed. The contact area of the Au was 50×50 µm

and the distance between the contacts varied from 300 µm to 3290 µm (see �g. 2.15).

2.4.8 Electronic Characterization

The Au pads were contacted with �ne Au tips. A voltage was applied between the tips

using a standard power supply. The resulting currents were measured with a Keithley

picoamperemeter. All measurements were performed in ambient air directly after the

sample was removed from the vacuum chamber.
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Figure 2.15: Schematic of the contact pattern obtained by deposition
through a shadow mask. Nine contacts with an area of 50×50 µm were
deposited. The shortest separation between the contacts was 300 µm, the
largest 3290 µm.

2.5 Initial Film Growth

Before the interface formation between noble metals and organic semiconductors and

the di�usion of noble metal atoms in these materials can be investigated, some of the

general processes occurring during the initial stage of metallization need to be discussed.

After impingement on the surface di�erent processes can take place (see �g. 2.16). If the

interaction between the atom and the substrate is weak, an atom will di�use across the

surface jumping from site to site for a distance equal to the average di�usion length Λ.

If it either encounters a preferential nucleation site (e.g., a step or defect on the surface),

another di�using metal atom (random nucleation by cluster formation) or an already

existing metal cluster it is adsorbed on the surface and incorporated into the growing

�lm. A single atom or small cluster might also di�use into the substrate. If none of the

aforementioned processes occurs, the atom will be desorbed back into vacuum provided

that it gains enough energy in the tail of the room temperature energy distribution. The

initial �lm growth is strongly in�uenced by the surface energy of the free substrate γs, the

surface energy of the free �lm surface γf and the surface energy of the interface between

�lm and substrate γi. Three general growth modes can arise from the interaction of a

growing �lm and its substrate (see �g. 2.17). If

γf + γi < γs (2.15)

is valid, it means that the total surface energy is lower for the �lm-covered substrate

than for the bare substrate [47]. In this case, the �lm grows layer-by-layer in a smooth

�lm (see �g. 2.17(a)). This growth mode is also called Frank-van der Merwe growth.

For equation 2.15 to be valid, γi must be reduced by a strong bonding between �lm and
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2.5 Initial Film Growth

Figure 2.16: Processes occurring during �lm growth with a certain prob-
ability: An atom arriving at the surface (1) can either di�use across the
surface (2) or into the bulk (3). An atom di�using across the surface might
either be incorporated into a cluster (4), be trapped at a surface step or other
defect (5) or di�use into the bulk (3). If none of these processes occurs within
a certain time, the atom will desorb again (6). An atom di�using in the bulk
will di�use until it is immobilized by incorporation into a cluster (7).

Figure 2.17: The three basic growth modes for thin �lms. (a) Frank-van
der Merve (Layer growth). (b) Volmer-Weber (Island growth). (c) Stranski-
Krastanov

29
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substrate. If there was no bonding at all, γi would be given by

γi = γf + γs (2.16)

In this case, wetting of the substrate by the �lm would increase the total surface energy

by 2γf . Therefore, already for weak bonding to the substrate equation 2.15 does not

hold anymore. Instead of layer-by-layer growth the �lm forms three-dimensional islands

(clusters) on the surface (see �g. 2.17(b)). This growth mode is called Volmer-Weber

growth. The last growth mode, called Stranski-Krastanov, shows a transition from layer-

by-layer to island growth after formation of the �rst monolayer (see �g. 2.17(c)). This

transition is caused by a change in the energy situation with deposition of successive

layers. As Ag and Au are both noble metals they are not very reactive, so the interaction

with the substrate is only weak. This results in a high surface di�usivity, atoms and

subcritical clusters can move easily across the surface allowing the growing �lm to rear-

range in order to minimize the total surface energy γA. This fact in combination with

the low surface energy of the organic semiconductors investigated in this chapter leads

to Volmer-Weber growth of the Ag and Au �lms as described above. Since only �lms

with a maximum nominal thickness of a monolayer were deposited for the radiotracer

measurements, the resulting �lms consist of metal clusters dispersed on the organic �lm

surface as no closed layer is formed. As described above, not all metal atoms imping-

ing on the surface are incorporated into the growing �lm. The desorption is thermally

activated and the desorption probability is proportional to

p ∝ exp

(
−Ed

kT

)
(2.17)

where Ed is the energy required for desorption, k is the Boltzmann constant and T

the substrate temperature. For that reason, the fraction of the arriving atoms that is

desorbed increases with increasing substrate temperature as it becomes more likely that

the atoms gain the required energy for desorption. The condensation coe�cient (or

sticking coe�cient) is de�ned as

C =
Na

Ne

(2.18)

Na being the number of adsorbed atoms and Ne is the number of atoms evaporated onto

the surface. Since Na = Ne −Nd, where Nd is the number of atoms desorbed from the
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surface, equation 2.18 can be rewritten as

C = 1− Nd

Ne

(2.19)

The result is that the condensation coe�cient decreases with increasing temperature as

the number of desorbed atoms increases. This means that at a constant evaporation

rate the deposition rate decreases. Under the conditions mentioned in chp. 2.4.2, about

0.75 monolayers per hour (ML/h) of Ag were deposited onto the substrate at 50 ◦C.

At substrate temperatures of 75 ◦C and 100 ◦C the sticking coe�cient decreases. As

the evaporation time and therefore the total amount of evaporated material was kept

constant, less material was deposited onto the organic �lms at these temperatures. The

very low deposition rates used in this work represent an extreme condition for di�usion,

because the number of atoms arriving at one point in time is small. Therefore, the

probability that two atoms encounter each other is low and that way more atoms are

likely to di�use into the �lm or desorb. After the formation of �rst clusters, the prob-

ability to encounter an atom or a cluster within the average di�usion length increases

and the probability to di�use into the �lm decreases. Once a closed �lm is formed no

further di�usion into the �lm should occur. If the metal di�usion can be understood

and controlled for these extreme conditions, it should be possible to control the metal

di�usion for all technologically relevant conditions, too.

2.6 Sputtering of Organic Crystalline Materials

Although the sputtering behavior of polymers is well established in the literature [56] the

sputtering of organic crystalline materials in this low-energy range is not well-studied.

Since the sputtering behavior of the organic �lms is, as mentioned before, very important

for the analysis of the depth pro�les (see chp. 2.7.1), it was necessary to examine the

sputtering behavior of the two organic crystalline materials in detail. Knowledge of the

sputtering behavior allows the correct interpretation of the depth pro�les. If surface

topography changes during sputtering, this would have to be taken into account when

determining the depth resolution. Sputter experiments with Pc and DIP �lms show

that the grain size and the surface topography are perfectly maintained within the

resolution of the instrument. Simple constant-force contact-mode AFM measurements

were performed for various sputter depths and rates, but no change in the topography

was found. In �g. 2.18(a) the structure of an unsputtered Pc �lm is shown. At the higher
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2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.18: AFM images of (a) an unsputtered and (b-d) sputtered Pc
�lm. Though the overall �lm topography is not in�uenced by sputtering a
roughening of the surface on the molecular scale is observed.

magni�cation the terrace structure of the �lm can be clearly seen. During sputtering

(see �g. 2.18(b-d)) the roughness of the surface increases slightly, however the terrace

structure can still be seen. In �g. 2.19 (a) and (b) AFM images of an unsputtered and

sputtered DIP �lm are shown respectively. As for the Pc �lm no change in the overall

surface topography is observed. In these high resolution AFM images, the �ngerprint

of the sputter process becomes visible: an additional roughness on the molecular scale

can be observed in the form of nanometer-deep and -wide holes. One large di�erence

between the examined organic �lms and polymers are the much lower sputtering yields of

the former, which are even much lower than the sputter yield of metals. Since the metal

clusters would be sputtered faster than the surrounding organic �lm, an overestimation

of metal penetration by preferential sputtering of metal clusters can hence be ruled out.
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Figure 2.19: AFM images of (a) unsputtered and (b) sputtered diindenop-
erylene.

2.7 Noble Metal Di�usion in Diindenoperylene and

Pentacene

Using the radiotracer method described in chp. 2.4.1 the di�usion of Ag and Au in Pc

and DIP (see chp. 2.2.1) was studied. The obtained depth pro�les are discussed in the

following.

2.7.1 Ag Depth Pro�les

As Ag di�usion in polymers is well studied and understood [41, 43, 46, 57�59], depth

pro�les for Ag di�usion in Pc and DIP were obtained. Comparison with the depth

pro�les of polymers will help to further the understanding of the nature of noble metals

in these organic semiconductors.

2.7.1.1 General Features

About one monolayer of Ag + 110mAg was evaporated for 80 min.at 680 ◦C onto Pc

and DIP thin �lms with thicknesses of 60 nm and 80 nm respectively. The substrate

temperature during evaporation was 75 ◦C. After evaporation the samples were annealed

for 120 min. at the same temperature. The depth pro�les that were obtained are shown

in �g. 2.20. The examined functional organic thin �lms did not only di�er in their

molecular strucuture (see �g. 2.2) but also in their microstructure. The inset of �g.

2.20 shows AFM images of the �lms. The grain size is about 1 µm for the DIP �lm

and 0.3 µm for the Pc thin �lm. Even though the �lms are very di�erent the depth

pro�les share some common features. A drop in metal concentration of three orders of

magnitude within the �rst 5 nm was observed for both �lms. This indicates that most
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Figure 2.20: Depth Pro�les for Ag di�usion in thin �lms of pentacene and
diindenoperylene at a substrate temperature of 75 ◦C. For both materials,
most metal atoms remain near the surface as the metal concentration drops
by three orders of magnitude within the �rst 5 nm.

metal atoms (>99%) remain on or near the surface, even though the total amount of

material deposited was only about a monolayer. The metal concentration in the �lms

drops to the level of the natural background at a depth of 60 nm for Pc and 80 nm

for DIP which agrees very well with the corresponding �lm thicknesses. In addition to

these common features some di�erences were observed. After the �rst initial drop, the

metal concentration with respect to depth decreases more strongly in Pc than in DIP.

At 20 nm the metal concentration in DIP is about one order of magnitude higher than

in Pc. With increasing depth the di�erence in concentration decreases slightly but the

Ag concentration in DIP is still much higher than in Pc. As the same amount of Ag was

deposited onto both �lm, this indicates that Ag di�uses faster and more easily in DIP.

Whether the di�ering crystal- or microstructure are the cause cannot be concluded here

but will be discussed below.

In the DIP depth pro�le, around 40 nm a slight increase in activity is observed, which

drops towards the natural background after reaching a maximum. This concentration

peak can be explained by an accumulation of Ag atoms at the DIP/Si interface (ag-

glomeration was already observed for Au/DIP (see chp. 2.3 and for other systems [60]),

the surface topography, and the sputtering behavior of DIP. If Ag agglomeration at the
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Figure 2.21: (a) Due to the surface topography of the �lm which is main-
tained during sputtering, some parts of the interface are sputtered prior to the
rest of the interface. Material agglomerated at the interface will be sputtered
likewise. (b) Due to non-uniform sputtering of the interface, three sputter
regimes can be distinguished in the depth pro�le: after sputtering of the bulk
of the DIP thin �lm, �rst parts of the interface are sputtered (≈ 40 nm).
Due to clusters agglomerated at the interface the Ag concentration increases
while more of the interface is sputtered. After 80 nm the complete DIP �lm
was sputtered and the Ag concentration decreases to the natural background.

interface takes place, this should ideally lead to a sharp peak in the detected metal con-

centration at the depth of the interface. However, as mentioned in chp. 2.6, the natural

grain structure and the surface topography of the DIP �lm with a maximum height

di�erence of around 40 nm (see �g. 2.19) are maintained. That is why some parts of the

interface are sputtered prior to other parts (see �g. 2.21(a)). The Ag atoms and clusters

in these parts are also sputtered prior to the rest of the metal atoms. Instead of a sharp

peak the metal concentration is smeared out over a depth range which correlates with

the surface roughness of 40 nm due to the non-uniform sputtering of the interface.

2.7.1.2 Comparison with Ag Di�usion in TMC-PC

A comparison of a typical polymer pro�le, in this case trimethylcyclohexane polycar-

bonate (TMC-PC) (structure shown in �g. 2.22), and a DIP depth pro�le is shown in

�g. 2.23 [46].
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Figure 2.22: Chemical structure of trimethylcyclohexane polycarbonate
(TMC-PC).

Figure 2.23: Comparison of depth pro�les for Ag di�usion in DIP and
TMC-PC (data for TMC-PC from [46]). Both depth pro�les show the same
basic features like the steep drop in metal concentration within the �rst few
nanometers. This indicates that the di�usion behavior of noble metals is the
same for both materials.
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The di�usion of Ag in polymers is well-studied and the comparison of the depth pro�les

can provide a better understanding of the physical processes of metal di�usion in DIP.

The pro�les obtained for DIP are qualitatively very similar to the results obtained for

TMC-PC, e.g., the �rst steep drop in concentration occurs over a very small depth range.

In polymers, the cohesive energy of the organic matrix is smaller than that of the metal,

and the interaction between metal and organic matrix is weak. Single atoms are very

mobile in the polymer, but metal atoms encountering each other will form stable clusters

which will impede further di�usion. The larger the clusters grow the stronger di�usion is

impeded. This leads to e�ective immobilization of the metal atoms by clustering [42, 46].

In these terms, the drop in intensity with increasing sputter depth can be interpreted as

the superposition of di�erent di�usion rates of clusters of di�erent size (see �g. 2.23).

This similarity of the depth pro�les for the DIP and the TMC-PC indicates that the

interplay of di�usion and aggregation in organic crystalline �lms and polymers is basi-

cally the same. This was expected as the cohesive energy of DIP and TMC-Pc is of the

same order. The region with decreased slope is as pronounced as in polymers, suggesting

a similar interpretation. In contrast to the thin DIP �lm (the organic crystalline �lm

has the typical thickness used in OFET transistors of about 80 nm) the polymer �lm

is much thicker (> 400 nm). Consequently, no agglomeration at the interface can be

observed here.

2.7.1.3 Time Dependence

To further investigate the dynamics of noble metal di�usion in DIP, Ag + 110mAg was

deposited onto a DIP thin �lm with a thickness of 80 nm at 680 ◦C for 8 min. The

resulting depth pro�le was compared to the depth pro�le obtained for 80 min. of tracer

deposition (see �g. 2.24(a)). Increasing the evaporation time by a factor of ten leads to a

metal concentration that is one order of magnitude higher, just as expected. Otherwise

the general shape of the pro�les is similar. With continuing �lm deposition the surface

coverage with Ag increases as more than 99% of the Ag atoms is trapped on the surface.

Due to the clusters growing on the surface, the probability of immobilization for an Ag

atom di�using across the surface increases. If the atoms di�use across the surface before

penetrating into the bulk, the relative metal concentration in the DIP �lm with respect

to the concentration on the surface should be smaller for the longer deposition time. In

�g. 2.24(b) the relative concentration with respect to the surface concentration is shown.

As it can be seen, there is no di�erence in the depth pro�les. That means either the

metal coverage of half a monolayer is to low to impede the metal di�usion into the bulk,
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Figure 2.24: (a) Comparison of depth pro�les obtained for 8 and 80 min.
of tracer deposition. The general shape of the pro�les is similar. Increasing
the evaporation time by a factor of ten leads to an increase in the metal
concentration by one order of magnitude. (b) Relative Ag concentration with
respect to the surface concentration. No di�erence in the depth pro�les is
observed indicating that the di�erent surface coverages do not in�uence the
di�usion of metal atoms into the bulk.
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Figure 2.25: Temperature dependence of the Ag depth pro�les obtained at
substrate temperatures of 50 ◦C, 75 ◦C and 100 ◦C. After the initial drop in
metal concentration, a region with a reduced negative slope is observed for all
three temperatures. The negative slope decreases with increasing temperature,
indicating increased metal di�usion with increasing temperature.

or the metal atoms do not di�use across the surface but di�use into the bulk almost

directly.

2.7.1.4 Temperature Dependence

In order to examine the temperature dependence of the metal di�usion, Ag + 110mAg

was deposited onto 80 nm thick DIP �lms at substrate temperatures of 50 ◦C, 75 ◦C and

100 ◦C. For the deposition at 75 ◦C and 100 ◦C the evaporation time was 80 min. and the

samples were annealed for another 120 min. at the same temperature. For the sample

kept at a temperature of 50 ◦C, the evaporation time was 176 min with no post-annealing

treatment. Due to the longer evaporation time and the decreasing condensation coef-

�cient with increasing temperature (see chp. 2.5), more metal is deposited onto this

sample. For the sample with a substrate temperature of 50 ◦C, about one monolayer

was deposited onto the �lm. Because of the Volmer-Weber growth of noble metals on

the organic �lms, it is not a closed layer, but the �lm consists of clusters distributed over

the surface. The resulting depth pro�les are shown in �g. 2.25(a). All three DIP pro�les

have some general features in common. Within the �rst 5 nm the metal concentration
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Figure 2.26: Metal concentration plotted against the square of the sputter
depth for the samples shown in 2.25. In the region following the initial drop a
linear dependence of the Ag concentration on the square of the sputter depth
is observed. The slope of the linear �t decreases for increasing temperatures.

drops by three orders of magnitude, indicating that most metal atoms (>99%) remain on

or near the surface, even though the total amount of material deposited was only about

a monolayer (or less for 75 ◦C and 100 ◦C (see chp. 2.5)). Following this �rst drop there

is a region with a drastically reduced negative slope which is proof of a decreasing metal

concentration. Considering the large di�erence in the sputter yields of Ag and the DIP

�lms discussed earlier, Ag clusters on the surface should not contribute to the Ag signal

in this region, meaning that it originates from metal atoms di�using into the �lm. For

substrate temperatures of 75 ◦C and 100 ◦C, the change in the slope is more pronounced

as compared to the depth pro�le obtained at 50 ◦C. This indicates increased di�usion of

metal into the organic layer at higher temperatures. The absolute concentrations cannot

be compared directly because the condensation coe�cient of Ag on the organic �lm is

expected to drop drastically at elevated temperatures (see chp. 2.5) [58].

In �g. 2.26 the Ag concentration for the three samples is plotted against the square of

the sputter depth. In the region following the initial drop in Ag concentration, a linear

relation between metal concentration and sputter depth is observed. With increasing

substrate temperature the negative slope of the linear �t decreases. This indicates a

faster di�usion at higher temperatures. It is not possible to calculate di�usivities from
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Figure 2.27: Accumulation at the interface is observed at all three temper-
atures. The broad peak in metal concentration results from the non-uniform
sputtering of the interface (see chp. 2.7.1.1, �g. 2.21).

these slopes as the time t for di�usion is not known, since the di�usion process is stopped

by agglomeration.

At all three temperatures, agglomeration at the interface was observed as can be seen

from �g. 2.27.

2.7.1.5 In�uence of the Microstructure

In chp. 2.7.1.1 it was found that Ag di�uses faster into DIP than Pc. The reason

could either be the di�erent crystal structure or the di�erent microstructure, i.e. the

smaller grain size and resulting higher grain boundary density. To study the in�uence

of the microstructure of the organic �lm on noble metal di�usion, DIP �lms deposited

at substrate temperatures of -180 ◦C and 60 ◦C were examined. The di�erent substrate

temperatures resulted in di�erent average grain sizes of the polycrystalline �lms. Details

on the �lm structure are given in tab. 2.5, schematic diagrams and AFM images are

shown in the inset in �g. 2.29. The �lm with the smaller grains has a higher grain

boundary density. The radiotracer measurements can help to determine their in�uence

on the di�usion. A higher grain boundary density might lead to more metal atoms

di�using deeper into the organic �lm, if they act as fast di�usion paths. On the other

hand, the metal di�usion would decrease, if the grain boundaries act as trapping sites for
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Sample Tsub d�lm dcry Rocking width
DIP01 60 ◦C 183 nm 183 nm 0.09◦

DIP02 -180 ◦C 147 nm 76 nm 0.04◦

Table 2.5: Two DIP �lms were deposited at di�erent substrate temperatures
Tsub. The resulting �lms allowed the examination of the microstructure�s in-
�uence on the metal di�usion. The �lm deposited at a substrate temperature
Tsub of 60

◦C showed a crystallite size dcry similar to the �lm thickness d�lm.
The crystallites of the �lm deposited at -180 ◦C are half as large as the �lm
thickness. The rocking width of the XRD spectra is a measure for the struc-
tural order of the �lm. It is small for both �lms, indicating that both �lms
are well ordered and most molecules are aligned in parallel.

Figure 2.28: Schematic visualizing the possible in�uence of the �lm struc-
ture on the metal di�usion. Grain boundaries might either act as fast di�u-
sion paths or act as trapping and nucleation sites for clusters.

noble metal atoms, i.e., nucleation site for clusters, (see �g. 2.28). If the bulk di�usion is

dominating the grain boundary di�usion, the depth pro�les should show no dependence

on the microstructure. In �g. 2.29 the depth pro�les obtained for Ag di�usion in the

two di�erent DIP �lms are shown. For the DIP �lm with the smaller crystallites, a

larger metal concentration with respect to the depth is observed, indicating that grain

boundaries act as fast di�usion paths.
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Figure 2.29: (a) Depth pro�les for Ag di�usion in DIP �lms with dif-
fering microstructure. (b) The magni�cation of the �rst 15 nm shows the
dependence of the metal di�usion on the �lm structure. In the �lm with the
lower grain boundary density (DIP01 in inset), the relative Ag concentration
with respect to the surface concentration is one order of magnitude lower as
compared to the �lm with the higher grain boundary density (DIP02). This
indicates that grain boundaries are acting as fast di�usion paths.
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2.7.1.6 Chromium Di�usion Barrier

The comparison of the depth pro�les for Ag di�usion in DIP and TMC-PC indicated a

similar di�usion mechanism for polymers and organic crystalline materials. For TMC-

PC, it was shown that a submonolayer of Cr can e�ectively block the di�usion of Ag

into the polymer [46]. Since Cr is a transition metal, it is very reactive. The Cr atoms

immediately react with the polymer and do not di�use into the bulk. On the surface they

act as nucleation centers for Ag atoms impinging onto and di�using across the organic

surface. As more Ag atoms are trapped on the surface, di�usion into the material is

reduced.

If the di�usion mechanisms for DIP and TMC-PC are similar, a submonolayer of Cr

should reduce Ag di�usion into the DIP �lm. In order to test the feasibility of a Cr

barrier layer, a submonolayer of Cr with a nominal thickness of 0.1 nm was deposited

onto the DIP �lm prior to evaporation of the Ag radiotracers. In �g. 2.30(a) the depth

pro�les for DIP �lms with and without Cr barrier are shown. In �g. 2.30(b) the data is

normalized with respect to the activity on the surface of each sample. As for TMC-PC,

the deposition of Cr leads to a reduced Ag concentration in the �lm. However, the

reduction of the Ag di�usion is not as e�ective as observed for TMC-PC. Considering

this together with the fact that an increasing surface coverage with Ag clusters had no

e�ect on the metal di�usion (see chp. 2.7.1.3) indicates that the ratio of surface di�usivity

Dsurface and bulk di�usivity Dbulk is smaller for DIP as compared to TMC-PC.

In chp. 2.7.1.5 it was found that grain boundaries act as fast di�usion paths. While

DIP and TMC-PC have the same cohesive energy they di�er in their microstructure.

DIP forms polycrystalline, well ordered �lms and TMC-PC �lms are amorphous. The

existence of grain boundaries in DIP and their absence in TMC-PC can explain the

di�erence in the ratios Dsurface/Dbulk and the varying e�ectiveness of Cr barrier layers

because the grain boundaries act as fast di�usion paths in DIP. Submonolayers of Cr act

as di�usion barriers on polymers because the Cr atoms dispersed across the surface act

as nucleation centers for metals atoms which di�use across the surface. If noble metal

atoms di�use right into the bulk along grain boundaries rather than to move across the

surface �rst, dispersed Cr atoms will trap the metal atoms less e�ectively. While Cr can

decrease metal di�usion, it still has to be examined whether the Cr barrier in�uences

the electronic properties of the metal-organic interface.

44



2.7 Noble Metal Di�usion in DIP and Pc

Figure 2.30: (a) Depth pro�les for DIP �lms with and without Cr di�usion
barrier. (b) The relative Ag concentration with respect to the surface con-
centration shows that a submonolayer of Cr reduces the metal concentration
in the diindenoperylene �lms as compared to the untreated diindenoperylene
�lm.
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2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.31: (a) Depth pro�les for Au di�usion in DIP for 80 and 720 min.
of tracer evaporation. The obtained depth pro�les show the same characteris-
tic features observed for the Ag depth pro�les. (b) Relative CPS with respect
to the CPS on the surface. As for the Ag di�usion no time dependence is
observed.

2.7.2 Au Depth Pro�les

As mentioned in the introduction, Au is used for metallization of Pc- and DIP-TFTs

due to the good alignment of the Au work function and the HOMO level of the organic

semiconductors. Depth pro�les for Au + 198Au evaporated at 860 ◦C for 80 and 720 min.

is shown in �g. 2.31(a). A comparison with the depth pro�les obtained for Ag di�usion

will show whether the di�usion process is comparable for the two noble metals. As for
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Ag, a drop in the counts per second (CPS) is observed in the �rst 5 nm followed by a

region of decreasing negative slope. In �g. 2.31(b) the relative CPS with respect to the

surface are plotted against the sputter depth. No time dependence is observed. The low

CPS imply that the surface coverage is too low to impede metal di�usion by trapping

in clusters.

2.8 Correlation between Metal Di�usion and Device

Properties of OFETs

The radiotracer measurements provided details on metal di�usion into the organic semi-

conductor and the mechanism of the interface formation and the resulting structure.

Metal atoms di�use into the organic �lm where they are immobilized by cluster for-

mation. Increased di�usion at low deposition rates and/or high substrate temperatures

leads to formation of a rough smeared-out interface consisting of clusters of di�erent

sizes located near the former surface of the organic semiconductor. As mentioned in

chp. 2.2.2.2, this interface should be treated as an additional layer that can in�uence the

energy alignment at the interface. For fabrication of actual devices it is important to

understand how these structures in�uence the electronic properties of the interface and

thus the device. Charge carrier injection might be either enhanced or impeded depend-

ing on how the energy alignment and the injection barriers are in�uenced (see equations

2.4 and 2.5 in chp. 2.2.2.2). Comparison of the current-voltage curves of contacts formed

by slow and fast metal deposition combined with the information of the interface derived

from the radiotracer depth pro�les can further the understanding of the in�uence of the

interfacial structure on the device performance.

2.8.1 Sample Preparation

Three Au contact arrays with a thickness of 50 nm were deposited onto a 40 nm Pc �lm

(see chp. 2.4.7). The Pc �lm was provided by Dr. Jens P�aum from the University of

Stuttgart. It was grown on a Si wafer with a native oxide layer. Two contact arrays were

deposited at a substrate temperature of 75 ◦C. The �rst contact array (Array 1 in the

following) was deposited at a rate of 0.8 nm/min. For the second set of contacts (Array

2 in the following) �rst a submonolayer of Au was deposited very slowly (< 1 ML/h)

on top of the Pc �lm in order to allow strong di�usion (see �g. 2.20). Afterwards, the

contacts were deposited at the same rate of 0.8 nm/min as the �rst set. The third array
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Figure 2.32: Transition in the I-V curves of the contacts of Array 2 with
a channel length varying between 3100 and 3115 µm. Below the switching
voltage, the current is almost zero and independent of the applied voltage.
Above a critical voltage the current increases with increasing voltage.The
switching is reversible if the applied voltage is not increased above 2 V.

(Array 3 in the following) was deposited at 0.8 nm/min with the substrate at room

temperature, corresponding to the pro�le for DIP in �g. 2.25.

2.8.2 Electronic Characterization

For the electronic characterization of the Au contacts voltages between 0 and 6 V were

applied between the contacts. Di�erent channel length could be measured by selecting

di�erent contact pads (see �g. 2.15). The resulting currents were in the order of 0-

104 nA. Higher voltages were not used as the resulting currents could damage the contact

between the metal and the organic semiconductor.

For the I-V curves of the contacts a switching process was observed for voltages mostly

in the mV-range. This transition was observed for all three interface structures. In �g.

2.32 the transition in the I-V curves for contacts of Array 2 are shown. Below the

switching voltage the current is very small (< 20 nA) and shows no dependence on the
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Figure 2.33: The graph shows the I-V curve of a contact of Array 2 with
a channel length of 3100 µ m. A switching is observed as the voltage is
increased above 700 mV. It is not observed anymore after the applied voltage
was raised above 2 V. In that case, the current continuously decreases to zero
when the voltage is decreased again.

voltage. Above the switching voltage there is a sharp increase in the current and it

continues to increase with increasing voltage.

This switching process is reversible if only small voltages below 2 V are applied. If

the voltage is increased up to 2 V and than ramped down to 0 V again, the switching is

not as pronounced as before and the switching voltage changed from 700 mV to 300 mV

(see �g. 2.33).

A similar e�ect is observed in nanocomposites and nanowires [61, 62]. In plasma

polymers that contain silver nanoparticles a switching process was observed if the voltage

was varied from -2 V to +2 V. With each cycle the switching was less pronounced

and the switching voltage (the so-called threshold voltage) decreased [62]. While still

several mechanisms are discussed as origin for the switching, it seems to be clearly linked

to the microstructure as it is only observed for nanocomposites near percolation [62].

Therefore, the switching observed for the Au contacts may be related to the morphology

of the interface. Due to di�usion during contact deposition the interface is rough with
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2 Noble Metal Di�usion in Organic Crystalline Thin Films

dispersed metal clusters near the interface. If this interface region is comparable to a

percolated network of clusters in a nanocomposite, the observed switching process could

result. The large variation in the switching voltage and the slope of the I-V curve upon

switching are attributed to di�erences in the individual contacts.

As already small voltages seem to permanently change the electronic properties of the

contact, the maximum voltage was limited to 6 V so that the in�uence of the metal

di�usion on the contact properties could be examined and not the changes due to high

voltages and currents. Furthermore, since the native oxide layer of the Si wafer only has

a thickness of about 2 nm, no gate voltage was applied in order to avoid an electrical

breakthrough of the insulating layer.

2.8.2.1 General Features

Fig. 2.34(a) and (b) show the I-V curves for Array 1 and Array 2 respectively. The I-V

curves of Array 3 are shown in �g. 2.35. All the curves have a similar shape but the

values of the I-V curves of di�erent contacts within the same array can deviate from

each other by about 50 %. This might proof that the formation of reproducible top

contacts is extremely di�cult even if the contacts are formed on the same �lm under the

same conditions. Within each array, the channel length between the contacts does not

seem to have an in�uence on the I-V curve. This indicates that the contact resistance

between the Au pad and the Pc �lm is dominating the overall resistance so that the

channel resistance can be neglected.

But even with this large deviation within the same array, the comparison of the I-V

curves of the two di�erent contact arrays in �g. 2.36 shows that the extent of the metal

di�usion has a clear in�uence on the contact properties. The arrays were formed on

the same Pc �lm, the only di�erence being the increased metal penetration for Array 2.

For this array the contact resistance appears to be larger and charge carrier injection is

impeded as the maximum current injected is smaller as compared to Array 1. Therefore,

the rough interface formed by increased di�usion results in inferior contacts as the charge

carrier injection is impeded. However, the contacts of Array 3 feature the smoothest

interface but its I-V curves are comparable to Array 2 and inferior to those of Array 1.

This shows that a certain interface roughness could be favorable as the alignment of the

Au contacts and the HOMO of the organic semiconductor is improved and the injection

barrier decreased. But if the roughness exceeds a certain limit the injection barrier is

increased again.

In �g. 2.34(a) it is also shown that almost no current is measured if the organic
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Figure 2.34: Current-voltages dependence of the Au contacts deposited
with (a) high (Array 1) and (b) low (Array 2) deposition rates at a substrate
temperature of 75 ◦C. The general shape of the I-V curves is similar for both
contact arrays. The deviation within one array might be caused by di�erences
in the individual top contacts. The channel length does not seem to have an
in�uence on the I-V curves.
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Figure 2.35: Current-voltages dependence of the Au contacts deposited
with a high deposition rate with the substrate being at room temperature.
The general shape of the I-V curves is similar to that of Array 1 and 2.

Figure 2.36: Comparison of I-V curves of di�erent contacts. The con-
tacts deposited at 75 ◦C at the higher deposition rate showed the best I-V
characteristics of the three di�erent contact arrays.
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semiconductor is contacted directly. Under illumination from a bright light source a

current of about 3 µA was measured for the contacts of Array 1 and 2 independent of

the applied voltage or the deposition conditions of the contacts. This proofs that in

fact the organic semiconductor is conducting the measured current and not the doped

Si wafer underneath the �lm. Furthermore, this shows that the low intrinsic charge

carrier concentration and the charge injection barrier are responsible for the much smaller

currents measured without illumination.

For Array 3 currents in the order of 25 µA were measured. This indicates that the

alignment of metal work function and HOMO is optimized for extraction of the charge

carriers from the organic semiconductor and that the current without illumination is

limited by the injection.

2.8.2.2 Aging

Another interesting e�ect that was only observed for the contacts of Array 2 was a

change of the I-V curve after 24 hours. The I-V curves of the contacts of Array 2 showed

currents that were much smaller than the currents measured for the contacts of Array 1.

After storage in ambient air for 24 hours, the I-V curves of Array 2 were comparable to

the curves of Array 1 (see �g. 2.37). Since the I-V curves of Array 1 did not change upon

exposure to air this improvement cannot be caused by simple oxidation of the interface

as this would occur for both arrays. This change of the I-V characteristic may rather

re�ect room temperature di�usion in the organic material which was also observed in

polymers [46, 63]. In this case, single atoms and small clusters might di�use back to the

interface where they are incorporated into the closed layer. This process would smoothen

the interface and its morphology would be similar to an interface that was formed by

fast deposition.

2.8.2.3 Asymmetric Behaviour

The results presented above indicate that di�erent interface morphologies can optimize

the injection or extraction of charge carriers. Therefore, it might be possible to optimize

the performance of an organic semiconductor by deposition of two contacts with di�erent

interfaces. This approach was tested by deposition of one contact similar to those in

Array 1 (best injection behavior) and one similar to Array 3 (best extraction). In �g.

2.38 the resulting I-V curves are shown. In one direction a very high current is measured.

If the current direction is reversed the resulting current is much smaller. In the high-

current direction the photo-induced current was 25 µm and in the low-current direction
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2 Noble Metal Di�usion in Organic Crystalline Thin Films

Figure 2.37: After storage in air for 24 hours the I-V characteristic of a
contact from Array 2 changes considerably. Its I-V curve is now comparable
to that of a contact of Array 1 with the same channel length. This might
indicate the presence of room temperature di�usion as the clusters of the
rough surface of Array 2 di�use back to the interface. This process would
result in a smoother surface comparable to that of Array 1.

Figure 2.38: I-V curves of an asymmetric contact. Depending on the
direction of the current �ow, the resulting I-V curves di�er greatly from
each other. This indicates that one contact is optimized for charge carrier
injection while the other is optimized for extraction of charge carriers.
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the photo-current was only 3 µm. These results proof that of the two contacts one

is indeed optimized for injection and the other for extraction of charge carriers. This

optimization is not possible for bottom contact devices as the organic semiconductor is

deposited on top of the metal and no di�usion occurs and the structure of the interface

cannot be varied for individual contacts.

2.9 Summary and Outlook

With the investigation of noble metal di�usion in organic semiconducting thin �lms, the

functional part of an OFET, one important challenge in the �eld of organic electronics

was addressed: the metallization of organic semiconductors. It was found that most

metal atoms remain on or near the surface of the organic thin �lm, but a small fraction

of metal atoms di�uses into the organic thin �lm. In the case of diindenoperylene, a

small fraction of metal atoms di�uses through the entire �lm and accumulates at the

interface between organic �lm and substrate. The accumulation of even small amounts

of metal atoms at the buried interface between organic semiconductor thin �lm and gate

dielectric might cause serious changes in the device performance.

Comparison with radiotracer di�usion measurements in the polymer trimethylcyclo-

hexane polycarbonate showed similar di�usion behavior of Ag in both �lms. While one

material is amorphous and the other is polycrystalline, both their cohesive energies are

smaller than that of the metal. The interaction between the noble metal atoms and the

organic molecules is only weak, allowing single metal atoms to be highly mobile in the

organic �lm. Immobilization occurs by cluster formation between two or more noble

metal atoms. Once a closed metal layer is formed on top of the organic �lm, no further

di�usion should occur, as the high cohesive energy of the metal keeps atoms from leaving

the metal layer.

Grain boundaries were identi�ed as fast di�usion paths. For DIP �lms with di�er-

ent grain boundary densities it was found that more metal di�uses into the organic

�lm with the higher grain boundary density. Therefore, organic semiconducting thin

�lms with large grain sizes are not only favorable due to their higher charge carrier

mobilities but also because metal di�usion is less pronounced. The fast di�usion along

these grain boundaries was identi�ed as one reason why Cr barrier layers, which have

been successfully applied to amorphous polymers, are less e�cient in reducing Ag di�u-

sion into organic semiconductors. Whether these submonolayers in�uence the electronic

properties of the metal-organic interface has still to be examined.
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The combined results of the radiotracer measurements and �rst electrical measure-

ments of contacts allowed to identify the in�uence of the metal di�usion and structure

of the interface on the electronic properties of the interface which is of importance for

the device performance.

I-V measurements of Au contacts on pentacene �lms showed large di�erences in the

behavior of di�erent contacts depending not only on the deposition parameters but also

the individual contacts. A sudden change in the I-V characteristics in the mV-range was

observed. At larger voltage a clear di�erence in the characteristics of contacts which were

deposited under di�erent conditions was observed. While slight di�usion might improve

the charge injection at the interface the results indicate indicate that the roughening of

the interface due to increased metal di�usion leads to the formation of inferior contacts

as the contact resistance increases and charge carrier injection seems to be impeded.

For rough interfaces the I-V curves changed after 24 h and were then comparable

with the I-V curves of the contacts that were deposited at a higher deposition rate.

This might indicate that di�usion occurs at room temperature so that single atoms and

small clusters di�use back to the interface decreasing its roughness. It was shown that

combining two contacts with di�erent interfaces might optimize the device performance

as the energy alignment at the interfaces of the contacts either optimize charge carrier

injection or extraction. Such an optimization by control of the interface roughness would

not be possible for bottom-contact devices as no di�usion occurs.

The depth pro�les provide proof of the exceptional resolution of this technique because

the signal decreases in parts by even more than one order of magnitude per nanometer

in this �rst region. This leads to an observed resolution in the submonolayer regime,

which means about a nanometer in this case. Due to its high resolution and extreme

sensitivity the radiotracer technique is well suited to study metal di�usion in organic

thin �lms as was demonstrated in this chapter for crystalline materials and was shown

for polymers before [46].

There are other metal/organic systems of great technological importance for which

radiotracer measurements can help to improve the device development and performance.

The �rst example is closely related to organic �eld e�ect transistors. The metallization

of organic semiconductors is not only important for the fabrication of OFETs but also

for organic solar cells, where metal is also deposited on top of organic semiconductors

and di�usion might be a problem.

But metal di�usion in organic materials is not an issue limited to organic electronics

but also arises in inorganic semiconductor technology. In the so-called dual damascene
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processes for the fabrication of modern Cu/low-k interconnects, Cu is deposited onto

low-k dielectrics. A di�usion barrier is required to prevent Cu di�usion through the

interlayer dielectric and into the silicon [6]. With continuing scaling of integrated circuits

the barrier layer thickness decreases from 4.8 nm at the 65 nm technology node to 3.3 nm

for the 45 nm node [64]. Especially for porous ultra low-k dielectrics (κ < 2.5), deposition

of an e�ective di�usion barrier is extremely di�cult. Up to the present day, no technique

is known that is suitable for the evaluation of the reliability of these very thin barrier

layers [6]. Radiotracer di�usion measurements might be the ideal tool to evaluate the

reliability of Cu di�usion barrier layers on porous low-k dielectrics. The sensitivity of

the radiotracer technique would allow the detection of even smallest amounts of Cu as

they can degrade the transistor performance.

Metal di�usion during metallization is only one of several challenges faced in the

�eld of organic thin �lm �eld e�ect transistors. Other functional issues include good

on/o� ratios, a low subthreshold swing, the susceptibility of the organic semiconductors

to degradation due to oxygen and moisture and control of the threshold voltage. The

latter two problems are addressed in the next two chapters.
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3 PTFE Capping Layers for Organic

Field E�ect Transistors

3.1 Introduction

With the interface formation between metal contacts and organic semiconductor, one

important challenge in the fabrication and realization of OFETs was addressed in the

last chapter. But as mentioned at the end of the last chapter, more challenges are faced

in the �eld of OFETs. One other critical issue is the susceptibility of many organic

semiconductors to degradation of the device performance due to exposure to oxygen

and moisture. Therefore, this important issue must be addressed in order to successfully

implement these organic materials in working FETs. A possible solution for this problem

is the deposition of a capping layer on top of the semiconducting thin �lm.

An ideal capping layer should not only protect the organic �lm from oxygen and mois-

ture but should also preserve all the advantages of organic electronics like low weight

and mechanical �exibility. Degradation by moisture and oxygen is also known to a�ect

organic light emitting diodes [65] and transparent �exible barrier layers have been re-

ported [66�69]. In order to evaluate if these barrier layers can also be implemented with

organic �eld e�ect transistors it is �rst necessary to review these barrier layers and their

fabrication in detail in the following subchapter.

3.2 Multilayer Barriers for Organic Light Emitting

Diodes

For OLEDs degradation of the organic layer poses a problem, but the main concern is

the oxidation of the top electrode. It is formed by a low work function metal which is

very reactive and prone to oxidation. The oxidation of the electrode leads to a loss in

luminescence and therefore a di�usion barrier for oxygen and water molecules is required.
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Al2O3 is a good barrier material [66], however the barrier performance of a single layer

is limited by the substrate roughness and the presence of intrinsic defects like pinholes

in the �lm which act as fast di�usion paths [66]. Increasing the thickness of the barrier

layer leads to an improvement of its performance due to increased coverage of the rough

substrate and �lling of pinholes but no further signi�cant improvement is observed above

a critical thickness of 10-30 nm due to propagation of grain boundary defects [66, 70].

In order to improve the barrier properties, actual barriers consist of a multilayer

structure which is formed by alternating �lms of an acrylic polymer and an inorganic

oxide [66]. The polymer �lm is deposited by �ash evaporation of the monomers and

curing of the �lm on the substrate.

First, a 1 µm-thick polymer �lm is deposited onto the substrate by the polymer mul-

tilayer (PML) process. The liquid monomers form a non-conformal �lm that smoothes

the surface and decreases the surface roughness. On this planar surface, a ceramic oxide

�lm like Al2O3 (≈ 25 nm) is deposited by vacuum deposition. It serves as actual barrier

layer blocking the permeation of moisture and oxygen and is followed by a thin �lm of

the acrylic polymer (≈ 240 nm) [69]. The polymer �lm sandwiched between two ceramic

layers decouples defects like pinholes in the individual inorganic �lms and thereby im-

proves the barrier properties [66]. By alternating deposition of Al2O3 layers and polymer

thin �lms a multilayer structure with excellent barrier properties is formed. However,

this multilayer process su�ers from several severe drawbacks:

• The vacuum equipment required for the �ash evaporation of the monomer is com-

plex and expensive [71] compared to standard UHV equipment.

• Curing of the �lm during processing is required.

• Undesired polymerization within the evaporator leads to a continuous and variable

reduction in deposition rate during a deposition run [72, 73].

• The process is not compatible with central hub or in-line batch processing because

there are no instant on/o� PML sources [72, 73].

This last point is possibly the largest drawback of this technique since batch pro-

cessing and central hub processing are common fabrication procedures. Especially the

fabrication of FETs requires many di�erent processing steps as processes like printing

are not realized yet. Thus, a batch process for the deposition of the barrier layers should

be favorable.
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Figure 3.1: Chemical Structure of polytetra�uoroethylene (PTFE).

So far, no PML-based barrier layers have been reported for OFETs so far, probably

because of the drawbacks mentioned before. Therefore, it might be of interest to examine

other materials and multilayer systems for their suitability as barriers. The capping layer

of an OFET does not have to be transparent for visible light as it is required for OLEDs.

The material should rather be suitable for vacuum deposition as the inorganic layer is also

deposited under UHV conditions and in the case of small molecule semiconductors like Pc

and DIP the complete FET is produced in an UHV chamber. Since the surface roughness

of the Pc and DIP �lms is much lower as for the substrates of �exible organic light

emitting diodes (FOLEDs), non-conformal coverage of the �lm should not be critical.

Also the adhesion between the organic �lm and the ceramic oxide �lm should be good.

Since Al2O3 is deposited by sputtering, it would be favourable to use an organic �lm

that can be also be deposited by sputtering as the same infrastructure, e.g., Ar gas

can be used. Polytetra�uoroethylene (PTFE) �lms can be deposited by sputtering (see

chp. 3.3.1 for details about sputtering) [74, 75] and are hydrophobic making them an

obvious choice for a capping layer against moisture. The chemical structure is shown

in �g. 3.1. Alternating sputtering of PTFE and Al2O3 would allow the deposition of

multilayer barriers by a process that is compatible to in-batch processing. The formation

of Al-F compounds at the interface should also lead to good adhesion between the organic

and inorganic layer.

Furthermore, the sputter-deposited PTFE �lms are also highly cross-linked [76], so

that oxygen di�usion might be blocked too. Thus, the organic �lm would not only

improve the barrier performance by decoupling of defects in the ceramic oxide layers but

might also serve as barrier layer itself.

To test their suitability as capping layer it is necessary to test if PTFE �lms can act

as barrier against oxygen and moisture.

For evaluation of the barrier properties, PTFE thin �lms were sputtered onto working
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BOC-OTFTs. The device performance was measured before and after capping for several

month and compared to uncapped devices. Then, the change in the electronic properties

(esp. the threshold voltage) of the device or absence of it is a measure for the suitability

of sputter-deposited PTFE thin �lms.

The work presented in this chapter was realized in cooperation with the Department

EIM-E/Sensor Technology of the University of Paderborn, which produced the OTFT

microstructures and performed the electronic characterization.

3.3 Methods

3.3.1 PTFE Deposition

The PTFE �lms were deposited using RF sputtering from a magnetron source. The

basic principles of the sputter deposition process used to deposit the PTFE �lms are

partly comparable to the ion sputtering described in chp. 2.4.3. Here, also ions are

used to sputter material from a substrate. However, the ions are not generated in an

ion source but the plasma in created directly in the UHV chamber. In a typical direct

current (DC) planar diode setup for sputtering, the substrate consisting of the material

that is to be deposited (target), is placed on the cathode. It is bombarded with positive

ions from the plasma and caused by the interactions described in chp. 2.4.3 atoms and

molecules are sputtered from the target in a cosine distribution. A part of the material

is deposited as thin �lm onto the sample, which is placed on the anode.

DC sputtering cannot be used for deposition of insulators like PTFE since bom-

bardment with positive ions would lead to charging of the target which causes plasma

extinction. This problem can be avoided by using a radio frequency (RF) �eld instead

of a DC �eld. The positive charge created by the ion bombardment is compensated by

electrons from the plasma when the RF �eld changes orientation.

Magnetron sputtering is a variation of the sputtering setup. A typical planar mag-

netron is depicted in �g. 3.2. A magnetic �eld is used to force the electrons that are

emitted from the target into a trajectory as shown in �g. 3.2. This trajectory greatly

prolongs their escape path to the anode meaning that each electron undergoes more ion-

ization events. Therefore, one of the advantages of magnetron sputtering is the reduced

minimum pressure for sustaining the plasma that is required (typically 10−3 mbar) in

comparison to DC sputtering (typically 10−2 mbar). This furthermore results in higher

deposition rates and lower operation voltages (about 500 V as compared to 1-2 kV).
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Figure 3.2: Schematic of a planar magnetron (from [77]). Electrons emit-
ted from the target are forced into a trajectory by a magnetic �eld that pro-
longs their escape path. Due to the increased number of ionization events
per electron the operating pressure and operating voltage are reduced.

62



3.3 Methods

Figure 3.3: Schematic of the UHV chamber used for sputter deposition of
the PTFE thin �lms. The sample (1) is �xed to a rotatable sample holder
(2). Above the magnetron sputter source (3) an argon plasma (4) is created.
The sputtered material is deposited onto the sample. A QCM (5) was used
to measure the sputter rate during �lm deposition. A shutter (6) protects the
sample during ignition and stabilization of the plasma.

Magnetron sputtering is also compatible with RF sputtering for deposition of insulating

�lms.

The UHV chamber used for deposition of the PTFE �lms is shown in �g. 3.3. An

ION�X-2"UHV 9109 magnetron from Thin Film Consulting with a PTFE target with

a diameter of 50.8 mm was installed in the chamber. Argon was used as process gas for

plasma generation. Its �ow was controlled by a mass �ow controller.

3.3.2 Determination of the Deposition Rate

A quartz crystal microbalance (QCM) was used to determine the deposition rate during

magnetron sputtering of the PTFE �lms in order to control the �nal �lm thickness. In a

QCM a quartz crystal is placed between two metal electrodes. When a voltage is applied

between the electrodes the electric �eld causes a mechanical strain in the quartz because

of the converse piezoelectric e�ect. If an AC voltage is used the crystal vibrates at its

resonance frequency. If a �lm is deposited on the surface of the crystal, this frequency

shifts. According to Sauerbey�s equation [78] this shift in the oscillation frequency is

given by

∆f = −Cf∆m (3.1)
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3 PTFE Capping Layers for Organic Field E�ect Transistors

where ∆f is the change in the oscillation frequency, Cf is the sensitivity factor of the

crystal and ∆m the change in mass. The �lm thickness can be then be calculated by

df =
∆m

ρf

(3.2)

where df is the �lm thickness and ρ is the density of the �lm. A more complex expression

than equation 3.2 has to be considered for thick �lms (∆f > 2%) [34, 79]. Since the QCM

measurements were only used to control the sputter process and since the actual �lm

thickness was veri�ed by pro�lometer measurements (see chp. 3.3.3), this dependence

will not be discussed in detail. For a more detailed review see [49].

Since the condensation coe�cient (see chp. 2.5) for the QCM and the sample may

be di�erent and since the material is deposited in a cosine distribution with the QCM

located to the side of the sample, it is necessary to perform calibration experiments in

order to determine the tooling factor for the setup. The tooling factor is given by

t =
ds

f

dq
f

(3.3)

where ds
f is the �lm thickness actually deposited onto the sample and dq

f is the �lm

thickness determined by the QCM measurements. The tooling factor is determined by

calibration measurements prior to the actual �lm deposition and was found to be 3 for

the given UHV chamber.

3.3.3 Determination of the Film Thickness

In order to verify the QCM data, the thickness of the deposited �lms was determined

in a way that is similar to the method described in chp. 2.4.5 for determination of the

sputter depth. In this case, a piece of a silicon wafer is placed next to the samples

during �lm deposition. Afterwards, a part of the �lm is removed using the sharp tip

of a scalpel. The depth of the scratch is equal to the �lm thickness since the silicon is

harder than the stainless steel of the scalpel and is therefore not scratched while the soft

and brittle Te�on �lm is easily removed. The depth is measured using the Dektak 8000

pro�lometer as described in chp. 2.4.5.
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3.3.4 Electronic Characterization

To determine the degradation of the transistors over time the drain-source current IDS

in dependence on the drain-source voltage VDS was measured at a gate-source voltage

VGS of -40 V directly before and after capping layer deposition and again after one, two,

three and four months of operation. All measurements were performed in a shielded

metal box without illumination using a HP 4145A Semiconductor Parameter Analyzer

from Hewlett-Packard.

The threshold voltage was determined according to the IEEE speci�cation for OFETs

[80]. At the point of the maximum slope of the
√

IDS−VGS-characteristic curve a straight

line is �tted. The intercept point with the abscissa (
√

IDS =0) is taken as value of Vth

[81].

3.4 PTFE Capping Layers for Pc Field E�ect

Transitors

Before the results of the degradation measurements obtained for the aforementioned

samples are discussed, the mechanisms leading to the degradation of the Pc-FETs are

brie�y introduced and the sample preparation is described.

3.4.1 Degradation Mechanisms

As pointed out in the introduction, exposure to oxygen and humidity can cause degrada-

tion of organic electronic devices. In Pc, oxygen is reacting with the middle ring of the

molecule (see �g. 2.2(a)) forming pentacenequinone (see �g. 3.4) [82]. These molecules

act as scattering and trapping centers for charge carriers in the OFET [83], degrading

the performance properties like on-current, on-o� ratio and a shift of the threshold volt-

Figure 3.4: Chemical structure of pentacenequinone.
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Figure 3.5: Schematic of a pentacene BOC-TFT used for the capping layer
experiments. A highly doped silicon wafer served as common gate for all
transistors. A pentacene thin �lm served as semiconductor and was deposited
onto the Au contacts and the SiO2 gate oxide. The schematic is not drawn
to scale.

age in positive direction [84]. The incorporation of pentacenquinone into the molecular

structure disturbs the π-electron system impeding charge carrier transport. In addition,

new molecular orbitals are created, which act as trapping sites for charge carriers.

Water molecules from the ambient air are incorporated during the transistor�s oper-

ation. The electrical �eld in the transistor initiates dissociation of the molecules and

these ions attach to the grain boundaries of the polycrystalline pentacene �lm and to

the interface between dielectric and pentacene [83]. In both cases the additional charges

of the ions create potential barriers. At the grain boundaries these potential barriers

lead to a reduction in the current �owing through the channel as they reduce the charge

carrier mobility. Accumulation at the interface causes a shift of the threshold voltage

in negative direction. For uncapped pentacene OTFTs an overall shift of the threshold

voltage into negative directions is observed [85]. This indicates that the degradation due

to dissociation of water molecules is dominating the aging process.

3.4.2 Sample Preparation

3.4.2.1 Pentacene Field E�ect Transistor

The OFETs for the capping layer experiments were produced at the University of Pader-

born. The BOC-TFT structures (see �g. 3.5) were realized on highly doped p-type

silicon substrates that served as common gate for the transistors. The gate oxide was a

SiO2 layer with a thickness of 150 nm, that was grown by thermal oxidation of the Si

substrate at 960 ◦C. Patterning of the source and drain contacts was done by UV contact

photolithography and mask lift-o� in acetone. Afterwards an 8 nm thick nickel layer

was deposited as adhesion promoter followed by deposition of the 80 nm Au contacts.
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3.4 PTFE Capping Layers for Pc-FETs

As semiconductor a 30 nm thick Pc �lm was deposited by thermal evaporation (see �g.

3.5).

The fabricated FET had an interdigital structure with a width W of 46.8 cm, a length

of 20 µm and a W/L ratio of 23,400. The interdigital structure allowed to realize large

currents in the order of 10−3 A. These large currents made it possible to measure a large

change in the current due to degradation even several month into the experiment in

progress.

3.4.2.2 PTFE Capping Layer

The PTFE �lm was deposited by magnetron sputtering as described in chp. 3.3.1. The

base pressure was 10−7 mbar, during the experiment the pressure increased to 10−3 mbar.

A power of 50 W was chosen and the resulting deposition rate that was measured with

a QCM was 21 nm/min. The nominal deposited �lm thickness was 1.5 µm, which was

veri�ed as described in chp. 3.3.3.

3.4.3 Degradation Measurements

The results of the electronic characterization are shown in �g. 3.6 and tab. 3.1. The

initial on-current IDS was -6.8 mA and the threshold voltage Vth was 12.3 V. After

deposition of the PTFE capping layer, IDS changed to -6.2 mA and Vth to 13.2 V.

This small change of 0.9 V directly after deposition (which can be attributed to aging

during shipping from Paderborn to Kiel and back) proves that it is feasible to deposit an

additional layer by sputtering without damaging the FET and degrading its performance.

The transistor structure was measured periodically every 30 days. After a strong

decrease of IDS within the �rst 60 days, the decrease slowed down signi�cantly for the

next 60 days. A comparable transistor without capping layer showed a constant decrease

in IDS of one order of magnitude per 90 days and a shift of Vth in negative direction

[85]. The comparison of the results for the capped and uncapped FET indicates that

the PTFE capping layer cannot completely prevent aging of the transistor but can at

least reduce the degradation. The shift in the threshold voltage towards positive values

for the capped FET suggests that the degradation process is dominated by the oxygen

mechanism (see chp. 3.4.1), while the aging of the uncapped FET is dominated by the

in�uence of humidity as the threshold voltage shifts to more negative values. Both

degradation mechanisms take place in the uncapped FET. But the degradation due to

dissociated water molecules seems to have a larger impact on the device performance

than aging due to formation of pentacenequinone, since the overall shift of Vth is towards
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3 PTFE Capping Layers for Organic Field E�ect Transistors

Figure 3.6: IDS - VDS characteristics at -40 VGS of an OTFT with a W/L
ratio of 23,400 before and after encapsulation with a PTFE thin �lm (from
[86]). While degradation of IDS is strongly reduced as compared to uncapped
TFT over time, it is still signi�cant, so that a single PTFE �lm cannnot act
as capping layer but has to be combined with a ceramic oxide in a multilayer
barrier. The change in the I-V curve after deposition of the PTFE layer as
compared to the original curve is attributed to aging during shipping not to
deposition of the PTFE �lm onto the OTFT.

Time max. IDS Vth

before PTFE -6.8 mA 12.3 V
after PTFE -6.2 mA 13.2 V
30 days -4.7 mA 18.2 V
60 days -1.9 mA n.a.
90 days -1.7 mA n.a
120 days -1.1 mA 23.2 V

Table 3.1: Values of IDS and Vth during the aging experiments for the
capped transistors. IDS and Vth of uncapped transistors decrease by one
order of magnitude every three months.
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negative values. Because of its hydrophobic nature the PTFE capping layer protects the

underlying Pc �lm from water molecules of the ambient air. However, the cross-linking

of the sputtered �lm is not dense enough to prevent oxygen permeation through the

�lm.

3.5 Summary and Outlook

In this chapter it was shown that capping layers of sputter-deposited PTFE can protect

Pc-�lms from moisture while degradation caused by oxygen was not prevented as the

threshold voltage shifted to more positive values over time and current and charge carrier

mobility decreased.

While PTFE alone cannot act as a protective barrier, it might be deposited alternately

with Al2O3 as part of a multi-layer barrier. Such a barrier layer system would also be

of interest for the implementation in OLEDs as the sputter deposition of PTFE would

avoid the problems arising from �lm deposition by PML.

While PTFE �lms are not fully transparent for visible light, these barriers might not

be used for capping of �exible substrates as the color of the PTFE �lms might in�uence

the colour of the OLED. However, OLEDs fabricated on indium-tin-oxide (ITO) only

need a protective di�usion barrier on the back-side, so that transparency of the barrier

is not critical. Therefore, fabrication and testing of sputter-deposited PTFE/Al2O3 is

very interesting for future projects.

Pc �lms have to be protected from exposure to solvents. It was shown that solutions

used during processing of AMLCDs can in�uence the grain boundary state and grain

state of the pentacene �lm modifying the device performance [87]. It was also demon-

strated that �lms which can be deposited solvent-less can act as barrier layer between

Pc �lms and photoresists [88]. This barrier �lm can protect the Pc from the solvent used

for deposition of the photoresist. That might allow the patterning of Pc by standard

photolithography processes. Since they are insoluable in most solvents, sputtered PTFE

�lms might act as a barrier layer against solvents allowing to deposit spin-on oxygen

barriers or photoresists on top of Pc �lms, acting as barrier against water molecules at

the same time.

While being part of a barrier layer, Te�on-based polymers might have the advantage

of serving as a multifunctional organic thin �lm in OFETs. One example for such

a multifunctional organic thin �lm is introduced in the next chapter: a Te�on-based

capping layer which is further functionalized for tuning of the threshold voltage and

for inverting the operating mode of the transistor from enhancement to depletion at

VGS = 0 V.
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4 Te�on-based Electret Layers for

Threshold Voltage Tuning

4.1 Introduction

In the last chapter a Te�on-based functional organic thin �lm that could serve as one

part of a capping layer for OTFTs was examined. An encapsulating layer is required if

the organic semiconductor is susceptible to degradation by the ambient air or moisture.

However, deposition of an additional �lm means that an additional processing step

would be required in the fabrication, which results in increased production costs. If

the capping layer could be further functionalized to enhance the device performance,

the cost-value ratio of the additional deposition step would improve. A capping layer

containing a Te�on-based layer as introduced in the last chapter might serve as such a

multifunctional organic thin �lm.

As already mentioned in chp. 2, one major problem of organic semiconductors are high

threshold voltages. One additional reason for high threshold voltages are new organic

gate dielectrics developed for all-organic-TFTs. They must be deposited as thick pin-hole

free �lms in order to reduce leakage currents through the dielectric [10]. The capacitance

of the gate oxide is inversely proportional to the thickness of the dielectric layer. A very

thick �lm leads to a small capacitance of the dielectric. Since the threshold voltage is

inversely proportional to the capacitance, small capacitances result in increased threshold

voltages.

Furthermore, oxygen plasma treatments can improve the crystallinity of the pentacene

�lms [86, 89], resulting in higher currents but also in a large positive shift of the threshold

voltage [86, 90, 91]. For most applications the threshold voltage should be in the range

of several volts. Especially for portable electronics typical battery voltages have to be

su�cient. However, threshold voltages of OTFTs can reach orders of up to several dozen

volts. One approach to tune the threshold voltage of OTFTs is the realization of dual-

gate OTFTs (see �g. 4.1) [92], in which the second gate lowers the threshold voltage of
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Figure 4.1: (a) The cross-sectional illustration of organic transistors on
plastic �lms with double-gate structures. (b) A micrograph of the fabricated
TFTs. The dashed-line represents the area of pentacene, while the dash-
dotted line represents the bottom-gate electrode (from [92]).

a bottom-gate �eld e�ect transistor. Such setups would ultimately also be limited by

the battery voltage, as this is the maximum voltage that can be applied to the top gate.

A second approach for controlling the threshold voltage is the charging of the gate

dielectric with a permanent charge. This approach was successfully demonstrated for

SiO2 and spin-on silsesquioxane (SSQ) gate dielectrics in BOC-OTFTs [93]. However,

this approach has two disadvantages. First, the gate has to be charged prior to deposi-

tion of the organic semiconductor. Thus, it is not possible to shift the threshold voltage

with knowledge of the actual device characteristics after fabrication. Second, it is im-

possible to combine this approach with TOC-FETs or the capping layer approach that

was discussed in the last chapter. SiO2 �lms require deposition temperatures that are

incompatible with organic �lms and also �exible plastic substrates. The spin-on SSQ

�lms can also not be implemented in a multilayer capping layer as the solvents required

for spin coating might damage the organic semiconducting thin �lm.
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4.2 Electrets

Figure 4.2: Schematic representation of an electret. The total charge is de-
termined by dipolar and mirror charges on the one hand and trapped charges
(surface and space) on the other hand. In Te�on surface charges are domi-
nant.

Electrets carry a quasi-permanent electric charge with charge densities that allow

reaching voltages of up to several hundred volts. Te�on �lms have been successfully

implemented as electrets for a long time, e.g., in electret microphones [94]. Successful

deposition of a Te�on-based �lm onto a working OTFT was presented in the last chapter.

If a Te�on capping layer could also serve as second gate in a dual-gate OTFT, this bi-

functional layer would address two problems faced in fabrication of OTFTs. In the

following chapter, Te�on AF 1600 is deposited on top of a bottom gate Pc-TFT in order

to examine whether the threshold voltage can be tuned by controlled charging of the

electret �lm.

The work presented in this chapter was realized in cooperation with the Department

EIM-E/Sensor Technology of the University of Paderborn, which provided the OTFT

microstructures and performed the electronic characterization.

4.2 Electrets

4.2.1 Basics

An electret is de�ned as a dielectric material that carries a quasi-permanent electric

charge. Quasi-permanent means that the time constant of the charge decay is much

higher than the duration of the experiment [94]. In good electret materials the charges

are stable for more than several decades. A schematic representation of an electret is

shown in �g. 4.2. An electret features a permanent electrical �eld, if dipolar (displaced)

charges and mirror charges in the substrate (in case of a conducting substrate) on one

side and trapped (surface and space) charges on the other side do not compensate each

other. In Te�on FEP trap charges are dominating [94]. Contributions of dipoles can be
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Figure 4.3: Energy band diagram of a polymer. Charge carriers are local-
ized in trap states in the band gap close to the conduction and and valence
band (from [94]).

neglected as it can be expected from the low dielectric constant which is an indication of

the low polarizability of the material. In �g. 4.3 the energy band diagram of a polymer

is shown.

Due to the disordered structure of amorphous and semi-crystalline polymers the band

edges are not sharp and distinct as known from inorganic semiconductors. The band

structure depends on the local molecular environment. Because of varying spacing be-

tween molecules the splitting into bonding and anti-bonding states also varies resulting

in the locally varying band structure. The valence band edge Ev and the conduction

band edge Ec are better described as mobility edges. Near the mobility edge the charge

carrier mobility changes abruptly. The space and surface charges are localized in trap

levels near the mobility edge. The depth of the trap levels also depends on the local

molecular environment. Charges are localized in these traps until they gain enough en-

ergy to leave the potential well of the trap level and reach the conduction or valence

band. The trapping time depends on the depth of the trap level and the temperature.

In amorphous polymers trap levels are generated by local defects. For space charges

these can be impurities, defects in monomers or cross-links. The origin of the surface

traps is not well understood. Chemical impurities, surface defects due to oxidation and

chain ends are among the suspected mechanisms. Surface traps are of great importance

if surface charging techniques like the corona-discharge (see chp. 4.3.2) are used [94].
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Figure 4.4: Charge decay in a 2.4 µm PTFE electret layer stored at room
temperature in ambient air. Within the �rst 48 hours 50% of the initial
charge decayed. Therefore, Te�on AF was chosen as electret material for
the experiments.

4.2.2 Selection of the Electret Material

In the last chapter, a PTFE functional organic thin �lm was used as a capping layer

for OTFTs. PTFE is know to be a excellent electret material [95] and PTFE �lms

deposited by pulsed laser deposition (PLD) showed excellent charge stability [96]. If

sputtered PTFE �lms are also good electret materials an electret-based dual gate OTFT

can easily be realized and combined with the capping layer approach discussed in the

previous chapter. The advantage of sputtered PTFE is that it allows fast deposition

and uniform coverage of larger areas as compared to thermal evaporation.

However, isothermal storage of a PTFE electret at room temperature revealed a poor

performance. Fig. 4.4 shows the change in charge density with time for a 2.4 µm PTFE

�lm that was charged at 600 V and stored in ambient air at room temperature. After 48

hours the charge density already dropped by more than 50 %. Therefore, the sputtered

PTFE is not suitable as electret material and was not further examined.

Te�on AF (see �g. 4.5) is also known as an excellent gate dielectric [95]. It is typically

deposited by spin coating but unlike most polymers it can also be deposited by thermal

evaporation [97] (see chp. 4.3.1 for details). The evaporated �lms are also excellent

electrets. [98, 99]. Compared to spin-coating thermal evaporation has the advantage
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Figure 4.5: Chemical structure of Te�on AF.

that it is a solvent-free process because the solvents for Te�on AF are on the one hand

very toxic and solvent residues in the electret �lm can in�uence the charge stability

[97]. Also, thermal evaporation in an UHV chamber would also be compatible with the

multilayer approach discussed in the last chapter.

Te�on AF is an amorphous copolymer composed of the tetra�uoroethylene (TFE)

monomer and the 2,2-bis(tri�uoromethyl)-4,5-di�uoro-1,3-dioxole (PDD) monomer. The

ratio of TFE and PDD monomers is 1:2 for AF 1600 which has a Tg of 160
◦C [100].

4.3 Methods

4.3.1 Thermal Evaporation of Te�on AF

The thermal evaporation of metals as described in chp. 2.4.2 is based on a simple mech-

anism. The metal is heated to a temperature at which its vapor pressure exceeds the

base pressure in the vacuum chamber and single atoms are evaporated or sublimed. For

polymers the process is more complicated. Decomposition and thermal degradation of

the monomers due to heating renders thermal evaporation of most polymers impossible

without changing their chemical structure. The deposited �lms are only decomposition

products of the original monomers and can be very di�erent in chemical composition.

A special property of Te�on AF is the fact that upon annealing cleaving of the bonds

between to dioxole fragments in the backbone between the monomers is preferred and the

created free radical is stabilized by interaction with the adjacent oxygen atom [97]. Dur-

ing thermal evaporation single monomers are therefore evaporated and these monomers

polymerize on the substrate surface. While the chemical structure of Te�on AF is not

changed upon deposition only the molecular weight decreases resulting in a lower Tg.
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Figure 4.6: Schematic of the UHV chamber for polymer evaporation: The
sample (1) is �xed to a sample holder (2). The polymer is evaporated from
the evaporator (3) while the deposition rate is determined by a QCM (4). A
shutter (5) protects the sample during heating and cooling of the evaporator.

The Te�on AF �lms were deposited by thermal evaporation in an UHV chamber (see

�g. 4.6). The substrate was placed on a sample holder above the evaporator. A shutter

could be moved between the substrate and the evaporator while the evaporator was

heated up or cooled down in order to avoid unwanted �lm deposition. The evaporator

was developed in the Chair for Multicomponent Materials by Dipl.-Ing. Stefan Rehders

and Dr. Vladimir Zaporojtchenko. It features a large Cu crucible allowing uniform

Figure 4.7: (a) Drawing of the polymer evaporator used for deposition of
Te�on AF. (b) The crucible was constructed in a way, that the polymer is
evaporated indirectly, so that only monomers and small molecules can leave
the evaporator.
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Figure 4.8: Schematic of the corona discharge setup. Between a �ne tung-
sten tip (1) and a steel grid (2) a 5 kV AC voltage is applied by a power
supply (3). Between the grid and the sample (4) a DC voltage is applied by
a variable power supply (5).

heating of the polymer (see �g. 4.7(a)) The monomers are not evaporated from the

reservoir directly towards the sample but have to take an indirect path (see �g. 4.7(b)).

This design is chosen to avoid deposition of larger polymer species during heating and

melting of the polymer. The deposition rate was measured with a QCM (see chp. 3.3.2)

and the �nal �lm thickness was determined by pro�lometer measurements as described in

chp. 2.4.5. The base pressure in the chamber was 10−7 mbar. Te�on AF was evaporated

at 385 ◦C raising the pressure to 10−5 mbar. Te�on FEP was evaporated at 440 ◦C and

the chamber pressure was in the range of 10−4 mbar.

4.3.2 Electret Charging

The polymer �lms were charged using a corona discharge. A schematic of the custom-

made device is shown in �g. 4.8. Between a �ne tungsten tip and a steel grid a 5 kV AC

voltage is applied. Due to the high density of the electric �eld near the tip, molecules

from the ambient air are ionized. The DC voltage that is applied between the grid and

the sample allows the extraction of ions from the discharge region. By choosing the

polarity of the �eld either positive or negative ions can be extracted. In air, the negative

ions are mainly CO−
3 of thermal energy and the positive charge carriers are (H2O)nH

+

[94]. The sample is charged by ions until the �eld created by the charges in the sample

compensates the extraction voltage.

Due to the low energy of the negative charge carriers it is likely that they transfer their

charge to the sample and then reenter the air. For Te�on it was found that the charges

penetrate just a little or not at all into the sample [94]. This is important for the desired

application in electret-based dual-gate OTFTs as the charge should not penetrate into

the TFT, where they might a�ect the device performance.
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4.3.3 Charge Density Measurements

The charge of the electret was measured by a voltage compensation method. The electret

was placed parallel to a metalized membrane with an air gap in between. An acoustic

source oscillating at a frequency of 1 kHz causes a vibration in the membrane. The

resulting AC voltage was compensated with a DC voltage. This compensation voltage

is proportional to the e�ective surface charge density q, which is given by

q = −ε0εrV0

d
(4.1)

where ε0 and εr are the dielectric constant of vacuum and the relative dielectric constant

of the dielectric respectively, V0 the compensation voltage and d the thickness of the

dielectric [94].

Since d is known and V0 is determined by the compensation measurements, the charge

density q can be calculated using equation 4.1.

4.3.4 Electronic Characterization

In order to determine the shift in the threshold voltage due to charging of the electret the

square root of the drain-source current in dependence of the gate-source voltage VGS was

measured at a �xed drain-source current IDS of -5 V. The in�uence of the electret gate

on the �eld e�ect mobility and on-current of the TFT was determined by measuring IDS

in dependence of the drain-source voltage VDS for VGS ranging from +5 to -40 V directly

before and after deposition of the electret gate. All measurements were performed in a

shielded metal box without illumination using a HP 4145A Semiconductor Parameter

Analyzer from Hewlett-Packard.

4.4 Tuning of the Threshold Voltage

In order to test the approach, Te�on AF 1600 �lms were deposited onto working BOC-

Pc-TFTs and the change in the threshold voltage was measured.
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4.4.1 Sample Preparation

4.4.1.1 Pc-TFTs

The Pc-OTFTs were very similar to the TFTs described in chp. 3.4.2.1. Heavily doped

p-type silicon wafers served as both substrate and common gate for all fabricated tran-

sistors. The SiO2 gate dielectric was grown by a wet thermal oxidation step at 960◦C

and had a thickness of 138 nm. The drain and source bottom contacts (see �g. 3.5) were

patterned using UV photolithography and lift-o� by ultrasonic agitation. An interdigital

contact design with a W/L ratio of 37,500 was chosen to ensure large drain-source cur-

rents even after the deposition of the Te�on layer which is assumed to a�ect the upper

layers of the organic �lm. The contacts were formed by DC-sputtering of Au after a

4 nm thin Ni layer was deposited as adhesion promoter. After the surface of the dielectric

was cleaned with oxygen plasma (30 s, 100 W) to improve the organic �lm formation,

a 30 nm thick �lm of pre-puri�ed pentacene was deposited by thermal evaporation at

a base pressure of 1·10−6 mbar and a low deposition rate while the substrate was kept

at room-temperature. As a result of the plasma treatment, large Pc grain sizes of up to

1 µm were obtained [85].

4.4.1.2 Electret Gate

A 2 µm thick Te�on AF 1600 �lm was deposited onto the Pc-TFT by thermal evapora-

tion and was charged to a charge density of -1.3·108 C/cm2 using the corona discharge

method. This corresponds to a compensation voltage of -15 V.

4.4.2 Electronic Characterization

After fabrication of the BOC-Pc-TFTs the output and transfer characteristics were mea-

sured to determine their initial performance. The output current at VDS of -40 V and

VGS of -40 V was as large as -800 µA (see �g. 4.9(a)) and the calculated charge carrier

�eld-e�ect mobility was 4.6·10−4 cm2/Vs.

The threshold voltage was extracted from the square-root of the on-current character-

istics (see �g. 4.10(a)) and was found to be +13.1 V due to a modi�cation of the surface

potential of the dielectric induced by the oxygen plasma [90].

After charging of the electret, the OTFTs were characterized again showing a reduced

on-current of -42 µA and a decreased charge carrier �eld e�ect mobility of 6· 10−5 cm2/Vs

(see �g. 4.9(b)). This reduction might be caused by the deposition of the additional layer
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Figure 4.9: Drain-source current versus drain-source voltage of the Pc-
TFT (a) prior to deposition of the Te�on AF 1600 thin �lm and (b) after
deposition and charging of the electret layer. The �eld e�ect mobility de-
creased from (a) 4.6·10−4 cm2/Vs to (b) 6·10−5 cm2/Vs. The qualitative
change in the shape of the curves, e.g., the minimum, is attributed to degra-
dation by exposure to oxygen.
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4 Te�on-based Electret Layers for Threshold Voltage Tuning

Figure 4.10: Drain-source current versus gate-source voltage of the Pc-
TFT (a) prior to deposition of the Te�on AF 1600 thin �lm and (b) after
deposition and charging of the electret layer. The threshold voltage shifted
from (a) +13.1 V to (b) -2.3 V.
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onto the organic semiconductor as was already reported before [101] or due to aging of

the �lm in between charging of the �lm and the I-V measurements. The threshold voltage

can be extracted from the transfer characteristics in �g. 4.10(b) and was determined to

be -2.3 V as compared to +13.1 V prior to electret deposition. The shift in the threshold

voltage agrees very well with the charging of the electret to -15 V indicating that the

shift is caused by the depletion of the channel region due to the positive charge carriers

being pulled towards the electret top gate. The excess holes might then be trapped in the

top of the pyramidal structure of the pentacene crystallites which are only connected at

the base (see �g. 2.18). The shift of the threshold voltage towards more negative values

cannot be attributed to aging since a negative shift could only be caused by degradation

due to moisture. This is prevented by Te�on �lms as was shown in the last chapter.

In addition to the shift in the threshold voltage a qualitative change in the shape of

the I-V curves is observed, e.g., a minimum in the IDS − VGS curve. These changes are

attributed to aging of the organic semiconductor due to exposure to oxygen as it was

shown in the last chapter that Te�on-based capping layers cannot block oxygen. The

shift in the threshold voltage cannot result from this aging as it would lead to a shift of

the threshold voltage towards more positive values.

4.5 Summary and Outlook

In this chapter, the feasibility of a Te�on-based electret layer for control of the threshold

voltage was investigated. A Te�on AF 1600 �lm was charged with negative charge

carriers, creating an electret �lm. It was shown that the threshold voltage of a BOC-

OTFT was shifted after charging of the electret proving the general feasibility of the

approach. In order to determine if the decreased current and mobility are caused by

the electret or by aging of the organic semiconductor should be determined in future

experiments, maybe even in combination with the multilayer di�usion barrier approach.

Using an electret layer as top gate has several advantages. No active power supply is

required, as the charge carriers are trapped in the electret quasi-permanently. Therefore,

leakage currents through the top gate electrode are also no issue. The major advantage

of this approach is the wide range of voltages that can be realized. Voltages are not

limited to values of typical batteries but voltages in the range of 100 to 103 can be easily

achieved.

Additionally, the Te�on �lm can be charged locally using a corona setup, which allows

a selective charging of di�erent parts of a wafer with di�erent voltages. Furthermore,
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4 Te�on-based Electret Layers for Threshold Voltage Tuning

sputter deposition as well as thermal evaporation are suitable for deposition of Te�on

�lms onto the organic semiconductors, since they do not damage the active layer. Other

approaches that use spin-coating or thermally grown SiO2 could not be used for top-

gates as neither solvents nor high temperatures are not compatible with Pc thin �lms.

Gate dielectrics of BOC-TFTs that are charged as electrets can also be used to control

the threshold voltage but cannot act as a protective layer against degradation of the

active layer, as the organic semiconductor is deposited on top of the electret gate.

Just as the PTFE layer in the last chapter, Te�on AF 1600 thin �lms cannot prevent

aging of the organic semiconductor. However, the electret gate and the multilayer barrier

approach described in the last chapter might be combined. A capping layer consisting of

alternating �lms of ceramic oxide and a Te�on AF in which the last Te�on layer is charged

as electret would not only protect the �lm from aging but would also allow control of the

threshold voltage. Thermal evaporation is not feasible for technical applications if �lm

thicknesses above 1 µm are required, but the thicknesses required for multilayer barriers

and low-voltage electrets (V < 30 V) are only in the range of 100 nm to 1 µm.

It is also of interest to investigate, if the sputtering process of PTFE can be optimized

in order to improve the electret properties of these �lms as it was already shown that

PTFE �lms deposited by pulsed-laser deposition show good electret properties [96].

Sputtering allows higher deposition rates than evaporation and is therefore better suited

for industrial applications.

In addition to the control of the threshold voltage demonstrated above, new sensor

applications might be possible. An electret could be used to either turn a �eld e�ect on

or o� until the charges in the electret decay. Without external in�uence the charges are

quasi-permanently stable, but, e.g., vapors of solvents like acetone, can lead to charge

decay in the electrets, switching the transistor from on(o�) to o�(on). The switching of

the transistor could be used as sensing signal.

The dual-gate-electret approach can now be applied to other OTFT structures. TFTs

using carbon nanotubes as semiconductor are known to have very promising properties,

e.g., high on/o� ratios, but also show high threshold voltages. Using an electret to tune

the threshold voltage might allow the use of the good characteristics of the tube-FETs

while avoiding the drawback of the high threshold voltages.
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5 Water Jet Re�ection on

Ultrahydrophobic Surfaces

5.1 Introduction

In the previous chapters two applications of functional organic thin �lms - as capping

and electret layer - were described. The capping layers use the hydrophobic nature of the

Te�on �lms to block permeation of water molecules. In this chapter, another application

for the hydrophobicity of functional organic thin �lms is presented. By deposition of a

hydrophobic Te�on-based thin �lm a microstructured hydrophilic metal surface is turned

into a ultrahydrophobic surface.

Ultrahydrophobic materials are of great technological and commercial interest as they

might �nd applications in wall and car paints, roof tiles and many other applications.

The ultrahydrophobicity is caused by a combination of a hydrophobic surface chemistry

and a surface structure with a roughness in the micro- or nanometer range [102].

In the scope of the work on ultrahydrophobic surfaces a new phenomenon was observed

which has not been reported for water yet - the re�ection of water jets. Scattering and

re�ection phenomena are known and well studied for a lot of physical systems, i.e. light

or neutron scattering or the re�ection of sound waves. What distinguishes the water jet

re�ection from all other re�ection and scattering phenomena is that the jet is not re�ected

at the point of incidence. It impinges on the surface, �ows across the ultrahydrophobic

surface for a distance that is equivalent to several jet diameters before it takes o� from

the surface as a coherent jet.

In the following chapter the water jet re�ection from ultrahydrobic surfaces is de-

scribed and the in�uence of the angle of incidence, the water pressure and the surface

structure on the take-o� angle are examined. Because biological surfaces show irregu-

larities like leaf veins and other defects a systematic study of the water jet phenomenon

is not possible as these defects interfere with the re�ection. Therefore, an arti�cial ul-

trahydrophobic surface was created by deposition of a Te�on-based organic thin �lm
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onto a microstructured metal alloy surface. These arti�cial surfaces feature a regular

microstructure that can be varied precisely and is defect-free. These surfaces allowed a

qualitative analysis of the water jet re�ection.

5.2 Re�ection of Liquids

A comparable phenomenon was �rst observed in 1928 for a jet of mercury impinging on

a steel ball [103]. A jet of liquid mercury impinging on a steel ball was observed to form

a non-spherical sheet on the ball surface before gathering itself and taking o� from the

surface as coherent jet.

Mercury has a very high surface energy/tension. Therefore, it will not wet most

surfaces. When the mercury jet impinges on the surface, it spreads across the surface

increasing its total energy. Contraction of the mercury would lower the overall energy

and transforms the mercury back into a jet. The momentum of the mercury atoms

perpendicular to the plane of the substrate surface might be converted into potential

energy by spreading of the mercury across the sample surface and then reconverted

upon contraction causing the jet to take o� from the surface. The e�ect has not been

examined or described in detail and no photographs or videos exist.

If this phenomenon is based on the lack of wetting, the high surface tension of the liquid

and the momentum conversion, it should also be observed for other liquid/substrate

systems. Water would be a promising candidate for a liquid, as it is readily available and

less hazardous than mercury. However, water wets most surfaces limiting the number of

materials that come into question. Even for hydrophobic surfaces like Te�on �lms with

water contact angles of about 120◦ the wetting is still to strong so that the phenomenon

is not observed. Ultrahydrophobic surfaces like the leafs of the Lotus plant are not wet

by water as the contact angle of water droplets is larger than 160◦. Water jets impinging

on such surfaces should be re�ected.

In fact, the re�ection of water drops from ultrahydrophobic surfaces (bouncing droplets)

is well known and studied [104�106]. Here the angle of incidence is perpendicular to the

plane of the surface and the drop is re�ected along its original path. And in chp. 5.5 it is

indeed shown that water jets are re�ected o� the surface of biological ultrahydrophobic

surfaces. However, these natural surfaces show a lot of irregularities like leaf veins that

impede the �ow of the jet across the surface. In order to examine the physics behind

this phenomenon and to determine the in�uence of water pressure, angle of incidence

and microstructure of the surface it is necessary to use ultrahydrophic surfaces that are
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homogeneous and defect-free. A microstructured NiAl-1.5 at.% Re alloy coated with a

PTFE thin �lm is such a ultrahydrophobic system and was used for the work presented

here.

5.3 Biological and Arti�cial Ultrahydrophobic

Surfaces

The water jet re�ection was observed for both natural and arti�cial ultrahydrophobic

surfaces. Since their microstructure is di�erent, this already indicates that the surface

morphology does not play a signi�cant role, as long as the surface is ultrahydrophobic.

5.3.1 Nasturtium

Nasturtium (Tropaeolum majus) belongs to the group of plants with leafs that are

ultrahydrophobic. The surface of a leaf is shown in a scanning electron microscopy

(SEM) image in �g. 5.1. The leaf surface shows a roughness in the micrometer range

(see �g. 5.1(a)) and is covered by wax crystals which provide a hydrophobic surface

chemistry (see �g. 5.1(b)). While a water jet is re�ected, irregularities like leaf veins

can disturb the re�ection making it di�cult to study the phenomenon qualitatively on

these surfaces. Leafs from two di�erent types of Nasturtium plants were used for this

work.

5.3.2 Te�on-coated Metal Fibers

In order to systematically study this phenomenon it is necessary to use ultrahydrophobic

surfaces that are defect-free. In addition it would be bene�cial if the microstructure of

the ultrahydrophobic surface could be varied in order to study its in�uence on the water

jet re�ection.

A suitable model system is a eutectic NiAl-1.5 at.% Re alloy. By directional solidi�-

cation in a Bridgman-type growth facility a single crystal is grown. Due to the strongly

asymmetric composition of the eutectic alloy and the simultaneous solidi�cation of both

phases the minor phase (hexagonal Re) forms nano�bers in the major phase (B2-NiAl)

[108]. These nano�bers are all oriented in the same crystallographic orientation [109].

By selective dissolution using an etching solution (HCl(32%) : H2O2(30%) : H2O, 10

: 10 : 80) the major phase is removed. The Re-nano�bers are not etched creating a
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Figure 5.1: SEM image of the surface of a Nasturtium leaf (from [107]).
(a) Surface structure of the leafs with a roughness in the micrometer range.
(b) Wax crystals covering the surface shown in (a). The combination of the
surface structure and the hydrophobicity of the wax causes the ultrahydropho-
bicity of the leaf.
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5 Water Jet Re�ection on Ultrahydrophobic Surfaces

Figure 5.2: SEM image of the etched NiAl-1.5 at.% Re surface (from
[110]). The Re-nano�bers can be seen standing upright on the surface and
are all oriented in the same direction.

Figure 5.3: Water drops on a arti�cial ultrahydrophobic surface with a
�ber length of 2 to 5 µm.

sample with nano�bers standing upright on the alloy surface (see �g. 5.2). By variation

of the etching time, the �ber length can be controlled. In order to obtain an arti�cial

ultrahydrophobic surface the sample surface needs further functionalization. A PTFE

thin �lm was sputtered onto the etched sample covering the nano�bers. A PVD process

was chosen as it allows deposition of functional organic thin �lms while maintaining the

surface topography of the substrate. Other techniques like spin coating would not allow

covering of the nano�bers with a thin �lm. This is of great importance as the resulting

combination of rough microstructure of the alloy and the hydrophobicity of the PTFE

�lm creates a ultrahydrophobic surface with contact angles above 160◦ (see �g. 5.3). On

these regular and defect-free surfaces water jet re�ection is also observed.
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5.4 Methods

5.4.1 PTFE Deposition

The sputter deposition of PTFE thin �lms was performed in the chamber described in

chp. 3.4.2.2. A PTFE �lm with a nominal thickness of 170 nm was deposited at a power

of 50 W and a rate of 12 nm/min. Due to the rotation of the sample holder the needles

are covered by Te�on from all sides while the topography of the sample is maintained.

5.4.2 Water Jet

The water jet was formed by manually forcing water from a syringe through an attached

needle with an inner diameter of 400 µm. The velocity of the water jet was in the range

of 2.4 m/s. The Reynolds number is measure for the type of �ow regime. It is given by

Re =
vdρ

η
(5.1)

where v is the velocity of the water jet, d the jet diameter, ρ the density of water and η

the dynamic viscosity of water. Inserting values of 2.4 m/s for the velocity, 0.4 mm for

the jet diameter and 998 kgm3 and 8.9·10−4 Pa·s for the density and viscosity of water

at 25 ◦C into equation 5.1 gives a Reynolds number of 1076.5. This value is far below

the Reynolds number of the turbulent regime for plate �ow (Re > 106). So the water

jet re�ection on ultrahydrophobic surfaces occurs in the laminar �ow regime.

The videos of the water jet re�ection were taken with a CCD camera that was con-

nected to a frame grabber card. The videos have a resolution of 640x480 pixels at a

frame rate of 25 frames/sec. Captures were taken from the video in order to determine

the dependence of the take-o� angle on the angle of incidence and the water pressure.

5.5 Water Jet Re�ection

In �g. 5.4 a water jet impinging on a nasturtium leaf is shown. Upon impact the jet

�attens into a thin sheet that has a non-spherical shape bounded by a thicker roll on

each side (�g. 5.5). Since there is no wetting of the ultrahydrophobic surface by the

water, the water contracts again in order to minimize its total surface energy. After a

�ow length in the order of several jet diameters the water converts back into a jet that

takes o� from the surface under an angle that is close to (�g. 5.4(b,c)) or smaller than
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5 Water Jet Re�ection on Ultrahydrophobic Surfaces

Figure 5.4: Re�ection of a water jet on a Nasturtium leaf. Oscillations in
the re�ected jet ((c)-(e)) as well as splitting of the jet at a leaf vein can be
observed (f).

the angle of incidence (�g. 5.4(a,d,e)). With increasing pressure the �ow length across

the surface as well as the width of the elliptical sheet increase (see �g. 5.4 and �g. 5.5,

respectively).

With increasing pressure, oscillations are observed in the outgoing water jet (�g.

5.4(c-e)). The oscillations are caused by the forces acting on the water sheet due

to spreading across the ultrahydrophobic surface. The water sheet on the surface has

a non-spherical cross-section perpendicular to the �ow direction. Minimization of the

surface energy should result in a circular cross-section of the jet upon take-o�. If the

restoring forces acting on the water sheet are at higher pressures large enough they cause

an overshooting of the jet past the circular cross-section. The cross. section of the jet

will take up a non-circular shape again, now with the long axis perpendicular to the

initial orientation (see �g. 5.6(a)). The shape of the cross-section will oscillate between

the two di�erent non-circular shapes until the energy stored in the oscillation is used up

due to friction between water molecules within the jet. The fact that the oscillation is

damped and disappears proves that it is not caused by capillary instability. Otherwise

the oscillations would increase until the jet decompose into a series of single drops.

This oscillation is a quite common phenomenon which is observed when liquids are

poured from a curved spout like milk from a milk carton (see �g. 5.6(b)) and was already

described for water ejected from elliptical nozzles [111, 112]. For the bouncing water
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5.5 Water Jet Re�ection

Figure 5.5: Top view of the re�ection of a water jet on a Nasturtium leaf.
With increasing �ow length (i.e. pressure) the area of the elliptical sheet on
the leaf surface increases. Oscillations in the re�ected jet are observed as
well (f).

Figure 5.6: (a) Schematic of the cross-section of the water jet. The water
jet on the surface has the form of a �at sheet (solid line). Minimization
of the surface energy leads to formation of a circular cross-section (dashed
line). Overshooting leads to a elliptical cross-section perpendicular to the
initial orientation of the long axis (dotted line). The shape of the cross-
section oscillates between these two shapes. (b) Oscillation in a milk jet
poured from a curved spout.
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5 Water Jet Re�ection on Ultrahydrophobic Surfaces

Figure 5.7: Re�ection of a water jet on an arti�cial surface with a �ber
length of 2 to 5 µ m. The oscillations observed in the re�ected beam are less
pronounced as compared to the re�ection on the Nasturtium leaf (b). Very
long �ow length can be obtained on the defect-free arti�cial surfaces (c).

drops mentioned in chp. 5.2, it was observed that above a certain velocity, the drop

looses 10 % of its original velocity to oscillations of its shape [113]. This agrees very well

with the increase in the outgoing jet�s diameter, which is about 10 % as compared to

the diameter of the incoming yet.

Fig. 5.4(f) illustrates the problem discussed in the introduction. If the water jet �ows

across a defect like a leaf vein, artifacts like a split jet are observed. This limits the

maximum �ow length of the jet on the surface to about 2.4 mm. In order to study a

wider range of �ow lengths a defect-free surface has to be used.

Fig. 5.7 and 5.8 show water jets impinging on metal alloy/PTFE surfaces with �ber

lengths of 2-5 µm and 50 µm, respectively. The basic features of the phenomenon

observed are the same as for the nasturtium leaf. The oscillations in the outgoing jet

are also observed, however they are not as pronounced as for the nasturtium leafs. Due

to the regular structure of the surface, very large �ow lengths can be reached. Directly

after impact on the surface and a small �ow length the take-o� angle is almost similar

to the angle of incidence (�g. 5.7(a) and 5.8(a)). The �ow length is very small at �rst

but increases afterwards. This might indicate that after impact of the jet a steady state

needs to be established.

For large �ow lengths which are corresponding to high water pressures the diameter

of the outgoing jet increases (�g. 5.7(c) and �g. 5.8(f)). Due to the continuum equation

the product of jet velocity vjet and area of the jet Ajet has to be constant, as no water is
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5.5 Water Jet Re�ection

Figure 5.8: Re�ection of a water jet on an arti�cial surface with a �ber
length of 50 µm. The oscillations observed in the re�ected beam are less
pronounced as compared to the re�ection on the Nasturtium leaf (c)-(e).
Very long �ow length can be obtained on the defect-free arti�cial surfaces
(f).

lost and water is incompressible. Therefore, the increased jet diameter indicates a loss

of momentum of the jet for large �ow length ratios (l�ow/djet > 10). But for smaller

�ow lengths l�ow the jet diameter is almost equal to the diameter of the incoming jet. A

small increase can be attributed to the oscillation in the re�ected jet. As the diameter is

almost similar, the velocity of the jet must also be close to the velocity of the incoming

jet and the ratio of vx/vz does not change with increasing velocity.

The �ber length of the surface does not seem to have a major e�ect on the re�ection

of the water jet as �g. 5.7 and �g. 5.8 indicate.

In the graph in �g. 5.9 the ratio of the angle of incidence θin and the take-o� angle θout

with respect to the ratio of �ow length l�ow and the jet diameter djet is displayed for two

kinds of Nasturtium leafs. For �ow length ratios l�ow/djet < 4, θout/θin is independent of

the �ow length and thus the water pressure. For larger values of l�ow/djet, θout/θin seems

to decrease. However, large �ow lengths could not be examined due to the nature of the

nasturtium surface mentioned above. The di�erent values of θout/θin for the two types

of Nasturtium leafs most likely originate from di�erences in the microstructure of the

leafs which should be examined in the future.

The same independence of θout/θin on l�ow/djet was basically observed for the arti�cial

ultrahydrophobic surface for both nano�ber lengths as shown in �g. 5.10 and 5.11.

The fact that θout does not depend on l�ow/djet indicates that the water �ows across
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Figure 5.9: Dependence of the ratio of outgoing angle to angle of incidence
(θout/θin) on the �ow length l�ow (in jet diameters) for two types of Nas-
turtium leafs. For l�ow/djet < 4 the ratios is independent of the �ow length.
For larger �ow length is appears to decrease.

the ultrahydrophobic surface without friction. If friction led to energy loss the take-o�

angle should decrease. However, this e�ect is not observed. Slip �ow of water across

ultrahydrophobic surfaces was very recently proposed in PRL [114] and is still subject

to an ongoing discussion [115, 116].

For the 50 µm sample a �ow length range exists for which a pressure/�ow length de-

pendence is observed. For about 1 < l�ow < 3 the ratio θout/θin decreases with increasing

�ow length (see 5.11). For 2-5 µm �ber length there is not enough data for analysis.
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Figure 5.10: Dependence of the ratio of outgoing angle to angle of incidence
(θout/θin) on the �ow length l�ow (in jet diameters) for an arti�cial surface
with a �ber length of 2 to 5 µm. The ratio is independent of the �ow length
for the entire range of l�ow/djet that was examined.

Figure 5.11: Dependence of the ratio of outgoing angle to angle of incidence
(θout/θin) on the �ow length l�ow (in jet diameters) for an arti�cial surface
with a �ber length of 2 to 5 µm. The ratio is independent of the �ow length
for about 3 < l�ow/djet < 15. For l�ow/djet < 3 the ratio strongly decreases
from 0.85 to ≈ 0.55.
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Figure 5.12: Multiple re�ection of a water jet between two Nasturtium
leafs.

5.6 Summary and Outlook

The deposition of a functional Te�on thin �lm altered the hydrophilic nature of the

microstructured metal alloy and created a ultrahydrophobic surface. On these surfaces

as well as on leafs of the Nasturtium plant the re�ection of water jets was observed for

the �rst time. A jet impinges on the surface, spreads out and �ows across it for a distance

equal to several jet diameters before it contracts again and takes o� as a coherent jet.

If two ultrahydrophobic surfaces are placed opposite to each other, even multire�ection

can be observed (see �g. 5.12).

This phenomenon is based on the absence of any interaction of the ultrahydrophobic

surface (except for momentum transfer) and the water jet and on the surface tension of

the water. The precise control of the microstructure of the arti�cial ultrahydrophobic

surface allowed the examination of the in�uence of the microstructure on the water jet

re�ection.

An analytical description of the water jet re�ection is not possible as it ia a three-

dimensional transient �ow problem. It can be solved numerically and modelling and

simulation of the phenomenon should be developed in the future. At this point it was

only possible to describe the e�ect qualitatively.

The minimization of the surface energy of the water was identi�ed as driving force for

the re�ection as well as for the oscillations observed in the outgoing yet.

It was found that the ratio of take-o� angle and angle of incidence does not depend

on the �ow length and water pressure over a large range. This might be proof for slip

�ow of the water across the ultrahydrphobic surface. First experiments of water jet

re�ection on rotating ultrahydrophobic surfaces seem to con�rm the friction-less slip

�ow on these surfaces as the re�ection seems to be una�ected by the substrate rotation.

More experiments to con�rm these �rst results should be performed.
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The ratio of take-o� angle and angle of incidence does not depend on the angle of

incidence, too, and for both needle lengths, the re�ection phenomenon was observed

and the needle length had no in�uence on the ratio.

An improved experimental setup that allows exact control and measurement of the

water pressure will help to gain further insight into the phenomenon as it will allow

a more quantitative analysis which is also required for modeling. Also, a high speed

camera would make it possible to study the �rst instance after impact of the jet more

closely in order to determine whether a dynamic process exists before a steady state is

established.

An e�ect like the splitting of water jets which is undesired for a systematic study of

the phenomenon might on the other hand lead to new interesting applications like �uid

manipulation and mixing.

If the slip �ow on these surfaces can be con�rmed by further experiments this might

be of great interest for engineering applications as in �uid pipes and bearings due to the

lower friction.

5.7 Author�s Related Publications

[1] M.Scharnberg, V. Zaporojtchenko, R. Adelung, F. Faupel, and A.W. Hassel, manuscript

in preparation
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6 General Conclusions and Outlook

In this work, two types of functional organic thin �lms were examined with respect to

their use in technical applications as well to basic research.

The �rst system, organic semiconductors consisting of small molecules, is used as

semiconductor in organic �eld e�ect transistors. One of the challenges arising from

the implementation of organic semiconductors is the penetration of metal atoms into

the organic thin �lm during metallization. The di�usion behaviour of noble metals

in organic molecular thin �lms of pentacene and diindenoperylene was examined with

high resolution depth pro�les obtained by radiotracer measurements. It was found that

the basic di�usion processes are comparable to noble metal di�usion in polymers while

di�erences are observed due to the di�erent microstructures. The experiments showed

that most metal atoms remain on or near the surface of the organic �lm, but a small

fraction of metal atoms di�uses through the �lm and in some cases they accumulate at

the interface between organic �lm and substrate. Grain boundaries in the crystalline

small molecule semiconductors were identi�ed as fast di�usion paths.

These �ndings are of great relevance to technical applications. Even at the high

deposition rates used in industrial applications small amounts of metal can di�use into

the organic material in the early stages of contact deposition before a closed layer is

formed. These small amounts can strongly alter the device performance and the charge

carrier injection at the metal-organic semiconductor interface. In fact, the correlation of

I-V measurements and radiotracer measurements of Au contacts on pentacene indicate

that increased di�usion during deposition of the contacts leads to an increased contact

resistance. This is a very important result since the charge carrier injection is of great

importance for the device performance. In order to control di�usion, a submonolayer of

Cr was deposited as a barrier layer and it was shown that just a submonolayer of Cr

can already in�uence the noble metal di�usion but is less e�ective than for amorphous

polymers because the grain boundaries of the polycrystalline �lms act as fast di�usion

paths.

The feasibility of radiotracer di�usion measurements for organic crystalline semicon-
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ductors was demonstrated. It is also of interest for other organic functional thin �lms, i.e.

organic semiconductors in organic solar cells and organic light emitting diodes. In these

devices, metal deposition onto the organic thin �lms is often required, and metal di�u-

sion might degrade the device performance. Examination and control of metal di�usion

in these systems might be an interesting and important application of the radiotracer

technique.

The second organic thin �lm system that was examined are Te�on-based functional

thin �lms. The utilization of di�erent material properties of these �lms for technical

applications was studied.

It was examined if Te�on thin �lms can be used as capping layers for organic �eld

e�ect transistors. Pentacene and other organic semiconductors are prone to degrada-

tion due to ambient air which poses a large problem for possible applications of organic

semiconductors. The threshold voltage as well as the on/o� current ratio are negatively

in�uenced by aging. While a thin Te�on �lm deposited on top of the pentacene can pro-

tect the semiconductor against aging due to exposure to moisture oxygen permeation

is not prevented. Thus Te�on thin �lms alone cannot act as barrier layers. But they

might be of great interest for multilayer barrier systems. In existing multilayer barrier

systems the polymer is deposited by methods that are not compatible with in-batch

processing. Alternating sputtering of Te�on PTFE with Al2O3 might allow the fabri-

cation of multi-layer capping layers for protection of organic �eld e�ect transistors and

also organic light emitting diodes against oxygen and moisture that are compatible with

in-batch processing.

In addition, the Te�on �lms can be further functionalized by charging them as elec-

trets, allowing control of the threshold voltage of organic thin �lm transistors. This

electret-based dual gate �eld-e�ect transistor structure allowed to shift the threshold

voltage of a transistor to low voltages that are required for technological applications

like portable multimedia devices.

The third application of Te�on-based thin �lms also utilizes the low surface energy

and hydrophobic nature of the Te�on surface. A functional organic thin �lm based on

sputtered PTFE was deposited onto a microstructured metal alloy surface creating a

ultrahydrophobic surface that showed a contact angle of >160◦ for water. On these

substrates as well as on biological ultrahydrophobic surfaces, e.g., the leafs of the nas-

turtium plant, a phenomenon was discovered that was not observed for water jets so far.

A water jet that impinges on the surface below a critical angle �ows across the surface

for several beam diameters before it takes o� from the surface again as a coherent jet
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6 General Conclusions and Outlook

with comparable jet diameter. The phenomenon was examined qualitatively and the

dependence of the take-o� angle on the angle of incidence and the water pressure as well

as the microstructure of the surface was described. This demonstrates that the func-

tional organic thin �lms are also of interest for basic research. But water jet re�ection on

ultrahydrophobic system might also �nd applications in �uidic systems for friction-less

guidance of liquids.

The functional organic thin �lms examined in this work are used in a wide range

of applications ranging from basic research to advanced organic electronics. E.g., a

combination of the electronic properties of one organic thin �lm, i.e. a semiconductor,

and the chemical and electronic properties of another organic �lm, i.e. Te�on-based thin

�lms, can modify existing devices.

In conclusion, it was demonstrated, that organic thin �lms can alter the mechanical,

chemical and electronic properties of their substrates on a macroscopic scale leading to

modi�ed or new functionalities.
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