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Kurzfassung

Bei Bauteilen auf Basis von organischen Halbleitern, wie zum Beispiel organischen Leucht-
dioden (engl. organic light emitting diode, OLED) oder organischen Solarzellen, werden
hiufig elektrochemisch dotierte Transportschichten eingesetzt, wodurch die Betriebsspan-
nung verringert werden kann. Auch wenn sich damit heutzutage sehr effiziente Bauteile
realisieren lassen, fehlt eine umfassende Beschreibung der physikalischen Prozesse die
der elektrochemischen Dotierung zu Grunde liegen. Beispielsweise wurde fiir eine Viel-
zahl an Materialsystemen gezeigt, dass die Dotiereffizienz, d.h. das Verhiltnis von ein-
gebrachten Dotanten und der Anzahl der erzeugten freien Ladungstriger, oft nur wenige
Prozent betrégt. In der vorliegenden Arbeit wird als Modellsystem der organische Halb-
leiters CBP (4,4’-Bis(N-carbazolyl)-1,1’-biphenyl) dotiert mit dem Ubergangsmetalloxid
Molybdinoxid (MoOs3) verwendet, um der Frage nachzugehen, worin der Ursprung fiir
die geringe Dotiereffizienz liegt.

Eine mogliche Erklarung wire eine Agglomeration der Dotanten. Um Informationen
iber die strukturellen Eigenschaften der dotierten Filme zu erhalten, wurden verschiede-
ne Messmodi der Transmissionselektronenmikroskopie (TEM) eingesetzt. Mittels TEM-
Spektroskopie in zwei verschiedenen Energieregimen konnte nachgewiesen werden, dass
MoOg3 agglomeriert, wenn es mit CBP koverdampft wird. Elektronentomographie zeig-
te eine filamentartige Struktur der MoO3-Agglomerationen, bei der die Faden bevorzugt
senkrecht zum Substrat aufwachsen. Die Linge der Fiden kann dabei iiber die Substrat-
temperatur wihrend des Aufdampfprozesses kontrolliert werden.

Weiterhin konnte gezeigt werden, dass die Anisotropie beziiglich der Topologie auch mit
einer Anisotropie in den elektrischen Eigenschaften einhergeht. Zwei verschiedene Bau-
teilstrukturen wurden hergestellt, bei denen der Ladungstransport entlang und senkrecht
zu den Fiden untersucht werden konnte. Es zeigte sich, dass sowohl Leitfdahigkeit als auch
Aktivierungsenergie richtungsabhiingig sind.

Die Erkenntnisse iiber die Topologie der dotierten Filme, sowie ihre elektrischen Eigen-
schaften, wurden mit Messungen der elektronischen Struktur mittels Fourier-Transform-
Infrarotspektroskopie und Photoelektronenspektroskopie (PES) verkniipft. Auf der Basis
all dieser Ergebnisse wurde ein Modell entwickelt, das den Ladungstransport der dotier-
ten Schichten in Abhéngigkeit von der Dotierkonzentration beschreibt.

Neben den Untersuchungen zur p-Dotierung mittels Koverdampfung wurde im letzten

iii
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Teil der Arbeit die n-Dotierung betrachtet. Dabei wurde der Dotant LiF als diinner Film
zwischen dem organischen Film und der Metallkathode aufgedampft. Die Bauteileigen-
schaften von OLEDs mit TPBi (1,3,5-tris (2-N-phenylbenzimidazolyl) benzene) als Elek-
tronenleiter und einer LiF-Zwischenschicht wurden in Abhédngigkeit des Aufdampfwin-
kels untersucht. Im Vergleich zu OLEDs die bei 0° oder 42° hergestellt wurden konnte fiir
OLED:s bei 72° keine Lichtleisung mehr detektiert werden und die IV-Charakteristik wies
darauf hin, dass die Ladungstrigerinjektion von einem der Kontakte unzureichend war.
Daher wurde der LiF/TPBi-Kontakt mittels PES untersucht und eine, im Vergleich zum
reinen TPBi, abnehmende Ferminiveauverschiebung in Richtung des TPBi LUMO (engl.
lowest unoccupied molecular orbital) mit groBBer werdendem Depositionswinkel gemes-
sen. Diese Beobachtung weist darauf hin, dass der Grad der n-Dotierung mit steigendem

Aufdampfwinkel abnimmt, was die Fehlfunktion der OLED erklédren kann.

v
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Abstract

Devices based on organic semiconductors, like organic light emitting diodes (OLEDs)
or organic solar cells, often comprise electrochemically doped charge transport layers,
which lower the operating voltage of these devices. Although very efficient devices
can be realized nowadays, a comprehensive description of the physical processes ta-
king place in electrochemically doped thin films is still missing. For instance, it was
shown for a variety of different material systems that the doping efficiency, defined as the
number of free charge carriers compared to the number of incorporated dopants, often
amounts to only a few per cent. In the present thesis, the organic semiconductor CBP
(4,4’ -Bis(N-carbazolyl)-1,1’-biphenyl), doped with the transition metal oxide molybde-
num oxide (MoQOs), is used as a model system to investigate the origin for this low doping
efficiency.

One explanation for the low doping efficiencies would be clustering of the dopants. To
gain information about the structure of the doped films, different measurement modes
of transmission electron microscopy (TEM) were applied. Using TEM spectroscopy in
two different energy regimes, it could be proven that MoO3 agglomerates, when it is
co-evaporated with CBP. Electron tomography revealed filamentous structures, with fila-
ments preferentially oriented perpendicular to the substrate. Furthermore, it was shown
that the length of the filaments can be controlled by the substrate temperature during film
deposition.

The structural anisotropy was found to correlate with an electrical anisotropy. Two dif-
ferent device structures were fabricated which allowed for measuring current transport
parallel and perpendicular to the filaments and conductivity as well as activation energy
were found to be direction-dependent.

The findings about the topology of doped films, as well as their electrical properties, were
correlated with measurements of the electronic properties, obtained by Fourier transform
infrared spectroscopy and photoelectron spectroscopy (PES). Based on all results, a model
was developed to describe charge transport in MoO3-doped CBP films as a function of the
doping concentration.

Beside the investigations about p-type doping of co-evaporated thin films, n-doping via
interface doping was considered in the last part of the present thesis. Here, the dopant

LiF was inserted as thin layer between organic film and the metal cathode. The device
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performance of OLEDs with TPBi (1,3,5-tris (2-N-phenylbenzimidazolyl) benzene) as
electron transport layer and a LiF interlayer was investigated as a function of evaporation
angle. Compared to OLEDs which were fabricated at 0° and 42° deposition angle, OLEDs
which were deposited at 72° did not emit light and IV characteristics which are typical
for single-carrier devices were found. Therefore, the LiF/TPBi interface was investigated
using PES. Compared to pristine TPBi, a decreasing Fermi level shift towards the TPBi
LUMO (lowest unoccupied molecular orbital) was found for increasing deposition angle.
This indicates weaker n-type doping for increasing deposition angle, which can explain

the failure of the device.

Vi

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Contents

1 Introduction
1.1 Motivation . . . . . . . . . . .
1.2 Outline . . . . . . . . . e

2 Theoretical Background

2.1 Organic Semiconductors . . . . . . . . . . ... .o

2.2 Theory of Charge Transport in Disordered Organic Semiconductors

2.3 Doping of Organic Semiconductors . . . . . ... .. ... .. .....
2.3.1 Integer Charge TransferModel . . . . . . . ... ... ... ...
2.3.2 Intermolecular Orbital Hybridization . . . .. ... .. ... ..
2.3.3 Internal Interface Charge Transfer Doping Model . . . . . . . ..
2.3.4 Influence of Doping on Mobility . . . . . . ... ... ... ...

24 IV Characteristics . . . . . . . . . v o v vt e

2.5 Charge Injection at Contacts . . . . . . . . ... ... ... .......
2.5.1 MoOg Injection Layers . . . . . .. ... ... . .........
2.5.2 LiFInjectionLayers . . . .. ... .. ... ...........

2.6 OLEDTheory . . . . . . . . . i e
2.6.1 Working Principle of OLEDs . . . . . . ... ... ... .....
2.6.2 OLED Stack Employed inthisWork . . . . . ... ... .....

3 Experimental Details
3.1 The Clustertool: An Integrated UHV System . . . ... ... ... ...
3.2 Analytical Methods . . . . . .. ... ... ...
3.2.1 Transmission Electron Microscopy . . . .. ... ... .. ...
3.2.1.1 TEM Spectroscopy . . . . . . . . oo oo
3.2.1.2 Electron Tomography . . .. ... ... ........
3.2.1.3  MICrosCOPes . . . v v v v v vt i e

11
11
13
15
16
17
19
19
20
21
21
23

25
25
28
28
29
33
34

vii

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den personlichen Gebrauch.



3.2.2 Probing Electronic Properties . . . . ... ... ... ...... 35
3.2.2.1 Photoelectron Spectroscopy . . . . . . ... ... ... 35

3.2.2.2 FTIR Spectroscopy . . . . . . . . v v v i i v 37

3.2.3 Electrical Measurements . . . . . . ... ... .. ... ... .. 38
3.23.1 IV and Cryo-IV Measurements . . . . ... ...... 38

3232 OLEDs . ... ... 39

3.3 Sample Preparation . . . . ... .. .. ... .. 39
33.1 ThinFilm Growth . . ... .. ... .. ... ... ....... 39

332 Materials . . . ... L 41
3321 CBP ... .. 41

3322 MoO3 . . ... e 42

3.3.3 Preparationof TEM Samples . . . . .. ... ... ........ 42

3.3.4 Device Fabrication . . . . .. ... .. ... ... ... ... 44
3.34.1 Hole-Only Devices . . ... ... ... ........ 45

3342 OLEDs. ... ... ... .. 49

4 MoO;-Doped CBP Thin Films 51
4.1 Structural Investigations . . . . .. . ... Lo Lo 51
4.1.1 Bright-Field TEM . ... ... ... .. ... .. ....... 51

4.1.2 TEM SpectrosCopy . . « v v v v v v v e e e 54
4.1.2.1 ESIlinthe Core Loss Regime . . . .. ... ... ... 55

4.1.2.2 ESIinthe Low Loss Regime . .. ... ........ 57

4.1.3 Electron Tomography . . . . . . . . ... ... ... ....... 60

4.1.4 Influence of the Substrate Temperature . . . . ... ... .. .. 71

4.1.5 Discussion of Filament Diameter. . . . . . .. . ... ... ... 78

4.1.6  Description of MoOs Filament Growth . . . . .. ... ... .. 80

4.2 Electronic Properties . . . . . . . . . ... .. o 85
4.2.1 The CBP/MoOs Interface . . . . .. ... ... ... ...... 85

4.2.2  Electronic Investigations of Doped Films . . . . . ... ... .. 86
4.2.2.1 Influence of Charge Transfer on Electronic Properties . 87

4222 Doping Efficiency . . . . .. ... ... L. 91

4.3 Electrical Measurements . . . . . ... ... Lo 93
4.3.1 Probing the Electrical Anisotropy . . . . ... .. ... ..... 93

viii

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den personlichen Gebrauch.



4.3.2 Determination of Activation Energies from Temperature-Dependent
IV Measurements . . . . . . ... ... ... ..
4.3.3 Influence of Substrate Temperature on Electrical Properties . . . .
4.4 Doping Model Based on Structural, Electronic and Electrical Findings . .
4.4.1 Factors Influencing the Doping Efficiency . . . . . . . ... ...
4.4.2 Description of Charge Transport in MoO3-Doped CBP Layers . .

5 Angle Dependence of LiF/TPBi Interface
5.1 Performance of OLEDs with Different Deposition Angles . . . . . . . ..
5.2 Investigation of the TPBi/LiF Interface using XPS . . . . . . . . ... ..

6 Conclusion
6.1 Summary . . . .. ...
6.2 Outlook . . . . . .

A Molecular Structures
B Journal Publications and Conference Presentations

Bibliography

111
111
116

121
121
123

127

129

133

iX

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Es gilt nur fir den personlichen Gebrauch.



List of Abbreviations

AFM  atomic force microscopy

BHJ bulk heterojunction

DFT density functional theory

DOS  density of states

EELS electron energy loss spectroscopy

ESI electron spectroscopic imaging

FIB focused ion beam

FTIR  Fourier transform infrared spectroscopy
IPES  inverse photoemission

ITO indium tin oxide

OLED organic light emitting diode

PES photoelectron spectroscopy

PSD power spectral density

SEM  scanning electron microscopy

STM  scanning tunneling microscopy

TEM  transmission electron microscope
TMO transition metal oxide

UHV  ultra high vacuum

UPS ultraviolet photoelectron spectroscopy

XPS x-ray photoelectron spectroscopy

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



1 Introduction

Since the discovery of electroluminescence in organic materials in 1955 by Bernanose!!,
enormous progress has been made in enhancing efficiencies for electric devices based on
organic semiconductors like organic light emitting diodes (OLEDs). The first OLED was
already realized by Helfrich et al. in 19652, As the antracen crystals used in this work
were several microns in thickness, operating voltages of several hundred volts were re-
quired. The breakthrough came with Tang and vanSlyke, who presented the first organic
light emitting thin film device based on organic small molecules deposited via thermal
evaporation in 1987!, The bilayer structure of diamine and Algs' had operating volt-
ages below 5 V, making the field of organic electronics also interesting for technical
applications. Since then, the efficiency increased continuously and products based on
organic semiconductors finally captured the market. Nowadays, for example cell phones
are equipped with OLED displays and also curved OLED TVs are already commercially
available.

Even though the semiconductor industry is still dominated by inorganic materials like
silicon or gallium arsenide, organic semiconductors have outstanding properties making
them superior to inorganics for specific applications. They can, for instance, be processed
via simple deposition techniques like thermal evaporation, spincoating or printing. Com-
pared to inorganics, no lattice matching of the used materials is required so that deposition
on almost any kind of substrate (e.g. glass or flexible plastic foils) is feasible. This offers
the possibility to fabricate bendable!*! as well as translucent electrical devices>®!. Since
an almost unlimited number of organic compounds is available and properties of these
materials can quite easily be changed, for instance by modifying or adding side groups!”!,
it is conceivable to provide tailored materials with all kinds of functionalities.

In the early days the performance of organic devices was quite limited since intrinsic

'Only the abbreviations commonly used for organic semiconductors are mentioned throughout the text.
The correct chemical formulae can be found in appendix A, where also the molecular structure for all
materials used for experiments in this work is depicted.
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2 1. Introduction

organic layers exhibit very low charge carrier densities as well as low mobilities. After
introducing the concept of electrochemical doping, as it is commonly used for inorganic
devices, the performance of organic components could be enhanced significantly. Effi-
cient state-of-the-art devices like small molecule organic solar cells, as well as organic
light emitting diodes, are often realized by employing p-i-n structures where an intrinsic
layer is sandwiched between n- and p-doped transport layers!!,

For electrochemical doping various concepts have been reported in literature. As first
demonstrated by Shirakawa in 1977 for Polyacetylene!!”, exposure to oxidizing gases
like iodine, oxygen or bromine can lead to an increase of conductivity due to p-type
doping!''='4!. Because for n-type doping materials with very high lying HOMO levels are
required, which are very unstable against oxygen, it is more difficult to find suitable mate-
rials'®!. One approach is the use of alkali metals like lithium or cesium. They are normally
deposited as a very thin film between the organic layer and the metal cathode!®!571 but
can also be co-evaporated with the organic host material!'®!. Since such small dopants
can easily diffuse through the device, problems regarding stability and processability can
occur 7191,

Therefore, another approach, which leads to better device stability!®!, is introducing or-
ganic molecular dopants, most commonly via co-evaporation with the organic host ma-
terial. Several molecular dopants have been successfully applied in the past. Molecules
used for n-type doping are, for example, TTN?°! or CoCp,?!!. For p-type doping, for
instance, DDQ, TCNQ!?? or F,-TCNQ were applied, with the latter being the most
prominent one. F,-TCNQ was shown to be a very efficient dopant for a various or-
ganic materials like 1-TNATA!?!, ZnPc?*, m-MTDATA>! or VOPc!?%!. Nonetheless,
it turned out that F,-TCNQ is quite inefficient for doping wide-band gap materials with
very deep lying HOMO levels like CBP, a-NPD or TCTA 231, This is probably due to the
fact that the HOMO levels of these materials are significantly higher than the LUMO of
F4-TCNQ (5.24 eV ?¥). Instead, transition metal oxides (TMOs) like WO 2”1, ReO3 %%,
or MoOj3 3% were found to be a suitable material class for efficient p-type doping of
materials because of their very deep lying LUMO levels.

The control of the doping process and other improvements like introducing new device
architectures and materials have led to very efficient organic devices. For example, white
OLEDs were recently reported to achieve over 100 Im/W at 1000 cd/m?B!. Nonethe-
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1.1. Motivation 3

less, there is still a lack of detailed understanding of the fundamental processes which

take place in organic devices.

1.1 Motivation

Although for inorganic semiconductors doping concentrations in the range of ppm are
commonly used, the doping concentrations employed in organic devices are usually much
higher. When F,-TCNQ is used as dopant, a few mol% are typically applied**?>!, whereas
for TMOs even up to several ten mol% doping concentration are employed?’2%321_ Tt is
not well understood why such high doping concentrations are needed, because a compre-
hensive and detailed understanding of the doping process in organic semiconductors is
still missing.

For various organic-organic and organic-inorganic material systems the free charge carrier
density was determined with different measurement techniques. From the charge carrier
density, the doping efficiency, defined as the number of free charge carriers compared to
the number of incorporated dopant molecules, can be calculated. The doping efficiency
was determined for a variety of different material systems and very low doping efficien-
cies in the range of only a few per cent were often reported.

For polymer-small molecule systems like P3HT **! or MEH-PPV ** doped with F,-TCNQ
doping efficiencies of 5 % and 1 %, respectively, were determined from impedance spec-
troscopy measurements. A low doping efficiency was also found for the small molecule-
based systems a-NPD doped with Mo(tfd); or F,-TCNQ where impedance spectroscopy
revealed a doping efficiency of 3.7 % and 0.9 %, respectively*>!.

In the present thesis, the material system CBP doped with MoOs is examined. As depicted
in Figure 1.1, the HOMO of CBP (6.23 eV %) is slightly higher than the LUMO-level
of MoOs (6.7 eV 3®1). Therefore, an efficient charge transfer would be expected between
these two materials. The values in this energy diagram were determined by ultraviolet
photoelectron spectroscopy (UPS) and inverse photoemission (IPES) measurements ¢!
It was found that the Fermi level shifts towards the HOMO edge with increasing doping
concentration and IV measurements revealed that the conductivity increases for increas-
ing doping concentrations*®!. Up to that point all results are expected for a doped system,

but also for this material system the doping efficiency, which was determined via Kelvin-
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________________ Evac
223 eV
——
CBP
—— 6.7 eV
————1
6.23 eV
MDO3
—
9.68 eV

Figure 1.1: Energy levels of neat CBP and MoO3; measured with UPS and IPES ¢!,

Probe analysis, turned out to be surprisingly low (=~ 1 — 2 %*7). Similar results were for
found for spiro-CBP doped with MoOj3 using capacitance-voltage analysis and polaron
induced optical absorption*®! which revealed doping efficiencies of 2 % - 4.5 %.

The commonly used assumption, that it is sufficient for effective p-type doping that the
HOMO level of the dopant is higher than the LUMO of the matrix of course neglects
various effects and can also not explain why doping efficiencies for doped organic semi-
conductors are often found to be unexpectedly low. Factors influencing the doping process
which are normally not taken into account might be of structural or electronic origin.
From an energetic point of view the above mentioned picture is very simplified, since
the knowledge of the energy levels of the single materials does not provide sufficient in-
formation about the electronic structure at the interface, for instance about the formation
of interface dipoles. To gain information about the energetics at contacts between two
materials, UPS and IPES measurements can be applied (see section 4.2.1). As will be
explained in more detail in section 2.3.2 and 4.2.2.1 intermolecular hybridization, which
leads to the formation of charge transfer complexes, might also change the energetic con-
ditions at the interface in such a way that charge transfer is not as likely to occur as it
would be expected on first sight and might also cause bound charge carriers at the inter-
faces which cannot contribute to the current flow.

It is well known that also morphological issues play a role when discussing electronic

and electrical properties of organic semiconductors. For example, for crystalline and
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Figure 1.2: (a) Homogeneously dispersed molecules of two co-evaporated materials.
(b) Agglomeration of dopants (red) could explain the low doping efficiency
found for various material systems.

amorphous materials entirely different models have to be applied to describe the charge
transport!®!, However, what is normally not taken into account is the potential influence
of the topology. Instead it is commonly thought that by co-evaporation of two materials,
for electrochemical doping or incorporation of dyes, the molecules of both components
are dispersed homogenously, as schematically shown in Figure 1.2 (a). But it might also
be that, depending on the material system, this assumption is wrong and agglomeration
of the dopants occurs. As schematically depicted in Figure 1.2 (b) only a fraction of the
dopants would then be in contact with the matrix molecules and only for these a charge
transfer would be expected. Further analysis of the doping mechanisms and the correla-
tion of morphology and electronic properties is crucial to improve device performance.
Therefore, the present thesis tries to shine some light on the issue of low doping efficien-

cies with the intention to correlate structural with electronic and electrical properties.

1.2 Outline

The present work is organized as follows. In section 2 the theoretical background nec-
essary to understand this thesis is presented. Chapter 3 describes the integrated UHV

system where devices and thin films were prepared and where most of the measurements
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6 1. Introduction

presented in this thesis were conducted. Following, a brief introduction to all measure-
ment methods used throughout this work is given and the sample preparation is depicted.
Chapter 4 shows experimental results of MoO3z-doped CBP thin films. In section 4.1
the topology of the doped films is investigated using different measurement techniques
of transmission electron microscopy (TEM), i.e. bright-field TEM, TEM spectroscopy
and electron tomography to gain information about the distribution of the MoO3 dopants
within the CBP matrix. Furthermore, it is investigated to what extent the topology can
be controlled by changing the substrate temperature during the evaporation process. The
section ends with a description of the growth process of the observed MoO3 agglomera-
tions. Next, the results obtained from FTIR and XPS measurements acquired by Maybritt
Kiihn and Tobias Glaser within the scope of their respective diploma and PhD theses are
summarized to gain insight into the electronic properties of CBP-films doped with MoOj3
(section 4.2). In section 4.3, the influence of the topology on the electrical properties is
studied by measuring the IV characteristics of hole-only devices. To probe a possible
electrical anisotropy, measurements perpendicular and parallel to the growth direction of
the thin films are conducted for different doping concentrations. Furthermore, activation
energies of doped films are determined from cryo-IV measurements and the influence of
the substrate temperature onto the electrical properties is examined. By correlating the
structural, electronic and electrical measurements, a model to describe the charge trans-
port of MoOs-doped CBP films is presented in section 4.4. In chapter 5, the influence of
the deposition angle on the performance of OLEDs is investigated and in particular the
organic/LiF interface is analyzed. The thesis is concluded with a short summary and an

outlook on possible future work in chapter 6.
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2 Theoretical Background

In the following chapter, the theoretical background, needed to understand the present the-
sis, will be presented. The chapter starts with an introduction to organic semiconductors,
followed by the basic theory of charge transport in disordered organic semiconductors
and models used to describe the doping process. Next, expressions to describe the IV
characteristics of unipolar devices are presented and charge injection for different kinds

of interlayers is elaborated. Finally, basic theory about OLEDs is depicted.

2.1 Organic Semiconductors

Organic semiconductors are based on carbon compounds with conjugated double bonds.
In such systems, usually sp?-hybridization occurs to minimize bond energies. One s-
orbital, as well as two p-orbitals (p, and p,), form three mixed orbitals, which arrange in
one plane with an angle of 120° to each other, while the fourth valence electron of the
carbon atom occupies the p,-orbital, which is oriented perpendicular to that plane. In a
molecule, the sp?-orbitals of neighboring molecules form so-called o-bonds. Due to the
strong orbital overlap, large splitting into binding o- and antibinding " -orbitals occurs,
where electrons are highly localized. Figure 2.1 (a) depicts the energy levels in the case
of sp>-hybridization. As an example for an organic molecule, a schematic drawing of the
hybrid orbitals of benzene is shown in Figure 2.1 (b). No interaction with radiation in
the visible spectral range can take place, since the energy difference of occupied o- and
unoccupied o*-orbitals is too high. By contrast, superposition of the p,-orbitals leads to
weak, conjugated m-bonds. Because of the low binding energy of these bonds, electrons
are delocalized along the whole conjugation length. Due to the weak overlap of the p,-
orbitals, only minor splitting of the p,-states occurs and binding 7- and antibinding 7" -
orbitals are formed. The highest occupied 7-state of a molecule is commonly denoted as
HOMO (highest occupied molecular orbital), whereas the lowest unoccupied 7" -orbital

is called LUMO (lowest unoccupied molecular orbital). Since the energy gap between
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8 2. Theoretical Background

(a) (b)

Figure 2.1: (a) Schematic illustration of the binding- and antibinding states in an organic
molecule.
(b) Schematic drawing of the hybrid orbitals of benzene with o- and 7-bonds.
The sp>-hybridized orbitals form so-called o-bonds, while the p,-orbitals are
only weakly bound via 7-bonds.

HOMO and LUMO lies in the range of several eV, it covers the visible part of the optical
spectrum and makes organic semiconductors suitable for optical applications like OLEDs

or organic solar cells.

2.2 Theory of Charge Transport in Disordered Organic
Semiconductors

The present section will give an overview of different models, which were developed to
describe charge transport in amorphous organic semiconductors. To a great extent it fol-
lows the outline taken in Ref. [40].

In well ordered systems, like inorganic semiconductors or to a certain extent also organic
crystals, band transport takes place. In contrast, only weak intermolecular coupling be-
tween the molecules exists in disordered amorphous semiconductors. Therefore, no band
formation occurs, but instead charge transport proceeds via so called hopping transport

between adjacent molecules. This process requires thermal activation to overcome energy
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2.2. Theory of Charge Transport in Disordered Organic Semiconductors 9

differences between different sites™’!. The mobility s is related to the activation energy

E,, the temperature 7" and the Boltzmann constant % vial#!l

p o< exp(—E,/kT). (2.2.1)

A basic model to describe hopping transport is the so-called Gaussian disorder model
(GDM) introduced by Bissler*?!. An array of uncorrelated hopping sites with a cubic
symmetry is considered. The energy € of each site is given by a Gaussian density of states
(DOS) with variance o 4?1:

1 2
D(e) = Vb <—%‘2) . (2.2.2)

o is a measure for the amount of disorder and is mainly due to fluctuations of the lattice
polarization energies in the case of small molecule systems*?!.
The hopping rate v;; between the sites ¢ and j can be described in different ways, with the

most simple one being the so-called Miller-Abrahams form 404243

€ — 6 .
AR exp (— ) if & > ¢,
Vij = Uoexp (—27@ J) KT : (2.2.3)
a

1 if € S €.

with a pre-factor v, the average lattice distance a, the inverse localization radius between
adjacent sites v, the distance between the sites ¢ and j denoted as AR;; and the tempera-
ture 7.

Additionally, the so called positional disorder, described by the parameter >, must be con-
sidered. X is due to variation of intersite distances and variation in coupling of adjacent
molecules due to different mutual molecule orientations!*?!. The charge carrier mobility
1t can be expressed in dependence of the temperature 7, the electric field £ and the two

disorder parameters o and X by 42!

462) exp (C(6* ~X)VE) if ¥>15 oo

ILL(O-’ Ea Ev T) = Mo €Xp (__

9/ | exp (C(82 - 2.25)\@) if <15
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10 2. Theoretical Background

with & = o /kT and the constant C, which depends on the site separation "],

According to equation (2.2.4), charge carriers might also move against the field direction,
since for o < X respectively ¥ > 1.5 the mobility becomes negative. This effect, which
can only occur at low electric fields, is due to an interplay between positional disorder X
and energetic disorder o, leading to situations where this behavior is energetically favor-
able 40441,

The electrical field dependence can be described by a Poole-Frenkel like behavior of the
form p o< expyv/E. Experimentally, this Poole-Frenkel like dependence was found to be
valid for a wider range of electrical fields than predicted by equation (2.2.4). To account
for this deviation, Gartstein and Conwell introduced the so called correlated Gaussian
disorder model (CGDM), where additionally spatial correlation of the energetic disorder
is assumed which is due to dipole interactions of charged species with adjacent sites*!,
Charge carriers relax towards the tail states of the DOS and tend to occupy a so-called
occupational-DOS (ODOS) in quasi-equilibrium. The center of this ODOS is displaced
by g9 = o/kT from the maximum of the DOS™ ¢47 (see Figure 2.2 (a)). For small car-
rier densities, the Fermi energy FEF is located deep in the band gap, well below o /kT,
and does therefore not play a role for charge transport. Since the transport energy FE; is
located close to the maximum of the DOS, the activation energy equals approximately
o /kT and is independent of the charge carrier density (see Figure 2.2 (a)). In conjunction
with equation (2.2.1) this results in a non-Arrhenius-like dependence of the mobility with

respect to the temperature, namely logj oc 1/72140421,
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Figure 2.2: (a) In the case of a low charge carrier density the activation energy F, equals
approximately o /kT, since the transport energy E; is roughly the maximum
of the DOS. This results in a logy oc 1/7? dependence of the mobility.

(b) For high charge carrier densities, the activation energy is determined by
difference between the transport energy and the Fermi level Eg, which leads
to a logu o< 1/T dependence of the mobility.

2.3 Doping of Organic Semiconductors

In this section models, developed to describe doping of organic semiconductors will be
presented. The first part covers the commonly used integer charge transfer doping model.
This simple model is then extended by the idea of hybridization and the internal inter-

face charge transfer doping model. Finally, the influence of doping on the mobility is

explained.

2.3.1 Integer Charge Transfer Model

Doping is defined as incorporation of impurities into a semiconductor to enhance the
number of free charge carriers. This leads to an enhancement of the conductivity o, which

is related to the charge carrier density n and the mobility p, according to:

o = en. (2.3.1)
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Figure 2.3: (a) Schematic drawing of the integer charge transfer doping model. In the

case of p-type doping, an electron is transferred from the HOMO of the ma-
trix molecule to the LUMO of the dopant, while for n-type doping an electron
jumps from the dopant LUMO to the matrix HOMO.
(b) In the case of p-type doping, hybridization of the matrix HOMO with the
dopant LUMO leads to the formation of a bonding and an antibonding hybrid
orbital, which are the HOMO respectively LUMO of the charge transfer com-
plex. The HOMO of the charge transfer complex is doubly occupied with the
electrons of the former matrix HOMO, while the antibonding molecule orbital
is empty %,

For doping of inorganic semiconductors single atoms are incorporated into the crystal
structure of the host material were they replace host material atoms. In the case of p-
type doping, the dopants posses one valence electron less than the host material. Because
of the low dielectric constant of inorganic semiconductors the coulomb interaction be-
tween valence electrons and the atomic nucleus is low and allows ionization already at
room temperature where electrons of the host materials are gathered by the dopant atoms,
which leads to free holes. However, this concept does not work for organic materials.
For example, if one of the carbon atoms of benzene is replaced by a nitrogen atom, no
enhancement of charge carriers occurs, but a new molecule, pyrilene, is formed[#34°1,
Therefore, instead of substituting single atoms, normally complete molecules are incor-
porated for doping organic semiconductors.

In the simplest doping model, which is commonly considered for an organic semiconduc-
tor, a mutual ionization process is assumed. An electron is transferred from the HOMO
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2.3. Doping of Organic Semiconductors 13

of the matrix molecule to the LUMO of the dopant in the case of p-type doping, while
for n-type doping an electron moves from the dopant LUMO to the matrix HOMO, as

depicted in Figure 2.3 (a)!-?!

. In the following, only p-type doping will be considered.
In this case it is commonly thought, that this process results in an electron localized at
the dopant and a mobile hole in the organic matrix, leading to an increased charge carrier
density and hence to a higher conductivity. Furthermore, it is commonly expected that for
efficient doping it is sufficient to have matrix-dopant couples with the ionization energy
(IE) of the host molecules being larger than the electron affinity (EA) of the dopants in the
case of p-type doping and that a higher work function difference leads to a more effective
doping process due to the higher driving force for the charge transfer. This was, for exam-
ple, shown by Lee et al.>*! who investigated Cul, MoO3, and ReOs doped into 2-TNATA.
This assumption might be successfully applied to many situations but cannot be assumed
generally. As already mentioned in section 1.1, another aspect which is often not taken
into account when discussing energetic issues for doping, is the fact that interface dipoles
can be present which lower the work function difference at the interface. The formation of
the interface dipole might be influenced by several factors like chemical interactions, the
presence of interface states, orientation of organic molecules or charge transfer across the
interface ™. To study the band alignment of a material interface an interface experiment
can be conducted were one material is deposited onto another one in a stepwise fashion
and after each deposition step the sample is characterized using XPS and UPS to gain

information about the interface energetics >,

2.3.2 Intermolecular Orbital Hybridization

In various organic material systems broad excitations were observed upon doping using

[32.35.56-391 ' The appearance of these excitations are explained by the

optical spectroscopy
formation of charge transfer complexes between host and dopant, which can be excited
optically. Charges are transferred between the two species (as described in the previ-
ous section) which are first bound in the charge transfer complex as electron-hole pair.
Depending on the energy landscape in the vicinity of the charge transfer complex, the
bound charges can dissociate with a certain probability, creating free charge carriers!®’l.

Since organic materials have a lower dielectric constant than inorganic semiconductors!
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screening through neighboring molecules is lower. This causes a lower dissociation prob-
ability for organic systems compared to inorganics. One speaks about a partial charge
transfer if the transferred electron also has a certain probability of presence at the matrix
molecule 62,

To explain the underlying physical process in more detail, a doping model based on inter-
molecular orbital hybridization was suggested°*%3!, as depicted in Figure 2.3(b). The for-
mation of charge transfer complexes is explained by hybridization of the matrix HOMO
with the dopant LUMO which leads to the formation of a bonding and an antibonding
supramolecular hybrid orbital, which are the HOMO respectively LUMO of the charge
transfer complex. The HOMO of the charge transfer complex is doubly occupied with the
electrons of the former matrix HOMO, while the antibonding molecule orbital is empty
(see Figure 2.3 (b)). The proposed model could also be confirmed by correlation of ex-
perimental findings with density functional theory (DFT) calculations®”. In the DFT
calculations orbital overlap was found to cause substantial splitting of bonding and anti-
bonding hybrid orbitals. Furthermore, it was shown that the orientation of the two species

1501 The calculations revealed a

relative to each other influences the amount of splitting
higher ionization energy compared to the undoped material and a reduced energy-gap be-
cause of the hybridization process®. The latter could also be confirmed by Salzmann
et al. for pentacene doped with F4~-TCNQ using UV-VIS? spectroscopy *°!. Evidence for
such splitting has also been found for other material systems!63-66!,

This model also provides an additional possible explanation for low doping efficiencies
often found in doped organic semiconductors (see section 1.1). Since the empty bond-
ing hybrid state is still several ten meV above the HOMO of the host material, and the
occupancy takes place according to Fermi-Dirac statistics, only a fraction of the charge
transfer complexes are ionized at room temperature®”. This gives an explanation why
such high doping concentrations have to be applied for organic materials to give a reason-
able rise in conductivity. For inorganic semiconductors, acceptor states are typically only
a few meV above the valence band edge, so that almost all dopants are already ionized at

room temperature .

lEsilicon:ll-’7 eV Egermanium=15-8 eVl 5organic=3 — 4 V140601
2Optical spectroscopy in the ultraviolet (UV) and visible (VIS) range.
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2.3.3 Internal Interface Charge Transfer Doping Model

Mayer et al.!®”! suggested the so-called internal interface charge transfer doping model,
which is based on the assumption that the dopants form agglomerations within the organic
matrix. As it will be shown in section 4.1, this is the case for CBP doped with MoOj.
The model assumes that charge transfer occurs by thermodynamic alignment of the Fermi
levels of matrix and dopant at the internal interfaces. The work function difference A® =
D natrix — Paopant Of the single materials is then compensated by two contributions. The first
contribution is an interface dipole J, which lowers the work function difference of matrix
and dopant and therefore reduces the driving force for the charge transfer. The remaining
contribution of the work function difference is then compensated by a long-range charge
transfer. This causes the formation of space charge regions which lead to bend bending at
the interface. The maximum band bending for matrix respectively dopant is depicted as

eV and eV, so that the following relation holds:
AP = eV + eVip + 6. (2.3.2)

The assumption that for a particular material combination only a single value for the in-
terface dipole 0 exists, is of course an oversimplification. Since different crystallographic
or morphological interfaces lead to different interface dipole magnitudes, the value for &
in equation (2.3.2) must be seen as a mean value!”,

The internal interface charge transfer doping assumes that the value of the dipole is the
same at the measured bilayer and at the internal interfaces in a composite. Then, the max-
imum Fermi level variation A E™* respectively A ESP™™ in a composite is equal to the

maximum band bending of each phase of the bilayer, following:

AEP™ = eVM, (2.3.3a)
AEL™ — eyb (2.3.3b)

Mayer et al. could show with PES, that for interfaces of WO3 and CuPc, as well as Fy-
TCNQ and CuPc, different deposition sequences lead to different values for the interface

dipole. This might, for example, be due to different source temperatures which affect the
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temperature of the substrate during deposition or different amounts of diffusivity. They
could also show that the internal interface charge transfer doping model can be corre-
lated with these PES interface experiments, because the maximum Fermi level change of
composites lies in between those obtained by interface experiments of the bilayer mea-

surements with different deposition orders.

2.3.4 Influence of Doping on Mobility

The models presented in section 2.2 can be applied under the assumption of a negligible

interaction between the charge carriers !

. However, this is no longer valid when doped
systems are examined, which exhibit high charge carrier densities. In this case, additional
factors, influencing the charge transport, have to be taken into account.

With increasing charge carrier density, energetically deep lying trap states become filled®!.
Recently, this was demonstrated experimentally and it was shown that for C¢y doped with
the n-type dopant [RuCp”(mes)], filling of traps occurs up to about 10~2 mol% doping
concentration®,

For increasing charge carrier densities, the Fermi energy moves towards the transport
energy and passes g9 = o/kT for high carrier concentrations!” (see Figure 2.2 (b)).
Then, Er serves as new starting point for the hopping process'*!! and the activation en-
ergy equals the difference between Er and the transport energy F;. Compared to the case
of low charge carrier density (see section 2.2), I, depends on the charge carrier density.
Since the activation energy does not depend on the temperature anymore, this results in
a weaker temperature dependence of the mobility than in the case of low charge carrier
densities (see section 2.2). Using equation (2.2.1), a 1/T" dependence of the mobility
(p oc exp(1/T)) is found 071,

In section 4.3.2, activation energies of doped systems will be investigated by measuring
temperature-dependent I'V characteristics and the activation energy F, will be calculated,
under the assumption of a temperature-independent charge carrier density n, according

to:

E,
I = Iyexp (_k_T> . (2.34)
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To describe the dependence of the charge carrier density on the mobility due to filling of

tail states, Pasveer et al.[’?]

presented a unified theoretical description, which takes into
account the influence of temperature 7', electrical field £ and charge carrier density p, the
so called extended Gaussian disorder model (EGDM).

According to Arkipov et al.[”?!, the mobility in doped semiconductors is also affected by
coulombically bound electron-hole pairs, which arise due to the charge transfer between
host and dopant. The condition mentioned above, that in the case of p-type doping the
HOMO of the dopant must be energetically higher than the LUMO of the matrix, must
then not compulsory be fulfilled, as long as the energy difference can be compensated by
the gain in Coulomb energy upon charge transfer. The Coulomb interaction creates addi-
tional energetic disorder due to the random distribution of the dopant ions. This causes a
broadening of the DOS which increases the number of deep states. Therefore, two com-
petitive effects occur upon doping: An increase of the charge carrier density shifts up the
Fermi level and enhances the conductivity, while the creation of deep traps suppresses a
conductivity enhancement. Mityashin et al.!%! pointed out, that a threshold for the dis-
sociation probability of coulombically bound electron-hole pairs exists. Only for doping
concentrations beyond this threshold the electron-hole pairs can be separated, because
dissociation pathways are formed due to the energetic disorder which is introduced by ad-
jacent dopants. For pentacene doped with F4-TNCQ they calculated a threshold density

of 1 % in the case of negligible positional disorder’!,

2.4 IV Characteristics

One possibility to gain insight into the charge transport properties experimentally is mea-
suring the IV characteristics. The conductivity o can then be determined from the current
density j and the electrical field £ according to:

j=oF. (2.4.1)

An exemplarily IV characteristic of a unipolar device is depicted in Figure 2.4. At low

voltages U, the current is dominated by intrinsic, thermally activated charge carriers,
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log j

log U

Figure 2.4: Current density j versus voltage U dependence of a unipolar device.

which are already present in the film. In this case of an Ohmic conduction, the current

density j of a film with thickness d can be calculated according to the following relation:

] = en,u%. (2.4.2)

Applying higher voltages, the current is dominated by injected charge carriers. In the
idealized case of a trap-free space charge limited current with a constant mobility, the
Mott-Gurney relation holds, often also referred to as Child’s law:

.9 U?

J= gﬁﬁoﬂg- (2.4.3)

Assuming a constant mobility with one discrete trapping level G(E) = N(E — E))
with V; being the density of the shallow traps and E; being their depth, leads to the same
relation as depicted in equation (2.4.3) for high current densities. However, for small
current densities p must be replaced by g = p© with Ot = 1 + N,/N.exp(E,/kT).

N, denotes the number of molecules per unit volume!’41.
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For intermediate voltages, filling of traps influences the IV characteristics. In the case
of an exponential trapping distribution, the current density can be calculated using the

following relation!’#!:

A+ (1 e\ U
| = eulNe | ——— —_ 244
= <z+1) [ +1eN,) @@+ (244)
with [ := FE,/kT. This equation is valid in the voltage range where no significant amount
of the trapping states is filled and is often referred to as the trap charge limited current
region. The case of a Gaussian trapping distribution can only be distinguished from the

exponential case, if the temperature is varied over a wide range, since it is formally iden-
tical to equation (2.4.4)1"4,

2.5 Charge Injection at Contacts

To obtain highly efficient devices with low operating voltages, the energetic barriers for
charge carrier injection at the electrodes have to be reduced. A simple approach to en-
hance carrier injection is the introduction of injection layers between the electrode and the
organic transport layers. In this section, contacts which are used throughout this work to
enhance or investigate charge injection will be described. In section 2.5.1 aspects impor-
tant for injection, using MoQs layers, are covered. Section 2.5.2 describes what is known

about LiF injection layers.

2.5.1 MoO; Injection Layers

It was shown that MoOs3 can serve as a very efficient hole injection layer, e.g. for
OLEDs!">781 or OPVI780 " In the present work, MoOs is used as injection layer for
hole only devices and OLEDs.

Because of the very high ionization energy of MoOs (9.68 eV 3®!), hole injection and
transport is very unlikely to occur via the valence band. Instead, as schematically de-
picted in Figure 2.5, a charge generation process takes place under positive bias, where
hole injection proceeds via electron transfer from the HOMO level of the organic layer to
the conduction band of the TMO, from where it is collected by the electrode!®'-%3. The

energy barrier which has to be overcome in this case is the difference of the HOMO of
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vac

Figure 2.5: Mechanism of charge injection with MoOs interlayers. Hole injection pro-
ceeds via electron transfer from the HOMO level of the organic layer to the
conduction band of the TMO, from where it is collected by the electrode ®!/.

the organic material and the conduction band minimum of the TMO.
The model described above was also used to explain the charge generation mechanism in

so called charge generation layers (CGLs). These are often applied in stacked OLEDs 8483,

2.5.2 LiF Injection Layers

Thin LiF injection layers in conjunction with an aluminum cathode are commonly used
for OLEDs!!>861 and also OPV¥"! to significantly enhance electron injection. Instead of
LiF, also other materials, like CaF, 8! or MgF,® can be applied, which show a similar
function. The first OLED with an LiF interlayer was presented by Hung et al.!'> in 1997.
Since then, several studies have been presented to reveal the mechanisms which lead to
the enhanced device performance. Nonetheless, a comprehensive picture, describing the
process of contact formation for this material, is still missing.

One given explanation was that tunneling of electrons into the LUMO of the electron
transporting organic material is possible, since a voltage drop across the insulating LiF
layer leads to Fermi level alignment and thus decreases the injection barrier between the

[86]

electron transporting organic semiconductor and the cathode Ihm et al."”! investi-

gated the Alqs/LiF interface with PES and found that the Fermi level shifts towards the
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LUMO for increasing LiF coverage. A saturation of the Fermi level shift was found to
occur at about 2.6 nm LiF thickness. They deduced that the Fermi level shift is due to
band bending caused by the work function difference of the two materials which leads to
a charge redistribution, which lowers the injection barrier.

The influence of the deposition of aluminum onto LiF was studied in Ref. [91]. Secondary
ion mass spectroscopy (SIMS) depth profiles were acquired and revealed that, upon alu-
minum deposition, a chemical reaction of aluminum and LiF takes place in the presence
of water. This leads to single lithium atoms, which can diffuse into the organic Alqs layer
and act as dopant. For a reversed deposition sequence (LiF on top of aluminum) less
enhancement of the electron injection was observed, indicating that the kinetic energy
of the aluminum atoms is crucial. That the chemical reaction depends on the deposition

sequence was also confirmed by Xie et al.”?! using synchrotron radiation PES.

2.6 OLED Theory

In the following section the operating principle of OLEDs will be depicted. Furthermore,
the OLED stack which is used as basis for the experiments in chapter 5 will be introduced.

2.6.1 Working Principle of OLEDs

State-of-the-art OLEDs normally consist of a multitude of different layers. Figure 2.6
shows the schematic structure of a working OLED device with a sequence of functional
organic layers sandwiched between two electrodes. Under positive bias, holes are injected
from the anode into the hole transport layer (HTL) and electrons are injected from the
cathode into the electron transport layer (ETL). The injected charge carriers drift through
the transport layers, recombine to form excitons and finally decay radiatively with a cer-
tain probability in the so called emission layer (EML). Since the light has to be outcoupled
through at least one of the electrodes, normally indium tin oxide (ITO) is used as trans-
parent anode for bottom-emitting OLEDs.

For high efficiencies low potential barriers between the contacts and the transport lay-
ers are required. Therefore, often hole injection layers (HIL) and electron injection layers
(EIL) are inserted between the contacts and HTL as well as ETL. These can consist of very

thin layers, like MoOg or LiF, as was elaborated in more detail in section 2.5.1 and 2.5.2.
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Figure 2.6: Schematic structure of an OLED layer stack.

Another common approach is the insertion of electrochemically doped layers which lead
to thin depletion regions where charge carriers can easily tunnel through™3!. To localize
the emission zone, ensure an optimal electron-hole balance and prevent exciton quench-
ing, often electron blocking (EBL) and hole blocking (HBL) layers are introduced, which
can also serve as exciton blocker. The desired properties of EBL and ETL respectively
HBL and HTL can often be fulfilled by the same materials.

The major issue nowadays, which determines the overall performance of OLEDs, is the
outcoupling efficiency of the light which is produced inside the device. To address this
topic, various concepts such as micro-lens arrays'®* or scattering films!®>! have been de-
veloped.

The light outcoupling of an OLED is determined by measuring the radiative flux ¢,. The
corresponding photometric quantity is the so called luminous flux ¢,, which is defined as

follows:
780 nm

Op = Ky ¢V (N)dA (2.6.1)

380 nm
with K, = 683 1m/W. ¢, takes the wavelength A\-dependent sensitivity of the human

eye, described by the eye sensitivity curve V' (1)), into account. The luminous flux per
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Figure 2.7: Structure of the OLED stack used in this work based with energy values of
the single materials. The energy values were taken from Refs. [36] and [96].

solid angle element A() of an emitter, referred to its emitter area A, is called luminance
L. To convert photometric and radiometric quantities the conversion factor K, called

luminous efficacy of radiation

780 nm

380 nm r
n (2.6.2)
780 Qbrd)\

380 nm

is used, which is unique for each emitter spectrum.

2.6.2 OLED Stack Employed in this Work

The OLEDs presented in chapter 5 are based on the stack proposed by Meyer et al.[®!,
The layer sequence and the HOMO and LUMO levels of the single materials are sketched
in Figure 2.7. As anode transparent ITO is used. As described in section 2.5.1, a thin
TMO interlayer between aluminum and the hole transport layer can be used to enhance
charge injection. Since the present work deals with MoOs, tungsten oxide (WOQOs), which
was used in Ref. [96], was replaced by MoO3 (10 nm). To also enhance electron in-

jection, a LiF/aluminum contact is applied as cathode, with a LiF-thickness of 2 nm and
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the aluminum contact being 100 nm in thickness. In section 5 this contact is investigated
more closely. TCTA (50 nm) serves as hole transport layer at the anode side, whereas a
30 nm thick TPBI layer is applied as electron transport and exciton blocking layer at the
cathode side. The green phosphorescent emitter Ir(ppy); is doped with a concentration of
7 vol% into a 20 nm thick TPBi layer between the ETL and HTL to define the emission

zone.
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3 Experimental Details

In the first part of this chapter the integrated UHV systems is introduced where all samples
for this thesis were fabricated and many of the presented measurements were acquired.
The second part gives a short overview on all analytical methods applied in this work.

Finally, sample preparation is described in the last part.

3.1 The Clustertool: An Integrated UHV System

All samples were prepared in an integrated ultra-high vacuum (UHV) system, called clus-
tertool, which is sketched in Figure 3.1. It allows sample preparation as well as the ap-
plication of several complementary analytical methods, to address different issues in the
field of organic electronics.

A glovebox with nitrogen atmosphere can be used for changing shadow masks for devices
as well as for wet processing of films via spincoating. From there the sample holders can
be introduced into the UHV system via a load lock. Three distributor chambers allow to
move samples into each part of the system without breaking the vacuum.

For thin film growth, three evaporation chambers are available, which were setup within
the scope of the presented work, one for metals (metal chamber) and two for organics
and metal oxides (organic chamber 1 and 2). Each of the two organic chambers can be
equipped with up to eight evaporation cells. Films are grown by thermal evaporation of
powders from Knudsen cells, consisting of quartz crucibles indirectly heated via tantalum
wires. The effusion cells are controlled by adjusting the applied electrical power. Aside,
it is also possible to measure the temperature with a thermocouple (type K), which is
attached to a small pit at the bottom of the quartz crucible. The metal chamber allows
to evaporate four different metals from evaporation boats which are directly resistively

heated. To ensure uniform film coverage, the sample holders are rotated during depo-

25
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sition in all deposition chambers with a frequency of about 1 Hz!. In all chambers the
thickness of the evaporated layers can be monitored using calibrated oscillating quartz
crystals which are water-cooled to ensure better stability. To allow for co-evapoaration in
the organic chambers, oscillating crystals are positioned in such a way that opposite evap-
oration cells do only deposit onto one of the oscillating crystals, allowing for independent
control of the two material rates.

Several analysis chambers exist, which are operated by three different research groups
from the universities of Heidelberg, Darmstadt and Braunschweig within the scope of
the BMBF project MESOMERIE 2 at InnovationLab in Heidelberg. The group of Prof.
Pucci from the University of Heidelberg operates a Fourier transform infrared (FTIR)
spectrometer, where IR spectra can be acquired in absorption and reflection mode. The
setup allows to measure FTIR spectra during thin film growth, since the chamber is also
equipped with two evaporators. An oscillating crystal is used prior to film deposition
to adjust the evaporation rates and replaced by the sample holder during the deposition
process. Furthermore, it is possible to cool the substrate during film deposition down
to about 120 K. The group of Prof. Jdgermann from the TU Darmstadt is responsible
for the photoelectron spectroscopy (PES) setup, which allows to measure x-ray (XPS)
and ultraviolet photoelectron spectroscopy (UPS) spectra and also offers the possibility
to perform IPES experiments. Beside, an UHV atomic force microscope (AFM), the
TU Braunschweig operates a crossbeam-system, consisting of a scanning electron micro-
scope (SEM) combined with a focused ion beam (FIB) and a gas injection system (GIS)
to mill cross sections and prepare TEM lamellae. Additionally, it is possible to exchange
the 6-axis table of the SEM by an AFM, so that AFM measurements can be performed on
FIB-milled cross sections and the scanning process can be monitored during the measure-
ments. Both AFMs are also capable of performing scanning Kelvin probe microscopy

(SKPM) and scanning tunneling microscopy (STM) measurements.

I'The film thickness in organic chamber 1 was measured to vary by less than 3 % at the areas relevant for
sample preparation7!.
2Morphologie und elektronische Struktur von Organik/Organik und Organik/Metalloxid Hybridsystemen.
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Figure 3.1: Schematic drawing of the clustertool at Innovationlab in Heidelberg. For
sample preparation a glovebox and three evaporation chambers are available.
Additionally, various analytical methods can be applied, namely FTIR spec-
troscopy, photoelectron spectroscopy and scanning probe methods.
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3.2 Analytical Methods

In the following section the measurement principles of all analytical methods applied
throughout this work are explained. The first part covers the basic principles of differ-
ent TEM measurement techniques. This includes bright-field TEM, TEM spectroscopy
and electron tomography. Also a short overview of the technical parameters of the mi-
croscopes, which were used for data acquisition, are given. The second part deals with
measurement techniques from which information about the electronic properties can be
inferred, namely FTIR and PES. Details of the electrical measurements are described in

the last part.

3.2.1 Transmission Electron Microscopy

In a TEM a quasimonochromatic electron beam is transmitted through a very thin spec-
imen. For imaging with electrons, a very high resolution can be achieved, which lies
within the range of atomic distances, due to the small de Broglie wavelengths of the elec-
trons.

Electrons can interact with the sample in two ways: elastic and inelastic scattering. In the
case of elastic scattering, the electrons do not lose energy. Usually, elastically scattered
electrons are coherent and scattered into low angles (about 1°-10°®8!). However, they can
also be scattered into larger angles and become incoherent. Inelastic scattering processes
can also take place, where electrons lose energy after having caused, for instance, elec-
tronic or plasmonic excitations. In this case, electrons are scattered under an angle of less
than 1° and are coherent!®®,

Bright-field TEM is the most common imaging mode, where either all electrons are de-
tected or electrons scattered under high angles do not contribute to the image because they
are filtered out by an objective aperture. The latter improves the contrast since the effect
of the spherical aberration is reduced. Additionally, zero-loss filtering is often applied,
where only electrons which have suffered no or only minor energy loss, i.e. elastically
scattered electrons or electrons which have not interacted with the sample at all, are de-
tected. Zero-loss filtering also enhances the contrast.

To determine the layer thickness of the investigated films, so-called thickness maps can

be acquired, where a bright-field image as well as a zero-loss filtered bright-field image
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are recorded. The thickness d of the specimen is related to the intensity of a pixel in the
bright-field image / and the intensity of the corresponding pixel in the zero-loss filtered
image [ via:

I = Ipe %, (3.2.1)

From this relation, the thickness d can be determined, if the mean free electron path \ is
known. If A is unknown, only the relative thickness / /I, can be derived.

Beside bright-field imaging, various other TEM imaging methods can be applied. Their
basic principles will be explained in the following sections.

3.2.1.1 TEM Spectroscopy

The contrast in bright-field TEM can be a material contrast, but can also originate from
other effects like thickness variations or the existence of crystalline and amorphous do-
mains. To identify different materials, analytical electron microscopy can be applied. A
schematic drawing of this method is depicted in Figure 3.2. Electrons of the incident
electron beam interact with the molecules of the sample via inelastic scattering processes,
which cause the electrons to lose energy. This results in a polychromatic beam with elec-
trons exhibiting specific loss energies according to the respective processes.

To collect spectral information of the whole illuminated sample area, electron energy loss
spectroscopy (EELS) can be applied, where the intensity of the electron beam is mea-
sured as a function of the loss energy. With EELS, very high energetic resolution can be
achieved. For example, an incident electron energy of 60 kV leads to an energy resolution
of about 80 meV, depending on the sample.

To spatially discriminate local chemical distributions, electron spectroscopic imaging
(ESI) can be performed, where only electrons at a certain loss energy are detected, re-
sulting in monochromatic images. Adequate image analysis can then be used to obtain
chemical contrast!®1%! ESI can be applied in two energy regimes, which will be de-

scribed in the following sections.

Core Loss ESI
Chemical contrast can be obtained by applying ESI in the core loss regime. Incident elec-

trons can ionize tightly bound core electrons. With this process, the incident electrons
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Figure 3.2: Measurement principle of TEM spectroscopy. Since electrons of the incident
beam interact with the molecules of the sample, they lose energy according to
the respective interaction processes. The emerging polychromatic beam can
then be measured as a function of the loss energy (EELS) or an image can be
acquired where only electrons at a certain loss energy are detected (ESI).

lose energy and an ionization edge, located at the binding energy of the ionized core elec-
tron, appears in the loss spectrum. Core loss ESI can be used to differentiate between
different elements and is often applied for elemental mapping of inorganic samples. Al-
though interpretation of the measurement results is quite simple, there are still various
disadvantages of imaging in this energy regime. The low ionization cross section causes
poor signal-to-noise ratio. Therefore, long data collection times are required which lead
to high beam doses. This can damage sensitive organic thin films and also induce dis-
tortions in the sample. Furthermore, it is quite difficult to achieve nanometer resolution
since the influence of spatial sample drift increases when long data collection times are
applied.

As can be seen in Figure 3.3 (a), the ionization edges, which appear in the EEL spectra, are

superimposed on a background, mainly originating from multiple inelastic electron scat-
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Figure 3.3: (a) Example of a core loss EEL spectrum with an ionization edge as well
as a background which is mainly due to plural inelastic electron-scattering
processes (black line). The background can be fitted at an energy window
prior to the ionization edge, extrapolated to higher energies (red line) and
subtracted from the spectrum.

(b) Core loss EEL spectrum after background correction.

tering processes. To subtract this background, a function is fitted at an energy window
prior to the ionization edge (see red solid line in Figure 3.3 (a)). Different expressions can

(98,1011 " For the most common function, also

be used to describe this functional behavior
applied in the present work, the background intensity /, as a function of the loss energy

E, is fitted using a power-law with two fitting constants A and r[*%:
I=A-F" (3.2.2)

The obtained function is then extrapolated to higher energies and subtracted from the
spectrum. An example for a resulting background-corrected spectrum is depicted in Fig-
ure 3.3 (b).

For analyzing the ESI core loss measurements, the three-window method is used [*%102:103]
in order to subtract the signal caused by inelastic scattering processes and take effects like
varied sample thickness into account. In addition to the image acquired at the ionization
edge energy (called post-edge image), two images at energies prior to the examined peak
are acquired (denoted as pre-edge images). All three images have to be acquired with a

certain energy width to ensure a good signal-to-noise ratio. After alignment of the three
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images, each pixel of the two pre-edge images is fitted according to equation (3.2.2) and
the extrapolated background is subtracted from the post-edge image to obtain a so-called

elemental map.

Low Loss ESI

To resolve the problems described in the previous section, ESI in the so-called low loss
regime, which is usually assigned to energies between 0 eV and 60 eV, can be applied.
In this energy range, electronic and plasmonic excitations take place. Since the cross sec-
tion of these excitations is much higher, data collection times can be shorter than for core
loss ESI, which leads to less problems due to beam damage and sample drift. Provided
that adequate image analysis is applied, as it is described below, low loss ESI allows for
discrimination of materials and phases with very similar spectral characteristics!'*. The
main features of a low loss spectrum are the so-called zero-loss peak at 0 eV energy loss,
as well as electronic excitations and a broad plasmon excitation.

Instead of measuring one image at a certain energy window to map individual elements,
like for core loss spectroscopy, it is required to acquire a whole stack of images at differ-
ent loss energies. A three-dimensional data set is obtained where the xy-plane contains
the ESI images, while the z-direction denotes the loss energy. From a different point of
view, the three-dimensional data set provides a spectrum for each image point. These
spectra can then be analyzed.

After image alignment and before further processing, each pixel is normalized by dividing
the pixel intensity value by the integral of the spectrum of the respective pixel to account
for thickness variations. As described in Ref. [104], an analysis can be applied, which is
based on nonlinear multivariate statistics and machine learning, to categorize each image
pixel into specific spectral classes. The classification into distinct classes can be due to
different reasons. For example, different elements, but also changes in morphology or
other material properties, which influence electronic interactions and therefore the low
loss spectrum, can lead to different classes!'%. When analyzing material composites, the
electron excitation features of the averaged spectra for each spectral class can be com-
pared with the EEL spectra of the neat materials to assign them to specific materials and

material compositions.
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Figure 3.4: TEM images show projections of the sample. However, if this projection
shows circles, the real objects might, for example, consist of sphericals, rods
or cones.

3.2.1.2 Electron Tomography

Since bright-field images only show a projection of the specimen, they cannot provide
information about the three-dimensional structure of the investigated thin films!'%!. If
circles appear in the image, the sample might consist of sphericals, but, for instance, rods
or cones would also be supposable. This is schematically illustrated in Figure 3.4. To
obtain three-dimensional information, electron tomography can be applied. One data col-
lection scheme, which is often used, is the single axis tilt series. There, the sample is
successively tilted into multiple angles (usually from —60° to +60°'%) around one axis
and at each angle, a TEM image is taken. To allow for image alignment and to take
potential film deformations into account, gold nanoparticles, so-called gold-fiducials, are
dispersed on both sides of the film. To be able to apply electron tomography, the projec-
tion requirement must be fulfilled. It states that the measured signal has to be a monotonic
function of an object property'%!. Hence, for bright-field tomography, the sample has to
be amorphous. If it would be crystalline, the beam intensity would depend on the angle
of the impinging electron beam, because at certain angles, the condition for constructive
interference would be fulfilled.

From the acquired tilt series, which provides projections at different angles, a reconstruc-
tion of the three-dimensional volume can be obtained. A variety of different algorithms
exists to calculate this volume. In this work, the weighted backprojection algorithm [07:108]
was used for the samples with 30 nm thickness. Backprojection is a Fourier reconstruc-
tion method, where the Fourier transforms of the projections are used to restore the Fourier

transform of the object. Using inverse Fourier transformation, the real-space distribution
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of the object is obtained. Due to the discrete sampling of projection angles there are more
data points for low than for high frequencies. In the case of weighted backprojection,
frequencies are weighted in such a way, that a balanced number of data points for all fre-
quency ranges is obtained.

For reconstructions of samples with 100 nm thickness, presented in this work, application
of the weighted backprojection algorithm led to severe distortions in the reconstructions.
This issue was overcome by application of the TxBR algorithm, which is a further devel-
opment of the weighted backprojection algorithm. Additionally, TxBR also led to a better
contrast!'®!. TxBR takes into account that electrons travel on curvilinear, rather than
straight, trajectories, as well as the fact that the sample moves through inhomogeneous
magnetic fields while being tilted. Comparison of the 30 nm thick sample, reconstructed
with the weighted backprojection algorithm, with the 100 nm thick sample, reconstructed
with TxBR, did not reveal significant differences. All samples with 30 nm thickness were
reconstructed with the weighted backprojection algorithm, while for all 100 nm thick
samples TxBR was applied.

Application of the reconstruction algorithm provides a three-dimensional image stack.
With an isosurface function of a graphical software all pixels which have a grayscale
value lower than a certain limit can be connected, so that a three-dimensional image is

obtained.

3.2.1.3 Microscopes

Most TEM measurements, which will be described in section 4.1, were performed with a
Libra 200 MC Cryo DMU (Carl Zeiss Microscopy) which provides high spatial and en-
ergetic resolution due to the combination of a monochromator and an in-column energy
filter!'!%!, The TEM can be operated with acceleration voltages of 60 kV and 200 kV.
For 60 kV acceleration voltage the cross section, as well as the dispersion, is higher than
for 200 kV. Since this leads to an improved energy resolution for the ESI data set, low
loss ESI measurements were performed at 60 kV acceleration voltage. However, higher
acceleration voltages lead to longer mean free electron paths, thus reducing multiple scat-
tering events!!'!1. Therefore, core loss spectroscopy measurements were acquired with
200 kV. With regard to electron tomography, the effective thickness roughly doubles for

the highest tilt angle and thickness effects become a severe issue for these measurements.
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Since the samples mostly had a thickness of 100 nm, electron tomography measurements
were also performed with 200 kV.

The goniometer of the Libra 200, which allows for tilting the samples during electron
tomography measurements, exhibited technical difficulties at some point, which could
not be solved until the end of the present work. Hence, electron tomography for two of
the three 100 nm thick CBP samples doped with MoOj3 (see sections 4.1.3 and 4.1.4)
was performed with the FEI Titan Krios™, also operated at an acceleration voltage of
200 kV. The Titan Krios™ is a cryo microscope, where samples are held at a tempera-
ture of 100 K during the measurements. This is achieved by cooling of the copper wires,
which are attached to the sample holder, using liquid nitrogen.

Since it could be deduced from FTIR measurements that cooling down the doped film
does not have an impact on the topology of the sample, but only warming up influences
the topology (see section 4.1.4), the different measurement temperatures of the two mi-
croscopes should not have affected the results. In addition, the reconstructions of two
samples with 9 vol% MoOs concentration and thicknesses of 100 nm respectively 30 nm
were compared. No significant change in topology was observed, even though the first tilt
series was acquired using the Libra 200 at room temperature while for the latter the Titan
Krios was used at 100 K.

3.2.2 Probing Electronic Properties

In the theses of Maybritt Kithn*! (University of Darmstadt) and Tobias Glaser!!'?! (Uni-
versity of Heidelberg) PES and FTIR measurements were applied to probe the electronic
properties of MoOs-doped CBP layers. Since their results will be correlated with the
results obtained within the scope of the current thesis, the working principles of these

measurement techniques will be shortly summarized in the next two sections.

3.2.2.1 Photoelectron Spectroscopy

The underlying principle of PES is the photoelectric effect, where electromagnetic radia-
tion is applied to knock out electrons into the vacuum. A schematic drawing, explaining
the measurement principle, is depicted in Figure 3.5. Energy conservation requires that

the incident photon energy hr equals the sum of the binding energy of the electron with
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Figure 3.5: Principle of photoelectron spectroscopy. Energy conservation requires that
the energy of the incident radiation equals the sum of the binding energy of
the electron, the work function of the sample ¢gmpie and the kinetic energy of
the detected electron FEy;,. Additionally, also the work function difference of
sample and analyzer has to be overcome.

regard to the Fermi level Ejyq, the work function of the sample ¢gmpie and the kinetic
energy of the detected electron Eyi,, so that h = Eiing + Gsample + Eiin holds. Since
spectrometer and sample are in electrical contact, the photoelectron has to overcome a
contact potential difference of @gumpie - Pspec ON its way to the spectrometer. Therefore,
the detected kinetic energy of the electron equals Ekin = Ekin + (Gsample — Pspec)- After
determining the work function of the spectrometer, by measuring a sample with a known
work function (for instance a silver standard), the binding energy can be determined using

the following correlation:
Eping = hv/ — Exin = Pspec (3.2.3)

and is therefore independent of the sample work function.
Depending of the energy of the incident light one speaks about XPS or UPS. For UPS

(ultraviolet photoelectron spectroscopy) ultraviolet light is applied to obtain information
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about valence states. In the case of XPS (x-ray photoelectron spectroscopy) x-rays are
used to probe the energies of deep lying core levels. Core level emission lines of XPS
measurements are normally fitted using so-called Voigt functions®. The binding energy
also depends on the chemical environments of the atoms. This is often referred to as
chemical shift.

PES is a very surface-sensitive technique, since the mean free path of photoelectrons \ at
the applied energies is quite low. For UPS it typically amounts to about 3\ ~ 15 A 551131,
If a thin layer with a thickness d is evaporated onto a substrate, the integral intensity of the
substrate emission line is reduced. With /, being the intensity of the substrate emission

line before film deposition, the damped intensity [ is given by:
I = Ipe ™. (3.2.4)

This equation can be used for determination of layer thicknesses of the investigated films
from the damping of peak intensities.

A more detailed description about PES theory can, for example, be found in Refs. [114]
and [ 115], whereas information about the experimental setup, used for measurements

shown in this work, can be found in Ref. [116].

3.2.2.2 FTIR Spectroscopy

Another method to investigate electronic properties of organic thin films is FTIR spectros-
copy. For the measurements shown in this work, a Michelson interferometer setup was
used, where the incoming IR radiation is divided into two beams by a beam splitter. After
reflection of one beam at a fixed mirror, while the other one is reflected at a movable mir-
ror, both beams are merged and interfere. In the case of transmission mode, the interfered
radiation is transmitted through the sample and its intensity is measured as a function of
the mirror position. For spectral decomposition of the IR radiation, Fourier transforma-
tion is applied to the acquired interferogram, to obtain a spectrum (intensity as a function
of the wave number). A more detailed description about FTIR theory can, for example,
be found in Refs. [117] and [112]. The latter also contains a detailed description of the
experimental setup.

3 A superposition of a Gauss curve with a Lorentz function.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



38 3. Experimental Details

An experimentally obtained FTIR spectrum of an organic film exhibits absorption peaks
caused by excitations of molecular vibrations in the so-called fingerprint region (600 cm ™!
to 1700 cm™!), whereas broad absorptions can be found at higher wave numbers, which
are due to electronic excitations. The energetic positions of the vibrational bands depend
in a simple model on the binding strengths of the molecular bonds, as well as the mass of
the participating atoms.

The IR spectrum of single molecules in the gas phase can also be calculated quantum-
chemically using DFT. Comparison of the measurements with the calculations can lead to
a better understanding of the experimental spectra. Reasons for deviations of theory and
experiment might, for example, be due to intermolecular interaction and inharmonic ef-
fects, which are usually taken into account in the DFT calculations. The exact parameters

used for the quantumchemical calculations can be found in Refs. [112] and [118].

3.2.3 Electrical Measurements

In the present section the experimental setups for electrical measurements will be de-
scribed. Prior to all electrical measurements, silver conductive paint was applied to the
device contacts. Except for the cryo-IV measurements, all electrical measurements were
performed in ambient air and the devices were contacted using a manual point probe sta-

tion.

3.2.3.1 IV and Cryo-IV Measurements

The IV characteristics, which will be shown in section 4.3.1, were conducted using a
semiconductor parameter analyzer (4155C from Agilent), whereas the measurements of
the hole-only devices, presented in section 4.3.3, were acquired with a Keithley 2400
source meter*. In both cases three consecutive measurements were performed to ensure
that no degradation occurred during measurements. Additionally, a check for hysteresis
effects starting from 0 V was performed, to check whether the IV characteristics were

symmetric for forward and reverse bias.

4The Keithley 2400 was used at the beginning of this thesis, since the laboratory, where all measurements
presented in this work were conducted, had to be set up first and the semiconductor parameter analyzer
was not available from the beginning.
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Additionally to the IV measurements performed at room temperature, measurements at
various temperatures were conducted for selected samples, to determine activation en-
ergies (see section 4.3.2). The samples were cooled down in vacuum inside a cryostat
(Model ST-100 Supertran System of Janis Research) using liquid nitrogen. To ensure
good thermal contact, grease (Apiezon type N) was applied to the back of the sample.
The temperature was adjusted via counter heating using a temperature controller (Lake
Shore Model 331). For measurements of the IV characteristics a source meter (Keithley
Model 2636A), was used. The IV characteristics were measured three times for each

temperature to test for degradation.

3.2.3.2 OLEDs

LIV? characteristics of OLEDs were recorded under ambient conditions using a Keithley
2400 source meter. For the measurements of the optical power, outcoupled through the
ITO-back contact, a silicon photodiode (Newport, Model 818-UV) which was located
below the probe station and connected to a powermeter (model 1936) was used. To allow
for conversion into photometric units, calibration measurements were performed with a

luminance meter (Konica Minolta, CS-200).

3.3 Sample Preparation

In the following section the sample preparation will be described. This includes general
aspects of thin film growth, a short overview of the materials, which were used for doped

films, and a description of the preparation of TEM samples as well as electrical devices.

3.3.1 Thin Film Growth

Prior to thin film growth or spincoating, all substrates where cleaned for 10 min with
acetone and isopropanol in an ultrasonic bath and afterwards blown off with gaseous ni-
trogen. The final cleaning step was an ozone treatment for 10 min to remove organic
contaminants. Instead of the ozone treatment, the OLEDs shown in chapter 5 were ex-

posed to oxygen plasma for 5 min (Plasma technology, 300 W)[!*1. Plasma treatment is

SLuminance L, Current I, Voltage V
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also known to enhance the work function of ITO, which might allow better hole injection
and therefore increase the efficiency. Basically the same effect can also be achieved with
ozone treatment, but was found to be less effective!!'?].

Samples were grown via thermal evaporation from effusion cells in the integrated UHV
system described in section 3.1. The organic and co-evaporated layers of the hole-only
devices where fabricated in OLED chamber 2 (base pressure: 10~% mbar), for OLEDs
organic chamber 1 (base pressure: 10~? mbar) was used. MoOj injection layers were
evaporated from evaporation boats in the metal chamber, where also aluminum electrodes
and LiF injection layers were processed.

Doped samples were prepared via co-evaporation of the single materials where the rates
of the two materials could be monitored with two independent quartz crystals. Neat films
were evaporated with a growth rate of 50 A/min. Only for the samples, which were
prepared in the FTIR chamber, a deposition rate of 30 A /min had to be chosen due to re-
strictions of the evaporation cells used in this chamber. For the doped films the deposition
rate of CBP was kept constant at 50 A /min and the MoOj3 rate was adapted accordingly
to attain the desired doping concentration.

To calculate the doping concentration in volume per cent Clq 4 from the film thicknesses
of the matrix dmayix and the dopant dgopan the following equation was used:

ddopant

Chole = -100. (3.3.1)

ddopant T Amatrix
For the discussion about charge transport and doping efficiency it is more suitable to
consider the molar particle ratio. Using mass spectroscopy, Berkowitz et al.!'?’! found
that, when thermally evaporated, the MoOj3 vapor consists mainly of Mo3Oq clusters.
Therefore, all molar doping concentrations in this work are referred to Mo3Og trimers.
From the thicknesses of the two materials the molar doping concentration Cj,01, can be
calculated if the densities of matrix pyauix and dopant pgopan: as well as their molar masses
M nawix and Mgopane are known:

ddopanl * Pdopant
3- Mdopam

Crnolts = -100 (3.3.2)

dopant * pdopant Aimatrix * Pmatrix

3- Mdopant Minatrix
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(b)

Figure 3.6: (a) Structure of the organic matrix material CBP.
(b) Structure of the dopant molybdenum oxide. It was found that molybdenum
oxide mainly evaporates as MosOy clusters!!2"],

According to the manufacturer, the molar masses are Mcgp = 484.59 g/mol and M0, =
143.94 g/mol. Following Refs. [112] and [121], the material densities pcgp = 1.7 g/cm3

and ppoo, =4.1 g/cm? were assumed.

3.3.2 Materials

The material system, mainly studied in this work, is the organic host material CBP and
the dopant molybdenum oxide. In this section a short description of these two materials

is presented.

3.3.2.1 CBP

In the present work, CBP is used as organic host material for electrochemically doped
layers, which are p-type doped with molybdenum oxide. The elemental formula of CBP
is C36H24N, and its chemical structure is shown in Figure 3.6 (a). CBP acts as a repre-
sentative of a whole class of organic wide-bandgap materials, as, for example, TCTA or
a-NPD® and is widely employed in phosphorescent OLEDs. There, it is often used as
host for the green phosphorescent emitter Ir(ppy);?>!12%1231) but also as host for elec-
trochemically doped charge transport layers'*>7”1.  Since the mobility for both, holes
(2-107 cm?/Vs!?¥) and electrons (3 - 10™* cm?/Vs!?#), is comparable, CBP is an am-

bipolar material capable of transporting holes as well as electrons.

SFor a-NPD sometimes also the abbreviation NPB is used.
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3.3.2.2 MoO;

Semiconducting TMOs like MoO3, WO3, V5,05 or ReOg are compatible with the field of
organic electronics since they can be evaporated from the same simple effusion cells as
organic semiconductors and even wet-processing from a nanoparticle dispersion is possi-
ble!”*125] Besides, they possess high transparency in the visible spectral range®?!. TMOs
are most widely applied as thin injection layers for OLEDs and OPV. The first MoOj3
injection layer was reported in 1996!7!. In addition, TMOs can also be applied as p-
type dopant for organic semiconductors with very deep lying HOMO levels due to their
high electron affinities. In the present work, molybdenum oxide is used because of its
low sublimation temperature of only about 400°C, which does not require special high-
temperature effusion cells as for the other TMOs mentioned above, and due to its low
costs. According to the terminology usually used in literature, also in this work molyb-
denum oxide will usually be abbreviated by MoOs, even though it is assumed throughout

the whole thesis that mainly Mo3Og clusters are present (see Figure 3.6 (b)).

3.3.3 Preparation of TEM Samples

For the preparation of the TEM samples, filtered (45 pwm particle filters) PEDOT:PSS was
spincoated under ambient conditions onto ITO-coated borofloat glass with 2500 rpm. Af-
terwards, the organic film was evaporated on top of the PEDOT:PSS in the integrated
UHV system, which was described in section 3.1.

After evaporation, the sample was placed in demineralized water. Since PEDOT:PSS is
water-soluble, the evaporated film swims on top of the water and can then be picked up
with a TEM grid. So called Quantifoil® grids were used, which consist of a copper grid,
coated with a thin holey carbon film for support.

For pure MoOg the floating process did not work since the film fell apart into very small
pieces on the water surface, which were not big enough to be picked up with a TEM grid.
Therefore, to obtain EEL spectra of neat MoOs, a sample with 70 nm MoOQOs, evaporated
onto a 20 nm thick CBP film, acting as supporting layer, was fabricated. CBP does not
contain any oxygen. Hence, this sample was suitable for acquiring core loss spectra of
neat MoOs3, which then only contained signal from the MoOj3 film and not from CBP.
In the low loss regime one would get signal from both materials, i.e. CBP and MoOs.
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Therefore, the MoOj3 film was directly deposited onto the Quantifoil® grid, so that the
spectra had to be recorded with Quantifoil® background. To ensure comparability, low
loss EEL spectra of neat CBP were also recorded with Quantifoil® background, floated
as usual.

For electron tomography, gold fiducials were applied on both sides of the film after
the floating process. A nanoparticle solution, purchased from Aurion, containing gold
nanoparticles with a nominal diameter of about 6 nm, was used. The nanoparticle solu-
tion was mixed with deionized water at a concentration of 1:1. To achieve homogeneously
dispersed gold fiducials on the sample surface, the film was exposed to oxygen plasma’
(50 W) for 6 s prior to application of the gold nanoparticles. To ensure that the samples
were not damaged and no structural changes occurred during the whole process, a bright-

field image was acquired after each process step.

Influence of Floating Process on Film Thickness

Significant discrepancies between layer thicknesses, determined via oscillating crystals
during evaporation and by electron tomography, were found. For a sample with 30 nm,
electron tomography revealed a thickness of about 15 nm®, whereas reconstructions of
three films with 100 nm thickness revealed thicknesses of about 60 nm to 80 nm in the
tomography. Therefore, the question arises, what the origin of these quite big discrepan-
cies is.

One possible explanation would be, that during the plasma treatment prior to application
of the gold fiducials or in the application process of the gold fiducials itself, parts of the or-
ganic films were removed. This supposition was disproved since thickness maps, acquired
before and after the described processes, did not reveal significant thickness changes.
Usually glass is used as substrate for tooling of the evaporation cells, not PEDOT:PSS.
Therefore, a different substrate might also influence the sample thickness. However, this
assumption was also disproved by an experiment where 100 nm thick films of neat CBP

respectively MoOs were evaporated onto a glass, as well as an ITO substrate covered with

"Gatan Solarus (Model 950) Advanced Plasma Cleaning System
8Because the contrast between CBP and air in the electron tomography results is not very good, the exact
sample thickness can only be estimated with the use of the gold fiducials.
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PEDOQOT:PSS. For both substrates, profilometer measurements revealed the same sample
thickness, namely about 100 nm.

Another explanation could be that the floating process already influences the sample thick-
ness. To check whether this is the case, film thicknesses were determined from FIB-milled
cross sections, which were prepared in the Auriga system of the clustertool. Two samples
were prepared by evaporating a 100 nm thick CBP:MoO3 film with 45 vol% doping con-
centration onto PEDOT:PSS-coated ITO glass. For one of the two samples the organic
film was first floated off onto a TEM grid, as described earlier in this section. Using car-
bon tape, it was then attached to a piece of glass for fixture. A 100 nm thick aluminum
layer was evaporated on top of both samples to protect the underlying organic layer and
obtain sharp, milled edges. A cross section of the unfloated film revealed a thickness of
about 100 nm. Figure 3.7 (a) shows an overview of the floated TEM sample, where the
Quantifoil® grid is covered by floated CBP:MoOj film fragments. In Figure 3.7 (b), a
FIB cross section, which was milled through the carbon support film of the Quantifoil®
grid and one of its holes is shown. It can be seen that the organic film, supported by the
carbon film, covers the hole. Milling of crossections at different positions of the samples
revealed thicknesses between 50 nm and 70 nm. This is in accordance with the discrep-
ancies observed by electron tomography, as mentioned above. The differences of the
measured film thicknesses of the floated sample are probably due to the fact that the film
distortion has a quite high deviation, depending, for instance, on the size of the floated
film fragments. In addition, the method does not allow to determine thicknesses with a
nm accuracy, but there is a discrepancy of approximately 5 nm due to the weak contrast
between the investigated materials. Nonetheless, the result reveals that the film is ex-
tended during the floating process. It can be expected that the observed topology does not
change but only a deformation occurs. Therefore, for interpretation of TEM images of

floated films, possible distortions must always be taken into account.

3.3.4 Device Fabrication

All substrates used for devices had a thickness of 0.7 mm and were 25 mm X 25 mm in
size. The sample holders used in organic chamber 1 and 2, as well as in the metal chamber,
were able to carry two of these substrates at the same time. For device fabrication, laser-

cutted shadow masks with a thickness of 300 pm and a lateral accuracy of 2 — 3 pm,
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Figure 3.7: (a) SEM image which shows an overview of a floated sample. The
Quantifoil® grid, consisting of a copper grid coated by a thin holey carbon
film for support is covered by floated CBP:Mo0Os film fragments.

(b) FIB crossection, milled through the carbon-support film of the Quantifoil®
grid and one of its holes, which is covered by the floated CBP:MoO3 film.

were used to define active areas and contacts. The masks were fixed onto the sample
holders with small screws and exchanged under nitrogen atmosphere in the glovebox of

the integrated UHV system.

3.3.4.1 Hole-Only Devices

For hole-only devices, borofloat glass from Schott was used as substrate. Two different
kinds of device structures were fabricated. Anode, organic layer and cathode were defined
with shadow masks, respectively.

The first device structure was a so-called stripe structure, which is schematically shown
in Figure 3.8 (a). The anode stripe was defined by a shadow mask (red). Afterwards, the
mask was changed and the organic layer was evaporated (green). The cathode, consisting
of a stripe perpendicularly oriented to the anode stripe, was defined by a third shadow
mask (orange) in the last step. Because of the low lateral conductivity of the organic lay-
ers, the active zone is defined by the overlap of the two electrodes and current flow occurs
perpendicularly to the substrate, when a voltage is applied between the two contacts. The
second structure was a so-called finger structure. As depicted in figure 3.8 (c), it consists

of an organic layer (green) and an electrode with interdigitated metal stripes (orange). In
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this case, current transport takes place parallel to the substrate, when a voltage is applied
between the two contacts. On each substrate, four devices of the same structure were
fabricated simultaneously. Since the sample holder of the FTIR chamber is just capable
of carrying one substrate of the size 12.5 mm x 12.5 mm, only two devices with the stripe
structure could be fabricated there.

The layer sequences are illustrated in Figure 3.8 (b) and (d). For the stripe structure, pos-
itive bias was applied to the bottom electrode, which consisted of aluminum and a thin
MoOs layer to enhance hole injection, as described in section 2.5.1. Electron injection
from the top electrode is negligible, since the high injection barrier for electrons between
the aluminum top contact and CBP is even increased by inserting another thin MoOj inter-
layer. Therefore, injection issues should only play a minor role, so that mainly the current
transport through the doped layer can be investigated. Considering transport within the
CBP matrix, it can be assumed that only hole transport takes place in these devices!*!. In
order to obtain a stack with the same material sequence, the finger structure consisted of
a 100 nm thick organic layer, followed by a 5 nm thick MoOj3 layer and a 100 nm thick
aluminum electrode. To allow for a better comparison of stripe and finger devices, the
organic layers of both device structures, as well as the cathodes of the stripe devices and
the electrodes of the finger devices, were prepared simultaneously on the same sample
holder for each doping concentration. Sometimes only one kind of device structure was
fabricated, for example because a TEM sample was fabricated within the same evapora-
tion process and the sample holder did not allow to additionally fix two device substrates.
Various factors can influence the measured IV characteristics. In Ref. [126], the influence
of the evaporation rate, which goes along with a variation of the evaporation tempera-
ture, was studied. It was found that when MoOs is deposited at low deposition rates, the
work function was lower and more oxygen deficiencies were present than for high depo-
sition rates, where MoO3; became almost stoichiometric. It was also demonstrated that
the evaporation temperature influences the charge transport properties, since OLEDs with
a MoOs injection layer evaporated at low temperatures exhibited higher currents at the
same voltage levels than OLEDs where MoO; was evaporated at a high temperature[!26],
Because different rates were used for different MoO3 concentrations in this work (the
CBP rate was kept constant during evaporation for all films (see section 3.3.1)) and the

evaporation temperature might also depend on the filling level of the evaporation cells,
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(a)

aluminium (100 nm)
MoO;(5 nm)

active layer (100 nm)
MoQ;(5 nm)

aluminium (100 nm)

aluminium (100 nm)

MoO,; (5 nm)

active layer (100 nm)

Figure 3.8: Structures of hole-only devices where (a) current flows perpendicular to the
substrate (stripe structure) or (c) parallel to the substrate (finger structure)
when a voltage is applied. Layer sequences for (b) the stripe structure and (d)
the finger structure.

this might influence the measured IV characteristics. However, since the active layers of
finger and stripe devices were deposited simultaneously for each doping concentration,
the above mentioned effects are not expected to severely influence the results regarding
the differences in conductivity of finger and stripe structures.

Measurements in this work were conducted in ambient air. It is known that electronic
properties of organic materials and TMOs might change upon exposure to air. Meyer
et al. showed, that exposure of MoOj3 to ambient air for a few minutes already reduces
the work function by about 1 eV!?”!, For polymer films doped with MoOs it was also
shown that conductivity and mobility of doped films, as well as bandgap and work func-
tion of MoQO3, depend on the degree of nitrogen exposure!!'?8!. However, it was shown that
charge injection from MoOj into high-work function materials as, for example, a-NPD

or TFB is not significantly affected by air exposure, since the lowering in work function
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only changes the interface dipole, but does not affect the energy barrier between the two
materials!'?").

For the first fabricated stripe devices, a device structure with an active area of 7 mm? was
used. However, it turned out that for high doping concentrations, which result in high con-
ductivities, i.e. low resistances, the measurements were influenced by contact resistance
effects. This means that the sample resistance was higher than or at least comparable
with the resistance of the measurement setup, including contact pins and wiring, so that
a superposition of both was measured. The effect was found to be even stronger for the
temperature dependent IV measurements, which will be presented in section 4.3.2, since
the setup used there exhibits a higher contact resistance. Therefore, a new device layout
was introduced later with an active area of 0.0625 mm?, to enhance the resistance. The
contact resistance effect could be demonstrated, for example, for a sample with 33 vol%
MoOj3 concentration, where no significant temperature dependence regarding the IV char-
acteristics was found for the old layout, whereas the new one showed a characteristic tem-
perature dependence. However, for low doping concentrations, no significant discrepancy
between the two layouts was found.

There is also a lower limit for current measurements, which is also more severe for tem-
perature dependent measurements. This is due to the fact that the sample resistance in-
creases significantly for lower temperatures because of the temperature activated hopping
transport. It might then be difficult to measure such low currents since the measurement
is limited by the accuracy of the analyzer. Another factor which has to be taken into ac-
count is that the sample can be considered as a capacitor. Therefore, it requires a certain
charging time 7, which depends on the resistance R and the capacitance C'. This leads
to an additional charging current which overlaps with the actual current and increases the
measured signal. The effect becomes important for small currents. This could be verified
for the cryo-IV setup (see section 3.2.3.1) by enhancing the hold time, i.e. the time be-
tween applying a voltage and measuring the respective current, for each data point, where
the above described effect became weaker. Additionally, there must also be other effects
which influence the measurements, like the presence of small leakage currents which be-

come significant for low measurement currents.
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3.3.4.2 OLEDs

For the OLEDs described in chapter 5, commercially fabricated substrates’ with ITO an-
odes were used. The active area was already pre-patterned with a photoresist passivation,
which defines 16 active areas with a size of 4 mm?. Each ITO anode is connected to a
metal contact at the substrate edge. A shadow mask, which covers anode and cathode
contacts, was used during growth of the MoOs injection layers and the organic layers.
During deposition of the LiF/aluminum contact, another mask was used, which covered
the anode contacts and left the metal pads for contacting the cathode contacts blank. Since
the evaporated metal cathodes were opaque, light outcoupling mainly occurred through

the transparent ITO anode.

The substrate structure was designed by Osram OS and provided by BASF SE.
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4 MoO;-Doped CBP Thin Films

In the first part of this chapter, the topology of MoO3-doped CBP films is investigated
with different measurement techniques of transmission electron microscopy. The second
section summarizes the main results on the electronic properties of CBP:MoQO3 compos-
ites inferred from FTIR and PES measurements. Then electrical measurements of doped
CBP films are presented. In the last part, a comprehensive picture, considering all exper-
imental findings of the previous sections, regarding structural, electronic and electrical

results, is drawn.

4.1 Structural Investigations

In the following section, TEM results will be presented to reveal information about the
topology of co-evaporated CBP films doped with MoOs. First, bright-field TEM was
used, which will be shown to point towards agglomeration of the dopants in the organic
matrix. To verify that the observed agglomeration structures consist of MoOs, TEM spec-
troscopy in the core loss and in the low loss regime was applied. In the next step, electron
tomography was employed to obtain three-dimensional structural information. Further-
more, the influence of the substrate temperature on the topology was examined. Based
on all investigations, a model for the agglomeration growth will be developed. All TEM
measurements were performed and to a large part also analyzed at the University of Hei-
delberg in the group of Prof. Rasmus R. Schroder, mainly by Martin Pfannméller, Anne
K. Kast and Dr. Levin Dieterle.

4.1.1 Bright-Field TEM

As already mentioned in section 1.1, one explanation for the low doping efficiency ob-

served in MoO3-doped CBP films would be agglomeration of the dopants. Evidence for

1 [129]

clustering of MoO3 was already found by Ha et a . STM measurements on the sur-

51

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



52 4. MoOg-Doped CBP Thin Films

face of samples with MoOj3 deposited onto pentacene revealed small MoOjs clusters with
aheightof 4 — 6 A and a diameter of 15 — 20 A, as well as larger clusters, 25 Ain height
and up to 90 A in width. Since STM is a surface-sensitive technique, only insight about
the surface topology can be obtained. To investigate the bulk properties of doped films,
transmission electron microscopy was therefore applied within the scope of this work.
Figure 4.1 shows TEM bright-field micrographs of CBP samples with 0.6 vol%, 2 vol%,
9 vol% and 33 vol% in plane-view perspective. All samples had a thickness of 30 nm.
Since the samples possess negligible phase contrast, the images in Figure 4.1 were ac-
quired with slight under focus to enhance contrast. As all bright-field images presented in
this work, they were zero-loss filtered. This means the images were recorded using only
electrons from the zero-loss peak, thus eliminating information from inelastic scattering
processes.

In the bright-field images, dark spots could be observed which potentially represent MoOs
agglomerations. This also confirms results of Lee et al.['*!! who performed HAADF mea-
surements and reported the same effect for CBP and a-NPD doped with MoO3 and ReOs.
Also for CuPc doped with WO3 dopant precipitates could be observed via HAADF mea-
surements 7],

To estimate the size distribution and mean distance of the agglomerates, power spectral
density (PSD) analysis was applied, as described in Ref. [132]. In the PSD spectra,
shown in Figure 4.2, two main peaks can be identified. The fact that a spread of agglom-
eration sizes and distances is present in the images is reflected in broad peaks and the
values given below should therefore only be seen as mean values. The feature at higher
frequencies can be assigned to the mean lateral agglomeration size, which is almost the
same for all investigated doping concentrations (see dashed line) and amounts to about
1 nm. The peaks at lower frequencies belong to the mean distance of the agglomerations
and are 12.7 nm, 7.1 nm and 4.6 nm for 2 vol%, 9 vol% and 33 vol%, respectively (solid
lines). This indicates that the agglomeration density increases with increasing doping
concentration. For 0.6 vol% no peak, which represents the agglomeration distance, can
be identified. This is probably due to the fact that there is a quite high spread in distances
and that the distance is higher than the resolution limit of the PSD. Section 4.1.5 will go
into more detail whether the diameters determined from bright-field images reflect the

exact agglomeration size.
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(b)

Figure 4.1: Zero-loss filtered TEM bright-field micrographs of CBP films doped with (a)
0.6 vol%, (b) 2 vol%, (c) 9 vol% and (d) 33 vol% MoQOs. All films had a
thickness of 30 nm. 30!
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Figure 4.2: Power spectral density calculations of the bright-field images shown in Figure
4.1 reveal a filament diameter of about 1 nm for all doping concentrations and
an increasing mean agglomeration size for increasing doping concentration.

To investigate the morphology of neat and doped films, they were analyzed using De-
bye electron diffraction. Zero-loss filtered diffraction patterns were acquired for different
doping concentrations. The contrast inverted result for a CBP sample with 9 vol% MoOs
concentration is displayed in Figure 4.3. Comparable results were obtained for neat CBP
and MoOj films and for a doped film with 33 vol% doping concentration (not shown
here). In all diffraction patterns only diffuse concentric circles appear, indicating that

neat films, as well as doped films, are widely amorphous.

4.1.2 TEM Spectroscopy

As already described in section 3.2.1.1, the contrast in a bright-field image can be due to
various effects. Therefore, energy-filtered TEM was applied to clearly identify MoOs in
the bright-field micrographs.
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Figure 4.3: Zero-loss filtered diffraction
pattern for a CBP sample

Snm doped with 9 vol% MoOy. 130!

4.1.2.1 ESIl in the Core Loss Regime

As described in section 3.2.1.1, core loss spectroscopy is one possibility to obtain chemi-
cal contrast in a TEM image. Since CBP does not contain any oxygen, the oxygen K-edge
of MoOj at 532 eV 11331 wag used to map the MoOs distribution within the CBP ma-
trix. Figure 4.4 shows background corrected EEL spectra of the oxygen K-edge at around
532 eV for neat CBP and MoOs films, as well as for a CBP film doped with 33 vol%
MoO;. All spectra were normalized with respect to the peak labeled with A. For pure
MoOg, a very distinct energy loss spectrum can be detected. Two features appear at
532 eV and 541 eV and are labeled with markers A and B. Compared to the neat MoO3
film, the spectrum of the doped film only shows minor differences in the intensity ratio of
peak A and B. Since no fundamental spectral shifts or changes in spectral intensity occur,
when comparing neat and doped films, it can be concluded that co-evaporation does not

significantly influence the stoichiometry of MoQOs;!!3!

. As expected, the CBP spectrum
does not show any feature in this energy range. Hence, for ESI imaging the energy of the
oxygen K-edge of MoOg3 can be applied to study the oxygen distribution and therefore the
distribution of MoOs .

As elaborated in section 3.2.1.1, the three-window method was used with an energy win-
dow of 30 eV, and pre-edge images at 484 eV and 514 eV. The result of the ESI measure-
ment is displayed in Figure 4.5 (b), where regions with low spectral intensity are assigned

to CBP and depicted in black, whereas regions with high spectral intensity are assigned
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Figure 4.4: Background-corrected EEL spectra of the oxygen K-edge of 70 nm thick pris-
tine CBP (black) and MoOs (red) films. The doped CBP:MoOs film with
33 vol% (blue) had a thickness of 30 nm. All spectra were normalized with
respect to the peak labeled with A. Because for the pure MoOs film the float-
ing process did not work (see section 3.3.3), 20 nm CBP was deposited un-
derneath the MoOs film.[!3"

Figure 4.5: (a) Bright-field image of a CBP sample with 33 vol% MoO3.
(b) Corresponding ESI core loss map of the oxygen K-edge, where bright
regions can be assigned to MoO3, whereas dark regions depict CBP.!3"!
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to MoOj3 and depicted in white. This result can be compared with the corresponding
bright-field image in Figure 4.5 (a). A very good correlation between both measurements
is found, since the areas with high spectral intensity correlate with the dark spots in the
bright field image and less signal in the ESI image is obtained at the brighter regions of the
bright-field image. This leads to the conclusion that the contrast in the bright-field image
is really due to different materials and that MoO3 and CBP can already be discriminated

from the information in the bright-field images.

4.1.2.2 ESI in the Low Loss Regime

The ESI results presented in the previous section were quite noisy since core loss spec-
troscopy exhibits different difficulties as described in section 3.2.1.1. The most severe
problem is that sample drift becomes crucial in this measurement mode due to long data
collection times which are needed for core loss ESI. To overcome this problem, low loss
ESI can be performed instead, where much shorter acquisition times are required.

As described in section 3.2.1.1, a stack of images was acquired for energies between 3 eV
and 60 eV in 1 eV steps with a slit aperture of 1 eV. The resulting raw data set can be
found in the Supporting Information of Ref. [110] where each image represents a spe-
cific loss energy, starting with 3 eV. Data analysis of this image stack was performed
as described in section 3.2.1.1. Figure 4.6 shows a three-dimensional projection of the
multidimensional data stack where three of the lowest five dimensions are plotted and
each image pixel is represented by one point. In the analysis used here, the dimensions
do not have an intuitive meaning like, for instance, in principal component analysis!'.
Hence, they cannot be assigned to specific features of the EEL spectra. In Ref. [104]
bulk-heterojunction solar cells made of P3HT and PCBM were investigated and beside
two phases of the single materials also a third mixed phase was found. In contrast, only
two individual data clouds could be identified here which can be assigned to MoOs (red)
and CBP (black).

Figure 4.7 (b) shows the resulting classification map of the analysis with pixels of the
MoOj class depicted in white and pixels corresponding to the material class of CBP in
black. As already shown in the previous section for the CBP sample with 33 vol% doping
concentration, also here a very good correlation between the bright-field image shown in

Figure 4.7 (a) and the ESI measurement in Figure 4.7 (b) can be found.
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Figure 4.7: (a) Bright-field image of a CBP film with 9 vol% MoOs.
(b) Corresponding classification map of low loss analysis where the MoOj3
class is depicted in white and the class of CBP in black. 3]
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Figure 4.8: Measured EEL spectra in the low loss regime of neat CBP (black solid line)
and MoOjs (red solid line) as well as a doped film with 9 vol% MoQj3 con-
centration (blue solid line). The films of the pristine materials both contain
a Quantifoil background, consisting of amorphous carbon, since the floating
process did not work for MoOj (see section 3.3.3). The spectrum of the Quan-
tifoil film is depicted as grey dashed line. The averaged spectra obtained by
the classification are displayed as dotted lines for CBP (black) and MoOj3
(red). The insets show the main features which led to the material contrast

in Figure 4.7, i.e. a small shift in plasmon energy and an ionization edge
(Mo-N2,3 1111 1130]
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In the following, it will be explained which spectral features led to the observed material
contrast. The solid lines of Figure 4.8 show EEL spectra of neat CBP (black solid line)
and MoOs; (red solid line) films in the low loss regime. As described in section 3.3.3,
the floating process did not work for MoOj3. Therefore, also the EEL spectrum of CBP
was acquired with a Quantifoil background, which consisted of amorphous carbon, to
ensure better comparability. In addition, also the spectrum of the neat Quantifoil carbon
support film is displayed as grey dashed line. The EEL spectrum of the CBP sample
doped with 9 vol% MoOs concentration is depicted as blue solid line. In dotted lines
the averaged spectra obtained by the classification for CBP (black) and MoOj (red) are
shown. The insets in figure 4.8 show a zoom-in of the features which led to the observed
material contrast. The lower inset depicts that in the MoO3 spectrum an ionization edge
(Mo-N2,31) at around 50 eV appears, which is absent in the CBP spectrum. The other
difference is a small shift in Plasmon peak position!!'!, as can be seen in the upper in-
set. Gaussian fits of the plasmon peaks revealed peak energies of 23.06 eV for CBP and
23.14 eV for MoOs. The peak position difference is much smaller than one would ex-
pect from the experimentally obtained EEL spectra of the neat films, since for the spectra
of the pure CBP and MoOs films with a carbon background, plasmon peak energies of
22.3 eV and 23.9 eV were found. This discrepancy might be due to the fact that a mixed
signal originating from both materials is measured, when MoOs is embedded in the CBP
matrix. Another reason could be that MoOs in the bulk phase reveals a different plasmon
excitation energy than the nano-sized MoO3 agglomerations.

In summary, it can be concluded from core loss as well as low loss characterization results
that MoOg can already be identified in the bright-field image. This proves the suggested
hypothesis that MoO3 agglomerates within the CBP matrix.

4.1.3 Electron Tomography

To gain information about the three-dimensional structure of the MoO3 agglomerations,
as well as their spatial distribution, electron tomography was applied. Since it was demon-
strated in the previous sections that bright-field images of CBP:MoO3 composites show
true material contrast and negligible diffraction contrast, the projection requirement was
fulfilled and no spectroscopic imaging was necessary. Instead, recording of zero-loss fil-

tered bright-field images was sufficient. As described in section 3.2.1.2, a single axis tilt
series was acquired with tilt angles between —60° and +60°.
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A sample with 30 nm film thickness and 9 vol% doping concentration was fabricated. The
electron tomography results of this specimen were already published in Ref. [110]. Ad-
ditionally, to get more insight into the thickness dependence of the topology, two thicker
samples with 100 nm thickness were prepared with doping concentrations of 0.6 vol%
and 9 vol%.

As an example, the entire tilt series of the sample with 30 nm can be found as movie in
the Supporting Information of Ref. [110]. A tilt series can already give an impression
about the three-dimensional nature of the sample. Looking at the acquired tilt series, it
could already be expected that the MoOg3 agglomerations are not spherically shaped, as
speculated in Ref. [131], but have an elongated structure. From the tilt series, which
provides projections at different angles, a three-dimensional volume can be obtained, as
described in section 3.2.1.2.

Figures 4.9 and 4.10 show slices through the reconstructions for the two 100 nm' thick
specimens in xy-plane, i.e. in the plane perpendicular to the incident electron beam. Also
two slices perpendicular to the xy-plane are shown (xz- and yz-plane). As described in
section 3.3.3, gold fiducials were applied to enable alignment of the image series for fur-
ther processing. These appear in the xz- and yz-planes as large dark spots at the top and
at the bottom of the sample. From their positions, the thickness of the film can be deter-
mined, since the contrast between vacuum and CBP is negligible.

In both views and for either doping concentration, the three-dimensional reconstructions
reveal filamental-shaped dopant structures, preferentially oriented perpendicular to the
substrate with longer filaments for 9 vol% than for 0.6 vol%. The slices parallel to the
xy-plane reveal small dark spots with a diameter of about 1 nm for both doping concen-
trations. The agglomeration density is higher for 9 vol% than for the 0.6 vol%. These
results are comparable with the bright-field images presented in section 4.1.1. However,
one difference exists. For the 0.6 vol% sample the contrast between MoO3 and CBP is
much better in the reconstruction than in the bright-field images. On the contrary, the con-
trast of the 9 vol% sample is similar in the bright-field images and in the reconstruction.

This can be explained by the different filament lengths for varied doping concentrations.

! As will be pointed out in section 4.1.5, there exists a discrepancy between the evaporated layer thickness
and the thickness measured in the TEM. The evaporated film thicknesses are given in the text, if not
stated differently.
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Figure 4.9: Slices through the reconstruction from a tilt series of a 100 nm thick CBP film
with 0.6 vol% MoOs concentration. Short MoQOj5 filaments can be detected in
xz- and yz-plane. The xy-plane reveals dark spots with a diameter of about
1 nm, similar to the bright-field image shown in Figure 4.1 (a). Some of the
applied fiducials moved during the tilt series acquisition. Therefore, these
were excluded for aligning the images for the reconstruction. As can be seen
in the yz-slice, such a fiducial appears distorted in the reconstruction.
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Figure 4.10: Slices through the reconstruction from a tilt series of a 100 nm thick CBP
film with 9 vol% MoOj concentration. Compared to the filaments of Figure
4.9, longer filaments can be identified with a higher density in the xz- and
yz-plane. The dark spots in the xy-plane reveal a diameter of about 1 nm,

similar to the bright-field image shown in Figure 4.1 (c).
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(b)

Figure 4.11: Isosurface representation of reconstructions shown in Figures 4.9 and 4.10
of CBP films doped with (a) 0.6 vol% and (b) 9 vol% MoOj3 doping concen-
tration. The length in y-direction is 5 nm.

The bright-field image shows a projection of the sample, where short filaments embedded
in a thick CBP matrix lead to worse contrast in comparison to long filaments embedded
in a CBP matrix of the same thickness. Since the three-dimensional reconstruction does
not show a projection but slices through the volume, the contrast is not influenced by the
filament length.

In order to obtain a better visualization of the reconstruction, a certain threshold can be
chosen and all pixels with a grayscale value higher than this threshold can be depicted
with the same color. This is called an isosurface representation. Of course, such a rep-
resentation is highly subjective, since the chosen threshold value strongly influences the
resulting representation. Therefore, it had to be carefully chosen after detailed consider-
ation of the reconstruction results shown in Figures 4.9 and 4.10. Isosurface representa-
tions of both samples are shown in Figures 4.11 (a) and (b). The z-direction with a length
70 nm represents the film thickness. A thickness of only 5 nm in y-direction was chosen,
since for a larger thickness no single filaments would be observable for the higher doped
sample. For the sample with 9 vol% MoOj3 concentration this gives a good impression of

the sample topology, whereas for 0.6 vol% doping concentration only very few filaments
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Figure 4.12: Isosurface representation of a CBP film with 0.6 vol% MoOs concentration.
Compared to Figure 4.11 (a), a larger section of the reconstruction is shown
here.

are included in the chosen section. To obtain a better overview of the filament distribution
of the 0.6 vol% sample, a so called isometric view is additionally depicted in Figure 4.12.
Since in the reconstruction the observed nanofilaments do not exactly proceed perpen-
dicular to the substrate, adjacent slices have to be considered for measuring the filament
length from the reconstruction. The filament length was estimated with the line measure-
ment tool of the software Fiji. For both doping concentrations, 20 filament lengths were
measured. For 0.6 vol% MoQOj3 concentration, lengths between 4 nm and 24 nm were
found, whereas the average length amounted to about 12 4= 5 nm?. The film with 9 vol%
revealed an even more complicated structure. Beside relatively short filaments with a

length of around 15 nm, also filaments almost going through the whole sample thickness

2Standard deviation
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Figure 4.13: Isosurface representation of slices through the reconstruction of a
CBP:MoO; sample with 30 nm thickness and 9 vol% doping concentration.
The xz- and yz-directions are shown to illustrate the missing wedge effect in
electron tomography reconstructions from single-axis scans.

occur with a length of up to 55 nm. What makes the topology description for this doping
concentration even more complicated is the fact that filaments sometimes also branch out.
The average filament length was determined to amount to 35 + 13 nm. Of course, this
method comprises quite high uncertainties, but it can still be concluded that the filaments
in the 9 vol% film are longer than for 0.6 vol% doping concentration.

As already mentioned in section 3.2.1.2, the acquired single-axis scan contains artifacts.
The so called missing-wedge effect is illustrated in Figure 4.13, where, as an example,
the reconstruction of the 30 nm sample with 9 vol% MoO3 concentration is shown from
two sides perpendicular to each other. The gold fiducials at the top and at the bottom
of the film have a spherical shape. If one looks from the side in which the sample is
tilted (Figure 4.13 (a)) the fiducials indeed look spherically shaped, but from the view 90°
apart the gold fiducials seem to be cut at the edges. This visualizes that not all sample
information was collected during data recording. Additionally, acquisition of thickness
maps revealed that the thickness decreased during the tilt series measurements. For the
film with 9 vol% evaporated onto a substrate at 120 K (see section 4.1.4) the value for the

relative thickness according to equation (3.2.1) was found to amount to 0.41 before and
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0.32 after data acquisition. This decrease in thickness is probably due to mass loss caused
by electron beam damage and also influences the reconstruction.

Therefore, it can be concluded from the obtained reconstruction that MoO35 forms fila-
ments preferentially oriented perpendicular to the substrate, but not the detailed structure
of these filaments. It must also be mentioned that a change of the threshold value (see
section 3.2.1.2) can change the presentation of the reconstruction significantly.

To receive more specific information about the dopant structure, a double-axis tilt series
could be acquired to reduce the missing wedge effect to a missing pyramid effect!!341,
Furthermore, to decrease beam damage, the discrete algebraic reconstruction technique
(DART) 35! could be applied for reconstruction, which requires less images than the re-
construction algorithms applied here.

To investigate whether the nanofilament growth is substrate dependent, a 30 nm multi-
layer structure was fabricated, consisting of 10 nm CBP doped with 9 vol% MoOs, fol-
lowed by a 10 nm neat CBP layer and again finished with 10 nm of doped CBP. The
reconstruction, which is shown in Figure 4.14, reveals that nanofilament growth occurs
in both doped layers. The reconstruction gives the impression that the doped layer at the
top is thicker than the doped layer underneath the neat CBP layer. This effect is caused
by increased surface roughness with increasing film thickness, leading to a wider spread
in the spatial distribution of the doped layers from the side perspective. This result also
indicates that nanofilament growth is not limited to growth on PEDOT:PSS, since it also

occurs in the same way when CBP serves as substrate.

Morphology Evolution in Dependence of Dopant Concentration inferred from XPS
Measurements

Since electron tomography is an extremely time-consuming method, it is not possible to
acquire tomograms for various doping concentrations to find out how the topology relates
to the doping concentration. In the following, it will be shown that XPS results, which
give information about the electronic structure, can be correlated with the observed dopant
topology and therefore also used to obtain information about the topology evolution for
increasing doping concentrations. All measurements presented in this section were per-
formed and analyzed by M. Kiihn#"',

Mo3d spectra of composites with different doping concentrations were acquired via XPS.
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Figure 4.14: Isosurface representation of the reconstruction of a 30 nm multilayer struc-
ture, consisting of 10 nm CBP doped with 9 vol% MoQs, followed by a
10 nm thick layer of pure CBP and finished with another 10 nm thick layer
of doped CBP. The upper doped part seems to be thicker because of an in-
creased surface roughness with increasing film thickness, which leads to a
wider spread in the spatial distribution of the doped layers from the side per-
spective. (a) Top-view of xy-plane. (b) Side-view of xz-plane.!!3"]

In Figure 4.15, the Mo3d spectrum of a composite with 45 mol%? is depicted exemplary.
The main feature of this spectrum is a doublet which is expected for pure MoOj3 because
of spin orbit coupling. Besides, a shoulder can be identified at the low energetic side
of each of the two emission lines of the doublet. This shoulder is due to the reduced
component of MoOs since after the charge transfer from CBP to MoOjs the electrons are
weaker bound to molybdenum oxide than in the uncharged species!*”’. Based on DFT
calculations compared with PES experiments!!3®!, d-orbital aromaticity can be assumed.
This means that the transferred electron is evenly distributed over all three molybdenum
atoms of the Mo3Oy cluster. Since the oxidation state of uncharged molybdenum amounts
to +6 the charge transfer leads to an oxidation state of +6-% = +1§7 for each molybdenum
atom!!%!. This fact will become important in section 4.2.2.2 where the number of charged
Mo3Oy clusters will be determined and is only explained in this context to be able to use

the right terminology. In the following, uncharged molybdenum oxide will be depicted

3For discussing electronic properties where normally charge carriers are considered, it makes more sense
to specify the doping concentration in mol%, whereas for topography investigations the volume fraction
given in vol% seems to be more meaningful. Therefore, the doping concentrations for TEM results are
normally given in vol%, whereas, when referring to electrical or electronic measurements, mol% is used.
Where necessary, both quantities are indicated according to equations (3.3.1) and (3.3.2) in section 3.3.1
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Figure 4.15: Mo3d emission line of a CBP film doped with 45.3 mol% Mo3zO,. Beside the
doublet of Mo®", a shoulder at lower binding energies can be identified which
was assigned to the reduced component of MoOs. Both doublets are fitted
with voigt-functions, to determine their respective intensities. The doublet

red :

which belongs to Mo™ is shown in orange and the doublet which belongs to
Mo®* is depicted in green. The measurement is displayed in black dots and
the sum curve over both doublets is shown in red. The displayed data was
measured and analyzed by M. Kiihn and the image is taken from Ref. [49].

as Mo®*, whereas the charged molybdenum species with the oxidation state +1§7 will be
labeled as Mo™,

The ratio of Mo®" and Mo™ was determined by fitting voigt functions (see section 3.2.2.1)
to the spectra of the Mo3d emission lines for different doping concentrations. Each emis-
sion spectrum was described by two doublets which were shifted against each other, one
for Mo® and one for Mo™. An example for such a fit is depicted in Figure 4.15 (red

graph). A factor v was defined as

A(Mored)
A(Mo™) + A(Mo®)

= 4.1.1)
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Figure 4.16: The surface-to-volume ratio v, which was calculated using equation (4.1.1),
is displayed as a function of the doping concentration and three regimes can
be identified. Up to about 9 mol% MoOj3 concentration, y decreases contin-
uously. This first regime is followed by a constant regime, whereas for the
highest doping concentration y drops. The displayed data was measured and
analyzed by M. Kiihn.

with A(Mo®") and A(Mo™") being the integrated intensities for the doublet which belongs
to Mo®" and Mo™, respectively. The intensity of both doublets can be seen as a measure
for the number of the respective species.

In Figure 4.16, ~y is shown in dependence of the doping concentration. Three regimes can
be identified. In the first regime up to about 9 mol% Mo3Oqg concentration, v decreases
continuously, followed by a constant regime up to about 77 mol%. For even higher dop-
ing concentrations, only one measurement was acquired where -y decreased dramatically.
An angle-dependent XPS interface experiment showed that Mo™ is located at the inter-
face. Therefore, « can be interpreted as a measure for the surface-to-volume ratio since it
is defined as the ratio of Mo™?, which is a measure for the surface, and the total molybde-
num content (Mo® + Mo™?®) which is a measure for the volume.

In section 4.1.1 it was shown that for CBP samples doped with 0.6 vol%, 2 vol%, 9 vol%
and 33 vol% MoOj the agglomeration diameter is constant. Assuming that there is a con-
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stant filament diameter for all doping concentrations and assuming that the surface charge
density is independent of the doping concentration, the result of Figure 4.16 could be
interpreted as follows. For the regime up to 9 mol% where the surface-to-volume ratio
decreases there must be shorter filaments present in the film which become longer with
increasing doping concentration. Then, for lower doping concentrations the surface-to-
volume ratio is higher since there is additional surface from the top and bottom parts of
the filaments. In the second regime from 9 mol% to 77 mol% the surface-to volume ratio
stays constant. This means for the assumption of a constant filament diameter that only
the number of filaments increases with increasing doping concentrations but the filament
length stays the same. This interpretation is in accordance with the electron tomography
results discussed before where the filament length of the 0.6 vol% sample were signifi-
cantly shorter than for 9 vol%. For the measurement at 85 mol% which has a much lower
surface-to-volume ratio, the interpretation assuming a constant filament diameter would
be crosslinking of the MoOj filaments, so that MoOs forms a network structure, which
decreases the surface-to-volume ratio. Of course the model presented above is somehow
simplified since the filament structure does not just consist of columns oriented perpen-
dicular to the substrate surface, but as far as it can be seen from the TEM tomography,

there are also side branches present.

4.1.4 Influence of the Substrate Temperature

To gain information about the growth process of the observed nanofilaments, a CBP sam-
ple doped with 9 vol% MoOj3; was evaporated in the FTIR tool (see section 3.1) onto a
substrate cooled down to approximately 120 K during the evaporation process at a pres-
sure below 2 - 10~ mbar during evaporation. As already mentioned in section 3.3.1, for
this sample an evaporation rate of 30 A/ min had to be chosen, instead of 50 A /min,
which was used for almost all samples prepared at room temperature in organic chamber
I and 2.

Therefore, the question arises if different growth rates used for the cooled and the un-
cooled sample have an influence on the topology. Glaser et al. investigated whether the

growth rate has an influence on the electronic properties, which could be expected for a
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diffusion driven and therefore time-dependent process!!!?!. CBP films doped with MoO3
were prepared with CBP growth rates of 20 A /min and 59 A /min, respectively. No sig-
nificant changes were detected in the fingerprint region (frequency range from 1100 cm*
to 1700 cm™!) and at higher frequencies, where electronic excitations are found in the
FTIR spectra. Since the strength of the electronic excitations will be shown in section
4.2.2.1 to depend on the interface area of MoOj filaments and CBP, it can be expected
that a change of growth rate in this range (30 A /min and 50 A /min) does not have a ma-
jor impact on the topology.

The bright-field image of the cooled sample is shown in Figure 4.17 (b). For better com-
parison to the sample prepared at room temperature, Figure 4.1 (c) is again depicted in
4.17 (a). Comparing these two images reveals, that only few MoOjs features can be de-
tected in the cooled sample, compared to the one evaporated at room temperature. This
leads to the conclusion that the MoOs is dispersed more homogeneously for the sample
grown at the lower temperature than for the room temperature sample. The result shows
that it is possible to control the topology and the amount of agglomeration just by chang-
ing the substrate temperature during the evaporation process.

Figure 4.18 shows EEL spectra of both doped films as well as the spectrum of a neat
MoO; film. All spectra were background-corrected and normalized with respect to the
peak at 532 eV like in Figure 4.4. The fact that the same energy loss features can be
found in the doped films and in the neat MoOs film indicates that the electronic structure
of MoOj in the bulk phase and MoOj incorporated as dopant is comparable. Because the
spectra of both doped films show similar peak intensities at the oxygen K-edge, it can be
deduced that similar amounts of MoOj3 are present in both films.

Since the features appearing in the image of the cooled sample look similar to the features
of the CBP sample doped with 0.6 vol% (see Figure 4.1 (d)) it could be supposed that in
the case of the cooled sample, also filaments with a comparable diameter have formed, but
with a shorter length compared to the filaments of the room temperature sample. How-
ever, unless no electron tomography is acquired, this is just a speculation and filaments
which are smaller in diameter or even completely dispersed MoO3 dopants are also con-
ceivable.

To address this issue, another sample with 9 vol% MoOs concentration was fabricated in

the FTIR tool at a substrate temperature of 120 K and a tilt series was acquired. Slices
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(@) (b)

Figure 4.17: Bright-field images of 30 nm thick samples with 9 vol% doping concentra-
tion, evaporated onto (a) a substrate kept at room temperature and (b) a sub-
strate which was cooled down to about 120 K during the evaporation pro-
cess. No clear features can be identified in the cooled sample, compared to
the room temperature film. '3

intensity (a.u.)

530 540 550 560
energy loss (eV)

Figure 4.18: Background-corrected EEL spectra of a pure MoO; film with 70 nm film
thickness (red), as well as doped films (9 vol%, 30 nm), evaporated onto
substrates kept at room temperature (blue) and cooled down to about 120 K
during the deposition process (black). 3!
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through the obtained reconstruction are shown in Figure 4.19. The slice in the xy-plane
looks similar to the same view of the room temperature sample shown in Figure 4.10. The
slices in the xz- and yz-plane also reveal filaments preferentially oriented perpendicular
to the substrate, however with a shorter length than the filaments in the room temperature
specimen. A very rough estimation using the line measurement tool of Fiji, as described in
section 4.1.3, revealed filament lengths ranging from 1.3 nm to 16.2 nm with an average
length of 4.8 +£ 3.5 nm. For comparison, the sample with the same doping concentra-
tion but evaporated onto the substrate at room temperature had an average filament length
of 35 & 13 nm. To allow a better comparison, the isosurface representations of the re-
construction for the samples prepared at room temperature and at 120 K are depicted in
Figure 4.20 (a) and (b). For the cooled sample, longer filaments can be identified in the
top part compared to the bottom part*. This directs towards a thickness-dependent tem-
perature gradient, so that the top part employed higher filament lengths due to a higher
temperature.

In some parts of the tilt series, and therefore also in the reconstruction, large features
could be observed as shown in Figure 4.21. These features are probably due to the fact
that the sample was not completely warmed up to room temperature before it was brought
from UHYV to air so that water could condense and infiltrate into the film. However, this
happened after film growth and only at some areas of the sample. However, no difference
in CBP:MoOjs topology could be identified between the positions where the large features
occur and where they do not appear. Therefore, the water infiltration should not have af-

fected the film topology.

Influence of Substrate Temperature on the Topology inferred from FTIR Measure-
ments

Also from FTIR spectroscopy information about the influence of the substrate tempera-
ture on the topology of the doped films can be inferred. In the experimental setup used

here, the advantage of FTIR over TEM is that in FTIR it is also possible to gain informa-

4Since clear orientation information was lost during preparation, measurement and reconstruction of the
samples, the assignment which side of the reconstruction was the top part was made with the assumption
that the top part exhibits a higher roughness than the bottom part.
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100 nm

100 nm 70 nm

Figure 4.19: Slices through reconstruction from a tilt series of a 100 nm thick CBP film
with 9 vol% MoOs concentration deposited onto a substrate cooled down
to about 120 K during evaporation. Compared to the reconstruction of the
sample with the same doping concentration where the film was deposited
at room temperature (see Figure 4.10) much shorter MoOjs filaments can be
seen in the xz- and yz-plane. However, the slice in the xy-plane also reveals
dark spots with a diameter of about 1 nm similar to the reconstruction of the
room temperature sample.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



76 4. MoOg-Doped CBP Thin Films

(b)

Figure 4.20: Isosurface representation of reconstructions shown in Figures 4.10 and 4.19
of CBP films doped with 9 vol% MoO3 doping concentration and (a) the
substrate kept at room temperature during the evaporation process and (b)
cooled down to about 120 K. The length in y-direction is 5 nm.

Figure 4.21: In some parts of the recon-
struction large features can
be seen, which are most
likely due to water infiltra-
tion.
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Figure 4.22: FTIR spectra of the electronic absorption of CBP samples with 24 mol%
MoOg3 concentration (a) evaporated onto a substrate at room temperature
and measured at room temperature (red), evaporated onto a substrate cooled
down to about 120 K and measured while it was still cold (blue) and mea-
sured after warm up to room temperature (green). The displayed data was
measured and analyzed by T. Glaser.

tion about samples prepared onto a cooled substrate while they are still cooled down and
not only when they are already warmed up to room temperature.

Therefore, samples were prepared with the substrates cooled down to about 120 K during
film deposition. Then, FTIR spectra were taken while the sample was still cooled down,
after warming up to room temperature and after it was again cooled down to about 120 K.
FTIR spectra for the wavenumber range from about 2000 cm™* to 7000 cm ™! are dis-
played in Figure 4.22. There, a comparison of a thin film with 24 mol% (i.e. 10.5 vol%)
prepared and measured at the above mentioned temperatures is shown. Additionally, a
sample with the same doping concentration, that was evaporated onto a substrate at room
temperature and measured at room temperature, is depicted for comparison. As explained
in more detail in section 4.2.2.1 the intensity of this broad electronic absorption can be
seen as a measure of the MoO3/CBP interface area. Figure 4.22 shows that the inten-

sity of the broad electronic excitation for the sample evaporated onto a substrate at room
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temperature and measured at room temperature (red spectrum) is lower than for the sam-
ple evaporated onto the cooled substrate that was measured at room temperature (green
spectrum). This indicates that the interface area is higher for the cooled sample than for
the room temperature one and is in accordance with the tomography results presented
in Figure 4.20 where significantly shorter filaments could be found for the cooled film.
Fitting the intensity of these measurements (see section 4.2.2.1) revealed that the cooled
sample, which was warmed up to room temperature, has a 1.7 fold intensity compared to
the sample evaporated and measured at room temperature!!'?!, i.e. the cooled sample has
1.7 fold more interface area than the room temperature sample.

Comparing the electronic absorption of the sample which was cooled during deposition
and also measured while it was still cooled down (blue spectrum) with the measurement
after warming it up to room temperature (green spectrum) reveals a higher intensity for
the measurement taken at 120 K. This finding indicates that, after warming up the cold
deposited sample to room temperature, a post-clustering process takes place where the
high interface area is reduced, which indicates that the agglomerates increase in size.
However, the interface area is still bigger than for deposition at room temperature. Glaser
et al. found that no significant changes could be observed when the sample was cooled
down again after warming up. This suggests that the system reaches kind of an equi-
librium state after warm-up, which does not change if the sample is cooled down again.
Since the pre- and post-clustering processes take place when the temperature is changed,

probably diffusion-driven processes are involved.

4.1.5 Discussion of Filament Diameter

In section 4.1.1 the mean diameter of the agglomerates, as well as the mean distance
between the filaments, was derived from the bright-field images. Assuming straight fila-
ments with a radius » and a mean distance d, the volume ratio of MoOs V; of a total volume
Viotal can be calculated for a mean height of the filaments ~ and a sample thickness H with

the following relation:
- ‘/71\/[003 - mr 2h

V.= = i
‘/total d2 H

4.1.2)
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The ratio F' of the filament diameter and the sample thickness can then be calculated as

follows:

H mr?

With the values, which were determined in section 4.1.1 for filament diameters and dis-

2
h _Vd _ 4.1.3)

tances, the filament height is calculated to amount to 4.1 , 5.7 and 9.1 times the height
of the sample thickness, for 2 vol%, 9 vol% and 33 vol%, respectively. Since the length
of the filaments cannot be larger than the sample thickness, the assumptions made above
must be wrong. Possible explanations for the observed discrepancies might be that the
dark spots which can be seen in the bright-field images do not represent all of the MoOs,
because, for example, the contrast between the carbon and the nitrogen atoms of CBP and
the oxygen atoms of MoOs is quite weak. The discrepancy becomes even worse since it
was shown that most of the filaments do not extend through the whole film thickness. On
the other hand the filament diameter determined from the bright-field results might even
be smaller, since because of bended filaments the projection might show bigger filament
diameters.

To gain more information about the real filament diameter TEM spectroscopy could be
applied, as described in section 4.1.2.1 and 4.1.2.2. Since the result for the core loss
regime is quite noisy, only the low loss measurements could be used for answering this
question. Indeed, a PSD of the image in Figure 4.6 (b) revealed a slightly higher filament
diameter of about 1.15 nm. However also this result might be arguable for the same rea-
sons as the bright-field measurements, since parts of bended filaments might be assigned
to the MoOj class although there is only a fraction of MoOj3 present in the projection.
Therefore, also this analysis cannot explain the observed discrepancies of applied dop-
ing concentration and the doping amount determined via TEM measurements. The most
likely explanation is that not all of the Mo3Oy clusters form nanofilaments but that a quite
high fraction is also dispersed homogeneously in the organic matrix or forms filaments
which are too short or too small in diameter to give contrast in the bright-field images.
This assumption can be supported by determining the amount of dopants from the iso-
surface representation of the electron tomography results. The doping concentration
can be calculated from the number of pixels assigned to MoOs. For the samples with
0.6 vol% and 9 vol% (see Figures 4.11 (a) and 4.11 (b)), fabricated onto a substrate

at room temperature, the doping concentration determined via electron tomography is
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0.27 % and 1.48 %, whereas for the sample with 9 vol%, evaporated onto the cold sub-
strate, it amounts to 0.73 %. However, one has to consider that this is only a very rough
estimate, since the tomography contains a couple of artifacts and the isosurface represen-
tation is quite subjective. Therefore, this analysis might only give an additional hint that

not all of the Mo3Og dopants are incorporated in the observed filament structure.

4.1.6 Description of MoO3; Filament Growth

In the previous sections it was investigated how the topology of MoO3 agglomerations de-
pends on the doping concentration and how it can be influenced by changing the substrate
temperature during the deposition process. Now the question arises which processes lead
to the observed nanofilament structure and which energetic factors influence the filament
growth. This issue will be addressed in the present section.

For inorganic semiconductors growth is understood quite well and models exist to quan-
titatively explain the processes which lead to certain structures and morphologies. This
enables to control and predict the crystal growth for such systems. For a detailed descrip-
tion about thin film growth see, for instance, Ref. [137]. Regarding the growth of organic
thin films, additional factors have to be taken into account, which make the description
more complex. The most elementary difference is the fact that organic molecules are ex-
tended objects. This additionally leads to various internal degrees of freedoms that have
to be considered!3¥!. A detailed list of differences between organic and inorganic growth
and influencing factors can be found in Ref. [138].

For describing the growth of CBP:MoO3 composites, the issue that two species which
are deposited simultaneously have to be taken into account, additionally. To make the
process even more complicated, one of the employed materials is inorganic, whereas the
other one is organic. As could be seen from the electron tomography results presented in
section 4.1.3 and 4.1.4, a quite disordered topology is observed which does not consist of
a defined structure with comparable agglomeration lengths and defined orientations with
respect to the substrate. Instead, filaments with varying lengths and orientations occur
which often also branch out. However, several conclusions can be drawn which allow for
a better understanding of the observed nanofilament growth.

It was shown in section 4.1.4 that cooling down the substrate during the evaporation pro-

cess leads to shorter filaments than growth with the substrate at room temperature. There-
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fore, it can be assumed that the growth process which leads to the observed MoO; ag-
glomeration is diffusion driven. This assumption is also supported by the findings of Lee
et al.['*!1 who found that the distribution of cluster sizes for films grown at room tempera-
ture obey a log-normal trend, which indicates a diffusion process on the substrate surface.
It has to be said that this interpretation does not seem to be an appropriate explanation for
their assumption of spherically shaped clusters homogeneously distributed over the sam-
ple volume. However, it seems to be applicable for the agglomeration structure found in
this work. Nonetheless, as already discussed in section 4.1.5, the different agglomeration
sizes, which they observed, might also be due to the fact that the filaments do not grow
exactly perpendicular to the substrate which might in the projection give the impression
of different agglomeration sizes.

As already mentioned in section 3.3.1, it was found by mass spectroscopy that MoOs
vapor consists mainly of Mo3Og clusters. The growth process of the CBP:MoO3; compos-
ites can be suggested as follows. Since MoOj3 forms the observed nanofilament structure,
it is assumed in the following that only the behavior of MoOs is crucial for the growth
description and CBP just serves as filling material. CBP and Mo3Og impinging on the
surface can diffuse for a certain amount of time. In the initial stage of growth, the nu-
cleation stage, several processes can pass off. When two Mo3Og clusters meet they stick
together and can diffuse on the surface. Possibly they meet either single Mo3Oy clusters
or also larger Mo3;Oy clusters they can agglomerate with. Depending on which growth
mode prevails, this process proceeds until either the whole layer is filled, so that diffusion
within the layer is not possible anymore, or until they are buried by species coming from
above. Since filaments arise which are also extended in the direction perpendicular to the
substrate the advanced growth stage must be a growth mode where the already available
Mo;0Oy clusters serve as seed crystals. Therefore, when additional Mo3Oy clusters im-
pinge on the surface they either come directly down at an existing filament fragment and
immediately stick there or they diffuse until they meet an underlying initial nucleus on top
of which they get stuck. Before they stick to an existing nucleus after diffusion, of course
also nucleation processes like described above can occur. Besides, as will be described
below, they can also form a new initial nucleus from where further filament growth can

occur.
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For low doping concentrations only short filaments were observed which were concluded
from XPS measurements to grow in length for increasing doping concentration until they
reach a certain length at about 9 mol% doping concentration. This can be explained as
follows. If no incoming Mo3Oq exists whose diffusion length is sufficient to reach a
certain Mo, Oy filament fragment, growth of this filament stops. For higher doping con-
centrations, there are of course more dopants available. Therefore, assuming a constant
diffusion length, independent of the doping concentration, the probability is higher for
higher rates that a certain filament can be reached by one or several dopants and contin-
ues to grow. Therefore, for increasing doping concentrations the filament length increases
until at about 9 mol% the filament length stays constant since on average all filaments are
met by incoming dopants. Even then, due to the statistic nature of the growth process,
it happens from time to time that no Mo3;Oy cluster can reach certain filaments and they
stop growing. Of course this consideration might be somehow simplified since higher
evaporation rates also yield lower diffusion lengths, since processes like filling layers or
burying by species coming from above occur within a shorter time frame. From the ob-
servations made it seems that this effect is cancelled by the fact that the filament distance
decreases with increasing doping concentration.

It was shown in section 4.1.4 for a sample with 9 mol% MoOs doping concentrations that
the filament length decreases when the substrate temperature is lowered. This is probably
due to the fact that the energy of the molecules, which arrive onto a substrate at a lower
temperature, is quicker dissipated into the substrate than for a substrate at a higher tem-
perature. Therefore, for lower temperatures the diffusion length decreases and therefore
the probability that incoming dopants reach an existing filament fragment, which then
leads to shorter filaments.

Electron tomography reveals that there are also filaments starting to grow in between
and also the three-dimensional reconstruction of the sample with the CBP interlayer (see
Figure 4.14) shows that filament growth can start on CBP. This implies that the nucle-
ation stage is independent from the substrate and nucleation can also start in between the
growth onto CBP Since a discrepancy of evaporated dopants and dopants detected in the
three-dimensional reconstruction was shown in section 4.1.5 to exist it might also happen
that Mo, Oy clusters stick in between where they do not give contrast in bright-field or

electron tomography measurements.
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Now the question arises by which factors the diameter of the nanofilaments is deter-
mined. This question can be addressed referring to three results, presented in the pre-
vious sections. First, since for constant substrate temperatures the diffusion lengths of the
molecules on the surface would be expected to stay constant, lower doping concentrations
should lead to smaller agglomeration diameters. Nonetheless, in section 4.1.3 the agglom-
eration diameters for 0.6 vol% and a fifteen times higher doping concentration of 9 vol%
were found to be constant. Secondly, it would be expected that for higher evaporation
rates the diffusion lengths decrease since there is less time for the molecules to diffuse
onto the surface and agglomerate with other molecules until they are buried by the next
layer. Still, FTIR measurements revealed that a three times higher evaporation rate does
not influence the interface area. Therefore, this measurement suggests that the evapora-
tion rate does not have a major impact on the topology, including the filament diameter.
Thirdly, it would be expected that cooling down the substrate during evaporation would
decrease the diffusion length and therefore cause smaller feature sizes with decreased
filament diameter. Indeed, as shown in section 4.1.4, a comparison of two samples evap-
orated at room temperature and onto a substrate at 120 K, this is the case regarding the
length of the filaments. Nonetheless, lowering the temperature still results in a constant
filament diameter. In summary, neither the doping concentration, nor the deposition rate,
nor the substrate temperature seems to influence the agglomeration diameter within one
layer of the organic film. Instead, all observations point to the fact that there is an ideal
agglomeration size which is probably from an energetic point of view the most stable size,
so that larger as well as smaller agglomeration sizes might not be stable.

Still, probably choosing extremely high or low values as parameters for thin film growth
would be expected to lead to smaller agglomeration diameters. For example extreme low-
ering of the substrate temperature would result in a significant decrease of the diffusion
length. Very low doping concentrations, where the probability for Mo, Oy clusters to meet
other clusters of the same species to agglomerate with would be very unlikely, would
also lead so smaller agglomeration diameters. And also an extreme enhancement of the
evaporation rate should have the same effect since the condition that the dopant becomes
immobile due to overlying molecules and molecules in the same layer is reached much
faster, which implies a lower diffusion length. However, smaller agglomeration diame-

ters could not be observed for doping concentrations, temperatures and rates which were
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applied in the experiments within the scope of this work, which are in the range of typical
parameters used for thin film and device fabrication. Therefore, considering commonly
used parameters in the field of organic electronics, a common stable filament diameter for
the observed material system can be concluded.

The optimal agglomeration diameter might also be determined by the dopant. It can be
supposed that the optimal cluster size depends on the material. Indeed, Lee et al.!"*! could
show that different TMOs exhibit different agglomeration diameters. Since different ag-
glomeration sizes in the projection of the bright-field images can also indicate different
filament lengths and also the size of a single dopant might have an influence on the ob-
served agglomeration size this would require further research and electron tomography
of different material systems, doping concentrations and substrate temperatures had to be
studied to fully answer this question.

The fact that FTIR measurements revealed a post-clustering process upon warm up of the
cold deposited film (see section 4.1.4), directs towards the point that after growth the thin
film does not exhibit the thermodynamically most stable configuration. Instead it seems
as if the molecules already incorporated in the film are still mobile within the film, at least
to a certain extent, and can be thermally activated by adding energy, i.e. temperature, to
reach a energetically more favorable structural configuration.

Also the question arises why MoO3 agglomerates within the CBP matrix and is not dis-
persed homogeneously. Possible explanations would be that MoOj3 is accumulated at
domain boundaries of CBP nanocrystals as packing for the molecules to maximize pi-
orbital overlap might be energetically favorable!!'%!. Another probable explanation is the
high surface energy of MoO3; which leads to the tendency to decrease its surface. This
can be expected since inorganic materials normally posses higher surface energies than
organic molecules. This is due to the presence of dangling bonds at the surface of inor-
ganics which leads to high surface energies, whereas organic materials normally exhibit

s381 - Also the observation made from

a closed-shell, which leads to low surface energie
FTIR that adding more energy by warming up the film leads to an increased MoOj3 surface

(see section 4.1.4) supports this theory.
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4.2 Electronic Properties

In the following section XPS and FTIR spectroscopy experiments, which give insight into
the electronic properties of CBP films doped with MoOg, are summarized. All measure-
ments presented in this section were performed and analyzed by M. Kiihn*! (PES) or T.
Glaser!'!>!"8 (FTIR spectroscopy) within the scope of their respective diploma and PhD
thesis in their respective working groups at the University of Darmstadt and the Univer-
sity of Heidelberg. Most of the FTIR spectroscopy results were already published in Ref.
[118]. The first part of this section gives an overview on measurements of the CBP/MoO;

interface, whereas in the second part investigations about doped films are presented.

4.2.1 The CBP/MoO; Interface

The interface of CBP and MoO3 was investigated using an interface experiment, where
CBP was deposited onto MoOs in a stepwise fashion and PES spectra were acquired af-
ter each deposition step (491 The Cls, Ols, Mo3d and N1s emission lines as well as the
secondary electron cutoff and the HOMO onset were measured in dependence of the film
thickness. Because the energetic positions of the Ols and Mo3d emission lines do not
shift, it can be concluded that the Fermi level in the MoOg layer stays constant, i.e. no
band bending occurs at this side of the interface. The situation is different in the CBP
phase. The binding energy of the respective emission lines, Cls, N1s and HOMO-onset,
increases with increasing CBP coverage and all emission lines shift by the same amount.
This behavior, with a maximum shift of 0.85 eV, indicates band bending, because a space
charge region forms in the CBP phase. The devolution of the secondary electron cutoff
reveals an interface dipole of 1.15 eV. This interface dipole lowers the work function dif-
ference of neat CBP and MoQO3, which was determined to amount to 2 eV, and therefore
reduces the driving force for the charge transfer. The remaining work function difference
of 0.85 eV is compensated by a long range charge transfer which leads to the already
above mentioned formation of a space charge region in the CBP phase in order to align
the Fermi level. The resulting band diagram with all measured energy values is depicted
in Figure 4.23.

Charged CBP and MoOj species, as result of charge transfer from CBP to MoOs, can

also be observed during the interface experiment. Regarding CBP, the Cls spectra ex-
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hibit a shoulder at higher binding energies whose intensity increases for increasing CBP
thickness. Comparison with DFT calculations reveals that this shoulder is due to the pres-
ence of CBP cations. On the other hand, the measurements of the Mo3d-spectra reveal
a shoulder at lower binding energies!*’! which can be assigned to the reduced species of
molybdenum oxide, i.e. Mo*™'"? (see section 4.1.3).

To determine the vertical distribution of MoO3 anions more precisely, angle-resolved PES
measurements were performed additionally. The Mo3d and Cls emission peaks of a sam-
ple consisting of MoO3 with a 9 A thin CBP layer on top were measured under different
tilt angles of the sample surface with respect to the analyzer. Since the PES measurements
are very surface sensitive the probed sample depth changes with different tilt angles so
that with higher angles one can see deeper into the MoOj layer, assuming that the mean
free path of the electrons is angle-independent. For MoQOy it turned out that for decreas-
ing tilt angles, i.e. lower penetration depth, the amount of the reduced MoOj3 species
increases. Since lower measurement angles imply higher surface sensitivity, this result

+17/3

shows that the reduced molybdenum oxide species Mo is confined to the interface.

4.2.2 Electronic Investigations of Doped Films

After revealing the energetic situation at the CBP/MoQj interface in the previous section,
the current section will deal with the energetic issues of doped films. It will be shown
that the process of p-type doping, which goes along with charge transfer from CBP to

MoQj3, cannot only be deduced from the fact that the conductivity increases with increas-
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ing doping concentration, but can be observed on an electronic level using PES and FTIR

spectroscopy.

4.2.2.1 Influence of Charge Transfer on Electronic Properties

PES

Using PES, doped films with different MoO3 concentrations were investigated. The Cls,
N1s, Mo3d and O1s lines, as well as the HOMO onset, were found to shift towards lower
binding energies with increasing molybdenum oxide content. The maximum shift be-
tween the pristine CBP layer and the sample with the highest doping concentration was
found to amount to 1 eV. Since all shifts run parallel, the Fermi energy moves within
the band gap towards the HOMO indicating p-type doping of the organic CBP matrix.
According to the internal interface charge transfer model, presented in section 2.3.3, the
value the maximum Fermi level shift of doped films lies in between the values deter-
mined from a dopant/matrix interface experiment with both layer sequences when dopant
agglomerations are present. Due to charging effects no values for MoO3 grown on CBP
could be determined. Nonetheless, it can be concluded that a quite good agreement of
interface experiment and investigation of the doped films was found. For the Fermi level
shift a slight difference of 1 eV for doped films and 0.85 eV for the interface experiment
was measured. This directs towards the applicability of the internal interface charge trans-
fer doping model.

In Figure 4.24 the energetic shifts of the Cls and the Mo3d line, as well as the HOMO
onset, are exemplary plotted against the doping concentration. For low doping concen-
trations, a steep decrease of all three quantities can be identified. From the steepness,
information about the doping efficiency, i.e. how many dopants are needed for a certain

Fermi level shift, can be inferred. A saturation is found for high doping concentrations.

FTIR Spectroscopy: Electronic Excitations

From FTIR spectroscopy measurements also evidence for charge transfer from CBP to
MoOj3 can be inferred. Two energy ranges were considered: the fingerprint region (600
cm ™! to 1700 cm~!) where excitations due to molecular vibrations can be examined, and

the transition region between mid IR and near IR, where electronic excitations can be
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Figure 4.24: Energetic shift of the Cls, the Mo3d line and the HOMO onset in dependence

of the MoO3 doping concentration. The displayed data was measured and
analyzed by M. Kiihn.

identified. In both energy regimes changes in the spectra of the doped films occur which
get more pronounced with increasing doping concentration.

In section 2.3.2 it was already pointed out that for various material combinations of doped
organic films, measurements were performed that direct towards the formation of charge
transfer complexes. Glaser et al.!!''8] examined CBP films doped with MoOs for different
doping concentrations. They found that spectra of doped films exhibit a broad excitation
in the transition region of mid and near IR above 2000 cm ™! which does not appear in
the spectra of the pure materials. The intensity of this excitation was found to increase
with increasing doping concentration. According to its energetic position and its distinct
width this band must be due to an electronic excitation. It indicates that charge transfer
complexes are formed and that the electronic excitation is due to the optical excitation of
an electron from the binding into the antibinding hybrid orbital!!!?! (see section 2.3.2).
Since the charge transfer complexes can only occur at the interface of CBP and the MoOjs
filaments, the intensity of this broad excitation can also be used as a measure for the
CBP/MoOs interface in the doped layers!!!?! (see also section 4.1.4). The electronic exci-
tation was shown to be a superposition of three bands located at 3805 cm ™!, 5187 cm™?
and 7090 cm~!. The fact that excitations at different energies are detected might be due
to different relative orientations of CBP and MoOs, which cause different energy levels

of binding and antibinding orbitals. This assumption is also supported by the fact that
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Figure 4.25: (a) Relative intensity of the electronic excitation of MoOs-doped CBP films
as a function of the doping concentration.
(b) Ratio of the number of charged CBP molecules respective Mo3Og clus-
ters and the total number of CBP molecules as a function of the ratio of
Mo30Og clusters and CBP molecules inferred from FTIR spectroscopy re-
spectively PES measurements.

The displayed data was measured and analyzed by T. Glaser and the image
is taken from Ref. [112].

an intensity decrease for the band corresponding to the lowest energy (3805 cm™!) was
found when samples evaporated onto cooled substrates were annealed!!'?!. This implies
that the relative orientation of the molecules can be influenced by the temperature which
leads to energetically more favorable positions for higher temperatures. As described in
Ref. [112], fitting of the electronic absorption was performed by using three Lorentz
oscillators, whose position, ratios of oscillator strengths and damping values were deter-
mined by a fit of the sample with 54 mol%. For the other concentrations, the only fitting
parameter was a factor by which the oscillator strengths of the three Lorentz oscillators
were scaled. The square of this scaling factor is then proportional to the area of the broad
absorption and also proportional to the interface area of MoOs filaments and CBP!'!?],
Since all fits are in good agreement with the measured data it can be concluded that the

electronic structure at the interface does not depend on the doping concentration!'!?!,
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In Figure 4.25 (a) the intensity of the broad absorption is plotted against the ratio of the
number of Mo3Og clusters and the number of CBP molecules. Compared to the doping
concentration in mol%, this quantity has the advantage, that it increases linearly with the
number of Mo3Oy clusters. Up to 54 mol% the intensity of the electronic absorption in-
creases linearly with doping concentration. Since the hybrid orbitals can only form at the
MoO3/CBP interface this means that the interface also increases linearly with the amount
of Mo3QOq.

FTIR Spectroscopy: Fingerprint Region

Considering the fingerprint region (600 cm ™" to 1700 cm ™), additional absorption bands
can be identified in the doped films which do not appear in the spectra of the pristine ma-
terials. The intensity of these additional peaks increases with the doping concentration.
Comparing the experimental spectra with spectra obtained from quantumchemical calcu-
lations, it turned out that these additional peaks can be assigned to CBP cations (CBP*)

which evolve from the charge transfer from CBP to MoO;!!'!?!

. Since MoQOj3; does not
show any features above 1000 cm ™! these modes cannot be due to vibration modes of
MoOs. The spectra of neutral CBP and the CBP cation differ from each other since the
removal of one electron causes a change in the electronic structure. This leads to changes
of bonding lengths and bonding strengths in the molecule causing a modified FTIR spec-
trum!'!?!. At the same time the intensity of bands which can be assigned to neutral CBP
molecules decreases with increasing doping concentration. It was found that both, the
increase of CBP cations and the decrease of neutral CBP molecules, is proportional to
the amount of Mo3Og clusters in the doped layers, as it would be expected for a charge
transfer.

The CBP cation spectrum was extracted from the experimental spectra of the film with
54 mol% MoOs; concentration as described in Ref. [112]. The good correlation of the
cation spectrum extracted from the measurement and the quantumchemically calculated
spectrum of CBP*indicates that within a charge transfer complex one electron is trans-
ferred from the CBP molecule to MoO;!!?,

Spectra of the doped films were simulated, using a superposition of the spectra of neutral
CBP and the CBP cation for the frequency range from 1100 cm ™! - 1700 cm ™. For this
simulation the relative ratio ¢ of the CBP cation spectrum, which is proportional to the

number of CBP cations, was used as fit parameter. Since there is a very good correlation
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of experimentally measured and simulated spectra, the spectral changes in the films with
different doping concentrations can be explained by a charge transfer from CBP to MoOs
and indicate that no interaction between neutral CBP molecules and CBP cations takes
place. The quantitative analysis of these results will be presented in section 4.2.2.2.

In section 4.1.4 it was already mentioned that the intensity of the electronic excitation
indicates a 1.7 fold higher interface area for a sample which was evaporated onto a sub-
strate kept at 120 K, compared to a sample where the substrate was held at room tempera-
ture during evaporation. Regarding the fingerprint region, increasing intensity for cooled
films was also observed for absorption bands which can be assigned to the CBP cations.
For a sample with 24 mol% doping concentration the fit revealed that 1.4 times more
CBP cations are present in the cooled sample as in the room temperature one. Since for
24 mol% an increase of 1.7 was found for the surface-to-volume ratio determined via
the intensity of the electronic absorption, but only a 1.4 fold increase of CBP cations
determined via the intensity of the vibrational modes, the number of CBP seems not to be

proportional to the organic/filament interface.

4.2.2.2 Doping Efficiency

As already mentioned in section 1.1, the doping efficiency of the material system CBP:MoOg
was found to be unexpected low. Information about the doping efficiency can also be in-
ferred from XPS and FTIR spectroscopy measurements.

From FTIR spectroscopy measurements the ratio of charged CBP molecules to the total
number of CBP molecules could be determined in dependence of the ratio of the amount
of Mo3Qg clusters to the overall number of CBP molecules. As described in the previous
section, this was done by fitting the spectra of the doped layers using a superposition of
the spectra of pure CBP and the CBP cation.

To get information about the other species involved in the doping process, i.e. MoOs,
additionally the ratio between charged Mo3Og clusters and the overall number of CBP
molecules was determined in dependence of the ratio of the amount of Mo3Og clusters
to the total number of CBP molecules using XPS measurements (see section 4.1.3). As
already explained in section 4.1.3, d-orbital aromaticity was assumed, which leads to an
oxidation state of +17/3 for charged MoO3!!3®!, Other than for CBP cations there is no

band bending present at the MoOj side of the interface experiment depicted in section
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4.2.1. Therefore, it can be assumed that all charged dopants are located at the interface
and the shoulder in the Mo3d spectra is both, a measure for the interface area (see section
4.1.3) and a measure for the total amount of charged MoOj species. This is different for
the FTIR spectroscopy results related to CBP, since band bending was measured in the
PES interface experiment at the CBP side. Therefore, the vibrational excitations of the
CBP cation cannot be seen as a measure for the interface, since they include both, free
charges and charge transfer complexes.

A comparison of the XPS and FTIR spectroscopy measurements is depicted in Figure 4.25
(b). Both measurements reveal a linear relationship of CBP cation respectively MoOj3 an-
ion content with increasing doping concentration. From the results in Figure 4.25 (b) a
slope of 0.14 4= 3 was extracted from the XPS results'*”, whereas the slope obtained by
the FTIR spectroscopy measurements amounts to 0.11 & 3 [!?], Since both measurement
techniques reveal a very good agreement, this result indicates that in a first approximation
all charge carriers which are in the scope of the doping process transferred from CBP to
MoOj; can indeed be found at the MoOs. For both techniques a deviation from this linear
relation can be identified for higher doping concentrations, which can, according to sec-
tion 4.1.3, be explained by formation of a MoO3 network and was not taken into account
for determining the slope®.

As already mentioned in section 1.1, Hamwi et al. determined a doping efficiency of
1 — 2 % for MoO3-doped CBP7!, These values were deduced from Kelvin probe mea-
surements that reveal the number of free charge carriers. The discrepancy between these
values and the results obtained from FTIR spectroscopy and XPS, which were presented
above, is probably due to the fact that Kelvin probe analysis determines the number of
free charge carriers, whereas FTIR spectroscopy and XPS determine the overall number
of charged species. The latter consists of both, charges which are localized at the fila-
ment interface and are bound there as charge transfer complexes due to the high Coulomb
interaction between the transferred charge and the resulting countercharge and charge car-
riers which were dissociated and can move freely through the material thereby increasing
the number of free charge carriers!!'?! and inducing the Fermi level shift observed by

XPS. From the values stated above, a dissociation probability of 17 % (using the FTIR

3In section 4.1.3 for low doping concentrations a regime with decreasing doping efficiency was found.
The fact that this regime cannot be detected in Figures 4.25 (a) and (b) is due to the different scaling.
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results) can be calculated, which implies that only 17 % of the transferred charges which
are initially present as charge transfer complexes can dissociate and increase the conduc-
tivity. On the other hand the remaining 83 % of the transferred charges stay bound at the
CBP/MoOj interface and cannot contribute to the current flow. Since the analysis applied
in Ref. [37] relies on a model valid for inorganic semiconductors, the exact value of this

dissociation probability might be arguable.

4.3 Electrical Measurements

In the following section, electrical measurements on MoOs-doped CBP films are pre-
sented. The electrical anisotropy is investigated and activation energies for different dop-
ing concentrations are determined. Beside, also the influence of the substrate temperature
during evaporation on the electrical properties is examined. Only the measurement results
are shown in this section, while a conclusive interpretation will be presented in section
4.4.

4.3.1 Probing the Electrical Anisotropy

It was shown in section 4.1.3, that MoO3 forms a filamentous dopant structure with a pref-
erential orientation, when co-deposited with the organic semiconductor CBP. Hence, the
question arises, if this anisotropic topology has an influence on the electrical properties
and leads to orientation dependent effects regarding charge transport.

To investigate this issue, hole-only devices with two different device structures were fab-
ricated, as described in section 3.3.4.1. These allow to probe the electrical properties in
two directions perpendicular to each other. For the stripe structure (see Figure 4.26 (a)),
current flow occurs perpendicular to the substrate, when a voltage is applied between the
two contacts. This leads to charge transport parallel to the nanofilaments (Figure 4.26
(b)). In contrast, for the finger structure, depicted in Figure 4.26 (c), current transport
takes place parallel to the substrate. This corresponds to current flowing perpendicular to
the nanofilaments (Figure 4.26 (d)). A series of hole-only devices was fabricated. The
active layers consisted of neat CBP respectively MoOs, as well as CBP:MoO3 composites

with varying doping levels ranging from 1.6 mol% to 68.4 mol% MoOs.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



94 4. MoOg-Doped CBP Thin Films

side view

a2t M

top view side view

Figure 4.26: To measure electrical properties in different directions, two different device
layouts were used.
(a) and (b): With the so called stripe structure, current flow occurs perpen-
dicular to the substrate, i.e. parallel to the MoOj filaments.
(c) and (d): The finger structure allows to investigate the electrical properties
parallel to the substrate, i.e. perpendicular to the filaments.

The measured electrical characteristics for finger and stripe devices are shown in Figures
4.27 (a) and (b). To allow for comparison of both structures, as well as varied active layer
sizes, instead of plotting the applied voltage U versus the measured current /, current
density j is plotted against electrical field £.

In Figures 4.27 (a) and (b) the log-log representation of the j-E characteristics is de-
picted. It exhibits a linear dependence with a slope of 1 at low fields, indicating ohmic
charge transport (see section 2.4). For each doping concentration, the conductivity o was
derived from a linear fit of this ohmic regime according to equation (2.4.1). The calcu-
lated conductivity o is displayed as a function of the doping concentration in Figure 4.28.
The mean conductivity for all devices on one substrate is depicted by one data point and
the discrepancy between the conductivities of the single devices is given as standard de-
viation. For some doping concentrations, several samples were prepared, providing the
possibility to estimate the reproducibility of the samples.

For finger as well as stripe structures a saturation of the conductivity towards the value of
neat MoOj3 was found for high doping concentrations and the conductivity could be varied

by over 6 orders of magnitude. However, one has to mention that the value for the neat
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Figure 4.27: IV characteristics of hole-only devices of CBP doped with different concen-
trations of MoOj3 with (a) current flow parallel to the MoOs filaments and
(b) current transport perpendicular to the MoOj3 filaments. For each dop-
ing concentration only one IV characteristic is displayed to ensure a good
overview.

CBP devices might be debatable since degradation (i.e. crystallization and finally dewet-
ting) of neat CBP occurs on a short timescale. The degradation process can be suppressed
to a great extent by incorporation of MoO3 dopants. This can already be observed by
eye and was also confirmed by AFM measurements (not shown here). The observed con-
ductivity dependence is in quite good accordance with Ref. [36] where also an increase
in conductivity was observed for CBP samples with MoO3 doping concentrations up to
about 20 mol%. Doping MoOj into other matrices, namely TCTA respectively a-NPD,
led to the observation that, also in this case, the conductivity saturates towards the value
of neat MoOj for high doping concentrations and charge transport perpendicular to the
substrate 3!

For the stripe structure, a rapid increase of the conductivity is found for low MoOs; con-
centrations up to 21.3 mol%, followed by saturation towards the value of neat MoOs. For
the finger devices the behavior of the conductivity is different. Between 1.6 mol% and
12.3 mol% the conductivity does not change within the measurement accuracy. This con-
stant regime is followed by a significant conductivity increase for concentrations up to
40.4 mol%. Finally, the conductivity value also saturates towards the MoOs value within
the measurement accuracy.

To summarize, a different behavior of the conductivity as a function of doping concen-
tration was identified for different orientations of charge transport. This observation in-
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Figure 4.28: Conductivity of CBP films with varied MoO3 concentrations for current
flow parallel (black diamonds) and perpendicular (red triangles) to the fila-
ments. The samples were evaporated in organic chamber 2 of the clustertool.
Also the conductivity values for charge transport parallel to the filaments
are depicted, where the active layer was evaporated in the FTIR tool with
the substrate at room temperature (green pentagon) respectively 120 K (blue
square). The mean conductivity for all devices on one substrate is depicted
by one data point and the discrepancy between the conductivities of the sin-
gle devices is given as standard deviation.
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dicates that current transport must strongly be influenced by the observed nanofilament
topology. A more detailed discussion on this observation will be presented in section
4.4.2.

4.3.2 Determination of Activation Energies from Temperature-Dependent
IV Measurements

As described in section 3.2.3.1, temperature-dependent IV measurements were conducted
to obtain activation energy values for different doping concentrations. The data pre-
sented in this section were acquired and analyzed within the scope of Alexander Miiller-
Brand’s!"*"! and Markus Golz’s master thesis!'*!). Each sample was first measured in
ambient air at room temperature, as described in the previous section. This allows for
comparison with the measurements inside the cryostat. Temperatures were varied from
320 K to 80 K and back to 320 K in 10 K steps. Since slight deviations were found for
the two measurement directions, which were assigned to degradation and charging effects,
only the measurements from 320 K to 80 K were considered for data analysis. Measure-
ments for each temperature were started automatically as soon as the temperature varied
by less than 50 mK for at least 2 min. To validate reproducibility, usually at least two
devices were measured.

As an example, the temperature dependent IV characteristics of samples with 2.6 mol%
and 68.4 mol% doping concentration are depicted in Figures 4.29 (a) and (b). These mea-
surements visualize the presence of a stronger temperature dependence for lower than for
higher doping concentrations. To quantify the temperature dependence, the currents for
each temperature were extracted for different voltage levels to determine the activation
energy according to equation (2.3.4).

As it is expected for doped systems (see section 2.3.4), it was found that the observed
temperature dependence can be better described using alog j oc 1/7 than alog j oc 1/77
dependence. For data analysis, the current was plotted logarithmical against the inverse
temperature 1/7". The activation energy F, could then be determined according to equa-
tion (2.3.4) by a linear fit to this plot. A linear dependence of log j on 1/7" is only present
for moderate temperatures, whereas for high and low temperatures a significant deviation

from this trend can be identified. As already pointed out in section 3.3.4.1, this is due
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Figure 4.29: Temperature-dependent IV characteristics of hole-only devices with (a)
2.6 mol% and (b) 68.4 mol% MoOs concentration.

to the fact that the charging current (related to the RC' time) has a significant influence
for low currents, whereas for high currents contact resistance effects influence the mea-
surements. Therefore, only data points from the linear regime were considered for the
determination of activation energies. Since for high electric fields an electric field depen-
dence of the activation energy was found, as expected and already outlined in section 2.2,
only very low electric fields were considered for determination of the activation energy.
The results are summarized in Figure 4.30, where the activation energies are plotted as
a function of the doping concentration. As for the conductivity values, presented in the
previous section, each data point in the diagram depicts the mean value of all devices
measured on one substrate and the discrepancy between the conductivities of the single
devices is given as standard deviation. Since the temperature-dependent measurements
are very time consuming and device degradation may affect the results when devices are
too old, up to two devices were measured on each substrate.

Regarding the stripe structures (current flow along MoOg filaments), an activation energy
of 411 meV was determined for the undoped CBP sample. As for the conductivity values,
also here the value for the pristine CBP device might be debatable because of degrada-
tion effects. A strong decrease of activation energies was found for doping concentrations
from 2.6 mol% to 40.4 mol%. For higher MoOj3 concentrations the activation energy
values were constant within the measurement accuracy and approximately equal to the

activation energy of pristine MoOs.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



4.3. Electrical Measurements 99

doping concentration (vol%)
600 1 2 5 9 20 3.3 4.5 190

Ll T L T L

current direction:
# parallel to filaments
< perpendicular to filaments

g i

2 400+ $ .
E 0 mol%
= *
o
) i i i
S - ¢ *
g Sa00f o !
) 200 g . ; i o =
EZGG" -
. s 7
- % i i ;
0

0 20 40 60 80 100
doping concentration (mol%)

0 1 1 1 PR T T T | 1 1 1 PR TR W T T |

10 100
doping concentration (mol%)

Figure 4.30: Activation energies derived from temperature-dependent IV measurements
as a function of the MoOj3 concentration for current flow parallel (black di-
amonds) and perpendicular to the filaments (red triangles). The mean con-
ductivity for all devices on one substrate is depicted by one data point and
the discrepancy between the conductivities of the single devices is given as
standard deviation.
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Activation energies were also determined for finger devices®. As can be seen in Fig-
ure 4.30, activation energies for current transport perpendicular to the filaments also de-
creased for increasing doping concentrations and consistently higher values were found
compared to current transport along the filaments.

These results can be compared to UPS measurements, presented in section 4.2.2.1, which
provided information about the difference between Fermi level and HOMO onset as a
function of the doping concentration. In section 2.3.4 it was pointed out that the activa-
tion energy for high doping concentrations approximately equals the difference between
Fermi level and transport energy. Both techniques provide information about the Fermi
level shift, but relative to the HOMO onset in the case of PES and relative to the transport
energy in the case of cryo-1V measurements. Comparing the results (see Figures 4.24 and
4.30), a discrepancy of the absolute values and the amount of Fermi level shift exists. This
is due to the fact that the HOMO onset is not compulsory equal to the transport energy.
Beside, in the case of cryo-IV measurements, a current is measured and charge carriers
take the energetically most favorable conduction paths, which exhibit the lowest activa-
tion energies. Because this selection does not occur for PES measurements the observed
discrepancy can be expected. However, the two measurement techniques reveal a very
good correlation, since for both measurement techniques a strong shift of the Fermi level
towards the HOMO onset respectively the transport energies is observed, whereas from
about 40 mol% on the Fermi level saturates and equals approximately the value of pristine
MoOs.

To conclude, similar to the effect observed for the conductivity, also the activation energy
was found to depend on the current direction. Additionally, also a good correlation of

UPS and cryo-IV measurements was found.

%Since the measurements shown here were the first cryo-IV measurements ever conducted at Innovationlab
and initially used for testing the measurement setup, many different issues had to be resolved. Various
parts of the used measurement setup had to be constructed. This was done within the scope of Alexander
Miiller-Brand’s master thesis 4?1, A contact possibility for the finger devices was not available from the
beginning. Hence, only for very few doping concentrations activation energies of finger devices could
be determined. Additionally, for low doping concentrations and low temperatures, the currents were too
low to be measured with the existing experimental setup and device layout.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



4.3. FElectrical Measurements 101

4.3.3 Influence of Substrate Temperature on Electrical Properties

In section 4.1.4 it was shown that the substrate temperature during the evaporation pro-
cess influences the topology and that MoOs filaments become shorter in the case of the
cooled substrate. This correlates very well with the FTIR spectroscopy results presented
in section 4.2.2.1 where for a CBP:MoOs film with 24 mol% MoO; concentration and
evaporated onto a cooled substrate, the number of CBP cations increased by a factor of
1.4, when compared to a sample with the substrate kept at room temperature during de-
position. This is expected because for better distributed dopants one expects a higher
dopant/matrix interface and therefore more charge carriers. Since, according to equation
(2.3.1), the conductivity is proportional to the charge carrier density, also a higher con-
ductivity would be expected for the cooled film. To investigate whether this assumption
is true, the influence of the substrate temperature on the electrical properties was studied.
Two samples were prepared, one at room temperature, the other one with the substrate
cooled down to about 120 K during the deposition process. The active layers were both
grown in the FTIR tool. The sample with the cooled substrate exhibited a doping concen-
tration of 23.1 mol% and a thickness of 110 nm, whereas the sample on the substrate held
at room temperature during evaporation, had a doping concentration of 25.4 mol% and a
thickness of 93 nm. Because the FTIR chamber does not allow for in-situ control of the
evaporated thicknesses (see section 3.1) a slight difference in doping concentration and
active layer thickness exists. Other than the organic active layers, the aluminum contacts
and the MoOj injection layers were evaporated in the metal chamber of the clustertool
with the substrate kept at room temperature for both devices.

Figure 4.31 shows IV characteristics of the two samples. It turned out that the cooled sam-
ple exhibited a conductivity which was about one and a half orders of magnitude lower
than the sample where the active layer was evaporated at room temperature. The calcu-
lated conductivity values are shown in Figure 4.28. The result is not expected on the first
sight, since the cold sample exhibits a higher amount of free charge carriers (according to
FTIR spectroscopy), but still exhibits a lower conductivity. This reveals that a change in
topology strongly influences the electrical properties and points towards the fact that the

nanofilament topology facilitates current transport instead of hindering it.
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Figure 4.31: IV characteristics of CBP films doped with about 10 vol% MoOj3 concen-
tration evaporated onto a substrate kept at room temperature and a substrate
cooled down to about 120 K during the evaporation process.

4.4 Doping Model Based on Structural, Electronic and
Electrical Findings

In this section the structural investigations shown in section 4.1, the electronic findings
obtained from XPS and FTIR measurements (see section 4.2), as well as the electrical
measurements presented in section 4.3, will be correlated. In the first part, all factors
which might lead to a low doping efficiency of TMO-doped organic films are summa-
rized, while in the second part a model for charge transport in MoO3-doped CBP layers

is presented.

4.4.1 Factors Influencing the Doping Efficiency

The origin of the low doping efficiency observed for MoO3-doped CBP films can be at-
tributed to different factors. FTIR and XPS results, presented in section 4.2, revealed that
the doping efficiency amounts to only 11 % respectively 13 %, when all charged species,
regardless of whether they are bound at the interface or present as free charge carriers,

are considered. This points towards the fact that not for all dopants a charge transfer
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takes place. One explanation would be that there exists a significant amount of MoOs,
which is not in contact with the organic matrix. It was shown in section 4.1.3, that MoOs
forms nanofilaments. Assuming that dopants are present inside the agglomerations which
do not have contact to the CBP, this would decrease the doping efficiency, since not for
all dopants a charge transfer can take place. The filament diameter was determined to
amount to about 1 nm. However, as discussed in section 4.1.5, the observable contrast in
the bright-field images might lead to an underestimate of the real filament diameter. Since
the size of one Mo3Oy cluster was found to be about 7 — 8 A in size!3 it is questionable
if really MoOs is present inside the agglomerations, which does not have contact with the
organic matrix.

Also energetic explanations for the low doping efficiencies are possible. Lee et al.!!*!]
found that the number of MoOj3 agglomerations agrees with the number of charge carriers
determined from C-V measurements. Hence, it would also be conceivable that, due to
Coulomb interactions, only a certain amount of charges can be transferred on one fila-
ment. As pointed out in section 2.3.2, the formation of charge transfer complexes might
lead to an energetic situation at the interface, where only a fraction of the charge transfer
complexes can be ionized at room temperature, leading to free charge carriers. Some of
the transferred charges would then be bound to the interface in localized charge transfer
complexes. Hence, these charge carriers are immobile, cannot contribute to the charge
transport and therefore reduce the doping efficiency. This could be concluded from the
discrepancy of Kelvin Probe analysis, which gives information about the number of free
charge carriers, and FTIR respectively XPS measurements, which include all transferred
charges (see section 4.2.2.2). The existence of charge transfer complexes could be in-
ferred from the presence of an electronic excitation which was observed in FTIR spectra
at high wavenumbers and its intensity increase with increasing doping concentration (see
section 4.2.2.1). In the XPS measurements, the charge transfer complexes manifest them-
selves as interface dipoles which form upon Fermi level alignment at the interface and
therefore reduce the driving force for the charge transfer. The presence of the mobile
charge carriers can also be concluded from the XPS measurements, shown in section 4.2,

and present itself as Fermi level movement respectively band bending.
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4.4.2 Description of Charge Transport in MoO3-Doped CBP Layers

It was shown in section 4.3.1, that current transport properties are different for current
flowing along and perpendicular to the filaments. Therefore, the topology must play an
important role for the description of charge transport in MoO3-doped CBP films and such
films may not be considered as being uniform, but also local effects regarding charge
transport have to be considered. This assumption is also supported by the finding that ac-
tivation energies have different values for different current directions (see section 4.3.2).
The results shown in section 4.3.3 revealed, that a lower substrate temperature during film
deposition leads to a lower conductivity of the doped layers. This was surprising on first
sight, since electron tomography and FTIR measurements revealed that the interface and
also the amount of charge carriers increased for the cooled sample, compared to the sam-
ple which was deposited at room temperature (see section 4.1.4).

A similar situation was also observed for bulk-heterojunction (BHJ) solar cells. There,
excitons can only dissociate at interfaces of donor and acceptor domains. Still, a higher
interface area, implying more separated charges, does not mandatorily lead to an increase
in photocurrent. Instead, it is also essential that conduction paths exist, so that the charge
carriers can be transported to the contacts and contribute to the photocurrent!!*?!, In the
case of BHJ solar cells, these conduction paths are formed by connected donor respec-
tively acceptor domains. Also for the doped films under investigation in this work, the
concept of conduction paths seems to be important, since it is apparently not sufficient
for good charge transport that high interface areas exist, which cause a high number of
charge carriers.

Because XPS measurements revealed that both, CBP cations and MoOs anions, are lo-
cated close to the interface (see section 4.2.1), it can be expected that charge transport
takes place along the filaments. Considering the internal interface charge transfer model
(see sections 2.3.3 and 4.2.2.1) the energetic situation at the organic/filament interface
is similar to the interface determined by the interface experiment on layers of the single
materials. This would mean that an extended space charge region is present at the organic
side, which extends about 20 nm into the organic matrix (see section 4.2.1). This space
charge region is expected to contain free holes originating from the charge transfer be-

tween MoOj3 and CBP. Since the band bending decreases exponentially, this would also
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Figure 4.32: Model for charge transport in MoO3-doped CBP films.
(a) Hole conduction within the space charge regions (SCR) of CBP exhibits
a lower resistance than hole conduction within undoped CPB.
(b) For low doping concentrations, where short MoOj3 filaments are present,
conduction paths, consisting of a series connection with low and high resis-
tances, can be expected.

mean that the charge carrier density decreases exponentially, making charge transport less
likely for higher distances from the filament/matrix interface.

In a first step, current transport along the filaments is considered. Assuming hole transport
in the CBP matrix, it can be expected that the space charge regions serve as favored paths
for holes, because of an increased charge carrier density, which leads to higher conduc-
tivities (see Figure 4.32 (a)). As for all figures in this section, conduction paths of holes
are denoted as red arrows and blue arrows are used for electrons. The pathways of the
conduction paths are strongly simplified. They will of course not be straight, but charge
carriers will take the energetically most favorable paths. According to the electron to-
mography results (see section 4.1.3), no continuous conduction paths consisting of MoOs
can be expected for low doping concentrations. In this case, a series connection with low
and high resistances is supposable. This means that hole transport takes place along the
interface where filaments are present, but must also be conducted partially through neat
CBP which exhibits a much lower conductivity (see Figure 4.32 (b)).

In the literature it was also suggested that charge transport proceeds via hopping of elec-
trons between the MoO3 dopants. Qiao et al.!'*! investigated Alq; doped with MoOs and
found an increase of about one order of magnitude in conductivity for a doping concen-

tration of 10 wt% (= 5 vol%) compared to a neat Algs device. However, compared to
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the steep conductivity increase of about five orders of magnitude, observed in this work
for CBP doped with a comparable amount of MoOQOs, it still seems to be unlikely that
hopping between MoQO3 agglomerations is an explanation. Assuming also MoOj filament
growth in an Alqgs matrix, it would also be supposable that at this high doping concentra-
tion already a few continuous MoQOj filaments exist, so that charge transport can proceed
via continuous MoQj3 paths. On the other hand, the electron conductor TPBi doped with
30 mol% of WOj revealed no significant change of the IV characteristics 3.

In section 4.3.1 it was shown that the conductivity increases significantly with the dop-
ing concentration up to 21.3 mol%. Filament lengths for low MoOs concentrations were
shown from XPS measurements to increase with increasing doping concentration (see
section 4.1.3). Therefore, an increasing fraction of the charge transport path can proceed
via the highly conductive space charge regions for increasing doping concentrations as
depicted in Figure 4.33 (a) and (b). For 1.6 mol% no electrical anisotropy was measured.
This can perhaps be attributed to the fact that the filaments are quite short for this doping
concentration and distances between the filaments are similar in both transport directions.
With increasing doping concentration it can also be expected, that at a certain doping con-
centration, the density and number of filaments becomes so high that conduction paths can
be formed by overlapping of space charge regions of neighboring filaments (see Figure
4.33 (b)). Electron transport on MoQOj filaments can only occur when continuous MoOs
paths are present. This can be expected for high doping concentrations (see Figure 4.33
(c)). However, also then hole transport can proceed via CBP, as long as the amount of
Mo0Oj is still so low that continuous CBP paths exist.

Considering charge transport for very high doping concentrations, it was found for other
material systems, that a high doping concentration can hinder charge transport. A de-
crease of conductivity for doping concentrations exceeding a certain threshold level was,
for example, reported for a~-NPD doped with F,~-TCNQ!**!, for TCTA doped with WO3 °%!
and also for Algs n-doped with LiF!'4. However, none of these studies covered the whole
range of possible doping concentrations and no further investigations were carried out at
higher doping concentration than the threshold value. Doping MoOs into another ma-

trix, i.e. a-NPD, led to the observation that high doping concentrations of up to 50%’ do

7Since many authors do not indicate whether they specify doping concentrations in mol% or in vol% this
information can also not be given here.
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Figure 4.33: Model for conduction along to the MoOj filaments in dependence of the dop-
ing concentration. Conduction paths of holes are denoted as red arrows and
blue arrows are used for electrons.

(a) For short filaments only a small part of the hole conduction can proceed
via the dopant/matrix interface area where highly conductive space charge
regions are present.

(b) For increasing filament length, a higher fraction of the hole transport
is channeled via the highly conductive space charge regions around the fil-
aments. From a certain filament density on, overlap of the space charge
regions can occur which can lead to continuous low-resistance conduction
paths for holes.

(c) For even higher doping concentrations continuous MoQOs filaments occur
which extend through the whole film thickness and also electron conduction
on MoOj can take place.

(d) A MoOs network is formed for very high doping concentrations, where
no continuous conduction paths on CBP are available anymore. Instead,
charge transport takes place via electron transport on MoQOg3. To provide a
better overview, space charge regions are omitted in this subfigure.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



108 4. MoOg-Doped CBP Thin Films

not hinder charge transport®?!. Also polymers were studied as matrices. In Ref. [145]
P3HT, PFB, TFB and F8BT were doped with F4-TCNQ. A saturation for doping con-
centrations in the order of 10 w/w (dopant to polymer weight ratio) was found, but very
high concentrations were not considered in the measurements. Only for P3HT doped with
F,-TCNQ high doping concentrations up to about 85 mol% were studied'*®!. Similar to
the CBP:MoOs system, a steep increase of conductivity was found for increasing doping
concentrations. However, for very high doping concentrations a strong decrease of con-
ductivity was observed in this case.

With the assumption that current transport always takes place in the organic matrix, one
would also expect a drop in conductivity for high MoOj3 concentrations, since at a certain
MoOg; concentration, no continuous CBP paths should be present anymore. However, for
MoO;-doped CBP films it was found that the conductivity saturates towards the value of
the dopant for both current directions (see section 4.3.1). This leads to the conclusion
that for high doping concentrations the amount of dopants is so high that no continuous
CBP paths are present anymore but electron transport via highly conductive MoOj3 can
take place (see Figure 4.33 (d)). Also from XPS measurements the presence of a MoOs
network could be deduced (see section 4.1.3).

The model presented above can also be correlated to the activation energies, determined
in section 4.3.2. In the case of current transport along the filaments, high activation ener-
gies were found for low doping concentrations, whereas they decreased for higher doping
concentrations towards the value of pristine MoOs. Since for finger and stripe structures
different values were found for the activation energies, also the activation energies seem
to be correlated with the nanofilament topology. As already pointed out in section 2.3.4,
doping leads to filling of traps, which causes the Fermi level to move towards the transport
energy and thus leads to a decrease of the activation energy. It can be expected that not
only the conductivity is a local quantity, but also the activation energy and that the amount
of trap filling is higher at the interface due to the increased charge carrier density in this
region. That high activation energies were found for low MoOj3 concentrations, might be
connected to the fact that transport mainly proceeds via regions of neat CBP which has a
high activation energy, whereas for higher doping concentrations a higher fraction of the
conduction path can proceed via the space charge regions, which exhibit lower activation

energies. Because the activation energies saturate towards the value for MoOg it can also
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be inferred from these measurements that conduction in CBP:MoOs films transitions into
current transport on MoOs for higher doping concentrations.

Higher activation energy values were found for current transport perpendicular to the fil-
aments than parallel to it for the investigated doping concentrations (see section 4.3.2).
This can perhaps be explained by the fact that for current transport perpendicular to the
filaments no favored paths via highly conductive space charge regions, which exhibit low
activation energies, are present for the largest fraction of the transport path, which leads to
lower conductivities and higher activation energies for charge transport perpendicular to
the filaments. For current transport perpendicular to the filaments and doping concentra-
tions from 0.6 vol% to 5 vol%, it was found that the conductivities stayed almost constant
for low doping concentrations and the increase in filament number does not seem to have
a significant impact on the charge transport. It can therefore be expected that the distance
between the filaments is so high that current transport mainly takes place through neat
CBP so that the increase in filament density does not have a significant influence on the
charge transport (see Figure 4.34 (a) and (b)). For higher doping concentrations, the con-
ductivity also increases and then saturates towards the values of neat MoOs3. Since the
formation of a MoOj3 network is expected to also occur in the current direction perpen-
dicular to the current transport, also here the charge transport seems to change from hole
transport on CBP for low doping concentrations to electron transport on MoOg for high
doping concentrations (Figure 4.34 (d)). Also here it is supposable that low-resistance
paths form as soon as the MoOs filaments are in close vicinity to each other so that over-
lap of the space-charge region leads to an increase in conductivity (Figure 4.34 (c)).

The above presented model can also explain why the cooled device, with interrupted
MoOj filaments, has a much lower conductivity than the room temperature one, which
exhibited longer filaments, but less transferred charges. For the room temperature sample
longer filaments are present, so that charge transport can mainly proceed via highly con-
ductive paths along the MoOs filaments (Figure 4.35 (a)). The device with the active layer
deposited onto a cooled substrate exhibits shorter filament fragments, than the one which
was only deposited at room temperature. Therefore, a higher fraction of the conduction
path consists of high-resistance CBP (Figure 4.35 (b)).
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Figure 4.34: Model for conduction perpendicular to the MoOj filaments in dependence of
the doping concentration in top view.
(a) and (b) For low doping concentrations an increase in filament number
has no significant impact on the charge transport, due to the fact that current
transport mainly takes place through neat CBP so that the increase in filament
density does not have a significant influence on the conductivity.
(c) For higher doping concentrations also overlap of space-charge regions
might occur so that continuous conduction paths through highly conductive
space charge regions exist.
(d) For very high doping concentrations current transport takes place via
electron transport on MoQO3, since no continuous CBP paths are present for
hole conduction. To provide a better overview, space charge regions are
omitted in this subfigure.
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Figure 4.35: Schematic illustration of charge transport in doped films with a different
topology.
(a) Only a small part of the hole conduction can take place at the highly con-
ductive space charge regions of the CBP/MoQOj; interface when short MoOg
fragments exist.
(b) For longer filaments a bigger part of the hole conduction can proceed
along the space charge regions.
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5 Angle Dependence of LiF/TPBi Interface

Effusion cells in evaporation chambers are usually mounted in such a way that the molecu-
lar beam impinges almost perpendicular onto the substrate. Since for devices like OLEDs,
several layers consisting of different materials are required, normally evaporation cells are
mounted at a certain angle to be able to install a multitude of materials in one chamber.
Because the geometry of different chambers have varying deposition angles, the question
arises, if angular dependent effects occur, which might influence the device performance.
In the present chapter the influence of the deposition angle on the performance of OLEDs,
particularly on the energetic properties at the cathode/organic interface, is investigated.

However, this was not the initial question the presented measurement series was designed
for. The original goal of this project was fabrication of OLEDs onto AFM cantilevers
with an enhanced light output at the cantilever tip to allow for a scanning near-field mi-
croscopy (SNOM) setup!!471. Most of the results presented in this chapter were developed

97]

within the framework of the diploma thesis of B. Martini®’!. XPS measurements were

conducted in close collaboration with E. Mankel (TU Darmstadt).

5.1 Performance of OLEDs with Different Deposition Angles

The OLED stack used for this study was based on the stack introduced in section 2.6.2.
The deposition sequence was ITO-glass : MoOs3 (10 nm) : TCTA (50 nm) : TPBi:Ir(ppy);
(20 nm, 7 vol% Ir(ppy)s) : TPBi (30 nm) : LiF (2 nm) : Alu (100 nm). For deposition,
OLED substrates were mounted at angles of 0°, 42° and 72°! relative to the incident beam.
The deposition geometry is depicted in Figure 5.1. The OLEDs with 0° deposition angle
were fabricated as normal with shadow masks fixed with screws. For the tilted devices,

a metal block with filed lateral surfaces, providing angles of 42° and 72°, was screwed

I'Since the cantilevers used for the initial project of depositing OLEDs onto AFM cantilevers had pyramid
angles of 42° and 72° these values were also chosen for the tilted OLEDs 71481,

111
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Figure 5.1: Schematic overview on the
geometry for tilted OLEDs.

onto the sample holder?. The OLED substrates were then fixed onto the metal block by
conductive double-sided adhesive carbon tape, which is suitable for vacuum applications,
and shadow masks were fixed with kapton tape.

Variation of the deposition angle influences the film thickness so that higher deposition

angles lead to thinner layers!!'4"].

Therefore, the influence of the LiF layer thickness, as
well as the thickness of the organic layers, was examined first.

In a first step, OLEDs at 0° deposition angle were fabricated with different LiF thick-
nesses which were varied from 2 nm to 12 nm. The LIV characteristics of these devices
are displayed in Figure 5.2. Since LiF has isolating properties!'*’!, it would be expected
that for high LiF thicknesses the devices fail to work. However, this was not the case
for the examined LiF thicknesses. For thicknesses from 2 nm to 8 nm an increase in LiF
thickness only led to a slight decrease in luminance as well as in current density and onset
voltages were almost constant for these devices. Only the device with 12 nm LiF thick-
ness showed a significant higher onset voltage of about 8 V (not shown here).

In a second measurement series, the LiF thickness was kept constant (8 nm) and the
thickness of the organic layer was varied. The term "organic layer" describes the layer
sequence TCTA : TPBL:Ir(ppy); : TPBi.

Two OLEDs were prepared at a deposition angle of 0° with organic layer thicknesses of

2Since the metal block was filed by hand the accuracy of the angle amounts to about + 2° 71,
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Figure 5.2: LIV characteristics of OLEDs with different thicknesses of the LiF injection
layers.
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Figure 5.3: LIV characteristics of OLEDs, where the thicknesses of the organic layers and
the deposition angles were varied.

100 nm and 280 nm. As can be seen in Figure 5.3, current density and luminance sig-
nificantly drop by about five orders of magnitude when the thickness is increased from
100 nm to 280 nm. A decrease in current density for higher film thicknesses is expected
since, according to Child’s law (see equation (2.4.3)), an increased film thickness d leads
to a decreased injection current density j for a space charge limited current.

Additionally, the electro-optical characteristic of a device with an about 210 nm thick or-
ganic layer®, which was deposited at an evaporation angle of 42° is depicted in Figure 5.3.
This device shows higher current and light output than the device with 280 nm (0°) but
worse characteristics than for 100 nm (0°) organic layer thickness. From these results it
can be concluded that the thinner the organic layer, the better the device characteristics.

Nevertheless, it will be shown below, that also other aspects might play a role, which in-

3The values of the devices with 0° deposition values were determined by oscillating crystals. The thick-
nesses for the tilted devices were derived from profilometer measurements of 100 nm thick layers of
the single materials.
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Figure 5.4: LIV characteristics of OLEDs, where the organic layers were grown at differ-
ent deposition angles.

fluence the electro-optical characteristics of devices deposited at different angles and the
interpretation of these results does not need to be as straight-forward as it seems to be on
the first sight.

In a third step, the deposition angle was varied systematically. Figure 5.4 shows the LIV
characteristics for three OLEDs deposited at 0°, 42° and 72°. The nominal thickness mea-
sured by the quartz microbalance was 280 nm. This led to thicknesses of about 280 nm,
210 nm and 100 nm for the organic layer and about 5 nm, 5 nm and 4 nm for the LiF
layers for 0°, 42° and 72°, respectively. Additionally, the characteristic for a device evap-
orated at 0° with a thickness of 100 nm for the organic layer and 4 nm for the LiF layer
is depicted. It was shown above that reducing the organic layer thickness from 280 nm to
100 nm improves the LIV characteristics. The same effect was also observed for a reduc-
tion of the LiF thickness from 8 nm to 2 nm, but only with a minor influence. Considering
the OLED deposited at 0° with 280 nm organic layer thickness and the device fabricated
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at 42° with an 210 nm thick organic layer, it could be seen that the electro-optical char-
acteristics improved with higher deposition angle. This can be expected since the device
evaporated at 0° had a higher organic layer thickness. Also that the OLED with 100 nm
organic layer thickness, which was deposited at 0°, shows even better performance is con-
sistent with the results presented above, because it has an even lower layer thickness and
additionally a slightly lower LiF thickness.

Since the OLED fabricated at 72° also exhibits an organic layer thickness of 100 nm and
also the lowest LiF thickness of 4 nm, it would be expected that this device possesses a
similar performance as the device with 100 nm, which was deposited at 0°. However, no
turn-on voltage can be identified, as it would be expected for a diode with a pn-junction
and already at low voltages a significant current density can be measured. Therefore, the
IV characteristics indicates that this OLED behaves like a single-carrier device. Addi-
tionally, the luminance output lies below the detection limit of about <10~* cd/m?. This
indicates that not only the layer thickness influences the device performance in this case,
but there must be other factors to be taken into account. The unipolar behavior implies
that charge injection from one of the two contacts is not sufficient.

Regarding the anode contact, the thickness of the MoOs injection layer should not have a
major impact on the performance of the devices. In section 2.5.1 a model for charge in-
jection with MoOg injection layers was presented. Since no chemical reaction is involved
and due to the fact that the conductivity of MoOs is quite high (see section 4.3.1) it seems
to be unlikely that hole injection is influenced by the deposition angle. Besides, it was
found that even when up to 50 nm thick MoOj layers are applied for organic solar cells,
devices are still working!8%:15%1,

However, the process leading to a working organic/LiF/aluminum contact is still not un-
derstood in detail (see section 2.5.2). Therefore, it could be supposed that the reason for

the failure of the OLED evaporated at 72° is due to energetic issues at this interface.

5.2 Investigation of the TPBi/LiF Interface using XPS

To investigate the influence of the deposition angle on the energetic conditions at the cath-
ode contact, XPS measurements were performed. The XPS results shown in this section
were conducted by E. Mankel from the TU Darmstadt.
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Figure 5.5: (a) Cls and (b) N1s emission lines of TPBi obtained from XPS measurements.

A neat TPBi sample, as well as specimens where a thin layer of LiF was
evaporated at different deposition angles of 0°, 42° and 72° were measured.

For these measurements, the TPBi/LiF cathode contact was grown on ITO-glass. In the
first step, 30 nm TPBi was deposited simultaneously onto four substrates at a tilt angle
of 0°, to eliminate effects due to different sample thicknesses and deposition angles. Af-
terwards, all samples were transferred directly from the UHV into the inert atmosphere
of the glovebox, which is attached to the clustertool (see section 3.1), to ensure compara-
ble environmental conditions. Then samples were mounted onto their respective sample
holders for deposition at different angles. In the last preparation step, a thin LiF layer
was evaporated onto each individual substrate. In Figures 5.5 (a) and (b) the Cls and the
N1s peaks of TPBi are depicted for all samples. The exact layer thicknesses of LiF was
determined from XPS by measuring the substrate peak damping. The mean free electron
path was calculated with the computer program NIST Electron Inelastic-Mean-Free-Path
Database, which applies equations from Ref. [151]. The measured LiF thicknesses were
calculated using equation (3.2.4) and amounted to 1.5 nm, 1.9 nm and 1.2 nm for 0°, 42°
and 72°, respectively. The N1s peak revealed a characteristic double structure. This is
due to a chemical shift, since different binding partners of nitrogen in the TPBi molecule
lead to different oxidation states and therefore to different binding energies. Also the Cls

peak exhibits a double structure, since carbon atoms in TPBi are bound to nitrogen atoms,
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but also to other carbon and hydrogen atoms*. To determine the peak energies, two voigt-
functions (see section 3.2.2.1) were fitted to each measured spectrum, to account for the
chemical shift. For the fits, the difference between the two components was kept constant
as well as their relative intensities, which can be calculated by counting the number of the
respective binding partners. The peak position energy of the component with the highest
binding energy is indicated in the following.

Because the shape of the N1s and Cls peaks did not change upon deposition of LiF, it
can be concluded that no chemical reaction took place. It can be inferred from the ex-
periments, that the full width at half maximum increases upon deposition of LiF. This
directs towards an increased energetic disorder upon doping, as it is also expected from
theory (see section 2.3.4). The observed peak broadening of the core levels implies that
also broadening of the LUMO DOS occurred. However, since no significant angle depen-
dence was found, this effect cannot explain why the device, where the organic layer was
grown at 72°, failed to work.

Comparing the samples deposited at 0° with and without the LiF layer, it can be observed
that the Cls and N1s peak of TPBi shift by almost the same amount of 0.64 eV respec-
tively 0.57 eV to higher binding energies, when the LiF layer is deposited on top of the
organic layer. This directs towards an energetic interaction between TPBi and LiF takes
place and implies that the Fermi energy of TPBi shifts towards the LUMO upon deposi-
tion of LiF, indicating n-doping of the organic layer. In Ref. [90] a similar value for the
Fermi level shift was found for depositing at least about 2.5 nm LiF onto Alqs. The sam-
ple with the LiF layer, which was evaporated at 42°, also shows a shift to higher binding
energies, compared to pure TPBI, but in this case the shift only amounts to 0.37 eV (Cls)
and 0.43 eV (N1s) in comparison with the pure TPBIi layer. For the sample with the LiF
layer evaporated at 72° an even smaller shift in binding energy was observed leading to
a Fermi level shift of only 0.21 eV (Cls) respectively 0.26 eV (N1s) compared to TPBi
without LiF coverage. In summary, for all deposition angles a shift of the Cls and N1s
peaks to higher binding energies can be observed, but the value of this shift decreases with

increasing deposition angle. The LiF thickness might influence the Fermi level shift. Be-

4The peak position difference for carbon atoms bound to hydrogen and to other carbon atoms cannot be
resolved with the measurement setup used here.
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cause the intermediate angle of 42° exhibits the highest thickness, the trend in the Fermi
level shift is not a LiF thickness dependent effect.

Since the OLED deposited at 72° does not show typical OLED characteristics it is sug-
gested that the change in the observed Fermi level shift is crucial for the functionality of
the OLED device. The results indicate, that the interaction process, taking place at the
interface, becomes weaker with increasing deposition angle, so that at 72° only a minor
interaction takes place, which leads to weaker n-type doping causing a lower conductivity
and also worse injection properties at the contact due to a higher injection barrier.

An explanation might be that the interaction process of TPBi and LiF is due to diffu-
sion of Li or F into the electron transport layer. Since with increasing deposition angle
the impulse component perpendicular to the substrate decreases, the penetration depth of
LiF into TPBi might also decrease. Then, higher deposition angles would lead to less
diffusion into the organic layer which might decrease the number of dopants and conse-
quentially the amount of doping. Therefore, for OLEDs deposited at 72° only a negligible
amount of injection barrier lowering occurs so that no electrons can be injected through
the cathode, but only holes via the anode. Hence, the IV characteristics becomes unipolar
and the device cannot emit light.

Another explanation might be a different growth behavior for varied deposition angles.

(1531 or silicon™¥, the

For a variety of different materials, e.g. MgF,!"*?, CaF,, Cr, Ti
so-called glancing angle deposition (GLAD) was applied. There, shadowing effects lead
to sculptured thin films, whose morphology can be influenced by the deposition angle, the
rotation speed during evaporation and the substrate temperature. Such effects might also
occur for LiF and provide an explanation for the failure of the OLED evaporated onto a
tilted substrate with a tilt angle of 72°.

It can be supposed that the observed Fermi level shift leads to a higher injection barrier of
0.6 eV into the aluminum for 0° deposition angle compared to 72°. So far, the influence
of aluminum deposition was not investigated but might, according to Ref. [91], also play

an important role for the contact formation at the TPBi/LiF/aluminum interface.
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6 Conclusion

In the first part of this chapter all experimental findings of this thesis are summarized. The

second part gives an outlook on possible future work.

6.1 Summary

Electrochemically doped organic layers are commonly applied in organic state-of-the-art
devices like organic light emitting diodes or organic solar cells, to significantly enhance
their efficiency. However, a comprehensive understanding of the doping process in or-
ganic semiconductors is still missing. For instance, it is not understood why very high
doping concentrations of several volume per cent are needed, whereas for inorganic semi-
conductors doping concentrations in the range of ppm are sufficient to obtain a significant
rise of conductivity. This question is related to the observation that very low doping effi-
ciencies of only a few per cent were found for a variety of different material systems, both
organic:organic and organic:inorganic composites. In this work, various measurement
techniques were applied to obtain information about structural, electronic and electrical
properties of doped organic thin films with the objective to improve the understanding of
fundamental processes taking place in such composites. As material system the organic
semiconductor CBP doped with the transition metal oxide MoO3 was used.

In the first step, the structural properties of the co-evaporated thin films were studied using
different TEM measurement techniques. Dark spots were found in the bright-field images
of doped films. Using TEM spectroscopy in the low loss and in the core loss regime, it
could be proven that these dark spots consist of MoQs, thus confirming that the dopant
MoOj agglomerates within the organic matrix CBP. Three-dimensional information was
obtained using electron tomography. These measurement revealed that MoOj filaments,
preferentially oriented perpendicular to the substrate, occur in the doped films. Further-
more, the influence of the substrate temperature on the topology was examined and it

was found that by cooling down the substrate during film deposition the filament length

121

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.
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decreases, while its filament diameter stays the same, compared to film deposition onto a
substrate at room temperature. Based on these observations, a description of the MoOj3
filament growth was developed.

Since the dopant topology was found to be anisotropic, the question arised whether this
structural anisotropy is related to an electrical anisotropy. Therefore, electrical measure-
ments of hole only devices, consisting of CBP with different MoO3 concentrations, were
conducted. Two different device structures were fabricated which allowed for investi-
gation of the electronic properties along the MoOj filaments and perpendicular to them.
Conductivity as well as activation energy values were found to depend on the current di-
rection.

The results of the structural and electrical investigations were combined with results on
electronic properties inferred from photoelectron spectroscopy and FTIR spectroscopy
measurements. Based on all results, a model for charge transport in CBP:MoO3 compos-
ites was developed. From XPS measurements it could be inferred that CBP cations and
MoO; anions are located close to the interface and that a space charge region is present
at the organic/dopant interface. Therefore, it was proposed that charge transport pref-
erentially occurs at the CBP/MoOs interface and space charge regions serve as favored
paths for hole conduction. Charge transport for composites with filaments which do not
extend through the whole film thickness can then be explained by a series connection of
highly-resistive paths of pure CBP and low-resistive conduction paths through the space
charge regions. Since for high doping concentrations conductivities and activation en-
ergies saturated towards the value for neat MoOs films, it was concluded that for high
doping concentrations a transition from hole conduction on CBP to electron conduction
on MoOj takes place.

In the last part of this work, n-type doping was investigated by fabricating OLEDs where
the dopant LiF was incorporated as thin film between the electron conductor TPBi and
the cathode, consisting of aluminum. It was found that the thickness of the LiF layer does
not significantly influence the device performance of OLEDs when it is varied from 2 nm
to 8 nm. Furthermore, the influence of the deposition angle on the device performance
of OLEDs was investigated. Compared to the OLEDs which were fabricated at 0° and
42°¢ deposition angle, the OLED which was deposited at 72° did not emit light and IV

characteristics which are typical for a single-carrier device were found. The latter indi-
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cated that charge injection from one of the two contacts was not sufficient. Therefore, the
LiF/TPBi interface was investigated using XPS and a decreasing Fermi level shift towards
the LUMO of TPBi was found for increasing deposition angle, compared to pristine TPBi.

This directs towards a weaker amount of n-type doping for increasing deposition angle.

6.2 Outlook

Since a large variety of measurement techniques could be applied due to the very fruitful
cooperations at Innovationlab in Heidelberg, a good step forward was made in under-
standing the fundamentals of doping in organic semiconductors. However, there are still
unresolved issues. Since XPS could only indirectly give insight into the topology of the
doped films, it would be helpful to conduct electron tomography measurements for ad-
ditional doping concentrations. Electron tomography, as it was conducted here, is a very
time-consuming method. Therefore, it would be helpful to establish either the possibility
of automated tilt series acquisition or the application of reconstruction algorithms, which
require the acquisition of a smaller number of images, like DART!"3>!, The latter would
also have the advantage that beam damage would be reduced. Since it was shown that
the thickness is affected by the floating process, which is commonly applied to prepare
TEM samples, other preparation techniques like microtome slices!!>! or preparation of
TEM lamellae!'>®! would be favorable. Besides, there is still the unresolved question why
there exists a discrepancy between the amount of incorporated dopants and the amount of
dopants which can be detected by TEM. One explanation would be that some of the MoOj3
dopants are homogeneously dispersed in the CBP matrix or present as clusters which
are so small that they cannot be detected with TEM. To resolve this issue, EEL spectra
could be acquired where only an area without the visible MoOj3 agglomerations is ana-
lyzed, which can be compared to EEL spectra of an area which contains agglomerations.
However, this would require a suitable measurement setup, for example nanobeam!'>”! or
scanning transmission electron microscopy (STEM)!'*¥| which was not available during
the presented thesis.

Regarding the electrical properties, it would be interesting to obtain separated informa-
tion about the physical quantities which determine the conductivity, namely charge carrier

density and mobility, in dependence of the doping concentrations. Charge carrier densities
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could, for example, be obtained from CV measurements®® or Kelvin Probe analysis7!.
Mobility values can be derived from C-f!!38, time-of-flight (TOF)!!>%16%! or CELIV' mea-
surements!!1-1921To confirm the proposed model, it is of great interest to determine the
majority carrier species for different doping concentrations. For inorganic semiconductors
this is commonly done with Hall effect measurements. However, for organic materials,
successful Hall effect results were so far only obtained for highly crystalline materials!''®3.
Besides, more experiments of cooled samples would be helpful, to obtain a deeper under-
standing on how the choice of the substrate temperature influences the topology and the
charge transport. A cryostat which can be incorporated into organic chamber 1 or 2 of the
clustertool will therefore be installed soon.

Furthermore, it would be interesting to conduct similar studies as presented in this thesis
for other material systems and find out, if conclusions drawn for CBP:MoOg are valid
in general or specific for this material system. From the measurements, which were con-
ducted on different organic matrices doped with MoOs, very similar results were obtained.
For a-NPD and TCTA doped with MoOj3 a similar behavior was found regarding the elec-
trical properties, i.e. the conductivity saturates towards the value of neat MoOg for high
doping concentrations in the case of charge transport perpendicular to the substrate!!*,
For a-NPD doped with MoOj also agglomeration could be detected, however, no tomog-
raphy was applied. Therefore, it can be expected so far, that, regarding topography and
charge transport, no severe changes occur upon choosing a different matrix material.

For many doped systems a decrease in conductivity was found for high doping concen-
trations. One explanation would be, that, other than for MoOj3 in CBP, no filaments form,
but the dopants are more or less homogeneously dispersed in the matrix, so that at higher
doping concentrations they serve as scattering centers and hinder charge transport. Mayer
et al. found clustering of WO3 in CuPc and concluded from the fact that WO3:CuPc and
F,-TCNQ:CuPc composites behaved similarly, regarding the electronic properties, that
also F4-TCNQ agglomerates within CuPc. However, no clear evidence was found for
clustering of small molecules in organic matrices so far. For example, Ha et al. found ev-
idence from STM measurements for clustering of MoOj3 evaporated onto pentacene!!'?!,
but not for F;~-TCNQ on pentacene!'®. Lee et al. acquired HAADF images of a-NPD
films doped with F,-TCNQ and Mo(tfd); and also found no evidence for clustering of

Icarrier extraction by linearly increasing voltage
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these small molecule dopants'!. That clustering of TMOs was found, but no agglom-
eration could be detected for organic dopants does not mandatorily imply that organic
dopants do not agglomerate. Instead, it can be expected that a better contrast is obtained
for TMO:organic composites than for organic:organic mixtures and it can also be expected
that the critical cluster size of organic dopants would be smaller, since organic materials
exhibit smaller surface energies than inorganic species.

Beside the question about the fundamental properties, it might also be interesting to think
about future concepts for doping and the question arises which kind of dopant might be
the most favorable one. Organic dopants can be quite volatile®”), whereas large dopants
like TMOs are also expected to be more stable, since they cannot move as easily in the or-
ganic matrix [>+1651_ This was, for instance, shown in Ref. [67] where in pure CuPc films,
which were evaporated in the same evaporation chamber as WO3, the Fermi level was
almost located in the middle of the band gap. However, when neat CuPc was evaporated
in the same deposition chamber as F,-TCNQ, the Fermi level of CuPc was found to be
shifted towards the HOMO, indicating p-type doping by the volatile dopant.

On first sight one would expect that agglomeration of the dopants is a negative behav-
ior, since it reduces the doping efficiency and organic dopants might therefore be ad-
vantageous. However, it was shown in this thesis that agglomerations can provide fa-
vored pathways for charge conduction, instead of hindering charge transport. Therefore,
agglomeration might even be an advantage regarding charge transport. Designing new
molecules, which tend to cluster in the right way, might be a promising concept for the
future. An approach to enhance the doping efficiency might be to design molecules where
the overlap of the molecular orbitals is reduced. This would cause less energy level split-
ting upon hybridization and therefore enhance the number of free charge carriers.

The insights gained for electrochemically doped organic layers might also be helpful for
the design of dyes, used in the emission zone of OLEDs. Dyes are also commonly applied
via co-evaporation and similar effects, regarding topology and charge transport, might oc-
cur for electrochemically and dye-doped thin films.

To conclude, enormous progress has been made in understanding the doping process in
organic semiconductors due to the collaborative environment at Innovationlab. However,
there are still a multitude of open questions and interesting experimental and theoretical

results can be expected to be discovered in the future.
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A Molecular Structures

For better readability only the common abbreveations were used throughout the thesis.
This chapter provides the correct chemical formulae for all organic semiconductors which
are mentioned throughout the text, as well as the molecular structures for all organic semi-

conductors used in this work.

I-TNATA: 4,40,400-tris(N-(1-naphthyl)-N-phenylamino)triphenylamine

2-TNATA: 4,4’ ,4”-tris(N-(2-naphthyl)-N-phenylamino)-triphenylamine

a-NPD 1,4-bis[N-(1-naphthyl)-N’-phenylamino]-4,4’ diamine

Algs: 8-quinolinolato) aluminum

CBP: 4,4’-Bis(N-carbazolyl)-1,1’-biphenyl

CoCp, bis(cyclopentadienyl)-cobalt(Il)

CuPc copper phthalocyanine

DDQ: dicyano-dichloroquinone

F,-TCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

F8BT poly(9,9-di-n-octylfluorene-alt-benzothiadiazole)

Ir(ppy)s: fac tris (2-phenylpyridine) iridium

MEH-PPV: poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene)

Mo(tfd);: tri[ 1,2-bis(trifluoromethyl)ethane-1,2-dithiolene]

m-TDATA: 4,4’ ,4”-tris(3-methylphenylphenylamino) triphenylamine

P3HT: poly(3-hexylthiophene)

PEDOT:PSS:  poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate)

PFB: poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-1,4-
phenylenediamine)

[RuCp”(mes)],: ruthenium(pentamethylcyclopentadienyl)(1,3,5-trimethylbenzene)

spiro-CBP: 2,7-bis(9-carbazolyl)-9,9-spirobifluorene

TCNQ: tetracyanoquinodimethane
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128 A. Molecular Structures

TCTA: 4,4’ 4”-Tri(N-carbazolyl)triphenylamine

TFB: poly(9,9-di-n-octylfluorene-alt-(1,4-phenylene-((4-sec-butylphenyl)
imino)-1,4-phenylene)

TPBi: 1,3,5-tris (2-N-phenylbenzimidazolyl) benzene

TTN: Tetrathianaphthacene

VOPc: vanadyl-phthalocyanine

ZnPc: Zinc phthalocyanine

TCTA

1
. Z A n
(@] @]
n
- SOH
TPBiI Ir(ppy), PSS PEDOT

Figure A.1: Molecular structures of all organic materials used in this work.
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