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Abstract

Organic electronics promise to take over profit-yielding niche-markets not covered by
conventional silicon technology. Although organic materials have been investigated for
years the underlying principles of charge transport are not yet fully understood. In this
work the frequently used pentacene organic field effect transistor (OFET) is prepared
under ultra-high vacuum condition to investigate basic questions such as the amount of
layers contributing to the charge transport and the empirically found best substrate tem-
perature at deposition for high performance devices. In our setup the sample can be tem-
pered in a range of 150 K to 800 K and in-situ electrical measurements can be conducted
throughout the experiment. The coplanar bottom-gate structure allows for successive
ad- and desorption cycles without the sample leaving the system. Doing several cycles
of ad- and desorption of pentacene establishes a well defined carbon contamination in
the SiO, channel and on the gold electrodes. A contamination-free substrate can be
achieved by sputter-cleaning. Auger electron spectroscopy (AES) is used to verify the
carbon levels for the previously stated sample preparations. The main focus of this work
lies on ex-situ atomic force microscopy (AFM) investigation of pentacene film growth at
various temperatures and on differently prepared substrates as well as putting them into
relation with corresponding electrical measurements. A special emphasis is put on the
pentacene film development in the dielectric-electrode transition area. Additionally, a
novel model is proposed explaining dewetting phenomena occurring above the previously

stated best substrate temperature.






Kurztassung

Organische Elektronik verspricht profitreiche Nischenmérkte zu iibernehmen welche nicht
von konventioneller Siliziumtechnologie abgedeckt werden. Obwohl organische Materi-
alien schon seit vielen Jahren untersucht werden, sind die Grundlagen des Ladungstrans-
ports nur ungeniigend erforscht. In dieser Arbeit wird der hiufig verwendete organische
Feld-Effekt-Transistor (OFET) mit Pentacen im Ultra-Hoch Vakuum hergestellt und
untersucht um grundlegende Fragen, wie die Anzahl der beitragenden Schichten zum
Ladungstransport und die empirisch gefundene beste Substrattemperatur fiir die Herstel-
lung von Hochleistungstransistoren, zu kldren. In unserem Aufbau kann die Probe von
150 K his 800 K temperiert werden. Gleichzeitig konnen wiahrend des gesamten Exper-
iments elektrische in-situ Messungen durchgefiithrt werden. Die koplanare bottom-gate
Struktur erlaubt aufeinanderfolgende Ad- und Desorptionszyklen, ohne dass die Probe
aus dem Aufbau entfernt werden muss. Mehrere Zyklen von Ad- und Desorption hin-
terlassen eine wohldefinierte Kohlenstoffkontaminierung im SiOs Kanal und auf den
Goldelektroden. Ein reines Substrat kann wiederum durch Argon-Sputtern erzielt wer-
den. Auger-Elektronen Spektroskopie wird genutzt um die Kohlenstoffkontamination
zu quantifizieren. Der Fokus dieser Arbeit liegt auf ez-situ Untersuchungen des Penta-
cen Schichtwachstums mittels Rasterkraftmikroskopie (AFM) bei unterschiedlichen Tem-
peraturen und unterschiedlich priparierten Substraten sowie deren Zusammenhang mit
elektrischen Messungen. Ein besonderer Schwerpunkt liegt auf dem Pentacen Schichtwach-
stum im Dielektrikum-Elektrodeniibergang. Zusétzlich wird ein neues Modell fiir das
Auftreten von Dewetting-Phinomenen bei Temperaturen iiber der zuvor genannten

besten Substrattemperatur vorgestellt.
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1 Introduction and Motivation

Organic electronics are approaching profit-yielding niche-markets, not covered by con-
ventional silicon technology. The possibility of room temperature patterning and pro-
cessing of organic materials allows for the fabrication of low-cost, large-area electronic
devices on various substrates. This is a major advantage in comparison to inorganic tech-
nology which is mostly restricted to solid substrates. The promise of highly functional-
ized, flexible materials attracts economical interest and encourages worldwide industrial
and academic research on the field of organic electronics [1, 2].

Although various organic materials have been successfully implemented in organic
field effect transistors the underlying principles are only poorly understood. Different
theoretical models have been proposed to best describe charge transport processes, but
are only insufficiently able to explain measurement observations [3, 4, 5]. Additionally,
commonly used organic materials are often subject to device degradation in ambient
atmosphere and are not yet stable enough for industrial purposes.

Pentacene (CyHyy) advanced to be todays working horse for the investigation of

organic electronics because of its excellent growth behavior and its outstanding field

cm?
Vs 7

used setup for the realization of working organic transistors is the deposition of pentacene

effect mobilities of up to 3 exceeding even amorphous silicon [6, 7]. A frequently

in vacuum conditions on a SiO, substrate, acting as the gate dielectric and using gold
as source and drain electrodes. Although the growth behavior of pentacene and its
dependencies on the deposition parameters has been subject to intense investigation [8,
9], similarly prepared transistors often exhibit great variations in their electric properties.
Various investigations on how many layers of the pentacene film contribute to the charge
transport show huge discrepancies (2 monolayers to 20 monolayers) [8, 10, 11]. The often
stated best substrate temperature of ~330K [12] for the fabrication of high performance
pentacene transistors is another obscurity, as there are no supporting theoretical models.

For the investigation of the stated problems a coplanar bottom-gate structure (SiOy

and gold) is used in an ultra-high vacuum chamber, achieving pressures of 1 x 1078 mbar.
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A special sample holder achieves temperature regulation for the sample of 150 K to 800 K,
allowing successive ad- and desorption cycles without flooding the vacuum chamber. The
pentacene deposition is monitored by a quartz microbalance (QCM) allowing for sub-
monolayer deposition accuracy. Because we isolate the sample from the temperature
control, electrical characterization of the sample via BNC-feedthroughs is possible at all
times. Additionally, the setup is equipped with a sputter gun for cleaning the substrate
as well as an Auger electron spectrometer (AES) for analysis of the established surface.
A quadrupole mass spectrometer (QMS) is used for residual gas analysis as well as ther-
mal desorption spectroscopy (TDS) on established pentacene films. An ez-situ atomic
force microscope (AFM) complements the setup with a possible characterization of the
pentacene film morphology.

This work focuses on relating ez-situ AFM film morphology measurements to in-situ
electrical transistor characterizations for various deposition parameters. The previously

stated problems are investigated and proposals for solutions are deduced.



2 Fundamentals

2.1 Organic Semiconductors

Organic materials are molecules or compounds of molecules mainly consisting of carbon
and hydrogen atoms. Carbon compounds exhibiting alternating single and double bonds
are called conjugated compounds. The sp? hybridization of the carbon atoms lead to
the formation of ¢ and 7 bonds. The 7 bonds exhibit overlaps along the backbone of
the molecule which leads to connected de-localized electron states. Strong overlaps of 7
bonds may lead to the transport of electrical charges and the presence of semiconducting
properties. This composition is found in many polymers and aromatic ring structures.
In fig. 2.1 and 2.2 the structural formula and the orbital overlap of the molecule benzene
is depicted.

In molecular orbital theory one differentiates between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The energy
difference between the bonding 7 and the anti-bonding 7* state is smaller than for the
stronger bound o states, the 7 orbitals represent HOMO and LUMO and are therefore

responsible for the charge transport.
H
I
C
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I
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H” ™\ c Z N
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H
Figure 2.1: Structural and skeletal formula of benzene. The skeletal formula is often also

depicted with three double lines instead of an inner circle.
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Figure 2.2: On top of the benzene structure the 7, orbital of each carbon atom is de-
picted. These are connecting to a de-localized orbital state which is schemat-

ically visualized on the right hand side [13].

Most organic materials exhibit p-type properties. This is due to the fact that conjugated
materials favor the loss over the gain of an electron [14]. Additionally, the work function
of the most common electrode materials are a better fit to the energy of the highest
occupied molecular orbital (HOMO) then to the lowest unoccupied orbital (LUMO)

level and therefore favor hole injection.

2.1.1 Pentacene

Pentacene is a polycyclic aromatic hydrocarbon consisting of five linearly-fused ben-
zene rings. It exhibits one of the greatest hole mobilities for organic semiconductors of
3cem?/Vs |6, 7] outperforming even amorphous silicon. If evaporated on non-reactive
substrates such as SiO, pentacene is shown to develop an exceptionally intact wetting
layer of standing molecules (long axis perpendicular to the surface) with islands on top
of it (Stranski-Krastanov mode).

It is also one of the first molecule that could be visualized with STM and AFM imag-
ing (Fig. 2.3). Because of its excellent growth behavior together with its high hole
mobilities pentacene advanced to be one of the most investigated organic semiconduc-
tors. Depending on the manufacturing procedures, crystal phases with different lattice

spacings of 15.4, 14.4 and 14.1 A have been observed, commonly named the thin film,
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Figure 2.3: Structure of Pentacene. (a.) Ball and stick model. (b.) STM image with
modified tip [15].

the bulk and the single crystal phase, respectively [8, 6, 16]. The lattice parameters of
pentacene bulk and thin film phase are given in fig. 2.4. Although pentacene single
crystals don’t exhibit grain boundaries, the highest reported charge carrier mobilities
(n =0.3cm?/V's to 2.2cm?/V s) don’t supersede those of pentacene thin film transistors
[17, 18].

This suggests a better intrinsic mobility of thin films due to a better inner crystal
structure which can be attributed to a more perpendicular growth of the thin film phase
leading to a better orbital overlap (ch. 2.1). By evaporation on polar substrates such as
SiO, pentacene develops in the thin film phase. There are hints that the molecular tilt
starts out perfectly perpendicular with a slowly increasing tilt at higher film thicknesses.
As the charge transport is mostly attributed to the lowest layers this is further increasing

the emphasis on the influence of the molecular tilt [12, 19].
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Thin film phase Bulk phase

]

Figure 2.4: Pentacene in thin film and bulk phase with inter-planar spacings of dyy; =
15.4 A and dyy, = 14.4 A, respectively. The single crystal phase exhibits an
even smaller spacing of dyg; = 14.1 A. Within the a - b plane pentacene is
ordered in a herringbone structure. The lattice parameters of the thin film
phase are: a = 0.593nm , b = 0.756 nm, ¢ = 1.565nm, o =98.6°, § = 93.3°,
v = 89.8°. The cell volume is V = 0.693 nm? [20]

If evaporated on more reactive surfaces, such as gold, a wetting layer of lying pentacene
molecules (long axis parallel to the surface) with big islands of lying pentacene molecules
on top of it develops. In the case of polycrystalline gold with very small grains, even the
development of islands of standing molecules on a wetting layer of lying molecules can

occur as depicted in fig. 2.5.
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Figure 2.5: Growth of pentacene on gold substrates. (a.) Development of islands con-
sisting of lying monomers on Au(111). (b.) Islands of standing monomers

developing on polycrystalline surface exhibiting many domain boundaries.
21]

2.2 Growth Mechanism

The growth of crystalline thin films is governed by kinetics and thermodynamics. The
microscopic structure of the films determine their semiconducting properties. It is there-
fore necessary to understand the growth mechanisms of thin films and their dependence

on adsorption parameters.

2.2.1 Sticking coefficient

To describe the adsorption of the evaporated material on a surface by physical vapor
deposition (PVD) several parameters have to be considered. The impingement rate [
gives the number of particles per unit area and second:

=2t (2.1)

\ 2mmkyT

with the pressure p, the Boltzmann constant kj, the mass of the impinging molecule
m and the surface temperature T. To determine the resulting coverage by the impinge-
ment rate we need to consider how many particles will stick to the surface. Incoming

particles may be reflected inelastically or adsorb at the surface. Adsorbed particles can
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exist in a weakly bound state, allowing diffusion on the surface, before adsorbing to an
energetically more favorable position or even re-desorption. The amount of particles per-
manently adsorbed 7.4, is then defined by the sticking probability or sticking coefficient

S

Tads = SI (2.2)

The sticking coefficient is sensitive to the adsorbing surface, the surface temperature
and sometimes also the kinetic energy of the incoming particles. Since the surface is
changing with the amount of adsorbed particles the sticking coefficient is also dependent
on the coverage. Especially for a Stranski-Krastanov growth the sticking coefficient of

the first monolayer may differ from those of the succeeding layers.

2.2.2 Growth Modes

There are three primary modes (Fig. 2.6) characterizing the growth of a crystalline
film on a crystalline substrate [22]. Depending on the bond strength in between the
molecules and between the molecules and the surface, different growth modes will occur.
The appearance of different modes of epitaxial films is therefore highly dependent on
the substrate surface with its micro structure. Furthermore, it is also influenced by the
temperature, deposition rate, ambient environment and film coverage.

The Volmer-Weber mode occurs if the bonds between the adsorbate molecules are
stronger than the bonds between adsorbate and adsorbent, resulting in the growth of
three dimensional islands. If the adhesive bonds between adsorbate and adsorbent are
stronger, a two dimensional layer growth or Frank-van der Merwe mode will occur.
The Stranski-Krastanov mode occurs in between the two former mentioned modes,
and appears when the first monolayer (ML) passivates the surface-adsorbent interaction
and the ongoing growth is dominated by cohesive bonding forces.

Inorganic adsorbates usually consist of atoms (or dimers) and are therefore mostly
spherical and rather isotropic. They are assumed to chemisorb at the surface and are
dominated by strong covalent and ionic bonds. Organic molecules are bigger, exhibit
a wide range of shapes and are very anisotropic. The most significant difference is
the reliance on weak Van-der-Waals interactions between the molecules and between
molecules and surface [8]. For small organic molecules a sticking coefficient of s = 1

is generally assumed. Contributing mechanisms for film growths are the adsorption of

10



2.2 Growth Mechanism

monomers, their diffusion on the substrate, the formation of islands once the critical
island size is reached, the enlargement of those islands by incorporation of diffusing

molecules and, if present, the re-desorption of adsorbed monomers [23].

%.f /% //%/ /%% %/ /%/ /%/ % 1<@<2

i
(b)

Figure 2.6: Growth modes of epitaxial films. (a.) Island growth or Volmer-Weber growth
(VW). (b.) Layer-by-layer growth or Frank-van der Merwe growth (FM).
(c.) Layer plus island growth or Stranski-Krastanov growth (SK). All modes
are shown for three different film coverages (©). The coverage is given in
Monolayers (ML) of film adsorbent.

Pentacene Film Growth

The growth of pentacene on SiO, is consistent with the Stranski-Krastanov model. The
development of the wetting layer is described by a diffusion-mediated model where the
amount of pentacene molecules to form a stable island is four (critical island size i = 3).
The island growth on top of the intact layers is described by a distributed model [8].
The interaction between pentacene does not seem to be influenced by the substrate and
the critical island size hence is similar to i = 3 of the first monolayer [24].

The nucleation of the islands strongly depends on temperature and deposition rate
since it alters the surface mobility of the monomers, as well as the probability of find-

ing another monomer within their diffusion length. The sticking coefficient s at room

11
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temperature is close to unity. A particular process is the adsorption on energetically
favorable sites close to a substrate transition as it is the case at an electrode-dielectric
junction. This specific problem will be discussed in ch. 4.4.

The diffusion length of pentacene monomers on SiO, and on pentacene is in the um
range and not restricted to transport within their plane. Monomers may overcome step
edges if its energy is larger then the Ehrlich Schwoebel barrier. Zhu et al. propose the
presence of up and down diffusion of monomers which is depicted in fig. 2.7. Observing
the development of pentacene thin film roughnesses they even conclude a hopping up

dominated film growth [25].

Upper Layers: V, Dgown u :
Mean PlaneIT—ZlZ_Z;o::I-:l f IZ&}ZIZIIZlZ::IZdT
Under Layers ;I1 T,
Full Layer- A, T

Pentacene Laiers

Figure 2.7: Diffusing pentacene monomers may overcome the Ehrlich-Schwoebel barrier
in both directions. Roughness analysis suggest a greater probability for hop-

ping up terraces D,,, then for hopping down Do, [25].

2.2.3 Dewetting

Although many adsorbents exhibit the development of an intact wetting layer these films
often proof to be unstable even at room temperature. Thus dewetting of the wetting
layer may take place, resulting in the development of ad-layer islands and bare substrate
surface. This process is driven by minimization of the surface energy. Recent studies
show that this process is thermally activated and shows a minor dependence on the
coverage. Dewetting was proven to occur for higher temperatures, for pentacene namely
with dewetting thresholds of 325 K and 340 K for SiOy and Au respectively. Dewetting

is also present at room temperature although on a larger timescale [26].

12
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2.3 Organic Field Effect Transistor - OFET

Contrary to the well established metal-oxide-semiconductor field-effect transistors (MOS-
FET’s) organic transistors are based on semiconducting organic compounds (Ch. 2.1).
Against former prevailing opinion that only metals and semi-metals were conductive,
Shirakawa was the first to show evidence for the conductive polymer of Polyacetylene
in 1976 [27] for which he was awarded the Nobel prize in 2000. Since then many other
conductive organic materials have been found that are now widely investigated. Al-
though until now the only organic electronic devices to enter competitive market are
organic LED’s, the run for cheap, flexible and printable organic electronic circuits is on
its height.

The great advantage of OFETs is that the manufacturing of the devices can be ac-
complished in a moderate temperature range around room temperature. The relatively
low performance in comparison to silicon technology is therefore compensated by the
possibility of light and cheap processing of devices on large and flexible substrates. Due
to its prominent electronic properties and its growth behavior the organic compound of
pentacene (2.1.1) advanced to be todays working horse for the investigation of organic

semiconductor properties.

2.3.1 Transistor Structure

Since one of the basic requirements for organic semiconductors to compete with inorganic
technology is thin and flexible devices, it needs to be applicable in thin film technology.
There are several ways to realize transistor setups for thin films which are generally
referred to as thin film transistors (TFTs) or organic thin film transistors (OTFTs)
when using organic semiconductors. A thin film transistor is a special type of a field
effect transistor although both expressions, OTFT and OFET, are often used for the
same device in literature. Fig. 2.8 shows the nomenclature for the possible setups.
Each setup serves specific purposes depending on film manufacturing and growth
mechanisms as well as electrical properties. For the investigation of transistor charac-
teristics depending on film growth we choose a coplanar bottom-gate structure allowing
us consecutive ad- and desorption cycles of organic films in UHV conditions without

reconnecting the specimen.

13
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staggered coplanar
Gate
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Figure 2.8: Nomenclature of transistor structures for thin semiconducting films [28]. The
figure shows a matrix of bottom and top gate contacted devices with SC

between gate and electrodes (staggered) or on the dielectric (coplanar).

2.3.2 Basic Operation

A field effect transistor (FET) consists of three electrical connections named Gate,
Source and Drain. The geometrical setup is depicted in figure 2.9. The working
principle of the FET is that only with the application of a voltage (Ugs) at the gate
contact the source-drain current (Ips) can be controlled. A biased gate will establish a
field across the insulator (gate dielectric) which results in the accumulation of charge
carriers in between the electrodes. The charge carriers form a channel connecting the
source and the drain contacts. Depending on the prefix of the voltage either negative
charge carriers (electrons) or positive ones (holes) will be drawn to the interface. If
there is an additional voltage applied between the drain and the source electrode (Upg) a
current will flow between the electrodes. The performance of FETs is often characterized
by their charge carrier mobility, switching time and on/off current ratio (Ch. 2.4).

In contrast to MOSFETS, organic field effect transistors are operated in the accumu-
lation regime rather then the inversion regime. This implies that the off-current is of

the same prefix as the on-current (negative or positive current). Although there are

14
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profound differences in the operation mode of OFETs and MOSFETs the theoretical
description for current/voltage characteristics of MOSFETSs are used to quantify OFET

performances.

Common Low

Source

‘...........
Si0»

Si (n++)

Figure 2.9: Geometrical setup of a coplanar bottom gate transistor. On top of the con-
ducting gate substrate (highly n or p doped Si) is an insulator (SiOg) of
thickness d. Two electrodes (Au) are placed onto the insulator with an in-
terspace of L. The length of the electrodes perpendicular to the paper plane
is the channel-width W. On top of this structure an organic semiconductor
(OSC) is deposited. Additionally the circuitry for a p-type transistor is de-
picted. A negative gate bias accumulates positive charge carriers (holes) at
the interface. An additional bias drags the positive carriers from the positive

source electrode through the channel to the negative drain electrode.

2.4 Electrical Characterization

In MOSFET technology the mobility of charge carriers i describes the relation between
the drift velocity vy of a charge with an applied electrical field E:

vg = ukE (2.3)
For a current solely dependent on the drift of the charges, a drain current Ip at a

position x can be defined for a given charge density Q(x) and an applied electrical field

15
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Ip(z) = WpQ(z)E(x) (2.4)

with the charge carrier mobility p and the channel width W. However, a charge carrier
density is only present if the gate is biased high enough to accumulate any charges. As
soon as a negative Ugg is applied, positive charges will accumulate at the semiconductor-
dielectric interface to compensate the electrical field. In practice, defects at the interface
will trap charge carriers permanently, leading to the compensation of the field without
contributing to the charge transport. Thus a certain threshold has to be reached to
fill all traps before mobile charge carriers can be accumulated. The voltage needed to
accumulate enough carriers to create a conducting channel between source and drain is
called threshold voltage Ury,. Therefore the charges at the surface need to be expressed
with regard to the effective field induced by the effective voltage over the gate dielectric

with its capacitance per unit area C7:

Q = C1(Ugs — Ury) (2.5)

If an additional drain-source voltage Upg is applied the potential towards the gate
U(x) varies with the position x between source and drain from U(0) = 0 at source to
U(L) = Upg at drain. If we introduce this change of the effective voltage as an addend

in eq. 2.5 we obtain:

Q(z) = C1(Ugs — Up, — U(x)) (2.6)

Substituting equation 2.6 for Q(x) in equation 2.4 and using dU(x)/dx = E(z) as
an expression for the electric field we obtain equation 2.7. Integration of this equation

yields equation 2.8.

Ip(z)dx = WuCi(Ugs — Urp, — U(x))dU(z) (2.7)
Ip= Wgcf ((UGS — Up)Ups — %) (2.8)

with the channel length L, the channel width W and C; the capacitance per unit
area of the gate dielectric. This equation defines the current, flowing from source to
drain, as solely dependent on the applied voltages Uss and Upg once one deduces the

threshold voltage Ury,. To derive this equation a linear potential drop across the channel
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2.4 Electrical Characterization

is presumed, which is also known as the gradual channel approrimation. This is not
always fulfilled because OFETs exhibit a deviating behavior especially in the saturation
regime [29]. Furthermore, a constant mobility along the channel is assumed which is
not the case for OFETs which show a definite V5s dependence and are influenced by
electrode-semiconductor contact resistances |30].

Although many things are not or only poorly taken into account, the equation is widely
used in the quantification of OFETs. In chapter 2.4.2 the impact of the assumptions on
the extraction of the threshold voltage Uz, and the charge carrier mobility u by use of
equation 2.8 will be discussed in more detail.

With respect to the derived equation the operation of an OFET can be divided into

the linear regime and the saturation regime (Fig. 2.10).

Linear Regime

If the effective gate voltage Ugs — Ury, is large compared to Upg, the current Ip grows
linearly with the applied voltage Upg (Fig. 2.10.a). If Ugg is large enough, many charge
carriers are present at the interface and Ip is only restricted by the channel and contact
resistance. The resistance along the channel remains the same, although a nonlinear
contact resistance effect might be superimposed on the linear rise (Ch. 2.4.1). Eq. 2.8

can be rewritten for Upg << Uggs — Upy, by neglecting the quadratic term:

. W[LC[
L

The linear mobility can then be expressed as:

Ip

(Ugs — Urn)Ups (2.9)

L dIp

2.10
WCUps dUgs (2.10)

Hiin =

Saturation Regime

If Upg is large compared to Ugs — Uy, the current Ip shows a saturating behavior (Fig.
2.10.b). The electric field E(z) disappears at the drain contact when Upg supersedes
Ugs — Urp. The conducting channel is pinched off at the drain electrode and the
depletion area approaches source with increasing Ups. As a result I is limited by the
space charge in the depleted region. Equation 2.8 can now be rewritten for Upg >>

UG’S — UTh by substituting UDS = (UGS — UTh)Z
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Figure 2.10: OFET operating regimes with schematic output characteristic. (a.) OFET
in the linear regime. The conducting channel expands over the whole chan-
nel width. The corresponding I/U graph depicts a linear rise of Ip with
Vps. (b.) OFET in the saturation regime. The conducting channel decays
as it nears the drain contact. Eventually it cuts off within the channel. The
current is limited by the remaining space charges as soon as the conducting
channel pinches off at Upg = Ugy. The corresponding graph shows the

linear rise until Ug,; and the saturated current thereafter.

WuC
Ip = 2“L L (Ugs — Urp)? (2.11)

This results in a saturation mobility of:

2

oL (d/T

[lsat = dvip (2.12)
WC; \ dUgs
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2.4 Electrical Characterization

2.4.1 Output Characteristic

For the output characteristic Upg is sweeped for fixed values of Ugg and Ip is measured
(Fig. 2.11.a). Linear and saturation regime are clearly distinguishable and well defined.
In the saturation regime an ongoing rise of Ip with Upg can be observed especially for
higher Ugg. This asymptotic behavior is mainly attributed to channel length modulation
(effective shortening of channel length due to pinch-off shift). Other influences are
contact resistance and mobility dependencies on Upg as well as charge transport in the
depleted semiconductor zone [31]. As for the linear regime an ohmic behavior and a
bulk limited charge transport can be assumed.

An example for an output curve exhibiting a pronounced non-linear behavior or S-
shape in the linear rise is given in 2.11.b. A non-ohmic behavior of the contact resistance
is superimposed on the linear resistance of the inner channel conductance. The S-shaped

slope indicates high injection barriers likely caused by an improper connection of the
OSC film with the electrode [32].

1x 10.6 T T I I X 10.5 T T T
. / 1b .......................... /
0.5 5 5 | s ;
; ; ; 1 i 0 = T
< : f = : s < 1 ‘ s s
8 ; i i 1 i G . —UGS =0V
1 ) _ U =-
- Ugg=-3V
15 ol —Ugg =BV
i i i ; i i i i i Uos =50V
-?50 -40 -30 -20 -10 0 10 -50 -40 -30 -20 -10 0 10
Ups [ V Ups |V

Figure 2.11: Output curves of self manufactured pentacene OFETs. (a.) The saturation
and the linear regime can be easily distinguished. The former exhibits an
almost perfect linear rise which indicates perfect ohmic behavior without
contact limitation. The saturation for lower Ugg flattens out smoothly
whereas for higher Ugg the current exhibits an asymptotic behavior. (b.)
The linear regime exhibits an S-shaped slope indicating a contact limited

charge transport behavior.
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2.4.2 Transfer Characteristic

The transfer characteristic is obtained by sweeping Ugg at constant Upg and measuring
Ip. Many characteristic quantities can be derived from this measurement and perfor-
mance and stability can be judged by its form. Figure 2.12.a depicts a typical transfer
curve starting out smoothly and then sharply changing into a quadratic rise. A hystere-
sis can be observed between forward and backward sweep which is mostly attributed to
the filling of shallow traps [10].

x10° B

i : 2 ; L
% w0 0 20 40 o0 10 %s w0 w0 2 a0 0 10
{‘(,5" / .\- [2‘5 / \'

Figure 2.12: Transfer curves of self manufactured pentacene OFETs. (a.) Transfer
curve for different Upg. Since pentacene OFETs are p-type transistors Ip
is negative. (b.) The semilog plot of the absolute Ip values is a common
representation of the transfer curve. Contrary to the linear scaling the noise
of the off current is clearly visible. The ratio between on and off current is
taken from this representation and given in order of magnitude (here 10°)
for Upg = —50V.

To emphasize the switching behavior the transfer curve is often depicted in a semilog-
arithmic representation (Fig. 2.12.b). Because the current spreads over various orders
of magnitude in this illustration the off current with its noise can be seen and compared
to the on current. This on/off ratio is an important quantity for transistors and is given
in powers of ten. The region in between on and off current is called the subthreshold
region. The steeper the subthreshold-slope the faster a transistor can be operated. The

reciprocal value is called the subthreshold-swing which states the volts (Ugg) needed to
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2.4 Electrical Characterization

apply to raise Ip by a decade and is usually given in mV/dec. Both on/off ratio and
subthreshold-swing are crucial operational specifications for a working transistor. Addi-
tionally, the switch-on voltage Ugp, where I starts growing exponentially, is extracted
from this representation. It marks the gate voltage needed to fill all traps and start
forming a conducting channel. It is not to be confused with the threshold voltage Urpy,

indicating the voltage needed to establish a fully formed channel with ohmic behavior.

Threshold Voltage and Charge Carrier Mobility

0.01
0.008
:ﬁ 0.006
'3:'—;50.004
0.002
% -4:0 -3:0 -2:0 -:\ 0 10

Ucs | V \

Figure 2.13: A square root representation of a transistor transfer characteristic. The
continuous black line was measured for a fixed Upg of —50 V. It is therefore,
assuming a negative Urgy, operating in the saturation regime (Upg >>
Ugs — Urp). A line is fitted (dashed red line) to the linear part of the
transfer curve, yielding the interception point, the threshold voltage Uy,

and the slope of the line.

The threshold voltage Ury, for the saturation regime is estimated out of the square

root plot of the transfer curve. A linear fit is made for the upper linear part of the
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transfer curve'. The intercept of the fitted line with the abscissa marks the threshold
voltage (Fig. 2.13).

The threshold voltage is by definition a rather vague quantity and is also often derived
by manually extending the linear part and reading the threshold voltage of the x-axis.
To deduce the saturation mobility, the slope of the transfer curve in the saturation
regime and the square-root representation (%g) is put into eq. 2.12. To obtain

the linear mobility the slope of the transfer curve in the linear regime and the linear

dip
dUgs

only hold approximately for OFET technology. Together with the introduced error by

representation < ) is put in eq. 2.10. As already mentioned in ch. 2.3.2 the equations
the estimation of V7;, one has to consider the trustworthiness of the absolute value of
the calculated mobility.

By automating the extraction of Urj, we assure the objective comparability among our
transistors, allowing us to interpret performance trends in terms of transistor mobilities
rather then comparing absolute values. Although the extraction process lacks accuracy

it is widely used in research as a vague comparison for transistor performance.

2.5 Transport Mechanism

Compared to the band-model charge transport of inorganic semiconductors the charge
transport mechanism of organic thin films has to be described differently. Although a
band-like transport is successfully used to describe the transport in single crystals, even if
only for very low temperatures, polycrystalline films show a deviating behavior and need
a different theoretical description accordingly [14]. In the following the charge transport
is split into its main components. The carrier injection (Ch. 2.5.1), explaining the
injection of charge carriers into the organic semiconductor as well as a brief discussion

of proposed models for charge transport within the organic film (Ch. 2.5.2).

2.5.1 Carrier Injection

In order to achieve a current flow between the electrodes charge carriers have to be able
to enter and leave the organic semiconductor into a metal contact. To achieve a close

to ohmic contact we therefore need the metals work function to match the LUMO /

IFor the automated evaluation of Upy, in ch. 4 the values from ID maz 10 ID maz/1.5 from the mean

forth and back measurements were used for fitting. For information on the script see ch. 6.1
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Figure 2.14: Lowering of vacuum level E,,. at the pentacene-gold interface due to polar-
ization Ag;p. Transport gap E; and charge carrier injection barriers (¢, ¢p)
deduced from UPS and IPES measurements [33].

HOMO level for a n/p type semiconductor, respectively, resulting in a Schottky contact.
A common electrode material choice is gold with a work function of ¢ =5.1¢eV [34]. This
is a good match for pentacene with an ionization energy of y = 4.9eV [35].

However, the gold-pentacene interface can massively change the energy relations of
both materials. Amy et al. [33| investigated the combination and concluded a positive
dipole layer of 0.6eV and a reduction of the transport gap of 0.67eV leading to an
estimated hole injection barrier of 0.47eV. This is still a large injection barrier com-
pared to OLED technology where barriers greater then 0.25eV lead to injection limited

operation. The energy diagram of the pentacene-gold interface is depicted in figure 2.14.
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Brondijk et al. |32] argue that image force lowering takes place at applied gate biases.
This effect is even more pronounced for coplanar structures since the gate potential is
screened at high accumulation states for their staggered counterparts. According to
their thermionic emission model with image force lowering, injection barriers up to 1eV
will not result in injection limited transport for high gate biases. They also attribute
wavy slopes in electrical output characteristics (Ch. 2.4.1) to injection limited transport.
Although their model is based on thermionic emission they propose a thermally assisted
charge hopping transport as a more likely description for the effective charge carrier
injection transport. As a conclusion we regard coplanar bottom gate transistors as bulk
limited devices with ohmic contact resistances with the premise of high gate biases.

Extracted mobilities in the saturation regime will therefore approach bulk values.

2.5.2 Charge Transport

The charge transport within the polycrystalline film is still a controversial topic. Al-
though the semiconducting properties of organic compounds are mostly attributed to the
overlapping m-orbitals (Ch. 2.1) a delocalized band-like transport can only be observed
for single crystals at very low temperatures. Structural and interface defects as well as
grain boundaries lead to the localization of charges. Because of polarization there will
be a lattice deformation (phonon cloud) accompanying the charge. These local defor-
mations can be described in the quasi-particle model as polarons and their energy levels
are residing in the energy gap between HOMO and LUMO.

To establish charge transport these charges need to hop from one localized state to
another, which is typically called hopping transport. Because there is an activation en-
ergy necessary this form of transport needs to be thermally assisted. So in contrary
to non-organic band-like transport, which is limited by electron-phonon interactions,
polycrystalline organic films exhibit an increasing charge carrier mobility with increas-
ing temperature [36]. Because of its high ordering polycrystalline films often exhibit
anisotropies in the charge transport. This and other effects, such as the hysteresis of
U-I curves which are attributed to shallow traps at the pentacene surface, are generally
not accounted for in most models which have been suggested to describe the charge

transport within the film best [5].
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Multiple Trapping and Release Model

The multiple trapping and release model (MTR) was first used to describe charge trans-
port for organic thin films which exhibit a well-ordered crystalline structure in the near
range by Horowitz et al. |3]. Tt suggests that charge carriers can move in narrow localized
bands within single crystallites. But at the grain boundaries and in structural defects
the charge carriers get trapped in localized states. The dominant feature of the trans-
port is given by the traps in the crystal and their thermal release barrier, which needs to
be exceeded by charges in order to get to the transport level. Although this model can
explain temperature and gate voltage dependency of the mobilities, it is still unable to

explain the non-dependency of the mobility to temperatures for very low temperatures.

Grain Boundary Model

The grain boundary model was developed to account for the mentioned non-dependency
of the mobility for low temperatures. Conceptually, a grain size far greater then the
Debye-length would explain a band-like transport within the crystallites. The transfer
of the charges through the grain boundaries is then becoming the bottle-neck for charge
transport. In this case a non-uniform trap distribution is assumed because the traps are
confined to the grain boundaries. Therefore charge transport is solely determined by the
transport mechanism at the grain boundaries. For regimes < 25K tunneling dominates
the transport. In the 25 K < 100 K regime activation barriers of 5meV are estimated
and thermally activated tunneling is assumed to determine the mobility. Finally for
temperatures 100 K < 300 K with activation barriers of 0.1eV thermionic emission is
the dominating mechanism.

However this model is still neglecting temperature and gate-voltage dependencies on
the potential barriers as well as the concentration of grain-boundary traps. If applicable,

this model predicts a linear dependence of the mobility with the grain size [4].
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3 Experimental Setup

3.1 Vacuum System

For the preparation of thin films and subsequent investigations, two vacuum chambers
are at our disposable. The chambers are pictured in fig. 3.1. Both are equipped with a
rotatable sample holder for aligning the sample with all flange-mounted instruments.

The main chamber (Fig. 3.1.a) is evacuated by a rotary vane pump and two turbo
molecular pumps, achieving a minimum pressure of p<1 x 10~® mbar. Evacuation over
night results in a pressure of ~1 x 107" mbar, depending on the amount of time the
setup was exposed to ambient environment. The sample may be cleaned with a sputter
gun before a manually operated Knudsen cell is used to deposit materials on the sample.
The setup is equipped with BNC adapters for electrical in-situ measurements on the
transistor and Auger Electron Spectroscopy (AES) for surface analysis. Desorption can
be achieved by the self-regulated sample-temperature control unit and evaluated with
the quadrupole mass spectrometer.

The second chamber (Fig. 3.1.b) is not equipped with electrical adapters and is
therefore only used to prepare films and samples for ex-situ AFM analysis. A rotary vane
pump and a turbo molecular pump achieve slightly lower vacuums with ~1 x 10~" mbar.

All installed instruments will be explained in more detail in the following. Additionally
a detailed manual describing the operation of all instruments was generated during the

work on the thesis'.

! Manual present as a OneNote file on the AFM measurement PC at
C:\ Users\Hollerer M | Documents | OneNote Notebooks|Personal
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)

\\

Figure 3.1: Vacuum chambers used for preparation and investigation of thin films.
The inscriptions show the installed analysis instruments with the follow-
ing abbreviations: AES - Auger Electron Spectrometer, QMS - Quadrupole
Mass Spectrometer, XPS - X-ray Photoelectron Spectrometer, BNC - BNC
adapters, T¢ Temperature control, Sp. gun - Sputter gun, Kn. cell - Knudsen

cell, p. gauge - pressure gauge

3.1.1 Sample and sample holder

The silicon wafers consist of highly p doped silicon with a thermally grown oxide of
150nm on top of it and are produced by SIEGERT WAFER GmbH2. They are cut
into chips of 1c¢m x 1cm. The substrate is then further processed by our cooperation
partners®. Oxygen plasma etching is performed before gold electrodes are evaporated
onto the oxide via a shadow mask. This results in electrodes of 60 nm thickness which
are separated by a channel of 25 ym.

Nickel wires with a diameter of 0.1 mm are then attached to the electrodes with off-
the-shelf contact-silver solutions. The gate contact is attached to the highly p doped Si
wafer, acting as an ohmic contact. The wires are then connected to the shielded UHV
cables of the BNC adapters by spot welding.

The prepared sample is clamped to a steel plate with isolating ceramic washers. A
NiCr-Ni thermocouple is welded to the steel plate to measure its temperature. The

steel plate itself is mounted on 0.5 mm tantalum wires which run into the basic copper

2For more information on the substrates visit: www.siegertwafer.com
3 Materials Division, Joanneum Research Weiz
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(b)

Figure 3.2: Sample holder and draft of its arrangement. (a.) Picture of the sample
holder copper block with the sample not yet screwed to the steel plate. The
whole block is fastened to a rotatable hollow steel pole. (b.) From right
to left: A steel plate is mounted on two heat resistance wires. A NiCr-
Ni thermocouple is connected to the steel plate for temperature control.
Between the sample and the steel plate a mica sheet is put for electrical
isolation. Drain and source contacts are wired off the gold electrodes and
the gate contact is attached to the highly p-doped Si substrate. In front of

the transistor a shadow mask is limiting the area of pentacene deposition.

block. The whole block is fastened to a hollow rotatable steel pole which can be filled
with liquid nitrogen for cooling. Within the whole rotatory sample holder an excavation
is led to the copper block to ensure a good thermal contact for cooling. A LabView
regulation loop is temperature controlling the steel plate by regulating the current flow
through the tantalum wires. Stable temperatures from 150 K to 800 K can be achieved.
In between the sample holder and the sample, a mica pane is mounted to electrically
isolate the sample from the resistance-heating temperature system and allows electrical
characterization when heating the sample. A draft of the sample holder - sample setup
is pictured in fig. 3.2. In front of the sample a shadow mask is mounted that limits the

area of evaporation. This minimizes the leaking current of the transistor.
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3.1.2 Knudsen Cell

The Knudsen cell consists of a small metal cylinder that can be filled with materials
for evaporation. A NiCr-Ni thermocouple is attached to the cylinder for temperature
measurements and a heat resistance wire is spiraling around it and connected to a U/I
source to manually adjust the heating current. Through a small hole in the cylinder the
material can be evaporated directional onto the sample. A quartz crystal micro-balance
(QCM) is mounted at the same distance and angle as the sample, when the sample holder
is turned towards the Knudsen cell. Thus the amount of adsorbate can be accurately
measured and controlled with sub-monolayer accuracy. A shutter unit can be manually
set to allow evaporation only on the sample, the sample and the QCM, only the QCM

and to shielding both at once. A picture of the evaporation unit is given in fig. 3.3.a.

(b)

Figure 3.3: Pictures of evaporation unit and QMS. (a.) Picture of the evaporation
unit. The Knudsen cell is contained within the cylinder. The quartz crystal
microbalance is installed at its bottom. If installed in the vacuum chamber,
the sample could be placed in front of the cylinder. The shutter can then
cover either the sample, the QCM, nothing or both. (b.) The ionization
filament of the QMS and the quadrupole symmetry can be seen.
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3.2 Experimental Methods

3.2.1 Quadrupole Mass Spectrometry - QMS

A Balzers PRISMA 200 QMS is flange-mounted to the vacuum chamber. The unin-
stalled QMS is pictured in 3.3.b. Tt is capable of detecting and distinguishing between
masses of up to 200 amu. Residual gas analysis and leakage investigations can be under-
taken with the QMS. An important feature is the detection of the evaporation material.
Since most organic compounds exceed the mass limit of 200 amu, characteristic crack-
ing masses are usually measured instead. They can be either identified by multiplexing
(measuring all masses after one another) or taken from literature data. For pentacene
with 278 amu a dominant cracking mass of 125 amu was identified and used for further
investigations.

The QMS evaluates the masses by ion counts per seconds. The sensitivity will therefore
decrease with the distance between the desorption source and the QMS sensor. Because
of the composition and versatility of our setup this distance is large for our system and
thus exhibits a decreased sensitivity. To quantify the comparability of TDS spectra
twelve samples with the same preparation (7nm pentacene at 300 K) were put in front
of the QMS. The films on the samples were thermally desorbed and the cracking mass
of 125 amu was recorded. The absolute amount of counts was evaluated and compared
and results in a standard deviation of 10%. This deviation is mostly attributed to poor

adjustment when putting the sample in front of the QMS.

3.2.2 Thermal Desorption Spectroscopy - TDS

To conduct a TDS experiment the film has to be thermally desorbed off the sample
and the amount of desorbent has to be monitored over time with the QMS. A LabView
program controls the heating current and can execute temperature ramps. For our
measurements temperature ramps with %—;F =1 % until a maximum temperature of T =
650 K were conducted.

The counts per second are then plotted over the temperature. Because the thermo-
couple is attached to the steel plate and equilibrium is not achieved for this heating rate,
a certain temperature lag for the sample is occurring. However, the temperature shift
can be deduced by deposition of material onto the steel plate and successive desorption.

One can differentiate between three mechanisms of desorption. Zero-order desorption
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appears when spectra for different coverages share the same rise of the peak and this
signifies a non-dependence on the coverage. First-order desorption is present if the
maxima for different coverages appear at the same temperature and signifies direct
desorption of atoms or molecules. Second-order desorption is expressed in a shared fall
of the curves for different coverages. It appears if two particles need to recombine before
desorption is taking place. Spectra for the three kinds of desorption are pictured in fig.
3.4.

TDS is therefore a powerful method to characterize adsorbents and the mechanisms

involved in de- and adsorption.
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Figure 3.4: Examples for TDS spectra of different orders of desorption [37]. (a.) Zero-

order desorption (b.) First-order desorption (c.) Second-order desorption

3.2.3 Sputter Cleaning

Traces of carbon, hydrogen and oxygen are not only present on the sample surface when
being exposed to ambient environment, but also under ultra high vacuum conditions.
To clean surfaces of environmental contaminants in-situ cleaning with a sputter gun can
be performed. Atoms of an inert gas (mostly Argon) are ionized and then accelerated
in an electric field towards the sample surface. Depending on the kinetic energy and
the particle flux of the Argon ions, impurities and substrate atoms will be knocked out
of the surface. Thus a clean surface can be achieved that will only slowly contaminate
again with time, depending on the vacuum quality and the reactivity of the obtained
surface.

A sputter gun is flange-mounted to the vacuum chamber. An Argon flask is connected

to the gun in such a way that Argon ions may enter directly in front of the ionization
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filament of the sputter gun. A precision valve allows the adjustment of a precise flow of
Argon. To assure comparability in our experiments the valve was adjusted to result in a
stable pressure of ~8 x 10~%mbar. Before sputtering a device-operated Degas procedure
is run to avoid ionization of filament contaminants. The sputter gun is then operated
with an acceleration voltage of 0.8kV.

In the case of thermally grown SiO,, some Argon was found to penetrate the substrate
and could only be removed by heating of the substrate to 800 K. The presence of non-
metallic shadow masks (e.g. mica) when performing sputter experiments proofed to
result in charging of the mica foil and the mask acting as an electric lens. This results

in an inhomogeneous beam and edge effects of concentrated exposure.

3.2.4 Auger Electron Spectroscopy - AES

To characterize the elements present on a sample a surface-sensitive analysis is necessary.
AES uses accelerated electrons to knock out inner core electrons of atoms. Electrons
of higher levels will reoccupy the vacant state while emitting a photon of the element-
characteristic energy-difference. This energy can be transferred to an outer core electron
which will then leave the atom. When analyzing the energy of the emitted electrons the
element composition of the surface can be deduced.

Because of the strong interaction of electrons, few will penetrate deep into the sub-
strate with enough energy left to knock out inner core electrons. Additionally, Auger
electrons created deep within the substrate are unlikely to leave the sample again. AES
is therefore a highly surface sensitive instrument for material characterization.

A STAIB Instruments, ESA 100 electron spectrometer is at our disposal. Auger
spectroscopy measurements that were conducted within this work used the following
instrument parameters:

Acceleration voltage: U, = 2kV, Heating filament current: ip = 1.45A, Emission
current: iy = 1pA, dwell time: 7 = 50ms, retracting time: ¢ = 1000ms, energy
increment: AE = 0.192¢V and an energy range of: E,q,5 = 40eV to 600eV.

3.3 Electrical Measurements

A Keithley 2612 A device with two source measurement units (SMUs) is used to measure

the transistor curves. The wiring is arranged in a common-/low circuitry, putting the
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source contact on a common internal low level. The circuitry is sketched in fig. 2.9 and
the functionality is explained in the corresponding chapter.

The instrument is controlled via an Ethernet connection by a LabView script us-
ing LabView’s VISA for the interface communication. The LabView program is able
to generate Keithley scripts, run them on the instrument and read the measurement
data out of the instruments buffer storage. By either sweeping the voltage of SMU A
(Source-Gate) and stepping the voltage of SMU B (Source-Drain) or in the opposite
order, transfer and output characteristics can be recorded. Several conducted experi-
ments advised us to use the empirically found maximum Gate-Drain potential of 60V to
avoid oxide breakthroughs. Because the threshold voltage was mostly found in the near
negative regime, Ugg voltage sweeps of 10V to —50V were run for Upg step functions
within values of 0V and —50V. The Keithley script is designed to take measurements
with a certain precision and is therefore self regulating the time for each measurement
(AutoRange option). In between measurements of single current values the previously
applied voltage is hold for 0.1s.

It is an implication of the circuitry that occurring source/drain-gate leakage-currents
will also appear partially as source-drain currents. This current is an artifact of the
circuitry and its prefix depends on which electrode is conducting to the gate. To assure
the functionality of the setup it was verified with a storage oscilloscope that no signifi-
cant voltage spikes occur during the measurements. All consecutive measurements on a
transistor are stored in a text-file generated by the LabView program.

A Matlab file was created to extract the data of the LabView file, enabling us to
further process the data in Matlab. The source code for the program is given in ch.
6.1.1.

3.4 Atomic Force Microscopy - AFM

Atomic Force Microscopy (AFM) is a simple method of visualizing surfaces in the nm
regime. The working principle of an AFM is depicted in fig. 3.5.a. Two NanoSurf
FasyScan 2 measurement heads (Fig. 3.5.b) with lateral and vertical scanning ranges
of 10 pm and 70 um and 2 pm and 10 um, respectively, are at our disposal. As AFM
measurements are very sensitive to vibrations the instrument is placed on an active
vibration-damping socket, which is standing on a table, mounted to an outside wall of the

building. Several modes of operation have been developed to enhance the performance of
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.
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Figure 3.5: Nanosurf EasyScan 2 - instrument and working principle of atomic force mi-

(b)

croscopy. (a.) A cantilever is drawn across a surface in a quadratic scanning
pattern. A laser diode is projecting a beam on the cantilevers back. The re-
flection of the beam is analyzed in a four-quadrant photo-detector. Thus de-
viations of the cantilever can be precisely measured and calculated to a height
profile of the investigated sample. A feed-back regulation loop evaluates the
photo-diode information and keeps the cantilever on a relative height above
the surface defined by the Setpoint. (b.) The 10 pum measurement head with
installed video microscope, mounted on the instrument holder, which is set
on an active vibration-damping socket. An x-y microstage allows sensitive

repositioning of the sample with respect to the AFM.

AFM measurements. In the classical contact mode the tip is dragged along a surface with
a contact pressure defined by the setpoint which is measured as the vertical deflection
of the laser (bending of the cantilever). Although this mode achieves the best height
resolution, big lateral shear forces are applied to the surface which can cause deformation

of weakly bound surface materials such as organic thin films.
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3 Experimental Setup

Dynamic Force Mode

To avoid the applied shear forces of the contact mode, the cantilever can be excited to
sinusoidal oscillations when scanning the surface (Dynamic Force Mode). The feedback
controller is then regulating the contact pressure by the amplitude of the oscillation.
Because of its good results this method advanced to be the standard imaging mode for
OFET samples. A PPP-NCLR" cantilever with a tip radius of <10nm is used.

When run in the dynamic force mode three main channels of information can be
extracted from the AFM, which are pictured in color-scale images of its dimension.
The first channel states the vertical corrections of the feedback controller, keeping the
cantilever on the predefined setpoint of its amplitude. The color-scale image yields good
contrast for edge effects but neglects relative height differences of flat surfaces.

Integration of the noise-corrected amplitude channel yields the actual height infor-
mation or topography channel. Because of the integration of the measured values this
channel is most susceptible to imaging artifacts. The result resembles the actual sur-
face of the sample although its representation can only poorly resolve sharp edges of
little height difference. Since it yields the actual height information, 3D images can be
constructed out of the topography channel information.

The third channel recorded by this mode is the phase contrast. 1t states the phase-
difference between the excitation signal of the controller and the actual oscillation of the
cantilever. This channel is hardest to interpret, since the phase shift depends on various
properties such as adhesion, friction, viscosity, and energy dissipation. Because of the
latter it is very sensitive to abrupt edges and can be used for observing very small steps.
Since it is dependent on many material properties it is also capable of detecting material
contrast, but, as multiple properties are contributing to the phase shift, caution has to

be taken when interpreting the results.

Measurement Parameters and Artifacts

To obtain the most information for an image various measurement parameters can be set
to match the surfaces properties. In the following a short explanation of the adjustable
parameters for the dynamic force mode is given. The free vibration amplitude states

the voltage amplitude used to excite the cantilever and corresponds to an oscillation

‘Point Probe Plus - NonContact Long Reflective cantilever, for more information visit

WWW.NAanosensors.com
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3.4 Atomic Force Microscopy - AFM

displacement of the cantilever in air. The setpoint regulates the vertical deflection
and hence the contact pressure of the cantilever in such a way that the amplitude is
decreasing to the setpoint percentage of the free vibration amplitude. A standard PID
regulation (Proportional, Integral, Differential) is accessible to control the feedback loop
for the vertical deflection. Additionally points / line define the resolution and time /
line sets the time taken for the measurement.

A measured AFM image may differ from the actual surface to a point where it is
represented by measurement artifacts rather then the actual height profile. This plays
an important role to novice AFM users since the source of imaging errors is completely
different to conventional light or electron microscopy. To better understand and to avoid
this the artifacts need to be well understood in order not to misinterpret AFM results.

AFM artifacts are mostly subdivided to the sources causing the artifacts. The main
sources are tip artifacts, caused by the shape of the tip which is subject to contamination,
modification, cracking and splitting, scanner artifacts such as edge overshoot or piezo
creep and various other artifacts caused by the laser, the feedback loop, vibrations and
thermal drifts [38, 39]. A detailed discussion of AFM artifacts would go beyond the
scope of this work. Artifacts will be present in all AFM images which can only be partly
corrected by post-processing of the images. Hence, special care has to be taken when
evaluating and interpreting images.

Especially for the work presented in this thesis, loose particles and debris proofed
to contaminate the cantilever rather quickly. The presence of such contaminants is
increasing in frequency with the amount of adsorbent, especially when the substrate
exhibits material or morphological changes within the measurement range. Thus, it
proofed to be difficult to obtain artifact-free images of transition areas or samples with
thick films.

3.4.1 Gwyddion

Gwyddion is an open-source software project, primarily intended for visualization and
analysis of scanning probe microscopy (SPM) data, which is the generic group also
including AFM imaging. It is capable of reading all common data formats including the
NanoSurf internal file format .nid. Because of the multitude of data processing options

this program advanced to be one of the most used programs for processing AFM images.

37



3 Experimental Setup

All pictured images in this thesis were post-processed with Gwyddion®.

SFor more information visit: http://quyddion.net/
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4 Results and Discussion

4.1 Surface Characterization

4.1.1 Surface Roughness

Before discussing the growth of the semiconductor and the electrical properties of our

OFETs, a short investigation of the samples, as prepared by Joanneum Research Weiz

(Ch. 3.1.1), is done. The samples are dry-cleaned and then built into the vacuum

chamber. Investigation of the carbon contamination levels with Auger spectroscopy
(Ch. 3.2.4) on SiOy yield a high carbon level with little substrate signal (Fig. 4.1).

After deposition of pentacene only carbon is to be seen. If the film is then thermally

desorbed and sputter-cleaned for 10 minutes (Ch. 3.2.3) no carbon remains at the

surface. Deposition and re-desorption (TDS - cycle) results in a carbon contamination

which is growing with each consecutive TDS cycle. Measurements on the gold surface

yield the same results with respect to the carbon contamination.
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Figure 4.1: Development of carbon contamination

on SiOs, before, and after deposition,

as well as after desorption with consecutive sputter-cleaning (Ch. 3.2.3).
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Figure 4.2: AFM topography images with corresponding roughness values. (a.) Gold,
untreated. (b.) SiOg, untreated. (c.) Gold, 30’ sputter cleaned. (d.) SiO,,
30’ sputtered cleaned.
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4.1 Surface Characterization

AFM measurements on as received samples and on heavily sputter-cleaned samples
were carried out and their roughness values were evaluated (Fig. 4.2). Gold exhibits
an overall greater roughness then SiO, which is decreasing when sputter-cleaned. SiO-
has a roughness close to the AFMs resolution limit and is therefore difficult to image.
The sputtered SiO, surface image thus contains measurement artifacts which artificially
increase the roughness value (Fig. 4.2.d). It is therefore hard to verify a surface roughen-
ing due to sputter-cleaning which is, if present at all, very small. Another indication for
little influence by sputter-cleaning on SiO is observed when performing intense long-
time sputtering, yielding that the gold films height is decreasing with respect to the
Si0, surface. Thus the gold film is disappearing while the SiO, is not, or is disappearing
only very slowly. Furthermore, these measurements are taken ex-situ and are therefore

subject to external contamination.

4.1.2 Electrode-Dielectric Transition

Figure 4.3: AFM 3D topography image of the gold-SiO, transition area. The 60 nm gold
film descends over a distance of 2000 nm. The remote islands exhibit heights
of 10nm to 50nm and diameters of 100nm to 400nm. The z-axis of the

image is highly exaggerated.
The connection of a semiconductor-film with the electrodes is crucial for OFET per-

formances. The development of a junction is strongly dependent on the substrate mor-

phology, which is therefore investigated. AFM measurements discovered gold islands
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4 Results and Discussion

growing inside the channel with ~1 um to ~2 pum distance to the electrodes (Fig. 4.3).
These islands are found to be a side-effect of the manufacturing process. The gold is
evaporated onto the substrate via a shadow-mask containing a shadow-wire to create
the channel. It is our understanding that gold atoms are able to diffuse beneath the
shadow wire and clusterize beneath it. These islands are observed on all samples in a
great variation of size (heights of 10nm to 50nm and diameters of 100 nm to 400 nm)
and frequency of occurrence. This might be caused by the sample-specific wire-substrate
contact and its clamping tension.

The descend of the gold electrodes exhibits a shallow slope of approximately 3°. The
islands lead to an improper connection of the pentacene film which is discussed in ch.
4.4. Lithography manufactured samples would avoid this problem but are reported
to contain photo-film residues which might also hamper the semiconductor-electrode

connection [40].

Ultrasonic Cleaning

X/ um

Figure 4.4: ((a.) AFM topography image of an US cleaned sample. SiOs in top left cor-
ner, gold electrode in bottom right corner. A terrace like gold film develops
out of the former islands in front of the electrode bulk. (b.) Cross-section 1

(red) and 2 (blue) suggest a preceding gold-film-height of 10 nm.

An interesting effect was observed when cleaning the sample in an ultra-sonic (US)
bath. The sample was put in a vial containing isopropanol and US cleaned for ten
minutes. Although the AFM images exhibit many contaminating particles, the islands

seem to vanish and combine to an approximately 10nm high terrace in front of both
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4.2 Quantifying Pentacene Deposition

electrodes (Fig. 4.4). Because of the weak bonding of gold on SiO; this procedure may
lead to loosening of whole electrodes. But, if optimized, this treatment could enhance

the performance of samples produced via shadow-masking.

4.2 Quantifying Pentacene Deposition

A major issue when trying to relate morphological properties with electrical transis-
tor characteristics is the evaluation of the amount of semiconductor which is actually
deposited on the substrate. Guo et al. [41] suggest a temperature dependent sticking
coefficient (Ch. 2.2.1) which is also strongly dependent on the substrate contamina-
tion and hence the substrate treatment. It is therefore important to reliably judge the
amount of the deposited semiconductor. To relate the amount of adsorbed semiconduc-
tor material with our quartz crystal micro-balance (QCM), in-situ TDS measurements
(Ch. 3.2.2) and ex-situ AFM measurements (Ch. 3.4) are at our disposal. Using the
reshaped Sauerbrey equation [42]:

u u A
d:——V“Qpr—Qf (4.1)
Pads
fQu--- Shear modulus of quartz crystal, 2.947 x 10" g/cms
PQu-- Density of quartz crystal, 2.643 g/cm?

Pads--- Density of adsorbent, 1.33 g/cm? for pentacene

f.. Eigenfrequency of quartz crystal, 5.94 MHz
Af... Frequency shift of QMC with adsorbent
d... Adsorbent film thickness

we find a nominal conversion factor of 0.94 A /Hz assuming a perfect thin-film phase
crystallite, a sticking coefficient of unity, and an identical amount of deposition on the
QCM and the specimen.

4.2.1 AFM Thickness Evaluation

In the following, the determination of an empiric conversion factor for the frequency
change of the QCM to a thickness value is discussed for a specimen with a nominal
adsorption of 30 Hz deposited at T" = 300 K. It is known from previous measurements

that 30 Hz is well above a ML. Therefore the islands seen in fig. 4.5 correspond to the
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4 Results and Discussion

nucleation of the second layer. We use two evaluation methods for the quantification of

the amount of adsorbed pentacene on the SiO, surface.

Figure 4.5: Topography image of a specimen with a 30 Hz pentacene layer deposited at

300K on SiO,. (a.) Original image. (b.) Islands marked by threshold. (c.)
Mean Background marked by threshold.

Quantification by Calculation of Ad-layer Surface

In this attempt an AFM image of a pentacene layer on a SiO, surface is analyzed
(Fig: 4.5.a). The image is processed to correct imaging artifacts and to achieve a flat
background. Because of the tip radius of the cantilever coverages will be overestimated.
Evaluation of the marked area in fig. 4.5.b results in a relative coverage of 44 %. Together
with the full ML beneath this amounts to a deposition of 0.048 ML /Hz. Calculating with
the nominal inter-planar spacing of the pentacene thin film phase of dyg; = 15.4 A/ML
this is a deposition of 0.74 A /Hz.

Quantification by Volume Calculation

In this method the volume of the film is calculated by integrating over the AFM height
information with respect to the lowest data point. It is therefore crucial to achieve a
precise leveling of the recorded image. Obvious artifacts, present as steep almost singular
holes or spikes, are manually interpolated. Additionally, the mean corrugation-height of
the layer below the topmost island-like structure is determined for the analyzed area of
Aimage = 73.96 um? by a threshold in fig. 4.5.¢ as hyean = 0.3nm. If calculating the
volume with Gwyddion (Ch. 3.4.1) this results in V' = 0.063 ym3. If the mean background

44



4.2 Quantifying Pentacene Deposition

(e.g. top of the layer below the island structures) is subtracted (Vee = himean - Aimage)
this results in a layer volume of Vi, e, = 0.041 yum® which amounts, together with a
nominal wetting layer (the layer below the islands), to a volume of V = 0.155 um? or a
thickness of d = 2.09 nm. Considering the nominal deposition of 30 Hz for this sample
this results in a conversion factor of 0.045 ML/Hz or 0.70 A /Hz.

Both methods conclude in a similar conversion factor of cgea = ~0.7A/Hz. This
value is an approximation based on the accuracy of the AFM measurements and does not
take into account the higher inter-planar spacing doo; of the first layer (underestimation)
nor the tip-feature enlargement (overestimation). A non-dependence of the sticking
coefficient with the coverage is assumed. Nevertheless, it is a conclusive conversion
factor, enabling us to estimate film thicknesses and, as will be demonstrated in ch. 4.2.3,
estimating the number of fully intact monolayers below the pyramidal island structure.
Whereas the first method is more reliable, since it is not that sensitive to AFM artifacts,
the latter allows for quick analysis and estimations. The good agreement of both methods
approves for their application. The big deviation from the theoretically calculated value
is probably due to slightly different distances between QCM and sample to the Knudsen

cell and probable angular position because of poor alignment.

4.2.2 Thickness Evaluation using TDS

The preceding chapters discussed the film thickness to QCM frequency shift conversion
factor for a film prepared at 300 K with several presumptions. To further improve the
understanding of the film deposition and to check for temperature dependence, TDS
series are evaluated. TDS have been recorded for films of 1.4 ML (30 Hz), 6.8 ML (150 Hz)
and 22.7 ML (500 Hz) prepared at temperatures of 200K, 300 K and 350K each (Fig.
4.6). All films were deposited and re-evaporated from one and the same specimen. All
measurements result in TDS peaks with a common rise. This corresponds to zero-order
desorption (Ch. 3.2.2) and signifies a non-coverage dependent desorption and therefore
similar binding energies for the wetting layer and the successive layers.

The normalized TDS areas are compiled in tab. 4.1. The relative average amount
of pentacene of the 300K and 350K films compared to the 200K film is 79 % and
85 % respectively. A smaller sticking coefficient for higher temperatures is expected as
a greater temperature increases the possibility of desorption. The integrals over TDS

spectra of films with different thicknesses exhibit a generally good agreement although
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Figure 4.6: TDS spectra of pentacene films of different thicknesses and prepared at dif-
ferent temperatures. Spectra have been background corrected. Values for

the integrated peaks are given in tab. 4.1.

the TDS signal is subject to many sources of errors (Ch. 3.2.2 - Standard deviation of
10%). The 200K film exhibits overall greater integrals, suggesting a slightly increased
sticking coefficient for this temperature. The observed better sticking coefficient for
the 350 K then the 300 K film appears unusual but is within the error range of the
TDS evaluation and we suggest that no further decrease of the sticking coefficient from
300 K to 350 K takes place. Comparison of the lowest to the highest coverage hints to an
improved sticking coefficient of the first ML, but the low precision of the TDS, especially
for thin films, questions that conclusion. All measurements have been taken within an
hour of deposition so that long-term desorption would not appear in the data. Both the
200K and 350K films were heated/cooled to 300 K before TDS which implies time for
surface reconstruction whereas the 300 K film was deposited, electrically characterized
and desorbed directly after.

With this evaluation it is shown that the previously derived conversion factor of
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4.2 Quantifying Pentacene Deposition

Table 4.1: Integration over TDS peaks of fig. 4.6. Spectra have been background cor-

rected and normalized with respect to the greatest integral.

200K | 300K | 350K

1.4ML (30Hz) || 0.09 | 0.07 | 0.06
6.8 ML (150Hz) | 0.31 | 0.24 | 0.29
22.7ML (500Hz) | 1.00 | 0.82 | 0.94

cQom = O.7A/Hz can be approximately used for films prepared within a substrate-
temperature range of 200 K to 350 K.

4.2.3 Layer Estimation for Thick Films

With the conversion factor of 0.7 A /Hz derived in ch. 4.2 an estimation of the film growth
of thicker films can be obtained. A specimen with a nominal thickness of d = 10.5nm or
6.8 ML, corresponding to a deposition of 150 Hz, is investigated. In fig. 4.7 the planes of
each step are marked by a threshold. Tab. 4.2 states the percentage of each layer facing

the vacuum side as well as the absolute area coverage of each layer.

Table 4.2: Evaluation of the coverage of a specimen prepared with 10.5nm at 300 K.
The first row states the area percentage of the vacuum-facing sections of the
layers, starting with the lowest, fully filled layer (Fig. 4.7)a-h. The second

row states the absolute coverage of each layer.

Layer 1 | Layer 2 | Layer 3 | Layer 4 | Layer 5 | Layer 6 | Layer 7 | Layer 8
Surface / % 0.4 5.8 13.8 16.4 24.0 24.0 13.6 2
Area /| % 100.0 99.6 93.8 80.0 63.6 39.6 15.6 2

It is notable that the lowest visible layer is almost fully closed whereas, starting with
layer two, a significant roughening sets in. Adding up the absolute area of each layer
(Layer 2-8 in tab. 4.2), for the investigated area of A = 25 um?, times the step height
door = 15.4 A results in a volume of the investigated area of Vi, = 0.153 um3. The
nominal coverage is given by Vyom = A - Af - coon = 0.263 pm?, with the area A, the
QCM frequency shift Af and the empirical conversion factor coon = 0.7 A/ Hz. The

difference in volume should amount to a number of fully closed layers below the visible
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Figure 4.7: AFM topography images of a specimen prepared with 10.5nm (150 Hz) at

300K. (a.-h.) show the threshold-marked single-layers for the evaluation
of the absolute pentacene deposition (Tab.4.2). (i.) shows the amplitude

channel of the image for better visualization of the terrace growth.
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4.3 Optical Measurements

surface: % = 2.7ML.

Applying the volume method (Ch. 4.2.1) results in % = 2.9 ML. Both meth-
ods suggest that approximately three fully closed ML are developed beneath the surface
and the fourth already covers 99.6 % of the surface. Possible micro valleys with steep
and small cracks between grains cannot be resolved with AFM imaging. The uniformity
of the films is strongly dependent on the growth process and therefore very temperature
dependent.

In this investigation it has been shown that for films in this thickness and temperature

regime already four, well connected, layers are established on top of the substrate.

4.3 Optical Measurements

To expand the microscopical imaging into larger scales, optical microscopy was per-
formed. Pictures of the OFET channel with a pentacene film of 6.8 ML (150 Hz) prepared
at T'= 200K, 300 K and 350 K were taken and are depicted in fig. 4.8.

The 200K film exhibits no visible change in film growth and only a change of reflec-
tivity is observed at the gold-SiO, substrate transition. On the 350 K film the expected
needle-like islands are growing on the gold surface, but a depletion of pentacene islands
can be observed as far as ~10um into the gold electrode. Since the islands on the
gold exhibit no particular variation in growth close to the depletion area, the missing
pentacene needs to diffuse towards the channel. The transition area is therefore acting
as a pentacene sink, accumulating great amounts of material. The diffusion length of
pentacene on gold is thus in the magnitude of the depletion width. We suggest that
this further hinders the development of a successful junction of the thin film phase with
the gold electrodes. This effect is only weakly pronounced for the 300 K film, where the
needle like growth persists until the edge, but the form and height of the islands changes
within the last gm. This is consistent with AFM images.

The form and distribution of the islands are strongly dependent on the sample prepa-
ration and whether sputter-cleaning was performed directly before the measurements.
The diffusion length of the pentacene monomers is therefore not only dependent on the
temperature but also on the contamination of the surface. Fig. 4.8.d exhibits a change in
the growth behavior on far greater scales around an external particle on gold substrate.
The film was prepared with a coverage of 22.7 ML.

The randomly distributed particles emphasized with green circles in fig. 4.8.a-c are
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(d)

Figure 4.8: Optical images of pentacene OFETs. The green circles emphasize TDS
residues. (a.-c.) Optical microscopy images of the OFET channel prepared
at T = 200K, 300K and 350 K with 22.7 ML, 6.8 MLL and 6.8 ML, respec-
tively. (d.) Image of a 22.7 ML film prepared at T = 350 K. Influence on
the growth behavior around an external particle on gold substrate within a

radius of about 100 pm.

always present after deposition of pentacene and can only be removed by sputtering. Due
to the large distance between those particles, pentacene growth effects can be excluded as
their origin. It is therefore probable that these particles are clusters or residues forming

after desorption.
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4.4 Pentacene Film-Morphology Correlation with Electrical Properties

4.4 Pentacene Film-Morphology Correlation with

Electrical Properties

The main object of this work was to investigate the growth behavior of pentacene in
the gold-dielectric contact area and its dependence on temperature. For this reason
samples of different coverages prepared at different temperatures were produced for AFM
investigations. Temperatures of 7' = 200 K, 300 K and 350 K were chosen, resembling
a very low temperature where little surface diffusion is assumed, room temperature
and a temperature little above the often stated best temperature 7" = ~330 K for high
performance OFETs [12]|. To investigate the film growth at this temperatures coverages
of 1.4ML (30Hz), 6.8 ML (150 Hz) and 22.7 ML (500 Hz) were established for all of the
stated temperatures. To attribute OFET performances to the pentacene film growth,
according electrical measurements were performed. All films for the stated parameters
exhibit transistor properties, which implies that at least one ML of standing pentacene
molecules has to be present and is, at least partly, connected to the electrodes. The
best transistor manufactured resulted in a mobility of 0.13 %, comparable to coplanar
bottom-gate transistors in literature [43].

For the following investigations several ad- and desorption cycles were carried out to
establish a well defined carbon level on the substrates. Corresponding electrical measure-
ments were also conducted after a saturated carbon contamination was achieved. The
samples morphology, measured ex-situ, shall therefore resemble the in-situ morphology
when the electrical measurements were conducted.

The number of intact wetting layers calculated for the obtained AFM images with
method 4.2.1 is stated as MIy, and values estimated by the cross-sections are given as
MLcs. The cross-sections given with the AFM images are normalized to the nominal
film thickness.

4.4.1 Electrical Properties: Function of Temperature and

Coverage

A well working sample was chosen to execute electrical measurements. Therefore we can
assume the same preconditions for all produced transistors and assure a comparability
between the devices. For substrate temperatures of 200 K, 300 K and 350 K the sample

is successively evaporated with pentacene. After the deposition of a certain amount the
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4 Results and Discussion

shutter is closed, a transfer characteristic is measured at the same temperature for which
deposition is performed, and the shutter is reopened again. The saturation mobilities
are evaluated according to ch. 2.4. The temperature dependency of the mobility is
not considered in the shown figures. Before the formation of a conducting channel the
definition of a charge carrier mobility is effectively invalid.
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Figure 4.9: Coverage dependencies of OFET saturation mobilities. (a.) Coverage de-
pendencies for films prepared at 200 K, 300 K and 350 K. After these mea-
surements a retake: 300 K-Re was taken for comparability. The inset depicts

the rescaled 200 K coverage dependency. (b.) Semilogarithmic plot of the

mobilities for the first 5 nm.

In fig. 4.9 coverage dependencies of the mobility for surfaces with a well established
carbon contamination were conducted. Fig. 4.9.a shows the linearly scaled coverage
dependencies. An increase of mobility with temperature is expected as more energy
is available to develop a lower grain density and a better internal grain structure [44].
Interestingly, the 350K film only supersedes the 300K film for high coverages. Fig.
4.9.b pictures a semilogarithmic plot for the first 5nm of deposition. The onset of the
mobilities for the 200 K and 300K lies at ~1nm. This corresponds to 65% of a ML
and is therefore in good agreement with percolation theory, expecting the first paths

connecting the electrodes at 67 % to 68 % [45]. However, the 350 K film exhibits first
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4.4 Pentacene Film-Morphology Correlation with Electrical Properties

transistor properties only at a coverage of ~2nm or 1.3 ML, which is confirmed in later
experiments.

The 200 K film exhibits a distinct saturation at ~7nm or ~4.6 ML whereas the 300 K
film enters a damped saturation only at ~40nm or ~26 ML. Interestingly, a minor kink
can be observed at a coverage of ~8nm. Finally, the 350 K film shows a first saturation
at ~6nm or ~4 ML, but keeps growing until it supersedes the mobility of the 300 K film
at ~100 nm.

4.4.2 Morphology of 1.4 ML Films as a Function of Temperature

a.) Pentacene on SiO,

;\&.‘\"RM" LIS

Figure 4.10: AFM images (derived data) of pentacene films on SiOy substrates with a
nominal thickness of 1.4 ML for preparation temperatures of (a.) 200K,
(b.) 300K, (c.) 350K. Inset in (a.) depicts a phase channel image of a

close up.

In fig. 4.10 the island growth on SiO, for a nominal thickness of 1.4 ML is pictured.
Fig. 4.10.a exhibits a very disordered growth, caused by a very small diffusion length
at low temperatures for the 200K film. Interestingly the cross-section suggests a very

high mean thickness which is in contradiction with the evaporated amount of pentacene.
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4 Results and Discussion

This might be caused by a continuous overestimation of the islands by the AFM tip,
caused by very pointy and high islands which are broadened by the probing tip. Whether
these islands consist of standing or lying monomers cannot be told by the AFM images.
However, because of its transistor properties, connected islands of standing monomers
have to be present.

The 300 K film exhibits the growth of second layer islands on a fully intact first layer.
This is consistent with the early formation of contact in the coverage dependency in
ch. 4.4.1. At 350 K the second layer islands can also be observed, although the imaging
proofs to be more difficult then on 300 K films. The troublesome AFM imaging of 350 K
films is, although highly subjective, a persisting feature. It also turned out that previ-
ously sputter-cleaned samples made for easier AFM imaging. Albeit the development
of an intact wetting layer, a conducting path between the electrodes is, according to
the coverage dependency, not yet established. The reason for that is due to the growth

behavior in the transition area (see ch. 4.4.2.c).

b.) Pentacene on Gold

Figure 4.11: AFM images (derived data) of pentacene films on gold substrate with a
nominal thickness of 1.4 ML for preparation temperatures of (a.) 200K,
(b.) 300K, (c.) 350 K.
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4.4 Pentacene Film-Morphology Correlation with Electrical Properties

Pentacene film development on gold for a nominal thickness of 1.4 ML is pictured in
fig. 4.11. 300K and 350K films exhibit a typical growth of needle like islands. Caused
by the higher diffusion length, fewer but bigger islands develop at higher temperatures.
Strong artifacts are present in the images due to the height of the islands. A crystallite
structure is clearly visible beneath these islands which is strongly deviating from an
untreated gold surface. Because of the higher bonding energy on gold a wetting layer
of probably lying pentacene molecules develops beneath the islands. This is in good
agreement with the pentacene growing behavior as described by Kifer et al. [21]. The
200 K film seems to exhibit both needle like islands of small height and disc like islands,

similar as to the disc-like growth observed for low temperatures on SiO; substrates.

c.) Pentacene in Transition Area

In fig. 4.12.a the 200K film exhibits a perfect connection of the semiconductor and the
electrode. The isolated gold islands are visible only as a smoothed-out elevation of the
film in front of the ascent to the electrode.

For the 300 K film the transition area consists of three regions: the growth in the
channel, the growth on the electrodes and the growth between the ascent of the electrode
and the isolated gold islands. The growth of the former two is discussed in the previous
chapters. As for the latter, an undefined growth appears which is difficult to resolve with
AFM imaging. Since we do not know whether the isolated gold islands are connected
by a thin gold layer beneath the islands, two possibilities arise: (a.) The gold islands
are connected and conductive, the real junction is where the pentacene on the SiO,
touches the outmost gold islands. (b.) The gold islands are not connected and the
junction consists of a mixed disordered pentacene island-growth. The transition area
might function as a sink and gather more material then the nominal deposition amount
as implied in ch. 4.3. Because of the isolated gold island structure it might even offer
enhanced binding options which could lead to non desorbing carbon residues effecting
the pentacene growth in other ways.

The AFM image in 4.12.b exhibits image artifacts of a broken tip or a picked up
particle (triangular form often appearing in transition area). Within the channel a fully
connected layer has developed and second layer islands are growing. It is notable that
although within the channel very little third layer islands are visible, the inset in fig.

4.12.b pictures accumulated third layer islands developing at the junction. It is therefore
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Figure 4.12: AFM images (derived data) of pentacene films in transition area with a
nominal thickness of 1.4 ML for preparation temperatures of (a.) 200K,
Gold electrode in top left corner, SiOy in bottom right corner. (b.) 300K,
Gold electrode at left hand side, SiO5 on right hand side. Inset depicting
close-up of the AFM topography image with altered color scaling to empha-
size multi-layer development. (c.) Coverage of 2.2 ML at T' = 350K, Gold
electrode in bottom right corner, SiOy in top left corner (electrodes with
lower height and no isolated gold islands due to intensive sputter experi-
ments). Phase image inset of transition to emphasize pentacene dewetting

effects.

already exhibiting an enhanced charge injection and high mobilities, which is shown in
the electrical measurements (Fig. 4.9.b).

Because of difficulties resolving the junction at the 1.4 ML film prepared at 350K, a
different sample with 350 K and 2.2 ML is investigated in fig. 4.12.c. Various sputtering
experiments reduced the electrode plateau to ~20nm and the isolated gold islands are
gone. Nevertheless, the image exhibits the growth of a wetting layer and an almost
completed second layer on top of it. Very little third layer islands are visible at this
stage which resembles a layer by layer or Frank-van der Merwe mode. An interesting

feature is the lack of an intact electrode-semiconductor junction which is emphasized
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in the phase image inset in fig. 4.12.c. Over large parts of the transistor a depletion
of the pentacene film in the vicinity of the gold contact of ~1 um is present which, in
turn, strongly decreases or even prevents transistor properties. We suggest that this
behavior is due to pronounced thermally activated dewetting as discussed in ch. 2.2.3.
The 350 K film exhibits an onset of its mobility just at this coverage. The ex-situ AFM
measurement may of course already differ from the morphology that was present at the

time of the electrical measurements.
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Figure 4.13: Sample with a coverage of 2.2 ML deposited at 350 K. (a.) Topography
image with altered color scaling to emphasize the film growth development
in the transition area. Inset picturing the cross-section sketched in the main
image. (b.) Phase image of the same spot. Distinct lines can be seen in

front of the electrode, suggesting a former multilayer connection of the film.

In fig. 4.13 a close-up on the transition area shows one of few preserved connections
of the film with the electrode. The inset, picturing the cross-section marked with the
red line, suggests sustained pentacene layers sticking to the electrode. In the phase
image even multiple distinct lines are visible in front of the gold electrode, hinting to a
former multilayer connection, as it is present at the 300 K film. This indicates that an
initial connection of the film was achieved but developed into an improper connection.
This might have been caused by thermal stress of the sample and might have ultimately
resulted in the film ripping at its constraints after the film was grown.

Considering that the AFM images have to be taken ex-situ, care has to be taken
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4 Results and Discussion

when relating morphological properties to electrical measurements. We strongly believe
that the observed ripping of the films is a process with a larger time constant then the
duration of consecutive electrical measurements performed for the coverage dependency.
We associate the late onset of the mobilities at 350 K with respect to the 200 K and
300K films to a different process. We suggest energetically unpreferable adsorption sites
at the electrode-dielectric transition. At higher temperatures greater diffusion lengths
lead to monomers avoiding these sites by augmented wetting layer completion in the
middle of the channel, before the connection sites are filled up.

According to Zhu et al. monomers hopping up terraces is the dominating process
in the pentacene thin film development [25]. By observing the roughness development
of pentacene films the group concludes that hopping up of monomers occurs more of-
ten then hopping down, and is even present at room temperature. We believe that
only when second layer islands develop, monomers from weakly bound sites, overcoming
the Schwoebel barrier, can attach to the second layer, leading to the observed dewet-
ting (Ch. 2.2). Because dewetting only occurs at high temperatures we conclude an
increased Schwoebel barrier for hopping up transport for the first layer on SiO,. Addi-
tionally, cracking of pentacene films was observed for large crystallites produced at high
temperatures [46, 47]. Thus, we conclude that thermal cracks occur preferably at the
gold-Si0Os interface, generating weakly bound states which, at higher temperatures, lead

to extensive dewetting.

4.4.3 Morphology of 6.8 ML Films as a Function of Temperature
a.) Pentacene on SiO,

In fig. 4.14 the island growth for a nominal thickness of 6.8 ML is pictured. Fig. 4.14.a
exhibits typical low temperature development for 7" = 200 K. Disordered islands domi-
nate the surface instead of the typical terrace growth and no terraces can be resolved.
The growth is governed by the drastically reduced diffusion length of the molecules.
The cross-section suggests 4.7 intact ML below the surface above which the corrugated
(measured) surface develops. A volume calculation yields MLy, = 3.6 ML. Because
of the disordered growth the lower layers might only be poorly connected. Electrical
measurements suggest that restructuring takes place if the sample is heated [44]. For
200K films a saturation of the mobility is observed at 7nm or 4.6 ML (ch. 4.4.1). The

amount of layers contributing to the charge transport can be related to the number of
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Figure 4.14: AFM images (derived data) of pentacene films on SiO, substrate with a
nominal thickness of 6.8 ML for preparation temperatures of (a.) 200K,
(b.) 300K, (c.) 350K.

intact layers at the mobility-saturation coverage. For the regarded film with a nominal
thickness of 6.8 ML this would amount to 4 ML. Considering a saturation of mobilities
at 4.6 ML for 200 K films, this suggests that at least 1 ML less is involved, adding up to
a maximum of contributing layers of 3 ML.

The 300 K sample (Fig. 4.14.b) shows a strong island development with a high rough-
ness. Intact wetting layers of MLcs = 3.6 ML and MLy, = 2.3 ML are estimated. The
kink observed in the coverage dependency occurs at ~8nm or 5.2 ML, which would also
fit an approximate 3 ML of intact layers.

Because of a higher diffusion length at 350 K the islands in fig. 4.14.c are flatter and
better connected. The number of intact layers increases to MLcg = 5.2 ML and MLy,
= 4.9ML. The first saturation of the mobility for this temperature sets in at 6 nm or
3.9ML. Regarding the film growth for 2.2 ML in fig. 4.12 almost perfect layer by layer
growth is observed. A 6nm film would also result in a maximum number of connected
layers of 3 ML contributing to the charge transport.

An additional sample was manufactured to evaluate the 200 K film growth on a pure

SiO, substrate, directly after 10 minutes of sputter-cleaning. Fig. 4.15.(a,b) depicts a
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3D representation and a 2D topography image of a 6.8 ML film. The cross-section yields
evidence that even here steps of standing pentacene islands are present. The 3D view
gives a better insight of how the island growth develops and demonstrates how the other
represented 200 K film images can be interpreted. This is yet another demonstration
of how sputter-cleaning directly before deposition makes for a more stable film which

directly effects the quality of AFM images.

(@) (b) (c)

Figure 4.15: AFM images of a pentacene film on SiOs substrate deposited at 200 K,
after 10 minutes of sputtering, with a nominal thickness of 6.8 ML. (a.)
3D topography image (b.) AFM image (derived data) (c.) Cross-section
depicted as a red line in (b.).

b.) Pentacene on Gold

In fig. 4.16 AFM images of a pentacene film with a nominal thickness of 6.8 ML on gold
are pictured. The 200K film (Fig. 4.16.a) develops almost the same on gold as on SiOs.
Image processing show that the grains on gold exhibit a slightly larger diameter then
on SiO,, which suggests a greater diffusion length of pentacene on gold. Whether the
molecules in the islands on gold are lying or standing cannot be verified.

For the 300K film (Fig. 4.16.b) few big islands of lying pentacene occur. The size
and distribution of these islands is mostly governed by the diffusion length through the
substrate temperature. The inset in fig. 4.16.b exhibits regular patterns beneath the
islands, different to the pure gold surface and represents a wetting layer of probably
lying pentacene molecules. For 350 K the development of a few big islands is, due to the

higher temperature, even more pronounced. In between the bigger islands, small grains
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Figure 4.16: AFM images (derived data) of pentacene films on SiO, substrate with a
nominal thickness of 6.8 ML for preparation temperatures of (a.) 200K,
(b.) 300K, (c.) 350K. Insets in (b-c.) are phase images depicting the
lying ML of pentacene.

seem to be left of former islands, which are probably residues of former islands from
previous TDS cycles. The inset of 4.16.c is an AFM phase-image zoom on the same

sample. Here the crystallite structure of the wetting layer is even more distinct.

c.) Pentacene in Transition Area

In fig. 4.17 AFM images of the transition area are pictured with the gold electrode in the
top-left corner and the SiO, surface in the bottom right corner. The 200 K film exhibits a
remarkable smooth transition area with no obvious change in the growth, except for the
grain sizes. A good connection of the pentacene film to the gold electrode is established.
This suggests a non injection limited transport. Therefore the saturation of the charge
carrier mobility with the coverage can be attributed to a maximum number of layers
contributing to the charge transport as discussed at the beginning of this chapter.

In fig. 4.17.b the 300K film is depicted. The needle like islands on the gold electrode
develop until the edge of the transition with heights of ~50nm. A terrace like growth
with high roughness is to be seen on the SiOs substrate. It is notable that the top
of the pyramids start from the gold electrode and descend into the SiOs region. This
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Figure 4.17: AFM images (derived data) of pentacene films in transition area with a
nominal thickness of 6.8 ML for preparation temperatures of (a.) 200K,
(b.) 300K, (c.) 350K. Gold electrode in top-left corner, SiO, substrate

in bottom right corner.

complements the observation of multilayers forming preferably at the contact, as seen in
ch. 4.4.2 and displays an enhancement of the connection of the pentacene film with the
gold electrode. Still, as the mobility keeps on growing with the coverage, a non-perfect
connection has to be assumed, probably caused by the isolated gold islands resulting
in mixed growth within the transition area. The well defined connection in this image
might be attributed to a smooth gold-SiO, transition exhibiting no, or only few isolated
gold islands. To test this assumption another sample with a coverage of 4.6 ML at 300 K
was prepared. The sample was sputter cleaned for 10 minutes and one film of 4.6 ML
was ad- and desorbed prior to the deposition of the final film. In fig. 4.18.a it exhibits
few, big islands of many layers within the channel, but close to the contact an enforced
development of many small-diameter islands of the same height as the islands within the
channel is observed. This indicates a decreased diffusion length or an enhanced cluster
formation in the area of the isolated gold islands, resulting in poorly connected lower
layers and further decreases the development of a good film-electrode junction, which

could explain the slow rise of the mobility in the coverage dependency (Ch. 4.4.1).
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The change of growth between fig. 4.17.b and fig. 4.18.a indicates a difference in the
substrate surface and hints to either, a different surface in front of the isolated gold
island, or a difference in development of the carbon contamination after sputter cleaning
in this area. This would be particularly strong for this sample with only one TDS cycle
prior to deposition. However, this highlights the importance of the substrate transition
area as the pentacene film growth demonstrably changes strongly, even within a wide

range of the transition.

(a) (b) (c)

Figure 4.18: (a.) AFM topography image of a 4.6 ML, 300 K film in the transition area.
Gold-electrode to the bottom right. Accumulation of smaller grains near
electrode. (b.) AFM topography image of a 6.8 ML, 350K film on pure
SiOy substrate. Pentacene multilayer steps visible within the film. (c.)

Cross-section depicted as a red line in (b.).

Another process is active for the 350 K film in fig. 4.17.c, where pronounced dewetting
at the transition takes place. The film is clearly avoiding the contact to the electrode
and multilayer-steps occur where the film is rising within the channel. This must in-
evitable be of great influence on the electrical performance of the OFET. No needle like
islands are seen on the gold surface close to the transition region because of the strongly
increased diffusion length of the pentacene molecules at this temperature as discussed
in ch. 4.3. The strong discrepancy of the growth between the 300 K and 350 K films
is even more incomprehensible as the higher diffusion length of the 350 K film suggest
a stronger pentacene sink in the transition area and therefore a larger amount of the
semiconductor restricted to this area. A possible explanation for this phenomena is
already discussed for the 350 K 1.4 ML film (Ch. 4.4.2). Higher temperatures lead to
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thermal stress and micro-cracks within the film. Also because of the higher temperature,
the large Schwoebel-barrier for hopping up of pentacene monomers can be overcome and
energetically unpreferable sites can be avoided. This would be a strong indication for a
high Schwoebel barrier only for the first layer (dewetting barrier).

Furthermore, fig. 4.18.b pictures a film prepared at 350 K on a SiO, substrate. Even
within the film multilayer valleys are present (Fig. 4.18.c). The second lowest layer
exhibits cracks and holes, contrary to the higher terraces, which appear to be smoothly
developed. This indicates dissolving of parts of the lowest layer and formation of an ad-
layer on top of it. This behavior only occurs at higher temperatures, further supporting
temperature-assisted hopping transport. Although volume calculations propose more
intact layers beneath the visible surface, the fact that this behavior only occurs within
one specific layer, suggest an energetic particularity. It is therefore probable that either
the first or the second layer exhibit this development. Similar cracks and holes are
observed for high temperature films at the lowest layer. This indicates pre-deposition

contamination close to the transition, causing structural disturbances in the lowest layer.

4.4.4 Morphology of 22.7 ML Films as a Function of Temperature

Approaching thick films, the thin film phase will slowly change into the bulk phase,
especially for higher temperatures [9]. Imaging of thicker films proofs to be more trou-
blesome as loose debris tends to stick to the AFM tip and results in image artifacts. Tt
is notable that such behavior is not occurring when scanning thick films on pure SiO,
substrate which is not contaminated by successive TDS cycles. Whether this is due to
contamination after consecutive TDS cycles or a result of a large scale diffusion influence

on the film growth caused by the gold electrodes could not be clarified.

a.) Pentacene on SiO;

The development of the 200 K film proceeds as is expected from the low coverage mea-
surements. The 300 K film exhibits particle like elevations within the channel (possibly
bulk phase). The expected pyramid like structure is hard to resolve but is indicated
as the background structure in fig. 4.19.b. The basic growth at 350 K is similar to
the 300K film although the pyramid islands between the particle structures exhibit a
larger mean diameter. Between the elevations an image of the terrace structure was
successfully taken in fig. 4.19.c. The mobility of the film for 300 K and 350 K keeps on
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Figure 4.19: AFM images (derived data) of pentacene films on SiO, substrate with a
nominal thickness of 22.7 ML for preparation temperatures of (a.) 200K,
(b.) 300K, (c.) 350K.

rising but, since we expect only the first 3 ML to participate in the charge transport,
we attribute this to a better connection of the film with the electrodes with increasing
coverage. As the 350 K mobility eventually supersedes the 300 K film we suggest that
this is due to a better intrinsic mobility, caused by fewer grain boundaries of the lowest
MLs and probably a better inner structure, and is only hampered by a poor connection

to the electrode [44].

b.) Pentacene on Gold

For the 200 K film on gold the growth proceeds to resemble the one for low coverages. At
300 K the needle like islands from the lower coverages grow and start to connect, resulting
in a rough film. The islands of the 350 K film grow bigger whereas the background evolves

in an island like growth as well.
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Figure 4.20: AFM images (derived data) of pentacene films on gold substrate with a
nominal thickness of 22.7 ML for preparation temperatures of (a.) 200K,
(b.) 300K, (c.) 350 K.

c.) Pentacene in Transition Area

The low temperature film continues its smooth development with increasing coverage.
Again, slightly larger islands can be observed on the gold electrode.

A large scale image of the 300 K sample is shown in fig. 4.21.b where needle-like
islands are stretching into the channel. Their appearance is concentrated parallel to the
electrodes and might be caused by the isolated gold islands. In between the islands and
the electrode the film is still developing a better connection with increasing coverage
as the saturation of the mobility only sets in at ~26 ML. Sole big grains can also be
observed within the channel, which is probably bulk-phase, developing on top of the
thin-film phase.

The 350 K film exhibits different growth in the outer channel compared to the middle
of the channel. The outer channel region consists of similar sized islands with big gaps
in between. In the inner part of the channel an augmented growth of large islands
(probably bulk phase), similar to the 300K film, can be observed. The mobility for
the 350K film keeps enhancing with ongoing coverage, superseding the 300 K only at

coverages greater then ~65ML. As the junction exhibits strong dewetting, as shown
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Figure 4.21: AFM images (derived data) of pentacene films in transition area with a
nominal thickness of 22.7 ML for preparation temperatures of (a.) 200K,
Gold electrode in top-left corner, SiOy in bottom-right corner. (b.) 300K,
Gold electrode in bottom-right corner and emerging again in top-left corner.

(c.) 350K, Gold electrode in top-right corner, SiOy in bottom-left corner.

for smaller coverages, we suggest that the multilayer semiconductor-gold gap is only
slowly filled when monomers are getting trapped within the gap, further enhancing the
connection. Another reason for its slow rise in mobility with the coverage is the large
amount of pentacene diffusing into the channel from the gold electrodes. As discussed
in ch. 4.3 it collects more then four times the amount of pentacene compared to the
300K film. As this pentacene is expected to grow in an island-like shape, similar to the

on-gold growth, this will further hinder the development of a well connected junction.
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4.5 Influence of Sputter Cleaning

4.5.1 AFM Investigation

In fig. 4.22 pentacene films on differently prepared, pure SiO, substrates are depicted.
The images clearly show that fewer but bigger islands are growing on a freshly sputter-
cleaned surface. The mean island density p;, evaluated by a threshold height algorithm,
is growing with the amount of carbon contamination. We could not verify that the
amount and kind of carbon residues left after several TDS is similar to the initial atmo-

spheric contamination.

x/um x/ um x/um

Figure 4.22: AFM images (derived data) of the pentacene film on SiOy substrate with
a nominal thickness of 6.8 ML. (a.) Sample was sputter cleaned for 10
minutes and annealed at 650 K. p; = 2.9Islands/um? (b.) Sample was
sputter-cleaned and annealed. A 6.8 ML film was then ad- and desorbed
before depositing the final film. p; = 4.1Islands/pum? (¢.) Sample experi-

enced no treatment at all. p; = 6.3 Islands/pum?

Since the roughness of the surfaces is experiencing little or no change with sputtering
as discussed in ch. 4.1.1, the change of growth has to be attributed to the surface
contamination. It is also a persistent attribute that films on sputtered surfaces are
better to resolve with AFM then their carbon contaminated counterparts. Both can be

explained by a chemical interaction of the pentacene growth on carbon. If the carbon
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occurs as an average polymeric carbon layer as suggested by Seah et. al [48] a chemical
interaction can limit the diffusion length. Additionally, the layer might be more weakly
bound and structured which could result in a deteriorated imageability with AFM.
Another explanation would be that carbon islands act as nucleation centers for the
development of pentacene crystallites. This would support the development of new

grains which would therefore cause a higher island density.

4.5.2 Electrical Characterization

Coverage dependencies as described in ch. 4.4.1 were performed. The samples were
sputter-cleaned for 10 minutes (Ch. 3.2.3) and then heated to 650 K before depositing
pentacene. The results are plotted in fig. 4.23. The saturation mobilities were evaluated

according to ch. 2.4.
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Figure 4.23: Comparison of coverage dependent mobilities for carbon contaminated (cir-
cles) and previously sputter-cleaned samples (squares). (a.) Charge carrier
mobilities for films prepared at 200 K, 300 K and 350 K. (b.) Semilogarith-

mic plot of the mobilities for the first 5nm.

It turns out that the sputter-cleaned samples supersede their carbon covered coun-
terparts in terms of mobilities for all temperatures. The only exception is the sputter-

cleaned 300 K film which exhibits a first saturation plateau at ~5nm or ~3 ML and only
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afterwards shows a strong rise in mobility, superseding the unsputtered counterpart only
at ~17nm. The plateau behavior is very pronounced for the unsputtered 350 K film and
also, in weaker development, visible for the 300 K film (Ch. 4.4.1).

The plateaus for the 300 K and 350 K films occur at 8 ML and 6 ML, respectively, which
also matches the development of the first three intact layers. We therefore suggest that
the first saturation or kink commences once the connected layers, contributing to the
charge transport, are developed (Ch. 4.4.3).

Another obvious feature is the upwards and sidewards shifts of the mobility in fig.
4.23.b of the sputtered 300 K and 350K and the non-sputtered 350 K sample. The
upwards shift for mobilities, before the formation of a conducting channel sets in, is
associated with an increased leakage current, which is understandable for the 350 K
films. An increased leakage current might also be present after insufficient annealing of
the substrate after sputtering (Ch. 3.2.3). The sidewards shift however is directly related
to the channel formation and therefore to the film growth process. We suggest that the
observed sidewards shift for the unsputtered 350 K film is associated with a thermally
increased diffusion length and late filling of the energetically unpreferable junction sites.
Consequently the shift for the sputtered 300 K and 350 K film has to be associated with

an increased diffusion length due to the removal of contaminants.

4.6 Threshold Voltage

The threshold voltages of different devices exhibit significant shifts of up to 50 V. Traps
have been associated with the origin of the shift and several models have been proposed
in literature. Formation of long living volume traps by the application of a bias stress
would result in immobile holes screening the gate bias [49]. The process of formation
is discussed with different models, proposing the reversible creation of a change in the
micro-structure, yielding traps, or the permanent integration of impurity molecules into
the lattice. Misalignment within the lattice, caused by substrate roughness and impuri-
ties are supposed to further enhance the formation of trap states, proposing deep volume
traps situated at the interface and shallow traps to be located within 1 nm to 4 nm of the
interface [50, 51]. The preparation of the substrate is therefore crucial for the observed
shift of the threshold voltage [52].

In fig. 4.24 the development of the threshold voltages Vry, extracted from the satura-
tion regime from the mobility-coverage dependencies (Ch. 3.2.3, Ch. 4.4.1) are depicted.
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Figure 4.24: Development of threshold voltage with coverage. (a.) Executed on well car-
bon contaminated samples. (b.) 10 minutes sputter cleaned and annealed

prior to deposition.

Multiple values occurring for the same final coverages signify the time and temperature
development when heated /kept /cooled to 300 K. Fig. 4.24.a illustrates the development
for a carbon covered substrate with temperatures of 300 K, 350 K and 200 K and the
remeasured 300 K. Depositing the film is slowly compensating the interface trap states
and is causing a rise in the threshold voltage. Development of shallow traps in ad-layers
will further shift the threshold voltage upwards.

The 300K films exhibit a strong saturation at ~10nm. This is close to the observed
kink in the mobility dependence and suggests the amount of fully connected layers that
are contributing to the charge transport and are therefore effected by the formation of
traps. The strongest change is observed within the formation of the first layer.

A similar behavior with an earlier saturation is seen for the 200 K sample. This is
expected because of an earlier formation of fully connected layers due to its different

growth behavior.
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The 350 K film however shows no saturation with the completion of the fully connected
layers and even exhibits a peak in the threshold voltage at ~30nm, after which it
starts to decay again. This coincides with the start of the second rise of the mobility
with the coverage. It is our interpretation that massive restructuring takes place for
critical substrate zones at high temperatures (transition areas, grain boundaries). In
the dewetting areas of the former mentioned zones the film still exhibits thicknesses
smaller then the amount of layers that are contributing to the charge transport (Ch.
4.4.3). Although the nominal deposition amount is already way above the amount of
the contributing layers, restructuring in these zones still leads to the re- formation of
trap states in these active layers and hence, influences the threshold voltage. Only for
high coverages a change in the threshold voltages subsides and the final formation of the
lowest layers is finished.

The overall offset between the first 300 K film and the successive coverage dependen-
cies (350K, 200K and the remeasured 300 K) is caused by an increase of the carbon
contamination due to an additional TDS cycle. As suggested by Vilkel et al. [51] this
shift has no effect on the calculated charge carrier mobilities (Ch. 4.4.1). It is peculiar
that for the first 300 K coverage dependency the threshold voltages is not yet stabilized
although already four TDS cycles (10 nm each) have been executed previous to its depo-
sition. This indicates that a saturation of the carbon contamination was only achieved
after the first coverage dependency measurement. Because the offset is only present for
different contamination levels, the amount of interface traps is strongly governed by the
substrate surface itself rather then the film-growth parameters.

Fig. 4.24.b depicts the threshold voltages for samples that were sputter cleaned and
annealed prior to deposition. The 200 K film exhibits a similar development and satu-
rates at the same coverage as its unsputtered counterpart. The inset depicts a rescaled
illustration up to a coverage of 30 nm.

Both the 300 K and 350 K film are originating from the same threshold voltage as the
200K film, hinting that the sputter-cleaning procedure always achieves a comparable
surface, defining the volume trap states. The splitting of the curves only starts with
the development of additional layers, starting at ~4nm, although the measurements
exhibit great variations due to weakly defined transfer characteristics at low coverages.
Apart from the grain boundaries it is at this coverage that the morphology of the 300 K
film starts to divert from the 350 K film, as it is developing higher islands. It is there-

fore likely that the traps are not originated in the grain-boundaries but rather in the
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SiOs/pentacene interface and the successive pentacene/pentacene interfaces that are
contributing to the charge transport. It is noteworthy that, starting with a coverage
of ~30nm, both films exhibit an almost parallel development of the threshold voltage,
indicating that the same process is now dominating the trap formation. The saturation
is only weakly pronounced compared to their unsputtered counterparts. This might be
caused by an overall enhanced restructuring process, originated in a better inner lattice
structure due to higher diffusion lengths.

Another interesting feature is observed when regarding the final points in the graphs,
representing the threshold voltages when heated /kept/cooled to 300 K. A great change in
threshold voltage is observed for the 200 K films. This can be attributed to an irreversible
restructuring process within the active layer as shown in our previous work [44].

The 300 K and 350 K films exhibit only minor changes, which, for the sputtered sam-
ples, even develop to the same final value. This is a further indication that the grain
boundaries are not the cause for the trap states, as the threshold voltage nears the same
value but the maximum drain currents, associated with the grain boundary density, keep

apart.
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5 Conclusion

Coplanar bottom-gate organic field effect transistors with field effect mobilities compa-
rable to literature values are manufactured. Active pentacene films on SiO, with highly
reproducible transistor properties are prepared by establishing either a saturated carbon
contamination or a freshly sputter-cleaned surface for a given sample.

By evaluating the film growth for various temperatures and observing the mobility
as well as the threshold voltage development, the first three monolayers are found to
contribute the better part to the charge transport. By regarding the mobility devel-
opment of transistors prepared at different temperatures and on differently prepared
substrates, we conclude that the field effect mobility is mostly limited by grain bound-
aries and the inner crystal structure. Different values of field effect mobilities between
samples are attributed to injection limitations, due to the development of an insufficient
semiconductor-electrode junction. We suppose substrate morphologies and contamina-
tion effects in the transition area to cause these effects.

We demonstrate evidence of pronounced pentacene-dewetting at higher surface tem-
peratures for pentacene deposition, exceeding the often stated best temperature of ~330 K.
Furthermore we introduce a novel model for film development and dewetting-processes,
dominated by hopping down and hopping up transport of monomers between layers. For
the wetting layer we propose an elevated Schwoebel barrier for hopping up transport
which is only overcome by monomers at temperatures exceeding ~330 K. Monomers
hopping on top of the wetting layer will drop back as long as non-occupied adsorbent
sites exist. Only if the first layer is fully formed and second layer grains develop, dewet-
ting will occur. Then defects within the film act as a source for dewetting and result in
depletion areas of several microns in diameter.

Finally we are able to attribute the offset in the threshold voltage solely to the dielec-
tric interface, whereas the development of the threshold voltage with the film thickness
is caused by intra-layer trap development. Furthermore we obtained data suggesting

that grain boundaries are not involved in the shift of the threshold voltage.
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6 Appendix

6.1 Matlab Analysis Code

6.1.1 LabView Data Processing

%% Reading LabView Data

clear all

counter = 0; SubFileCounter = 0;

Header = {{}}; Data = {{}};% Cell in cell, for indexing!

stop_sign = 1; %necessary for checking double occurence: 'Measurement End'
[filename, pathname] = uigetfile('x.txt', 'Select the LabView data file');

cd (pathname)

infile = fopen(filename);

while not (feof (infile)) % feof is 1 if file is at end
counter = counter+l; % noting lines, not necessary
textline = fgetl(infile); % read line

<)

if isempty(textline) % ignore empty lines

elseif isletter (textline(l)) % check for letters
if strfind(textline, 'Measurement Seassion') $%$Trigger Word

o\

SubFile created for every session

stop_sign = 0; % marking: in-between Meas Start and Meas End
% Measurement Start and Measurement End, Ignores Data Outside KeyWords
SubFileCounter = SubFileCounter+1l;
Header{SubFileCounter, :} = []; Data{SubFileCounter,:} = [];

o\

new header sub-cell, empty input to avoid indexing problem
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6 Appendix

elseif strfind(textline, '"Measurement End')
stop_sign = 1; % dont read values outside keywords
else
Header{SubFileCounter, :} = [Header{SubFileCounter, :},
{textline}]; % Write in header sub-cells

end

o\
Hh
o\
Hh
o
Hh
o\

elseif isnumeric (sscanf (textline, '$f %f check for numbers

if strcmp(textline, ...
'0.000000E+0 0.000000E+0 0.000000E+0 0.000000E+0 0.000000E+0");

o)

% ignore inputs of zero values (LabView Error)

[

elseif stop_sign == 0; % if in-between Meas Start and Meas End

[

$ write data to file

[a,b,c,d,e] = strread(textline,' %f %f $f %f %$f','delimiter',',');
Data{SubFileCounter, :} = [Data{SubFileCounter, :};a,b,c,d, e];
else

end
end
end
fclose (infile); % closing file
%% Processing Data
Device = struct();

DataTypeArray = [];

for k = 1l:SubFileCounter
%% Splitting Data per stepped gate voltage
testdata = Data{k}; % how to access data in new structure
data_length = length(testdata);

derivative = diff (testdata(:,5)); Swhera are the voltage steps

indices = find(derivative ~= 0); %find indices
indices = [0;indices]; numel_steps = numel (indices); % How many steps?
data = {}; % creat cell
if indices == 0 % 1if no steps are detected,

data (:,:,1) = {testdata}; %insert whole date - otherwise —-> error
else

for 1 = l:numel_steps-—-1

a testdata (indices (l)+1l:indices (1+1), :);
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[

% only data for the first step
data(:, 1)={a}; %
end

data(:, :,numel_steps) =

{testdata (indices (end)+1l:indices (end)+indices (2),

[)

end

%% Replacing characters not used in

Header{k} (3) = strrep(Header{k} (3),
Header{k} (3) = strrep(Header{k} (3),
Header{k} (2) = strrep (Header{k} (2),
Header{k} (2) = strrep (Header{k} (2),
Header{k} (2) = strrep(Header{k} (2),
Header{k} (2) = strrep(Header{k} (2),
Header{k} (2) = strrep (Header{k} (2),
Header{k} (2) = strrep (Header{k} (2),
Header{k} (1) = strrep(Header{k} (1),
Header{k} (1) = strrep(Header{k} (1),
Header{k} (1) = strrep (Header{k} (1),
Header{k} (1) = strrep (Header{k} (1),
Header{k} (1) = strrep(Header{k} (1),
DataType = Header{k} {5} (24)== 'B';

[

[DataTypeArray,DataTypel; %
Device = setfield (Device, |
Header{k}{2}], {data, Header{k}}); %

end

%% Creating formatted

TextFiles =

if TextFiles == 1;

foldername = uigetdir; %
names = fieldnames (Device);
{'U_Sweep / [V]',

[A]','I Gate /

basic_header =
'T SourceDrain /

o)

$ Creat a basic header
for 1 = 1:SubFileCounter

outfile = [foldername, '"\'

'M', num2str (k)

input ('Do you want to create formatted Textfiles?

'U_Step_actual /

[(al',

,names{1l},

appending other data

)}

% appending data for the final voltage step

MatLab

'Date:', "'");

Al l, T '),

'Measurement Name:', '');
] l, ll)’

)

T

LI B B | 'Sp|);

|<l, ll);

'Device Name:', '');

A\l A\l

LI B B
4

lspl);

DataTypeArray =

Identifies Transfer and Output curves

, Header{k} {1},

—

appending subfile number

.txt files for further processing

(Type 1):

Open directory to store data

$get all fieldnames for filenames

(Vvl', ...

'U_Step_nominal / [V]'};

(here for transfer characteristics)

tL.txt'];
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DataFile = eval(['Device.',names{1l}, "'{1}']);

% Header for .txt File
Steps = size(DataFile,3); header_outfile={}; % number of steps

% Writing only, Id, Vg, Vds. Ignoring other data
if DataTypeArray(l) == 1

index_data [1,3,4]; %Transfer
else
index_data = [2,3,4]; %Output
end
MatrixData = cell2mat (DataFile); % Putting Data in Matrix form

FormattedData = zeros(size (MatrixData,1l),3xSteps);

o

Preallocating Formatted Data Structure

for k = 1:Steps
I_SD = ['I_SD for U_SD = ',num2str (DataFile{k} (1,5)),'V / A'];

o\

writing Step SD Voltage in Header
I.G= ['I_G for U_SD = ',num2str (DataFile{k} (1,5)),'Vv / A'];
basic_header = {'U_Sweep / [V]',I_SD,I_G};
header_outfile = [header_outfile,basic_header];

StepData = MatrixData(:,index_data,k);

o\

Taking ImportantData from each Step series

FormattedData (:,1+3% (k-1) :3xk) = StepData;
% Adding Stepdata: 3 columns a step
end
header_outfile = [header_outfile,Header{1l} (3)];

o\

Add Time Stamp to Header End

o\

writing header with fprint to append \n for importdata function
fileID = fopen(outfile, 'w');
formatSpec = '%s\t';
fprintf (fileID, formatSpec, header_outfile{l, :});
fprintf (fileID, '\n'");
fclose (filelID) ;

dlmwrite (outfile, FormattedData, '—append', 'delimiter', "\t', ...
'newline', 'unix'); % writing Data
end

end
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6.1.2 Extraction of Mobility and Threshold Voltages

[

% Reading preprocessed data and extracting key value
clear all

close all

%% Fitting Parameters

% Fitting treshold data for values from I_max/Factor - I_max
Saturation_Division_Factor = 1.5; % Factor for saturation mobility
Linear_Division_Factor = 2; % Factor for linear mobility

%% Select Files and Load Data

[filename, pathname] = uigetfile('x.txtx', 'MultiSelect','on');

[o)

NumberOfFiles = length(filename); % Counting number of files

[

% Choosing SubFigure Size

if NumberOfFiles <= 6; SubFigSize = [3,2];elseif NumberOfFiles <= 12;
SubFigSize = [4,3];

elseif NumberOfFiles <= 30; SubFigSize = [6,5]; else SubFigSize = [15,10];

end

AllData = {}; cd (pathname); % create cell and move to folder direction

for k = 1: NumberOfFiles
ImportedData = importdata (filename{k}, '\t'");
header = strsplit (ImportedData.textdata{l}, '\t');
% Split header to cell array
header = [header,filename (k) ];
% Append filename
AllData (k) .header = header;
AllData (k) .data = ImportedData.data;

end

Transfer_Data = strfind(filename, 'Transfer'); %is transfer in filename?
emptyCells = cellfun(@isempty,Transfer_ Data); % find empty cells
TransferFiles = find(emptyCells==0);

NumberOfTransfers = length(TransferFiles);

% choosing subfigure size for optimum representation

SubFigureSize = ceil (sqgrt (NumberOfTransfers));

81



6 Appendix

[

% predefining cell structure with expected size
DerivedData.Header = {'Filename', 'Slope', 'Treshhold', "Mobility"'};
DerivedData.Filename = cell (1, NumberOfTransfers);
DerivedData.Slope = zeros (l,NumberOfTransfers);
DerivedData.Treshhold V = zeros (l,NumberOfTransfers);
DerivedData.Mobility = zeros (l,NumberOfTransfers);
DerivedData.Slope_linear = zeros (l,NumberOfTransfers);
DerivedData.Treshhold_ V_linear = zeros (l,NumberOfTransfers);

DerivedData.Mobility_linear = zeros (l,NumberOfTransfers);

legend_timestamp = []; % for timestamp legends

o\
o\

for m = 1:NumberOfTransfers
%% Saturation Mobility
% get 50V Data
Datalength = size (AllData(TransferFiles(m)) .data);
highest_V =
AllData(TransferFiles(m)) .data(:, [DatalLength(2)-2,Datalength(2)1);
x = highest_V(:,1);
y = highest_V(:,2);

[)

y_sqgrt = sqgrt (abs(y)); % square root plot

% create mean values for "to and from" measurements

s = size(y_sqrt); half_data = s(1)/2;

y_mean_sqrt = (y_sqgrt(l:half_data) +...

flipud (y_sqgrt (half_data+l:end))) ./2;

x_mean = (x(l:half_data) + flipud(x(half_data+l:end)))./2;

o)

% get slope by using only Imax to I_mac / Factor values;

I_max = max (y_mean_sqgrt)-min (y_mean_sqrt); % Max = Max - Min / Offsets
I_half_logic = y_mean_sqgrt >= I_max/Saturation_Division_Factor;
if m ==
I_half_logic(1l:25) = 0;
end

fit_parameter = polyfit (x_mean(I_half_logic), ...
y_mean_sqgrt (I_half_logic),1);

% Calculating Threshold, Slope, Saturation Mobility

Treshhold_V = -fit_parameter (2)/fit_parameter (1l);

slope = fit_parameter(l);
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mobility_saturation = (2%25)/(4000%23.02+x10%-9) *slope”"2;

%% Linear Mobility

Datalength_linear = size(AllData(TransferFiles(m)) .data); linear_V
AllData (TransferFiles (m)) .data(:, [4,6]); x_linear = linear_V(:,1);
y_linear = linear V (:,2);

lin_MaxCurrent = max (abs(y_linear));

y_linear = abs(y_linear);

s_linear size(y_linear);

half_data_linear = s_linear(1l)/2;

y_mean_linear = (y_linear(l:half_data_linear) +...
flipud(y_linear (half_data_linear+l:end))) ./2;

x_mean_linear = (x(l:half_data) + flipud(x(half_data+l:end)))./2;

o)

% get slope over using I_max to I_max / Factor.

I_max_linear = max(y_mean_linear)-min(y_mean_linear);

I_half_logic_linear = y_mean_linear >=

I_max_linear/Linear_Division_Factor;

fit_parameter_linear = polyfit(x_mean_linear(I_half logic_linear),...

y_mean_linear (I_half logic_linear),1l);

% Calculate Threshold, Slope,

Saturation Mobility

I is actually sqgrt I

Treshhold_V_linear = —-fit_parameter_linear (2)/fit_parameter_linear(1l);

slope_linear = fit_parameter_linear(1l);

o)

% Calculating linear mobility, 3 V Data for 50V U_G are used

mobility_linear = 25/ (4000%23.02+x107-9)*1in_MaxCurrent/...
((50-abs (Treshhold_V_linear))*3-4.5);

$%$Write to Cell

DerivedData.Header = {'Filename', 'Slope', 'Treshhold', '"Mobility"', ...

'Slope_Lin', 'Treshhold_Lin', 'Mobility_Lin'};

o)

filename (TransferFiles (m))
filename (TransferFiles (m))
'Transfer','");

filename (TransferFiles (m))
otxt', "),

filename (TransferFiles (m))
'P10',"");

DerivedData.Filename (m) =

DerivedData.Slope (m) = slope;

DerivedData.Treshhold_V (m)

% replacing chars causing erros

strrep(filename (TransferFiles(m)),"'_"'","'");

strrep(filename (TransferFiles(m)), ...

strrep(filename (TransferFiles(m)), ...

strrep(filename (TransferFiles(m)), ...

filename (TransferFiles (m));

Treshhold_V;
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DerivedData.Mobility (m) = mobility_saturation;
DerivedData.Slope_linear(m) = slope_linear;
DerivedData.Treshhold V_linear (m) = Treshhold_ V_linear;

DerivedData.Mobility_linear (m) = mobility_linear;

o)

figure(l) % Creating plot with polyfit data (Saturation Mobility)

set (gca, 'box','off','TickDir','out', 'FontSize',8, 'xMinorTick"', .

] |l

on', 'YMinorTick', 'on', 'color', 'white'");
set (gcf, '"color', 'white');

subplot (SubFigureSize, SubFigureSize, m);

plot (x_mean,y_mean_sqrt, 'b-',x_mean,polyval (fit_parameter, x_mean),

title(filename (TransferFiles (m)))

grid on

o)

figure(2) % Creating plot with polyfit data (Linear Mobility)

set (gca, 'box','off','TickDir','out','FontSize',8, 'xMinorTick"', ...

1 |l

on', 'YMinorTick', 'on', 'color', 'white'");

set (gcf, '"color', 'white');

subplot (SubFigureSize, SubFigureSize, m);

plot (x_mean_linear,y_mean_linear, 'b-',x_mean_linear, ...
polyval (fit_parameter_linear,x_mean_linear), '-g')
title(filename (TransferFiles (m)))

grid on

% legend timestamps for mobility/treshhold plot

timestamp = strrep(AllData(TransferFiles(m)) .header(13), '_',
legend_timestamp = [legend_timestamp,timestamp{:},char (10)];

end

%% Plot Mobilities
figure (3)
x_data = l:length(DerivedData.Mobility);

plot (1:1length(x_data), DerivedData.Mobility, 'bo', 'MarkerSize',10,...

'MarkerFaceColor', 'b');

hold on

plot (l:length(x_data), DerivedData.Mobility_ linear, 'ro',...
'MarkerSize',10, "MarkerFaceColor', 'r');

set (gca, 'XTick',l:1length (DerivedData.Mobility), 'XTickLabel', '")
lab = DerivedData.Filename';

hx = get (gca, 'XLabel'); % Handle to xlabel

set (hx, 'Units', 'data'); pos = get (hx, '"Position'); ypos = pos(2);
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for 1 = l:size(lab,1)
t (i) = text(x_data(i),ypos,lab{i,:});
end
set (t, '"Rotation',10, '"HorizontalAlignment', 'right')
legend (legend_timestamp) ;
grid on
set (gcf, 'color', '"white');
ylabel ('Mobility$_{Saturation}$ \ S$\frac{cm”2}{Vs}$', 'interpreter', 'latex')
title('Saturation mobility (Blue) and Linear (Red) mobility"')

%% Plot Threshold

figure (4)

x_data = l:length(DerivedData.Mobility); % Plot with tilted x labels
plot (l:1length(x_data), DerivedData.Treshhold_ V, 'bo', 'MarkerSize',10, ...
'MarkerFaceColor', 'b'");

hold on

plot (1:1length(x_data), DerivedData.Treshhold_V_linear, 'ro', ...
'MarkerSize',10, '"MarkerFaceColor', 'r');

set (gca, 'XTick',l:1length (DerivedData.Mobility), 'XTickLabel', '")

lab = DerivedData.Filename';

hx = get (gca, 'XLabel'); % Handle to xlabel

set (hx, 'Units', "data'); pos = get (hx, 'Position'); ypos = pos(2);
for i = l:size(lab,1)

t (i) = text(x_data(i),ypos,lab{i,:});
end

set (t, '"Rotation', 10, 'HorizontalAlignment', 'right"')

grid on

set (gcf, 'color', '"white');

legend (legend_timestamp) ;

ylabel ('Treshhold Voltage / V')

title ('Treshhold Voltage (blue-Saturation / red-Linear ')

%% Plot Transfers

$Defining colors for different TransferLines:

colors = {'k','z','D",'g','m','y",'c", 'k—", "r—", "b—", "g—", '"m—", ...
'y—=",'e—"', "k=.", "=, "= gL, 'L Ty, Te—0 T )

colors = [colors colors colors colors colors colors];

data_legend = []; legend_names = [];

[o)

figure (5) % Plotting transfer lines in saturation regime / SemiLog
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for m = 1:NumberOfTransfers
% Plotting Line of each Step
Datalength = size (AllData(TransferFiles(m)) .data);
highest_V = AllData(TransferFiles (m)) .data(:, [DataLength(2)-2,Datalength(2)1]1);
h(m) = semilogy (highest_V(:,1),abs(highest_V(:,2)),colors{m});
% Plotting style
set (h(m), '"LineWidth',2); hold on
% Generating plot handle vector and legend names
data_legend = [data_legend;h(m)];
legend_names = [legend_names;DerivedData.Filename (m)];

end

[

% replacing strings that lead to error when used in legend
legend_names = strrep(legend_names, '_', '-");
% Plotting style
set (gca, 'box','off','TickDir','out', 'FontSize',14, 'xMinorTick', 'on', 'YMinorTick', 'on"',
set (gcf, 'color', '"white');
1 = legend(data_legend, legend_names{:});
set (1, 'location', "NorthWest')
grid on
title('Transfer Lines — 50V"')
xlabel ('SU_{GS}$ / V', 'interpreter', 'latex")
ylabel ('$SI_{DS}$ / V', 'interpreter', 'latex")
data_legend = []; % resetting legend entries
figure (6) % Plotting transfer lines in linear regime / linear
for m = 1:NumberOfTransfers
% Plotting Line of each Step
Datalength = size (AllData(TransferFiles(m)) .data);

linear_V = AllData(TransferFiles(m)) .data(:, [4, 6]

)i
) .

14

k(m) = plot(linear_V(:,1),linear_V(:,2),colors{m}

% Plotting style

set (k(m), 'LineWidth',2); hold on

% Generating plot handle vector and legend names
data_legend = [data_legend;k(m)];

end

title('Transfer Lines - 3V')

xlabel ('SU_{GS}$ / V', 'interpreter', 'latex")

ylabel ('S$SI_{DS}$ / V', 'interpreter', 'latex")

% replacing strings that lead to error when used in legend

legend_names = strrep(legend_names, '_', '-");
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% Plotting style
set (gca, 'box','off','TickDir','out', 'FontSize',14, 'xMinorTick', 'on', 'YMinorTick', 'on"',
set (gcf, 'color', "white');

1 = legend(data_legend, legend_names{:});
set (1, 'location', "NorthWest')

grid on
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