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Abstract

This dissertation is related to organic semiconductor (OSC) materials for organic light emitting
diode (OLED) applications investigated together with our project partner Merck KGaA. One
often stated advantage of OSCs is the chemical flexibility to easily synthesize new molecules. A
deeper understanding of the connection between molecular structure and device characteristics
could lead to faster material screening and development. As contribution to this goal, the here
presented work analyzes and discusses the properties of hole transport materials (HTMs) and
especially their electronic interface properties.

Indium tin oxide (ITO) substrates, a commercially available p-dopant, CPTCFA, a literature-
known HTM, m-MTDATA, a commercial HTM from Merck KGaA, HTM-B, and aluminum are
characterized as thin films by photoelectron spectroscopy (PES) to obtain the materials’
electronic properties. Ultraviolet, visible, near- and mid-infrared absorption spectroscopy on
pure and p-doped HTM thin films correlated with density functional theory calculations
provides insight into the doping mechanism. For CPTCFA:m-MTDATA, an integer charge
transfer is observed. However, this is not the case for CPTCFA:HTM-B, suggesting the formation
of a charge transfer complex in this case.

The electronic properties at ITO | (p-)HTM hetero- and p-HTM | HTM homointerfaces are
studied by PES in step-by-step deposition experiments. A novel density of states-based model
for fitting the PES data is presented. This model is able to reproduce the classically obtained
results at the heterointerfaces while providing more details and accurate electrical potential
distributions. More importantly the model allows for the analysis of the homointerfaces and
reveals an unexpected space charge region in the p-doped HTM layer. After the model is
advanced, an increased number of states in the energy gap for the molecules of the undoped
layer right at the interface is predicted.

The interfaces between Al back-contacts and HTM as well as p-doped HTM layers are
investigated. These interfaces are relevant for hole-only devices which are used to study effects
on less complex device structures. It is shown that Al tends to diffuse into the organic thin film
where it reacts with the dopant molecule, redopes the material, and strongly changes the
electronic properties. This could be a problem, as this HTM | Al back-contact interface appears
to have a strong influence on the properties of hole-only devices, potentially leading to
conclusions which do not hold for full devices, where this interface does not exist.

Finally, a low excitation energy electron emission (termed L4E) effect is observed. Free
electrons are emitted by shining an ultraviolet LED on m-MTDATA thin films even though the
photon energy is lower than the ionization potential of the material. The effect is most likely
related to a triplet-triplet-annihilation mechanism and an application as room temperature
electron source is discussed.
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Zusammenfassung

Diese Dissertation untersucht organische Halbleiter (OHL) fiir die Anwendung in organischen
Leuchtdioden (OLED) in Zusammenarbeit mit unserem Projektpartner Merck KGaA. Eine héufig
genannte Eigenschaft von OHL ist die chemische Vielseitigkeit, welche es erlaubt neue Molekiile
leicht zu synthetisieren. Ein tieferes Verstdndnis der Beziehung von molekularer Struktur zu
Bauteileigenschaften konnte hier zu einer schnelleren Sichtung und Entwicklung neuer
Materialien fithren. Als Beitrag zu diesem Ziel, analysiert und diskutiert diese Arbeit die Eigen-
schaften von Lochtransportmaterialien (HTM) mit Fokus auf den elektronischen Eigenschaften.

Die elektronischen Eigenschaften von Indium-Zinnoxid (ITO) Substraten, einem kommerziellen
p-Dotanden, CPTCFA, einem literaturbekannten HTM, m-MTDATA, einem HTM von Merck
KGaA, HTM-B, und Aluminium werden an Diinnschichten mittels Photoelektronenspektros-
kopie (PES) bestimmt. Absorptionsspektroskopie im ultravioletten, sichtbaren, sowie infraroten
spektralen Bereich an reinen und p-dotierten HTM-Diinnschichten, in Verbindung mit Dichte-
funktionaltheorieberechnungen, gibt Aufschluss iiber den Dotiermechanismus. Das System
CPTCFA:m-MTDATA zeigt einen ganzzahligen Ladungsiibertrag, wahrend CPTCFA:HTM-B
diesen nicht zeigt. Letzteres deutet auf die Bildung eines Ladungsiibertragkomplexes hin.

Die elektronischen Eigenschaften an ITO | (p-)HTM Hetero- und p-HTM | HTM Homogrenz-
flaichen werden wahrend schrittweisen Abscheidungsexperimenten mit PES untersucht. Ein
neues Modell basierend auf Zustandsdichten zum Fitten von PES-Daten wird vorgestellt. Dieses
Modell ermoglicht es die auf klassischem Wege erhaltenen FErgebnisse an den Hetero-
grenzflichen zu reproduzieren. Zusitzlich bietet es mehr Details und eine genauere
Beschreibung des elektrischen Potentialverlaufs. Des Weiteren erlaubt das Modell erst die
Analyse der Homogrenzflichen. Dies fiihrt zur Entdeckung einer unerwarteten Raum-
ladungszone in der p-dotierten HTM Schicht. Nach einer Weiterentwicklung des Modells wird
eine erhohte Anzahl von Zustdnden innerhalb der Energieliicke fiir Molekiile in der undotierten
HTM-Schicht direkt an der Grenzflache vorausgesagt.

Die Grenzflachen zwischen dem Al-Riickkontakt und den HTM bzw. p-HTM Schichten werden
untersucht. Diese Grenzflache ist fiir reine Lochtransportbauteile relevant. Diese Lochtransport-
bauteile werden genutzt, um Effekte an weniger komplexen Bauteilstrukturen zu studieren. Es
wird gezeigt, dass Al dazu neigt in die organische Schicht zu diffundieren, dort mit dem
Dotiermolekiil zu reagieren, das Material zu redotieren, und die elektronischen Eigenschaften
stark zu verdndern. Dies konnte ein Problem sein, da diese HTM | Al-Grenzfldche anscheinend
einen starken Effekt auf die Eigenschaften von reinen Lochtransportbauteilen hat und so zu
Schlussfolgerungen fiihren kann, welche sich nicht auf komplette Bauteile {ibertragen lassen,
da diese Grenzflache dort nicht vorkommt.

Abschlieend wird ein Effekt der niederanregungsenergetischen Elektronenemission (genannt
L4E) beobachtet. Freie Elektronen werden durch die Beleuchtung einer m-MTDATA Diinn-
schicht mit einer ultravioletten LED erzeugt, obwohl die Photonenenergie niedriger ist als das
Ionisationspotential des Materials. Dieser Effekt steht hochstwahrscheinlich im Zusammenhang
mit einer Triplet-Triplet-Annihilationsmechanismus und eine Anwendung als (gepulste)
Raumtemperatur Elektronenquelle wird diskutiert.

VII



VIII



Acknowledgments — Danksagung

An dieser Stelle mochte ich mich bei allen bedanken die diese Arbeit moglich gemacht haben
und mich dabei in den letzten Jahren unterstiitzt haben.

Zuallererst danke ich meinem Doktorvater Prof. Dr. Wolfram Jaegermann und Dr. Thomas
Mayer fiir ihre Betreuung der Arbeit, fiir die vielen intensiven und manchmal sicherlich
anstrengenden Diskussionen, und fiir den Freiraum diese Arbeit zu gestalten. Auflerdem
mochte ich mich bei Dr. Eric Mankel und Dr. Maybritt Miinch bedanken, die mir vor allem am
Anfang eine grol3e Hilfe waren.

Zudem geht mein Dank an Prof. Dr. Wolfgang Ensinger, dass er die Rolle des Gutachters fiir
diese Arbeit tibernimmt, und an Prof. Dr. Uli Lemmer und Prof. Dr. Ralph Krupke fiir ihr
Bereitschaft als Priifer Teil meiner Priifungskommission zu sein.

Des Weiteren mochte ich mich bei unserem Projekt Partner Merck KGaA fiir die finanzielle
Unterstiitzung und die Breitstellung der Materialien bedanken. Insbesondere bedanke ich mich
auch bei Dr. Christof Pflumm fiir die inhaltliche Unterstiitzung.

Ebenfalls bin ich dankbar fiir die von der TU Darmstadt zur Verfiigung gestellte Rechenzeit am
Lichtenberg Hochleistungsrechner. An dieser Stelle mochte ich mich auch bei Jochen Rohrer,
Ph.D. fiir seine Erklarungen zur DFT und den noétigen Installationen bedanken.

Ich danke dem gesamten Fachgebiet Oberflachenforschung mit seinem neuen Leiter Prof. Dr.
Jan Philipp Hofmann fiir die tolle Zeit, die ich dort hatte. Besonders mochte ich noch Sun-
Myung Kim fiir ihre ausgezeichnete Arbeit wahrend ihrer Bachelor-Thesis und Dr. Victoria
Wilddorf-Nowald fiir die gute Zusammenarbeit danken. Auch danke ich der Werkstatt des
Fachbereichs, insbesondere Michael Weber, fiir die Hilfe bei diversen Reparaturen.

Ein grolder Dank geht auch an das InnovationLab, wo ich den Grol3teil meiner Experimente
durchgefiihrt habe. Auch hier mochte ich mich bei meinen Kollegen Dr. Valentina Rohnacher,
Dr. Xiaokun Huang, Dr. Patrick Reiser, Dr. Florian Ullrich, Rainer Béauerle, und Adriana Salazar
fiir die gute Zusammenarbeit und gegenseitige Hilfe bedanken.

Bei Dr. Daniel Utt mochte ich mich fiir die vielen Gesprache, Diskussionen und die
Unterstiitzung bedanken, die mir oft bei dieser Arbeit geholfen haben. Ich schitze deine
Meinung sehr, danke dir!

Zuletzt mochte ich mich ganz besonders bei meinen Freunden, meinen Eltern, meiner
Schwester und meiner Freundin Lu bedanken, fiir so manches geteilte Leid, aber vor allem die
vielen grol3artigen Momente und Erinnerungen — ohne euch géibe es diese Arbeit nicht. Von
ganzem Herzen, vielen Dank!

IX



Table of Contents

Abstract \Y
Zusammenfassung VII
Acknowledgments — Danksagung IX
Table of Contents X
List of Abbreviations XII
1 Introduction 1
2 Theory of Organic Semiconductors 7
2.1 General Information and Electronic Structure
2.2 Optical Properties
2.3 Doping 11
2.4 Interfaces 13
3 Methodology 19
3.1 Interface Experiments and Sample Preparation at the Clustertool 19
3.2 Photoelectron Spectroscopy (PES) 21
3.2.1 General Principles 22
3.2.2 Photoelectron Spectroscopy Setup 23
3.2.3 Energy Resolution 24
3.2.4 Ultraviolet Photoelectron Spectroscopy (UPS) 25
3.2.5 Secondary Electron Cut-off and Work function 27
3.2.6 Information Depth and Layer Thickness 29
3.2.7 Stoichiometry Analysis 30
3.2.8 Charging Effects and Counter Measures 32
3.3 UV-vis-NIR Absorption Spectroscopy 34
3.4 Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRAS) 35
3.5 Density Functional Theory (DFT) 36
4  Materials 41
4.1 Pure Material Thin Films 41
4.1.1 Indium Tin Oxide Substrate 41
4.1.2 CPTCFA p-Dopant 47
4.1.3 m-MTDATA Hole Transport Material 53
4.1.4 HTM-B Hole Transport Material 56
4.1.5 Aluminum Back Contact 60
4.1.6 Summary 62
4.2 p-Doping of Hole Transport Materials 64
4.2.1 Dopant Concentration 64
4.2.2 Dopant Distribution 65




4.2.3

4.2.4

4.2.5

4.2.6

4.2.7
4.3

Dopant Diffusion

Electronic Structure

Dopant Influence on Valence States

UV-vis-NIR and Infrared Reflection Absorption Spectroscopy
Doping Mechanism Discussion

Conclusion

5  Modeling of Interface Experiment Photoelectron Spectra

5.1
5.1.1
5.1.2

5.2

5.3
5.3.1
5.3.2

5.4
5.4.1
5.4.2
5.4.3

5.5

Classical Analysis of Heterointerface Experiments

Heterointerfaces with Undoped Hole Transport Materials
Heterointerfaces with p-Doped Hole Transport Materials

Density of States Based Model

Testing the DOS-Based Model at the Heterointerface

Results of the DOS-Based Model and Comparison to the Classical Analysis
Additional Insights from the Modeling Approach

Advancement of the Model at the (ITO/p-HTM) | HTM Homointerface
Initial Modeling Results of the Homointerface Experiments

Excluding Dopant Interdiffusion

Towards a Model with a Layer-Depth-Dependent Density of States

Conclusion

6  The Aluminum Back Contact Interface in Hole-Only Devices

6.1
6.2
6.3
6.4

Layer Growth and Thin Film Formation
Electronic Structure at the Interface
Discussion Regarding the Impedance Spectroscopy Results

Conclusion

7  Low Excitation Energy Electron Emission — L4E

7.1
7.2
7.3
7.4

Dependencies of the L4E Effect in m-MTDATA
Mechanistic Discussion of the L4E effect
Photon to Electron Efficiency Estimation

Conclusion

8  Summary

9  Outlook

References

Publications and Conference Contributions

Curriculum Vitae

66
67
68
69
72
75
77
77
78
83
85
93
93
99
103
103
105
107
114
117
117
123
127
129
131
131
137
144
145

149
153
155
171
173

XI



List of Abbreviations

2PE
AFM
ASE
ASF
CBM
CNL
cps

CPTCFA

CTX
DFT
DOGS
DOS

Er

ERE
FT
FWHM
GPAW
HOD
HOMO
HTM
HTM-B
ICT

ID

IDIS
IMFP

IP

Two Photon Excitation

Atomic Force Microscopy
Atomic Simulation Environment
Atomic Sensitivity Factor
Conduction Band Minimum
Charge Neutrality Level

counts per second

2,2',2"-(cyclopropane-1,2,3-triylidene)-tris[2-(4-

cyanoperfluorophenyl)-acetonitrile]
Charge Transfer Complex

Density Functional Theory

Density of Gap States

Density of States

Fermi Level

Electron Relaxation Excitation
Fourier Transform

Full Width at Half Maximum

DFT Python code based on the PAW method
Hole-Only Device

Highest Occupied Molecular Orbital
Hole Transport Material

HTM of the project partner Merck KGaA

Integer Charge Transfer, Integer Charge Transfer

Interface Dipole
Induced Density of Interface States
Inelastic Mean Free Path

Ionization Potential

XII



IPES
IR

IRA
ISC
ITO
L4E
LED
LUMO
MIR
MMFF94s
m-MTDATA/MTDATA
NIR
OFET
OLED
OPV
OSC
OVITO
PAE
PAW
PBE
PES
RMS
SAM
SCR
SEC
SEM
SPAE

SSA

Inverse Photoemission Spectroscopy
Infrared

Infrared Reflection Absorption
Intersystem Crossing

Indium Tin Oxide

Low Excitation Energy Electron Emission
Light Emitting Diode

Lowest Unoccupied Molecular Orbital
Mid-Infrared

A type of force field method

4,4, 4“-Tris[phenyl(m-tolyl)amino]triphenylamine
Near-Infrared

Organic Field Effect Transistor

Organic Light Emitting Diode

Organic Photovoltaic

Organic Semiconductor

Atomistic visualization software

Photon Absorption Excitation

Projector-Augmented Wave

Perdew, Burke, Ernzerhof exchange-correlation functional

Photoelectron Spectroscopy
Root-Mean-Square

Self-Assembling Monolayer

Space Charge Region

Secondary Electron Cut-Off

Scanning Electron Microscopy
Secondary Photon Absorption Excitation

Singlet-Singlet Annihilation

XIII



TCNQ 7,7,8,8-Tetracyanoquinodimethane

TCO Transparent Conductive Oxide
TTA Triplet-Triplet Annihilation

UHV Ultra-High Vacuum

UP Ultraviolet Photoelectron

UPS Ultraviolet Photoelectron Spectroscopy
uv Ultraviolet

VB Valence Band

VBM Valence Band Maximum

vis Visible

WF Work Function

XP X-ray Photoelectron

XPS X-ray Photoelectron Spectroscopy
0 Take-Off Angle

XIvV



1 Introduction

The research on organic semiconductors (OSCs) started with the observation of semiconducting
properties in molecular crystals. Here, an important step were the reports by Pope in 1963' and
by Helfrich and Schneider in 1965% and 1966° on the electroluminescence in anthracene
crystals. Due to the thickness of the crystals, a few hundred volts were required for the charge
injection. Much lower operation voltages were achieved by Tang and VanSlyke who prepared
evaporated amorphous molecular thin films to obtain a light emitting diode (LED) with a
driving voltage below 10V.* The research of OSCs was further progressed by the work of
Heeger, MacDiarmid, and Shirakawa on the doping of polymers starting in 1977.> Their work
was awarded the Nobel Prize in Chemistry in 2000.° Today, the field of OSC spans from organic
photovoltaics (OPVs) over organic field effect transistors (OFETs) to organic light emitting
diodes (OLEDs). Since OPV research switched from fullerene to non-fullerene acceptors,
relatively stable small area OPV lab cells with record efficiencies exceeding 15% have been
developed. For larger modules, Distler, Brabec, and Egelhaaf achieved record power conversion
efficiencies of 12.6% for a 26.2 cm? module and 11.73% for a 204.0 cm? module in 2020.”
OFETs are especially interesting for sensing applications and the flexible sensors are perfectly
suited for wearable electronics and the medical field.® Finally, OLEDs are already well
established in modern consumer electronics such as television screens and smartphone
displays.’ Besides these well-known applications, organic materials are also investigated in the
fields of solar water splitting,'® piezoelectric materials,!! and thermoelectric materials.'?

The advantages of OSC devices in comparison to inorganic semiconductor-based devices lie in
the available processing methods and the chemical flexibility of the OSCs. Devices from small
molecule OSCs can be produced by evaporation-based thin film deposition techniques, while
polymer OSCs allow for liquid processing routes, which include spin-coating and printing
techniques. These methods are relatively cost effective, e.g., in comparison to the single crystal
growth for silicon wafers. Furthermore, OSCs allow for flexible substrates. In addition, with
organic chemistry very many different OSC materials and derivatives can be synthesized to
tailor the specific properties of the obtained material.’> However, as can be seen from the work
by Kiihn et al., the resulting device characteristics cannot be easily predicted even for similar
molecules.'#!> But, attempts to predict the device characteristics just based on the molecular
structure and properties is the underlying motivation of the here presented work, as will be
explained in the following.

This work and also the just mentioned work by Kiihn et al. were conducted in a cooperation
with Merck KGaA in Darmstadt. With their livilux product line, they offer a series of OSC
materials for OLED device production. Thus, even though this work represents a more
fundamental research direction, it can be considered for the application field of OLEDs. An
OLED consists of several functional layers in a “sandwich” structure (see Figure 1-1a), where
the outermost layers are made up of the contacts. Under applied voltage, these contacts act as
a positive anode for the hole injection and a negative cathode for the electron injection. Often,
injection layers (HIL and EIL) are added to both contacts to obtain reduced injection barriers
for the charge carriers.
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Figure 1-1: a) Example of a Multi-layer OLED “sandwich” structure. Adapted from Adapted from A. Kéhler and H.
Bassler.’3 b) Molecular structure of 4,4’,4"-Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA). Adapted from
Shirota et al.’® ¢) Reduced structure of the commercial HTM herein called HTM-B. R' and R? mark the position of two
aryl groups which cannot be shown to protect the interests of the project partner Merck KGaA. d) Structure of the
CPTCFA p-dopant molecule. c) and d) adapted from WiBdorf et al.””

Next, there are the hole and electron transport layers (HTL and ETL, sometimes named electron
and hole blocking layers EBL and HBL, respectively), which conduct the respective charge
carriers to the emissive layer in the center of the OLED and confine them there. In this emissive
layer, the holes and electrons then combine to form excitons followed by electron-hole
recombination, leading to the desired light emission.!® For the development of new materials,
a company like Merck is interested in gaining a better understanding on how the chemical
structure of a molecule will determine the final device characteristics, e.g., the current voltage
curve of an OLED. Ideally, the theory of every factor of influence from the molecular structure
to the final device should be known well enough to model the entire process. These factors can
be grouped as the molecular properties, the morphology and related thin film properties which
depend on deposition and processing recipes, the interface properties, and, finally, the device
characteristics. Consequently, if each group of properties and their interconnections would be
understood, new materials could be easily screened by a computer to select promising
candidates for further testing. Based on this motivation and as a part of this extended research
goal, this dissertation studies the electronic properties of hole transport materials (HTMs) at
interfaces and aims to model the experimental data for a detailed discussion and understanding
of the obtained behavior.

2 | Chapter 1 - Introduction



Going more into detail, two different HTMs are studied for comparison to verify if a certain
behavior is solely related to one specific material’s properties. The two HTMs are the “starburst”-
type molecule 4,4‘,4“-Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA) which is a well-
known HTM from literature'®** and a commercially available HTM from Merck KGaA which
will be called HTM-B (see Figure 1-1b and c)). To obtain a higher conductivity, the HTMs can
be p-doped by addition of high electron affinity molecules which increases the number of holes.
Doping of organic semiconductors is an important method to obtain high performance devices,
as it can lead to very narrow space charge regions at the contacts which allow the transfer of
charge carriers by tunneling, thus leading to a better charge injection. Consequently, the driving
voltages of OLEDs are reduced which lowers the power consumption.?!~2° Due to the impact of
doping for devices, it cannot be neglected in the interface study of this work. Here, a
commercially available molecular p-dopant, which will be called CPTCFA (see Figure 1-1d), is
used and co-evaporated with the HTMs to dope them. As CPTCFA and HTM-B are not known
from literature, it is important to characterize their thin film properties especially with respect
to their electronic properties before they are studied in interface experiments. To obtain a well-
defined starting point for this work, all materials used will be characterized as thin films in
Chapter 4. Furthermore, the influence of doping and the underlying mechanism should be
analyzed. In literature, two doping models are discussed: the integer charge transfer (ICT) and
the charge transfer complex (CTX).?” Salzmann et al. suggest that the ICT model is valid for
OSC polymers while the CTX model applies for small molecule OSCs.?® However, as this rule is
not verified for a large set of different dopant:host combinations, the doping behavior and
mechanism for the investigated materials will be examined in the second part of Chapter 4. In
fact, it will be shown that the CPTCFA:m-MTDATA combination shows signs of ICT while the
CPTCFA:HTM-B pair seems to be better described by the CTX model.

Beside the beneficial influence of doping at the contact interface, a doped transport layer at the
interface to the emission or absorption layer can be detrimental for the functionality of an OLED
or OPV device. The high concentration of charge carriers can lead to a quenching of the excitons
lowering the efficiency of the device. Thus, the doped transport layer is often separated from
the active emission or absorption layer by an intrinsic (i), i.e., undoped, HTM layer.2224252% Ag
a result, interfaces of doped and undoped (p-i or n-i) transport layers can often be found in
device structures. OSC heterointerfaces, where two different materials are brought into contact,
are widely studied.!>!83%38But, often the host material is the same in the doped layer as in the
undoped layer, forming a homointerface. Such homointerfaces can be found in literature for
studies where devices are characterized by electrical measurements.?*~** Reports on dedicated
interface experiments, however, could not be found. The reason for a lack of dedicated
homointerface studies is probably related to a spectroscopic problem. Due to the fact that the
same host molecule is used on both sides of the interface, the spectral data will also be
dominated by this molecule for the doped as well as for the undoped layer. Thus, it is nearly
impossible to distinguish the contributions from the two layers and therefore to analyze the
contact formation. In this work, this spectroscopic challenge of homointerfaces is met by using
a model-based fitting method. Here, different approaches from literature**" are combined to
derive a new density of states (DOS)-based model. This model includes a distribution of
acceptor states as well as a density of tailing gap states to calculate the electric potential
distribution. Thus, it is possible to fit photoelectron spectroscopy data to a valid contact




potential distribution. In Chapter 5 of this work, first, an ITO | (p-)HTM heterointerface will be
analyzed by classical procedure.*® The results serve as benchmark for the new DOS-based model
which is first introduced in detail and then tested at the heterointerfaces. The model, which
uses a depth-independent description of the DOS, will prove to reproduce the results obtained
by the classical procedure while also providing insights for an improved discussion of the
influence of acceptor and gap states. After the successful introduction of the model, it can then
be used also on the p-HTM | i-HTM homointerfaces. From the analysis of the homointerface
using the fitting model, it is found that a significant space charge region appears in the doped
HTM layer, which is unexpected from a classical semiconductor physics standpoint. Again, using
the model and advancing it towards a depth-dependent description of the DOS, the unexpected
behavior is resolved by introducing a high number of gap states in the undoped layer right at
the interface. This solution is in line with literature reports where a finite number of electronic
states in the energy gap of an OSC is used to explain the electronic structure at an interface:
Mankel et al.*’ use a distributed states model with a constant number of states across the whole
energy gap. Vazquez, Kahn, and coworkers®?°%-52 use an induced density of interface states. In
the review article of Yang et al.*’ the ”origin and role of [tailing] gap states” in different
experiments is discussed. The question about the origin of gap states at the homointerface
remains unanswered, but the presented results demonstrate how homointerfaces can be
analyzed and open up the possibility for further systematic studies on a broader range of
materials.

Another work, which can be placed in the greater framework of relating molecular design to
device properties, is the work by V. Wilddorf who modelled and fitted current voltage and
impedance measurements of hole-only devices (HODs) trying to extract material property
parameters.'”>3 HODs are simplified device structures which are used to lower the complexity
and enable the study of specific effects. As one result of that work, the interface at the Al back
contact appeared to have a strong influence on the electric characteristics of the HOD.
Furthermore, the experiments also make use of HTM-B and the same molecular p-dopant
(CPTCFA) as in this work. Thus, this interface became of interest for further studies and the
photoelectron spectroscopy results of (p-)HTM | Al interface experiments will be shown in
Chapter 6. It will be demonstrated, that the (p-)HTM | Al interface is not as well defined as it
is assumed in the model for the HODs and that the Al atoms tend to strongly interact with
CPTCFA.

Finally, as last chapter of experimental results, a surprising emission of electrons from low
excitation energy photons is investigated in Chapter 7. This effect, which will be labeled as low
excitation energy electron emission (L4E), describes the emission of electrons from m-MTDATA
at an excitation energy between 2.5 eV and 3.4 eV, even though m-MTDATA has an ionization
potential of 5eV. The emission of photons with higher energy than the exciting photons is
known as up-conversion.>*>¢ However, reports on the emission of electrons and the underlying
mechanism could not be found. Thus, the dependency of the effect on excitation energy, layer
thickness, temperature, p-doping, and air exposure is studied. Furthermore, the electron
emission intensity versus irradiation intensity is measured, leading to a discussion of possible
mechanisms. At the end, the involvement of long lifetime triplet states and a triplet-triplet-
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annihilation process is proposed as the most probable explanation. In addition, some potential
applications of the effect are discussed.

Outlining the written structure of this thesis, the next chapter will provide the needed
theoretical information of organic semiconductors which is useful for the understanding of the
presented results later on. Furthermore, Chapter 3 provides information on the experimental
methods, which are used in this work, before the results of these methods are presented and
discussed starting with Chapter 4. Each chapter of experimental results and discussion is
concluded with a summary. At the end, a complete survey and resume of this work as well as
an outlook (Chapter 8 and 9) will be given.
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2 Theory of Organic Semiconductors

2.1 General Information and Electronic Structure

In this section, some general information about organic semiconductors will be given with focus
on the electronic structure and properties of this material group. The information is taken from
Electronic Processes in Organic Semiconductors by A. Kohler and H. Béssler’® where further
details can be found.

As the name suggests, organic semiconductors (OSCs) belong to organic carbon-based
compounds. Their semiconducting properties originate from an energy gap of about 2 to 3 eV
which matches the energy range of visible light and allows for the usage of OSCs in
optoelectronic applications, i.e., organic light emitting diodes or organic solar cells. In
comparison to their inorganic counterparts, e.g., Si, the energy gap is still quite large and thus
the density of mobile charge carriers in undoped OSCs is much lower. The group of OSCs can
be further divided into small molecules and polymers. Small molecules have lower molar masses
which allows to deposit thin films by evaporation without degradation of the molecules.
Depending on the molecular structure, the molecules orient themselves as crystals bound by
van-der-Waals forces or as amorphous layers with no long-range order. Polymers are too heavy
to be evaporated, as during heating the covalent bonds would break before the long-chained
molecule is evaporated. Instead, polymer OSCs can be processed by spin-coating or printing
methods. They are also better suited for blending which is utilized in organic solar cells.

In contrast to many other organic compounds or materials, OSCs are extended m-conjugated
systems, which result from the molecular structure with alternating single and double bonds.
These structures contain C in the sp?-hybridization (see Figure 2.1-1a). The overlap of two sp?-

X

Figure 2.1-1: a) Schematic of an sp?-hybridized carbon chain. The sp?-orbitals (blue) form the directional o-bonds
with localized electrons while the pz-orbitals form the m-bonds (red) with electrons delocalized along the chain. b)
Energetic splitting of the bonding m-/o- and anti-bonding m*-/c*-states. Adapted from Maybritt Kiihn's
dissertation.>”
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orbitals leads to the formation of directional o-bonds where the electrons are localized. In
addition, the overlap of the remaining unhybridized p-orbitals leads to the formation of m-bonds
where the electrons are more delocalized. The energetic splitting of the bonding o- or m-orbital
to the anti-bonding o*- or m*-orbital is larger for the o-bond than for the m-bond (see Figure
2.1-1b). Often additional atoms as N, O, S, etc. are also included in the C sp2 based backbone,
which leads to o (6*) and 1 (1*) states of related but energetically shifted electron states. The
mi-orbital often forms the highest occupied molecular orbital (HOMO) and the m*-orbital the
lowest unoccupied molecular orbital (LUMO), which together define the energy gap of the
molecule. In other words, the formation of m-bonds with a smaller energetic splitting between
bonding and anti-bonding states leads to the smaller energy gap, which leads to semiconductor
properties and related applications.

Going from the orbitals of a single molecule to the electronic states of a condensed thin film,
crystalline and amorphous structures need to be distinguished. For molecular crystals,
electronic band structures are formed. However, due to the weak interaction between the
molecules, the electrons are delocalized mainly on just the individual molecules, resulting in
energetically quite narrow bands with a high effective mass. More important for this work are
amorphous thin films. Here, the varying orientation of molecules and changing distances
between them leads to a random distribution of energy levels around a mean value, i.e., a
Gaussian distribution (see Figure 2.1-2a). Additionally, there might be polarization effects
which influence the energy gap of a molecule.®® In both cases of amorphous and crystalline
OSCs, the electronic states can be considered as mostly localized, which is in contrast to the
electron gas in inorganic semiconductors. Thus, charge carrier mobilities are much lower and
the transport properties require a different description which is the so-called hopping
mechanism.

Furthermore, in a solid, polarization effects of the surrounding molecules will lower the energy
of excited states. The permittivity in OSCs is lower than in inorganic semiconductors. Thereby,
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Figure 2.1-2: a) In an amorphous OSC, the varying orientation of molecules and changing distances between them
leads to a random distribution of HOMO and LUMO energies around a mean value. The resulting density of states
is well approximated by a Gaussian distribution. No polarization effects which influence the energy gap are
considered. b) Different energy gaps in organic semiconductors. Different excited states are compared to the
adiabatic ground state. Adapted from Eric Mankel's dissertation.5?
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the screening of charges is low and the coulomb interaction between electron-hole pairs is high
(up to 1 eV). This can be observed when comparing different methods to determine the energy
gap of an OSC thin film (see Figure 2.1-2b). Using photoelectron spectroscopy and inverse
photoelectron spectroscopy to determine the ionization potential and the electron affinity,
respectively, yields the so-called photoemission gap Eg hotoemission yyhich is close to the transport
gap. For both processes, an electron is removed or added to a molecule, resulting in polarization
effects without an exciton formation. However, as the photoemission process is faster than the
charge transport, the corresponding photoemission gap is not, or only partially, influenced by
the slower intra-molecular and inter-molecular relaxations. In contrast, optical absorption
spectroscopy leads to the excitation of an electron, creating an exciton that is bound by the
strong Coulombic interaction of electron and hole. The resulting energy gap is called optical

gap Eg ptical 59,60 Diyrovich et al.! measured the electrical and optical gap for different OSCs

and derived an empirical formula which, in a first approximation, can be used to translate
optical gap energies to electrical gap energies:

Eé’hotoemission =1.39. Eé)ptical —0.46¢eV. 1)

The next section will discuss further details on the optical properties of OSCs.

2.2 Optical Properties

The information given in this section is taken from Electronic Processes in Organic Semiconductors
by A. K6hler and H. Béssler!?

At the end of the previous section, two different methods for determining the energy gap of an
organic semiconductor (OSC) are mentioned: photoelectron spectroscopy (PES) and optical
absorption spectroscopy. For PES, a photoelectron is removed from an electronic state leaving
an unpaired electron behind which interacts with the other electrons in the atom and molecule.
These interactions change the energy of the electronic state the photoelectron was removed
from also affecting the energy of the removed photoelectron. This influence is termed final state
effect.®? For absorption and emission spectroscopy, an electron is not removed but excited into
a higher electronic state. Here, the excited electron interacts with the remaining hole and the
other electrons. These interactions, again, will influence the energy of the electronic states and
are included in the measured absorption and emission spectra. These electron-electron
interactions make it difficult to picture the optical absorption or emission process as the
excitation or relaxation of a single electron. Thus, usually, a state picture, which does not try to
specifically represent one electronic configuration, is used to describe different energetic
transitions. The Jablonski-diagram shown in Figure 2.2-1 summarizes different processes. When
the spin of an excited electron and the remaining unpaired electron is considered, singlet S; and
triplet T; states need to be distinguished. For a singlet state, the spin of the unpaired electron is
opposite while for a triplet state both electrons have the same spin.

The ground state is marked by the index O and the 1., 2., and higher excited states are indicated
with incrementing index. Triplet and singlet states are electronic states (thick solid horizontal
lines in the Jablonski-diagram) where a transition involves the change of the electronic
configuration. As these electronic states represent a configuration of many electrons, they must
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Figure 2.2-1: Jablonski-diagram illustrating the different radiative and non-radiative
transitions between singlet S; and triplet T;j states. Adapted from A. Kohler and H. Béssler.

not to be confused, e.g., with the energy levels of electrons in an atom. For each of these
electronic states, several vibrational states or modes (shown as thin solid horizontal lines for
each electronic state in the Jablonski-diagram) can be found. Transitions between the electronic
states require energies in the range of some eV and can thus be excited by visible light photons.
Transitions between vibrational states take less energy and are typically excited by light in the
infrared range.

Often, all electrons are paired with opposite spins in the ground state, forming a singlet state
So. Radiative transitions usually keep the spin of an electron, because the change of the
magnetic field due to the electromagnetic wave is too small to have an effect. Thus, only
transitions from singlet to singlet or triplet to triplet state are likely. Absorption is the radiative
process of excitation while the fluorescence is the radiative process of recombination. In
addition to these “spin-allowed” transitions, there are also “spin-forbidden” radiative transitions
involving a spin flip. Contrary to their name, “spin-forbidden” transitions can still occur but at
a lower rate. In the case of strong spin-orbit coupling, the wavefunctions of the ground state
and excited state are not purely singlet or triplet and a change in spin angular momentum can
be compensated by a change in orbital angular momentum. Thus, “spin-forbidden” transitions
become more likely. The radiative transition from the first excited triplet state T to the singlet
ground state So is such a well-known “spin-forbidden” transition that is termed
phosphorescence.

Beside the radiative transitions, non-radiative transitions may also occur. Vibrational
relaxations take place when a molecule is excited into a higher vibrational state of an excited
electronic state and then relaxes down to the lowest vibrational state of that excited electronic
state. Internal conversion happens, e.g., from a higher excited singlet state S,41 into a
vibrational state of the next lower excited singlet state S, which is similar in energy. The rates
of internal conversion are usually high with about 10'% s!. After the internal conversion process,
vibrational relaxation will relax the molecule into the lowest vibrational state of the S,
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electronic state. Another non-radiative transition is the intersystem crossing. Here, the molecule
converts from a singlet state into a triplet state or vice versa (sometimes called reverse
intersystem crossing). Strong spin-orbit coupling favors this transition, and the transition rates
can vary from 10°-10'2s!. The process is again facilitated if the involved electronic and
vibrational states are close in energy. The so far mentioned transitions describe the excitation
or relaxation of only one molecule. However, there are also transitions with two excited
molecules, like the singlet-singlet-annihilation (SSA) or triplet-triplet-annihilation (TTA). SSA
is typically irrelevant, as the short lifetime of singlet states (sub-nanosecond range) requires for
very high concentrations of excited singlet states for SSA to be observed. In contrast, the lifetime
of triplet states can be much longer (from milliseconds to seconds) and TTA might be observed,
also depending on the diffusion rate of the triplet states. For TTA, the total spin of the formed
triplet-pair (TT)" has to be considered. Thus, TTA might either just lead to non-radiative
quenching of one of the triplet states if they have a total spin of 1, or TTA might cause the
transition into an excited singlet state if the triplet-pair carries a total spin of 0. The latter case
initiates delayed fluorescence when the excited singlet state decays under emission of a photon.
The theoretical formation of a quintet state for a total spin of 2 is not observed.

S; +Sp + heat, if total spin 0
(TT)* > < Ty +Sp + heat, if total spin 1 (2)
(Q1 + Sp + heat, iftotal spin 2)

2.3 Doping

The conductivity of a material depends on the number of mobile charge carriers, their charge,
and their mobility. In case of electronic conductivity, the charge carriers are electrons or holes
carrying one elementary charge. For ionic conductivity, multiples of the elementary charge are
possible depending on the type of mobile ion. Ionic conductivity will not be further discussed
as it is irrelevant for this work.

In an intrinsic inorganic semiconductor, the number of mobile charge carriers, i.e., electrons
and holes, depends on the band gap and the temperature. The charge carrier mobility depends
on the effective mass given by the band structure of the inorganic semiconductors. For intrinsic
organic semiconductors, the number of thermally activated mobile charge carriers is negligible
due to relatively large energy gaps and the mobility of these charge carriers is low because of
the strong Coulomb energies for electron-hole pairs leading to exciton trapping. Thus, for these
materials to be reasonable conductive, charge carriers need to be introduced either by injection
from contacts in a device structure, optical generation, e.g., as in a solar cell, or by doping.!3
The doping procedure shall be further discussed.

Classically, in the case of inorganic semiconductors, parts of the host material atoms are
substituted with a different element which creates a defect that will either donate electrons into
the conduction band (n-type doping) or accept an electron from the host material’s valence
band, thereby creating a hole in the valence band (p-type doping). In inorganic semiconductors
the Coulomb interaction between the created electron or hole and respectively ionized donor
or acceptor is weak due to high values of the dielectric constant. Thus, the doping efficiency is
high and only low concentrations of acceptors or donors in the range of 10 to 10 mol% are
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Figure 2.3-1: Schematic representation of two doping mechanism models for the case of p-doping: a) Integer
charge transfer (ICT) where an electron gets transferred from the HOMO of the host molecule to the LUMO of
the p-dopant molecule, and b) charge transfer complex (CTX) formation where the HOMO of the host molecule
and LUMO of the p-dopant molecule overlap and form a complex with a new HOMO and LUMO state. The
electron gets then transferred from the HOMO of the host molecule to the LUMO of the complex. Adapted from
Salzmann et al.%6

needed. In contrast, the Coulomb energy in organic semiconductors is high due to the low
dielectric permittivity resulting in low doping efficiencies. As a result, much higher dopant
concentrations in the range of 102 to 10! mol% are needed. In organic semiconductors,
halogens (e.g., iodine) and alkali metals (e.g., lithium) were used in the beginning as p- and n-
dopants. However, the problem of these atomic dopants is their diffusivity which leads to
unstable devices.

Less susceptible to diffusion are molecular dopants. These are molecules which are chemically
designed to have an energetically very low LUMO (high electron affinity) for p-dopants to
accept electrons from the matrix molecule’s HOMO or which have a high HOMO (low ionization
potential) for n-dopants to donate electrons to the matrix molecule’s LUMO. Their tendency to
donate electrons renders n-dopants to be prone to oxidation which poses a challenge. The
description of orbital energetic position leads to two doping mechanisms which are discussed
in literature: the integer charge transfer (ICT) model and the charge transfer complex (CTX)
model (Figure 2.3-1). According to the work by Salzmann et al.?, the former is typically
observed for organic conjugated polymers while the latter is typical for organic conjugated small
molecules. Both models are briefly discussed here and will be brought up again in Subsection
4.2.7 when discussing the measurements on two different dopant:host systems.

Integer Charge Transfer Model

As the name integer charge transfer suggests, a “full” electron is transferred from the host
molecule to the dopant molecule (p-doping, see Figure 2.3-1a) or vice versa (n-doping). Using
the example of p-doping, this transfer leads to a positively charged host molecule and a
negatively charged dopant molecule.?® A change in the spectral signature between the neutral
molecules and the charged ones can be observed by light absorption spectroscopy'®*”28 as will
be later shown in Section 4.2. If the hole on the host molecule can dissociate from the electron,
it can function as a mobile charge carrier. Furthermore, by increasing the number of holes the
Fermi level of the material will shift closer to the HOMO of the host material with increasing
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dopant concentration. If the energetic position of the dopant’s LUMO is below the energetic
position of the host’'s HOMO, even degenerate doping might be observed, i.e., the Fermi level
position shifts into the matrix’s HOMO.?8

Charge Transfer Complex Model

The charge transfer complex model as introduced by N. Koch and coworkers?”:2846:63.64 " again
discussed for the case of p-doping, assumes an overlap of the matrix molecule’s HOMO with the
dopant molecule’s LUMO which leads to a hybridization of the two orbitals. This hybridization
results in the formation of a complex with its own bonding and anti-bonding orbital, i.e., the
complex’s HOMO and LUMO respectively (see Figure 2.3-1b). While the complex’s HOMO is
occupied by the electrons from the complex forming host molecule’s HOMO, the complex’s
LUMO is unoccupied. Thus, the complex’s LUMO can serve as electron acceptor for electrons
from another host molecule which is not part of the complex. In their work, Méndez et al.?” and
Salzmann et al.?® use a Hiickel-like model to calculate the energy gap E;TX between the
complex’s HOMO and LUMO:

1 2
EgTX = E (HHost + LDopant) t+ \/(HHost - LDopant) + 4‘32 ’ (3)

where Hy, is the energetic position of the host molecule’s HOMO, Lpgpan: is the energetic
position of the dopant molecule’s LUMO, and g is the resonance integral which depends on the
intermolecular coupling and is stated with a value between 0.4 and 0.6 eV.%®

As it is the complex formed between host and dopant molecule which acts as the acceptor, no
fully charged dopant molecules appear as spectral signature in light absorption spectroscopy,
but the spectra change as if a partial charge transfer would have happened.?” Furthermore, as
the anti-bonding state of the complex, the complex’s LUMO will be energetically above the host
molecule’s LUMO. Thus, with increasing dopant concentration, the Fermi level shifts towards
the host molecule’s HOMO but then saturates between the complex’s LUMO and host molecule’s
HOMO.?” Thus, this model can provide an explanation for the often observed saturation of the
Fermi level above the host molecule’s HOMO even though a larger shift of the Fermi level into
the HOMO would be expected from the LUMO position of the dopant molecule.

Finally, it should be pointed out that both models assume a homogeneous distribution of the
dopant molecules in the matrix. However, at higher concentrations the dopants might form
clusters and precipitates. Then, the internal interface charge transfer doping model by Mayer
et al.®> needs to be considered. Instead of the interaction between individual molecules, they
describe the doping as a charge transfer at interfaces between matrix phase and dopant phase
in the precipitates.

2.4 Interfaces

When it comes to (organic) semiconductor devices, the interface properties of the different
layers play a significant role. In this section, first, general semiconductor contact formation shall
be summarized and, second, different types of interface dipoles (IDs) for different organic
semiconductor (OSC) interfaces shall be discussed.
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Semiconductor Contact Formation

If two materials with different electrochemical potentials, i.e., Fermi levels, are brought into
contact, a charge transfer between the two materials will happen due to the rules of
thermodynamics to reach electronic equilibrium, i.e., Fermi level alignment. Based on this rule,
classical models like the Schottky model®®®” and Anderson alignment®®® can be used to
describe and predict the electronic structure at metal-semiconductor and semiconductor-
semiconductor interfaces (see Figure 2.4-1). First, the electronic level diagrams of two materials
are drawn aligned with respect to the vacuum level (see Figure 2.4-1(i)). Second, an ID, if
present, needs to be added as abrupt potential difference between the two diagrams (see Figure
2.4-1(ii)).

Finally, the remaining energetic difference between the Fermi levels of the two materials will
cause a charge transfer which induces the formation of space charge regions at the interface.
These space charge regions give rise to a change of the electrical potential, which leads to a
bending of the electronic states towards the interface and an alignment of the Fermi levels (see
Figure 2.4-1(iii)). The potential drop across the interface is given by the difference of the Fermi
levels of the two materials. However, the distribution of the potential drop between the two
materials and the related widths of the space charge regions depend on the charge carrier
density in the materials. The higher the charge carrier density, the thinner the space charge
region. In addition, the lower the charge carrier density in one material with respect to the
charge carrier density in the other material, the more of the potential will drop across the space
charge region of the material with the lower charge carrier density. An extreme result of this
set of rules can be seen at the metal-semiconductor interface. Here, the metal has such a high
number of charge carriers that all transferred charges in the metal will accumulate right at the
interface forming more a charged surface layer than a space charge region. In the
semiconductor, the charges have less available electronic states to occupy leading to a lower
charge density; the counter charges are more spread out in a space charge region. As a result,

(i) Before Contact (ii) Interface Dipole Formation  (iii) Band Bending
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—_—

E
WF 1 'Vac
LUMO | LUMO ——————— 7
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Figure 2.4-1: lllustration of the energy alignment model for semiconductor interfaces. (i) Before contact, the
energy levels of the semiconductors are aligned at the vacuum level highlighting their work function difference
AWF. (ii) When brought into contact the energy levels are offset by an interface dipole (ID) which changes the
energetic distance of the Fermi levels. (iii) The remaining energetic difference in Fermi level positions leads to
charge transfer, the formation of a space charge region, and a bending of the energy levels (band bending - BB).
Adapted from Maybritt Kiihn's dissertation.>”
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band bending of the electronic states towards the metal contact is observed in the
semiconductor, forming a typical Schottky barrier.

In this work, the electronic structure at OSC interfaces is studied by interface experiments as
described in Section 3.1 and 5.1. The formation of a space charge region and the related change
of the electrical potential shift all electronic states which can be measured with photoelectron
spectroscopy for thin layers close to the interface and for thick layers further away from the
interface. Thus, from the shift of the spectra the band bending can be determined. In addition,
the energy difference of the Fermi level to the valence band maximum and to the work function
of the pure sublayer and the thick adlayer far away from the interface can be determined.
Thereby, an energy level diagram of the interface can be drawn. If the difference in the
measured work functions does not match the observed band bending, the reason might be the
formation of an ID or similar charge separation at the interface that causes a quasi-abrupt
change of the electric potential at the interface. This quasi-abrupt change in the electrical
potential might be seen as an abrupt change of the work function in the secondary electron cut-
off spectra from the pure sublayer to the first deposited thin adlayer. There may be various
reasons for the formation of an ID or similar dipole moment at OSC interfaces which are
discussed in the following.

Interface Dipoles at Organic Semiconductor Contacts

As described in a review article by Braun et al.,* the formation of an ID at an OSC contact
depends on the strength of interaction between the OSC and the second material. The following
paragraphs are mainly based on this review. The term interface dipole (ID) will be used for any
charge separation in close proximity of the interface which causes a quasi-abrupt change of the
electrical potential.

First, the physisorption of an OSC on a metal surface without any chemical reaction or charge
transfer is considered. For such a metal-OSC interface, the distinction between a clean metal
surface, e.g., cleaned by Ar-ion etching (sputtering), and a “passivated” metal surface, e.g., by
adsorbed hydrocarbon species from exposure to air, has to be made. For a clean metal surface,
the electron density in the solid slightly decreases towards the surface and extends on the other
side into the vacuum. This creates an electric double layer, equivalent to an electric dipole
moment, which in combination with the chemical potential in the bulk defines the work
function of the clean metal (see Figure 2.4-2a). The physisorption of another species on the
clean metal surface reduces the tailing of the electron density which lowers the corresponding
dipole moment and reduces the work function of the metal. This effect is known as the push-
back effect (see Figure 2.4-2b). For the deposition of an OSC on a clean metal surface this push-
back effect and the resulting change of the work function has to be taken into account and will
appear as ID at the interface. In case of a “passivated” metal surface which was exposed to air
and has hydrocarbon species already adsorbed on the surface, the push-back effect is already
present and the deposition of an OSC on such a surface will not lead to a further push-back
effect related work function change. It should be noted that in both cases the effective work
function of the metal is reduced by the push-back effect. Besides the adsorption of
hydrocarbons, the formation of oxide or hydroxide species on some substrate surfaces may
occur during air exposure passivating the surface and affecting the substrates work function.
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Furthermore, especially when experimenting with single crystals substrates, e.g., silicon wafers,
the crystal orientation and termination influences the work function.”®

In case of a “passivated” metal surface and depending on the energetic position of the molecular
orbitals with respect to the Fermi level of the metal, integer charge transfer (ICT) at the
interface might occur. This ICT, shown in Figure 2.4-3, takes place by tunneling through the
passivating layer of adsorbed species. The transferred electrons or holes occupy localized
electronic states of the molecules right at the interface. The energetic position of these transfer
states is different from the molecular HOMO and LUMO energetic positions as it is changed by
relaxation effects of the molecule and the Coulomb interaction with the counter charges in the
metal surface. This charge separation right at the interface creates a double layer dipole
moment which results in a quasi-abrupt change of the electrical potential at the interface, i.e.,
an ID. Such a process can also occur for an organic-organic interface if the energetic positions
of the donating and accepting transfer states suggest a charge transfer.

For a clean metal surface and a stronger interaction between the OSC molecules and the metal
surface, the induced density of interface states (IDIS) model by Véazquez, Kahn, and
coworkers®*°°->2 might need to be considered. In this model, a resonance between the molecular
orbitals and the quasi continuum of states in the metal broadens the molecular orbitals which
results in a continuous density of states (DOS) right at the interface. Furthermore, an intrinsic

Metal 0sC Metal 0SsC

HOMO

Figure 2.4-3: Integer charge transfer (ICT) at a metal | OSC interface; left: vacuum level alignment before contact;
right: energy alignment with dipole formation due to the charge transfer after contact. The energy difference in
electronic states before contact which determines the charge transfer is between the Fermi level of the metal and
the ICT states of the OSC. The ICT states are the electronic states which take the relaxation effects originating
from the charge transfer into account. Adapted from Braun et al.3>
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Figure 2.4-4: a) Induced density of interface states by Vazquez et al. A resonance between the molecular orbitals
and the quasi continuum of states in the metal broadens the molecular orbitals which results in a continuous
density of states (DOS) at the interface. The charge neutrality level (CNL) marks the level up to which the
broadened DOS is occupied and determines the energy level alignment under contact formation. Adapted from
Vazquez et al.>2 b) Charge transfer at an metal | OSC interface due to the presence of electronic states which tail
into the energy gap. The electrons which occupy these tailing states above the metal’s Fermi level will transfer
under contact formation. According to Yang et al.#” the origin for these tail states lies in structural or electronic
disorder. The often by an exponential function described distribution of tailing states appears linear on the
logarithmic scale.
charge neutrality level (CNL) for the OSC has been defined.? The difference between this CNL
and the Fermi level of the metal causes a charge transfer (see Figure 2.4-4a). Due to the
continuous DOS, electronic states are available throughout the energy gap range enabling
charge transfer and an alignment of the Fermi level of the metal and the CNL of the OSC. As
this charge transfer is again occurring in the adsorbed molecular layer right at the interface, a
short-range charge separation and ID formation is observed. Vazquez, Khan, and coworkers
extend the model to organic-organic interfaces describing charge transfer at the interface by
difference in CNLs.>? In their review article, Braun et al.>> question this approach. They argue
that a strong resonance interaction as between metal and OSC is no longer given for weakly
(van-der-Waals based) interacting organic molecules. Thus, the assumption of a continuous

induced DOS might not be justified.

For the model used in this work (see Section 5.2), tailing gap states as described in the more
recent review by Yang et al.*’ are assumed to describe the experimentally observed behavior at
OSC interfaces (see Figure 2.4-4b). These tailing gap states are related to structural or electronic
disorder and are often described by an exponential distribution which extends the density of
occupied HOMO states beyond the typical Gaussian distribution into the energy gap. The
measurement of these tailing states requires for specialist setups and the low signal intensities
coming from the tailing states is only visible on a logarithmic scale.

The effect of both approaches — IDIS by Vazquez et al. and tail states by Yang et al. — is similar
as becomes already clear from the illustration in Figure 2.4-4. Both mechanisms result in
electronic states for a charge transfer at the interface. It is just the origin of the states which

2 The term “charge neutrality level” (CNL) is usually strictly used for inorganic semiconductors. Here, the CNL is the level up to
which the surface states are occupied and which determines the effect of Fermi level pining.”2
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~e ~ Figure 2.4-5: Molecule for a self-assembling monolayer bound
- of to a contact surface. The molecule is designed with an electric

‘ (+ g dipole moment which shall reduce the work function of the
Q O contact material. The chemisorption of the molecule to the
p—-d surface comes with a charge transfer between anchor group
OO and contact material. The related electric dipole moment
OO o points in the opposite direction of the molecular dipole
qoo R moment. In addition, only two of the three anchor group
o 9 atoms have bound to the surface leading to a tilted molecule
(] + which reduces the effective molecular dipole moment. Overall,
i the effective work function change will be smaller as it would
be expected just from the molecular dipole moment. Adapted
Contact

from Benneckendorf et al. 73

diverges. It shall be noted that the transition from an ID to a space charge region in these models
depends on the separation distance of transferred charges to the interface. If charges are just
transferred into localized states right at the interface, the resulting quasi-abrupt potential drop
appears as an ID. If charges are also transferred into electronic states in the OSC further away
from the interface, i.e., into a space charge region, the potential drop is more gradual.

Finally, molecular dipoles and strong interacting OSC contacts, where chemisorption appears,
shall be considered in this summary of interface charge transfer and dipole formation. Both,
molecular dipoles and chemisorption appear in the case of self-assembling monolayers (SAMs);
see Figure 2.4-5. Molecules which carry a molecular dipole moment are designed to react with
and bind to the contact surface to form a monolayer of aligned molecules. The dipole moments
of the molecules add up and change the resulting work function of the contact. Ideally, the
work function of the contact can be freely tailored by using molecules with different molecular
dipoles. However, besides the molecular dipole other factors of influence have to be taken into
account. The chemical reaction which binds the molecules to the contact material creates a
charge transfer which results in a dipole moment which may be contrary to the molecular
dipole. Additionally, the molecular dipole moments might not be aligned perfectly
perpendicular to the contact surface which reduces the effective dipole moment. Lastly, in case
of a metal contact, the before mentioned push-back effect also needs to be considered.”!
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3 Methodology

In this chapter, experimental and theoretical methods for this work will be described. A
theoretical background as well as practical information will be given. The chapter starts with a
presentation of the integrated ultra-high vacuum system and process of performing interface
experiments, which can be seen as central part of this work. It is followed by a description of
the substrate and sample preparation. The second section gives detailed information on
photoelectron spectroscopy, which is the main experimental technique for this work. The last
three sections are on ultraviolet-visible-near-infrared (UV-vis-NIR) absorption spectroscopy,
Fourier transform (FT) infrared reflection absorption (IRA) spectroscopy, and density
functional theory (DFT).

3.1 Interface Experiments and Sample Preparation at the Clustertool

The experiments for this work were conducted at a clustertool which is an integrated ultra-high
vacuum (UHV) system. It is located at the InnovationLab GmbH in Heidelberg, Germany, in a
joint laboratory of universities and industry partners. The clustertool combines several vacuum
chambers for sample preparation and characterization as well as a glovebox. In Figure 3.1-1,
the parts of the clustertool which are important for this work are highlighted in color: the
photoelectron spectrometer (blue), the Al evaporation chamber (grey), the organic evaporation

clustertool
Fume Top View
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Figure 3.1-1: Top view of the clustertool at InnovationLab GmbH, an integrated ultra-high vacuum system. It
consists, of several evaporation and characterization chambers, as well as an integrated glovebox. The fume hood
for the substrate preparation is also shown. The irrelevant parts for this work are shaded while the important
parts of the clustertool are color coded: photoelectron spectrometer (blue), FTIR spectrometer (red), organic
evaporation chamber (green), and aluminum evaporation chamber (grey). The path for the in-situ sample transfer
is drawn as red line. The FT-IR spectrometer was accessed from the outside. Adapted from Maybritt Kihn's
dissertation.>’
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chamber (green), and the FT-IR spectrometer (red). In this setup, thin films can be deposited
in vacuum and then analyzed in-situ without breaking the vacuum.

The most important experimental process for this work is the interface experiment. The
procedure is illustrated in Figure 3.1-2a. For an interface experiment, a substrate is introduced
to the UHV system and measured by X-ray and ultraviolet photoelectron spectroscopy (XPS and
UPS). Next, the substrate is transferred to an evaporation chamber (see red path with arrows
in Figure 3.1-1) where a short deposition step is performed. The sample is then transferred back
for an XPS and UPS measurement followed by another deposition step. Hereby, the influence
of the interface on the photoelectron spectra can be studied by observing the changes in the
spectra with increasing layer thickness, i.e., from close to the interface to further away from the
interface. The process is repeated until the spectra show no further change with increasing layer
thickness.

Figure 3.1-2b shows the layer stacks and corresponding interfaces which are analyzed in this
work. The substrate chosen for the experiments in this work is indium tin oxide (ITO) on glass.
The substrates were provided by Merck KGaA, the project partner of this work. The substrates
are 15 x 15 mm? and the ITO has a conductivity of about 13 Q/cm?. Before the ITO substrates
are introduced into the UHV system, they are cleaned in an ultrasonic bath (USCI00TH by
VWR) using first acetone for about 10 min and then isopropanol for another 10 min. After the
ultrasonic bath, the substrates are blown dry with nitrogen. XPS measurements show that after
this procedure there are still hydrocarbon species on the surface. Different methods, i.e., Ar-
plasma, UV-Ozone, and Ar-ion etching (sputtering) treatment, to remove these residuals are
evaluated and their effect is discussed in Subsection 4.1.1. For the Ar-plasma treatment, the
Nano low-pressure plasma system from Diener Electronic is used. The process is run for 190 s,
at full power, and 0.15 mbar. The UV-Ozone treatment is performed with the PR-100 UV-Ozone
Photoreactor from UVP for 15 min. Both treatments are performed ex-situ and the substrates
are in contact to air before they are introduced into the UHV system. The Ar-ion etching,
however, can be performed in-situ at the photoelectron spectrometer. Here, a sputter-gun is
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Figure 3.1-2: a) lllustration of the interface experiment process. A thin film is deposited layer by layer with
consecutive XPS and UPS measurements. The whole cycle is performed in-situ without breaking the vacuum. b)
Sample layer stacks which are analyzed in this work. As substrate ITO on glass is chosen. On top of the ITO, a p-
doped HTM thin film is deposited by co-evaporation of the HTM and dopant molecules forming a heterointerface.
Next, either an undoped HTM layer is deposited for the analysis of the formed homointerface (top), or an Al back
contact is deposited forming another heterointerface (bottom). Adapted from Frericks et al.”*
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used to scan an area of 8 X 8 mm? on the substrate surface for 2 min at an acceleration voltage
of 3 kV.

On the ITO substrate, p-doped hole transport materials (HTMs) are deposited by co-evaporation
forming a heterointerface with the ITO. For the co-evaporation process, the HTM matrix
molecules and the p-dopant molecules are evaporated from two home-build effusion cell
evaporation sources with aluminum oxide crucibles, Ta heating wires, and K-type
thermocouples. The evaporation rate and deposition time are manually controlled by the
heating current and turning the sample surface towards or away from the evaporation sources.
The second type of analyzed interfaces is the homointerface between the p-doped HTM thin
film and another undoped thin film of the same HTM deposited on top of the doped film (see
Figure 3.1-2b top). Finally, also the heterointerface towards an aluminum back contact are
analyzed. For the evaporation of Al, a commercial cold lip cell (CLC) form CreaTec is used. In
this cell the rim of the pyrolytic boron nitride (PBN) crucible is positioned about 2 cm above
the heated area. According to the manufacturer, this setup is especially designed for the
evaporation of Al which tends to creep out of the crucible which shall be prevented by the cold
lip. This evaporation cell has a shutter which can be used to control the deposition time
manually. After this description of the sample preparation, the next section will cover
photoelectron spectroscopy which is the main characterization technique for this work.

3.2 Photoelectron Spectroscopy (PES)

X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS) are powerful methods
regularly used in surface science. XPS allows for a chemical analysis of thin film samples
including the stoichiometric composition and ionization state. Furthermore, thicknesses of thin
layers in the A to nm range can be determined. In addition, XPS and UPS are sensitive to the
valence states of a material and deliver important information on the electronic structure like
the work function (WF) and ionization potential (IP) of a material.®? In the first subsection, the
general principles of PES will be described and in the then following subsections more specific
aspects used in this work will be addressed. The subsection about energy resolution discusses
the effects on the peak width and compares the resolution in XPS and UPS measurements. The
subsection about UPS deals with the He-discharge lamp and specific data analysis procedures,
which are used in the analysis of ultraviolet photoelectron (UP) spectra, i.e., the removal of
ghost lines and the determination of onsets by a tangent procedure. The secondary electron cut-
off (SEC) is a specific spectral feature that allows for the determination of the work function of
a material. Different important aspects and pit falls will be outlined. Next, the information depth
of XPS and UPS and the determination of the layer thickness of thin films will be detailed. In
the subsection about stoichiometry analysis the important parts of this quantification method
will be presented. Finally, charging effects and their reduction by using photoconductivity are
explained. The information given in the following subsections is taken from Stephan Hiifner’s

book Photoelectron Spectroscopy,®*

and the chapter Photoelectron Spectroscopy in Materials
Science and Physical Chemistry: Analysis of Composition, Chemical Bonding, and Electronic

Structure of Surfaces and Interfaces by Klein et al. in the book Methods in Physical Chemistry.*®
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3.2.1 General Principles

Historically, photoelectron spectroscopy (PES) goes back to experiments by Heinrich Hertz in
1887 and the explanation of the photoelectric effect by Albert Einstein in 1905 receiving the
Nobel Prize in physics in 1921. An electron absorbs the energy of a photon and gets excited. If
the excitation energy is high enough, the electron can leave the sample. In a PES setup, the
kinetic energy of the electrons is analyzed, and the number of electrons per time is detected.
This allows to plot the intensity in electron counts per second against the kinetic energy of the
electrons. Typically, the kinetic energy of the electrons is converted to the binding energy as
illustrated in Figure 3.2-1. Even though, PES on gases is possible, the following descriptions will
focus on solid state samples.

The electron of an atom in a sample which absorbs the energy of a photon gets excited
overcoming its binding energy with respect to the Fermi level of the sample. It can then transit
from the sample to the vacuum by overcoming the WF of the sample. The remaining energy of
the electron is in form of kinetic energy and can be analyzed. Finally, the electron is detected
in the spectrometer. If the sample is conductive and properly connected to the spectrometer,
the Fermi levels of sample and spectrometer align. As the electron is detected in the
spectrometer, not the WF of the sample but the WF of the spectrometer has to be known or
calibrated. Knowing the WF of the spectrometer and the energy of the exciting photons hv, the
binding energy of the electron Eg can be calculated from the measured kinetic energy of the
electron Eyj,:

Eg = hv — Eyjn — WFSpectrometer 4
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The binding energy of an electron is characteristic for the element and the respective core level
from which the electron is excited. This allows for a qualitative chemical analysis of the sample,
to identify the elements that are present in the sample or on its surface. Furthermore, the
intensity, i.e., the number of electrons, which is measured for a specific element is proportional
to the amount of the element present in the sample. Thus, also a quantitative analysis of the
stoichiometry is possible as is further described in Subsection 3.2.7.

Besides identifying the element, also information on the oxidation state of the element can be
gathered by XPS. The so-called chemical shift describes the fact that the binding energy of an
electron in a core level is slightly influenced by the electron density around the respective atom.
If the energy resolution, which is further discussed in Subsection 3.2.3, is fine (high) enough,
these chemical shifts can be resolved.

Furthermore, the binding energy of the electrons is not only influenced by the chemical
surrounding of the atoms but also by the electrostatic potential distribution in the sample. This
means that, if the electrostatic potential distribution of the sample changes, e.g., due to charging
effects or the presence of a space charge region, the energetic position of the electronic levels
is shifted with respect to the position of the Fermi level, i.e., the measured binding energy
changes. This effect allows for the analysis of the electronic structure at interfaces. If a material
is deposited step by step in an interface experiment as described in Section 3.1, the shift of the
spectra with increasing layer thickness can reveal the formation of a space charge region at the
interface (see Section 2.4).

3.2.2 Photoelectron Spectroscopy Setup

A PES setup might look like the one that was used for this work and is shown in Figure 3.2-2.
In general, a PES setup consists of an X-ray source, a sample stage, electron optics, an analyzer
and a detector, and additional optional equipment. As the emitted electrons strongly interact
with matter, ultra-high vacuum conditions are needed for the electrons to reach and pass the
analyzer. The system used for this work is a VersaProbe 5000 system from Physical Electronics
Inc. The X-ray source is a monochromatized Al-Kai, source with an excitation energy of
1486.6 eV and an approximate line width (full width at half maximum) of 0.26 €V.”® The X-ray
beam has a diameter of about 200 um and is smaller than the area covered by the electron
optics. Thus, the X-ray beam size determines the analyzed area. The beam power of the
electrons generating the X-rays is 50 W. The installed hot/cold sample stage of the VersaProbe
5000 system allows for adjusting the position, tilt, and rotation of the sample as well as heating
or cooling the sample with a specific sample holder. If not specified differently, spectra in this
work were recorded at a take-off angle 6 of 90° to the sample surface plane. The electrons optics
of the setup include a retardation field which allows to scan the electron kinetic energies and
operate the analyzer with a constant pass energy which keeps the energy resolution constant
(see next Subsection 3.2.3).

The detector is a multichannel detector operating with a pair of microchannel plates and a
sixteen channel anode.” Additionally, the setup has a He-discharge lamp, an Ar-sputter gun,
and an ultraviolet (UV) light emitting diode (LED) installed. The He-discharge lamp which
serves as UV photon source is further described in Subsection 3.2.4. The Ar-sputter gun is used
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Figure 3.2-2: PES setup VersaProbe 5000 which was used in this work and is connected to the integrated UHV
system named clustertool in Heidelberg at InnovationLab GmbH. The cylindrical main chamber with the
monochromatized X-ray source and sample stage are barely visible behind the several attachments, cables, and
tubes. Furthermore, the analyzer, He-discharge lamp, UV-LED, and Ar-sputter gun are labeled.

for cleaning surfaces by Ar-ion etching as described in Section 3.1. Last but not least, the UV-
LED is used to avoid charging effects by using the photoconductivity in organic semiconductors
as described in Subsection 3.2.8.

3.2.3 Energy Resolution

The energy resolution of a photoelectron spectrometer is influenced by the line width of the
excitation source and the energy resolution of the analyzer. As mentioned before, the line width
of the monochromatized X-ray beam is stated with 0.26 eV full width at half maximum (FWHM)
in the manual by the manufacturer.”® The energy resolution of the analyzer depends on the pass
energy. The analyzer used in the setup for this work is a spherical capacitor analyzer or
sometimes also called hemispherical analyzer. It is built up by two concentric hemispheres
which are oppositely charged to create an electric field which deflects the beam of incoming
electrons. Only the electrons with the right energy, i.e., the pass energy, can pass the analyzer.
The electrons which are too slow hit the inner hemisphere and the electrons which are too fast
hit the outer hemisphere. A lower pass energy will result in a smaller energy spread, i.e., a
better energy resolution, but at the cost of a lower signal. Vice versa, higher pass energies lead
to a higher signal but broader energy resolution. The FWHM of the analyzer energy resolution
is stated to be 0.015 times the pass energy.”” In this work, for the detailed core level spectra
measured by XPS a pass energy of 11.75 eV is chosen which results in FWHM of the analyzer
energy resolution of 0.176 eV.

For UPS measurements of the valence region, the signal is more intense and thus the pass energy
can be chosen lower at 2.95 eV resulting in an FWHM of 0.044 eV for the analyzer energy
resolution. Furthermore, survey spectra of the full accessible binding energy range of XPS are
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measured at 187.85eV pass energy to get enough intensity in a quick measurement for a
general overview. UPS measurements of the secondary electron cut-off are measured at 0.59 eV
pass energy because the high signal allows for a very precise energy resolution. In addition, the
detector can only handle a signal of 1.6 - 107 counts per second and thus the pass energy can
be used to reduce the intensity of the passing electron beam to protect the detector. An
experimental method to determine the energy resolution of the spectrometer is shown in Figure
3.2-3. The Fermi edge of clean Ag sample is measured and then fit by convolution of the Fermi-
Dirac distribution function and a Gaussian function. The broadening of the Fermi-Dirac
distribution is fixed to a room temperature of 20°C. However, the width of the Gaussian function
serves as fit parameter and represents the energy resolution of the spectrometer. The fitting of
the Fermi edge measured by XPS results in a Gaussian FWHM of 0.358 eV while the fitting of
the respective UP spectrum yields an FWHM of 0.146 eV. For XPS, this result is slightly larger
than from the line width and pass energy expected value of 0.314 eV. For UPS, the line width
of the He-I emission should be negligibly small in the range of some meV’® and the analyzer
energy resolution is much smaller than the actual spectrum broadening. Thus, other
components of the spectrometer, e.g., the electron optics, seem to play a significant role at low
pass energies. Still, the energy resolution in UP spectra is better compared to the X-ray
photoelectron (XP) spectra and thus, UPS is better suited to determine precise electronic
property values of a material.

3.2.4 Ultraviolet Photoelectron Spectroscopy (UPS)

The UP spectra for this work were measured by excitation with the He-I emission from a
He-discharge lamp. In the He-discharge lamp, He flows through a small capillary where a
plasma is glowing, emitting the characteristic light of the excited He and also excited He-ions.
The lamp is setup up with differential pumping in two stages: a rough vacuum stage and an
ultra-high vacuum stage. The differential pumping keeps the pressure difference between the
capillary and the spectrometer’s main chamber. The pressure in the capillary influences the ratio
between the different emission lines of the excited He and He-ions. Lowering the pressure
increases the mean free path in the plasma and increases the number of ions. The more ions
the higher the intensity of the He-II emission.””~”° For the measurements in this work, the He-
discharge lamp was operated at a pressure of 10~! mbar in the rough pumping stage and at a
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current of 80 mA to obtain a strong He-I emission. In case the He-II emission is used, the
pressure is lowered to 2 - 1072 mbar and the current is increased to 200 mA.

Beside the He-I emission with an excitation energy of 21.2 eV and the He-II emission with an
excitation energy of 40.8 eV, other weaker emission lines of He exist. These other emission lines
are called satellite lines and cause additional spectral features in UP spectra. For example, the
next strongest satellite line of the He-I emission is 1.87 eV higher in energy.” As a results, this
satellite line excites electrons from the same valence states as the He-I emission, but the
electrons have a 1.87 eV higher kinetic energy. Thus, these electrons appear at 1.87 eV lower
binding energies in comparison to the electrons which were excited by the He-I emission. In
conclusion, the spectra measured by the He-discharge lamp are a convolution of the true
spectrum shifted and scaled by the energy difference of the He-emission lines and their relative
intensity, respectively. To deconvolute the spectrum the following system of linear equations is
solved (adapted from Patrick Reiser®):

St=m (5)

where t is the data vector of the true spectrum and m is the data vector of the measured
spectrum. S is the square matrix that contains the information of the He-emission satellites. It
is the identity matrix plus the satellite intensities on selected side diagonals. The rows of the
data vector and the columns of the satellite matrix correspond to the data points with a constant
binding energy step size while the value contains the intensity information. After filling the
satellite matrix based on the relative energy and intensity of the He-emission lines, the system
can be solved for the true spectrum t.%° The energy difference between the He-emission lines is
well-known but their relative intensities depend on the pressure and the setup. Thus, the values
were optimized based on the reference valence spectrum of a clean Ag sample. Still, by
comparing a broad set of Ag calibration spectra from several experiment days, it is found that
the conditions vary too much to obtain a ghost line removal sufficient for the detection of gap
states on a logarithmic scale. However, the analysis of the data on a linear scale the procedure
is sufficient. To truly obtain a ghost line free spectrum, a monochromator for the He-discharge
lamp is needed.

Once the ghost lines are removed from the UP spectra, they can be analyzed for their relevant
spectral features. These features are the valence band maximum onset or highest occupied
molecular orbital (HOMO) onset in the case of organic semiconductors, and the onset of the
secondary electron cut-off. The standard procedure to determine these onsets is a tangent
procedure, as shown for the example of the HOMO onset of a m-MTDATA thin film in Figure

Valence

Figure 3.2-4: lllustration of the tangent procedure to
determine the HOMO onset in this valence spectrum
of a m-MTDATA thin film. One straight line is fit to the
side of the first spectral feature and one straight line is
drawn horizontally at the averaged value of the
background above the Fermi level. The intersection of
both lines marks the onset.
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3.2-4.5781 In this procedure, the low binding energy side of spectral peak is fit by a straight line.
Therefor, the limits for the linear fit are set at 75% and 25% of the maximum peak intensity.
Furthermore, the average of the background above the Fermi level is taken and a horizontal
line is placed at this constant value. Finally, the intersect of the tangent to the peak side and
the constant average background marks the onset. In some cases, the limits of the linear fit need
to be adjusted. In the case of a Gaussian spectral profile and a tangent that goes straight through
the inflection point, the intersect, i.e., onset, will be two times the Gaussian standard deviation
(20) from the peak maximum of the Gaussian profile.*” Another way to determine the valence
onset is applying the tangent procedure to a logarithmic intensity plot of the spectrum. This
method is often found in field of metal halide perovskite absorber materials for solar cells.%?
However, as pointed out by Tim Hellmann®® and similarly observed during the work for this
thesis, the background of the spectrum is also significantly increased in the logarithmic plot.
Thus, especially for non-monochromatized UPS measurements, the distinction between the
background noise and states which tail into the energy gap is difficult or nearly impossible. For
this reason, this logarithmic method was not used in this work.

3.2.5 Secondary Electron Cut-off and Work function

The secondary electron cut-off (SEC) is an important spectral feature for the analysis of the
electronic structure of a material as it allows for the determination of the work function (WF).
The SEC can be understood with the model of the three-step process in PES which is depicted
in Figure 3.2-5. This model is important because often the emission of a photoelectron is
imagined as a one step process of excitation and immediate emission.

The first step is the photoexcitation of an electron from an occupied state in the material to an
excited unoccupied state. This step marks the usual photoemission process, and the excited
electrons are called primary electrons. If these primary electrons leave the sample without
losing energy due to inelastic scattering processes, they are detected with their characteristic
binding energy.

The second step is the transport of the excited primary electrons to the surface of the sample.
Some of the primary electrons scatter inelastically during the transport transferring part of their
energy to other electrons which are thereby excited. These electrons which are excited by
inelastic scattering events are called secondary electrons. The amount of energy that is
transferred during the inelastic scattering processes may vary and thus the secondary electrons
will be excited into unoccupied states at all available energies down to the conduction band
minimum for an inorganic semiconductor, the Fermi level for a metal, or the LUMO for an
organic semiconductor. Thus, the secondary electrons create a background signal for the
primary electrons.

The third step is the transfer from the sample through the surface into vacuum. For this transfer,
the electrons (primary or secondary) have to overcome the vacuum energy (also called vacuum
level). Thus, only the electrons which occupy states energetically above the vacuum level can
leave the sample into the vacuum. All electrons of lower energy remain in the sample and
cannot be detected forming the characteristic cut-off. As the electrons in the states around the
vacuum level energy are usually secondary electrons, the spectral feature is called secondary
electron cut-off.
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Figure 3.2-5: lllustration of the three-step model for secondary electron cut-off. First, primary electrons get excited
into an unoccupied state of the sample by absorption of photons with energy hv. Second, the primary electrons
are transported to the surface. Some of the primary electrons scatter inelastically during the transport process
exciting secondary electrons which occupy unoccupied states of lower energy down towards the conduction band
minimum of a semiconductor. Third, only the primary and secondary electrons which are in excited states
energetically above the vacuum level can transfer from the sample to the vacuum. The electrons of lower energy
get cut-off, remain in the sample, and cannot be detected. Adapted from Stefan Hifner's book Photoelectron
Spectroscopy.5?

The electrons which have just enough energy to overcome the vacuum energy, thus, have only
very little kinetic energy after the transition to the vacuum. In consequence, these electrons are
too slow to reach and pass the analyzer. It is therefore necessary to accelerate these electrons
by applying a negative bias potential to the sample. It shall be mentioned that this bias potential
affects all energy levels including the vacuum level and thus does not enable electrons with too
little energy to transfer to the vacuum but only accelerates the electrons which already have
enough energy for the transition.®* The spectra, which were measured with applied bias, are
afterwards corrected for it. The bias used in this work for the SEC measurements is -7 or -5 V.
After the respective correction, the different bias does not affect the position of the cut-off, i.e.,
the WEF, but the intensity of the cut-off as the stronger acceleration allows for more electrons to
reach and pass the analyzer. As it was found that the bias of -7V led in some cases to overly
high signals, the bias was reduced to -5 V.

As shown by Helander et al.,®* it is important that the SEC measurement with applied bias is
recorded under a take-off angle of 90° to the surface plane, i.e., normal to the surface and
straight towards the electron optics and the analyzer entrance slit. Otherwise, electrons of very
low kinetic energy which mark the SEC onset and define the WF cannot reach the electron
optics as they get accelerated normal to the sample surface, i.e., past the electron optics at take-
off angles smaller 90°. The slowest electrons are most strongly affected by the electric field,
while the faster electrons with higher kinetic energy are less affected. Thus, electrons of higher
kinetic energy still reach the analyzer and get detected as cut-off electrons as their higher energy
results in a higher WF than which would be measured under 90° take-off angle.*
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Besides the take-off angle, also inhomogeneities of the sample surface affect the determined
WE.848¢ In the work of Schultz et al.®>® and Helander et al.,®* the researchers study defined
patterned surfaces with areas of different WFs. The SEC spectra of these mixed WF surfaces
show spectral features of two SECs. One SEC at lower kinetic energy (higher binding energy)
for the low WF areas and one SEC at higher kinetic energy (lower binding energy) for the high
WF areas. Depending on the resulting spectral shape of the two overlapping SECs, it could easily
be the case that only the low WF SEC gets recognized while the higher WF SEC is unnoticed.

Especially, if a surface is not well defined patterned but simply has a inhomogeneous structure
with areas of several WFs, only the lowest WF will be determined.® Furthermore, on the other
side of the spectral range, the determination of the valence band maximum onset of an
inorganic semiconductor or HOMO onset of an organic semiconductor would take the signal
that is closest to the Fermi level.® The ionization potential of a material can be taken from the
sum of the WF and the HOMO onset to Fermi level energetic distance. If the analysis of the
measurements on an inhomogeneous surface obtains the smallest WF and the HOMO onset
closest to the Fermi level, the determination of the ionization potential of a material with an
inhomogeneous electronic surface structure will always lead to a too small value.®

3.2.6 Information Depth and Layer Thickness

As the name reveals, photoelectron spectroscopy (PES) probes electrons which are charged
particles that strongly interact with matter. Thus, the inelastic mean free path (IMFP) of
electrons in a material, i.e., the distance electrons can travel on average before they scatter
inelastically, is rather small, in the range of some nanometers. Therefore, the electrons which
are detected in PES are coming from just 10-15 nm below the surface rendering PES a quite
surface sensitive technique.

The often cited work by Seah and Dench®” shows a universal curve as sketched in Figure 3.2-6
for the dependence of the IMFP on the kinetic energy of the electrons. The inelastic scattering
processes limiting the IMFP of the electrons are mainly electron-electron collisions. At high
energies, the electrons can be treated as free electron gas resulting in a universal character for
approximately all materials. However, at lower energies material specific properties like the
energy gap of a semiconductor or the plasmon energy play an important role revoking the
universal character. While the universal curve is useful for some general estimations, there are
other methods to estimate the IMFP for a specific material. The so-called TPP-2M equation was
derived by Tanuma, Powell, and Penn who measured several organic materials.® The equation
is implemented in the NIST database software®® and considers different material properties, like
stoichiometric composition, number of valence electron, energy gap, and density. As the TPP-
2M equation was specifically designed based on organic materials it is used in this work to
obtain IMFPs for the studied materials.

Assuming an exponential Lambert-Beer type damping (6) of a substrate signal by a deposited
overlayer, the thickness of the overlayer d can be determined. The intensity of the substrate
signal damped by an overlayer Isypstrate iS given by:

d
Isubstrate = Igubstrate exp <_ 1sin 9) ©
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where, I3 psirate iS the intensity of the substrate signal without an overlayer, 1 is the effective
attenuation length and 0 is the take-off angle with respect to the surface plane.?® For this work,
6 is 90° and thus sinus is one.

The effective attenuation length and IMFP are often used interchangeably, however, this is not
entirely correct. For the path of the electrons towards the surface, not only inelastic scattering
but also elastic scattering which changes the path of the electrons plays a role.”® The influence
of elastic scattering is especially strong for small take-off angles and high atomic numbers.’! In
this work, the IMFP is still substituted for the effective attenuation length as the organic
materials contain elements of relatively small atomic numbers and a large take-off angle of 90°
is used. In this case, the simplification might lead to an error of about 10% in the layer thickness
determination.”!

In this work, the layer thicknesses of the organic layers deposited on ITO are determined from
the damping of the In 3ds,2 emission peak following Eq. (6). This is possible as long as there is
still an In 3ds,» signal detected. At larger adlayer thicknesses where the In 3ds,, signal is
insufficiently weak or has vanished, the thickness can no longer be found out directly. In this
case, a deposition rate is calculated from the layer thicknesses and deposition times of the first
deposition steps. Then, the thickness of the thicker layers is extrapolated by the deposition rate,
which is assumed to be constant for the rest of the experiment and deposition time. For UPS,
the kinetic energy of the emitted electrons is small and the material specific differences in the
effective attenuation length therefore might be large. Overall, there are only a few reports of
the effective attenuation length for the valence region of organic semiconductors. The articles
of Ozawa et al.”? and Graber et al.”® state values between 0.3 and 3 nm strongly dependent on
the kinetic energy of the electron. For this work, the effective attenuation length is determined
specifically for the used materials, as described in Subsection 5.1.1.

3.2.7 Stoichiometry Analysis

In this work, the stoichiometric composition of the deposited layers is analyzed, and the atom
ratios are cross checked with the expected ratios from the molecular structure. A stoichiometric
analysis by XPS is based on the intensity of the orbital emissions from the different elements
present in a sample. The ratio x; of an element i with respect to all elements n in the sample is

given by:
I; -
- — .th I = ;
=gy v = IsE 7)
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where I; is the area under the peak of element i, and ASF; is the corresponding atomic sensitivity
factor.

Before the area under a peak can be determined, the secondary electron background signal has
to be subtracted, as the background is not related to the amount of an element present in a
sample. In this work, a Shirley type®**® or linear background function is used depending on the
spectrum.

The atomic sensitivity factor is a correction term that is necessary because the intensity of the
orbital emission from an element does not only depend on the amount of the element but has
several influencing factors. Therefore, the ASF is given by:

ASF = o(hv, element, orbital) - f (B, @) - T (Exin, Epass) * ED (Exin) (8)

Here, o is the photoionization cross section which depends on the excitation energy of the used
light source, the element, and the electronic orbital. It is a quantum mechanical value that is
calculated and tabulated by Scofield for the typical excitation energies 1254 eV (Mg K,) and
1487 eV (Al K).*° f denotes a correction term for the angular distribution of the photoelectron
emission which varies among different electronic orbitals. f requires the asymmetry parameter
p which is tabulated by Reilman et al.”” as well as the angle a between the source and the
analyzer. f is given by:

B (element, orbital)
4

f(B,a) =1+ (1 — 3cos?a) ©))
For a = 54.73° the term 1 — 3 cos? a gets zero and f can be neglected. Therefore, the angle of
54.73° is also called magic angle and thus f is sometimes referred to as magic angle correction.

T is a correction factor that depends on the spectrometer and is called transmission function. It
depends on the kinetic energy of the electrons and the pass energy of the analyzer that is
selected. For the setup used in this work, the transmission function is approximated by the
following equation and the parameters a and b are obtained from a calibration measurement:

b

2
a
T (Exin, Epass) = Epass I E— (10)

pass

Finally, ED is the escape depth correction of the electrons. It corrects for the fact that electrons
with higher kinetic energy can escape from greater depth in the sample and thus the
corresponding element is probed in a larger volume resulting in comparably higher intensity. If
the sample contains an element with two different orbital emissions in the accessible spectral
range and the other parameters for the ASF value are known as described, the escape depth
correction can be evaluated. Ideally, the ASF corrected intensities of two different orbital
emissions from the same element should yield the same value. For this work, this method is
unfortunately not possible. Thus, the stoichiometry in this work is analyzed with the software
CasaXPS and the TPP-2M (see Subsection 3.2.6) option is chosen for the escape depth
correction. In general, it should be noted that there are many influencing factors when
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determining the stoichiometry with XPS and that the analysis considers a homogeneous
distribution of the elements.*

3.2.8 Charging Effects and Counter Measures

This subsection is mainly based on the articles by Cros®® and Yu et al.”®

As mentioned in Subsection 3.2.1, a prerequisite for the there presented energy scheme is a
high conductivity and properly grounding of the sample. If, however, an insulating sample or a
low conducting sample is measured by PES, charging effects will appear. The photoionization
process generates positive charges which need to be compensated by a current from the ground.
If the resistance of the measured sample is too high, positive charges cannot be compensated
in time and will accumulate at the surface. The result is a potential drop across the sample. The
respective energy level diagram of a low conductivity organic thin film deposited on a
conductive ITO substrate is shown in Figure 3.2-7. The ITO substrate is connected to the
spectrometer and its Fermi level is well aligned with the one of the spectrometer.

At the surface of the organic semiconductor, however, positive charges have accumulated
creating a potential which shifts the electronic states of the semiconductor with respect to the
spectrometer Fermi level. As a result, the measured photoelectron peaks from the organic thin
film will be shifted to higher binding energies. The diagram is a simplified sketch, and the
distribution of the charges and the resulting potential might be more complex. Furthermore, if
the potential varies laterally on the surface due to inhomogeneities or the potential change is
steep with respect to the information depth of XPS, a superposed signal from electronic states
at different potentials, i.e., effective binding energies, will lead to a broadening of the measured
peaks (see Section 5.2).

To counter act the charging of insulating or low conductivity samples and still enable a PES
measurement, different methods are available of which some are mentioned in the following.
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Figure 3.2-7: Energy level diagram for an insulating or low conductivity thin film on a conducting substrate in PES.
The conducting substrate is grounded, and its Fermi level is aligned with the Fermi level of the spectrometer. Due
to the low conductivity of the deposited thin film, the positive charges generated by the photoionization at the
surface cannot be compensated. A potential drop across the thin film shifts its electronic states by ¢ with respect
to the spectrometers Fermi level. Adapted from A. Cros.%8
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Very common is the use of an electron flood gun. Here, low energy electrons are directed to the
sample surface to compensate for the emitted photoelectrons. This technique is quite effective,
but it is difficult to determine the right amount of compensation, and often an
overcompensation is obtained. A meaningful interpretation of the Fermi level position is not
possible.*® An additional problem in the case of organic materials is the damage of molecules
by the incoming electons.'® Another method is to study only very thin samples. This method
relies on the fact that the resistance increases with the thickness of the sample. Thus, if only
thin films are measured on a conductive substrate, the resistance might be low enough to avoid
significant charging effects. The available thickness strongly depends on the conductivity of the
material which is studied. In principle, this technique allows for the study of the electronic
structure of poorly conductive materials. However, the thickness of the film needs to be thin
enough to avoid charging effects and thick enough not to be affected by interface effects, e.g.,
space charge regions.*

Finally, Koch et al. showed that for organic semiconductors photoconductivity can be utilized
to enhance the conductivity of organic thin films and enable a PES measurement. %% If light
with an energy higher than the optical energy gap of the material is shone onto the sample,
excitons are created of which some will dissociate providing additional mobile charge carriers
and increasing the conductivity.'*>!% The method was tested before at the same setup used in
this work by using an UV-LED lamp with a wavelength of 365 nm.>”"1°2 It proved to be very
effective, especially for undoped organic semiconductors. At small thicknesses, where charging
effects do not yet play a role, the electronic structure is the same with or without the light from
the UV-LED. At large thicknesses using the UV-LED revokes the charging induced shifting and
broadening of the spectra resulting in unshifted and sharp peaks.®” For this reason, the same
UV-LED which is an 11 W RSW-P11-365-0 High Efficacy UV LED Emitter from Roschwege!'®® was
also used for the measurements in this work. Furthermore, a peculiar effect of photoelectron
emission excited by this LED was observed although the photon energy should be too small to
generate photoelectrons (see Chapter 7). During the study of this effect, two other LEDs were
tested: a 10 W RSW-P10-400-0 High Efficacy UV LED Emitter from Roschwege!®* with a
wavelength of 400 nm and a combination of three L1C1-CYN1000000000 LUXEON C Color
Line LEDs from Lumileds!'® with a wavelength between 490-510 nm.

Additionally, surface photovoltage effects®®1%%197 may be induced and should be considered
when using these LEDs. A surface photovoltage is build up in the same way as the open circuit
voltage in a solar cell. Electron hole pairs are generated by photon excitation and separated by
the electric field of a space-charge region. The resulting electrostatic potential counteracts the
energy level bending at the space-charge region and changes the binding energy of the
electronic states with respect to the Fermi level. The requirements for a surface photovoltage
are: i) generation of electron hole pairs, ii) a space-charge region which separates the charge
carriers, iii) a layer stack structure where the top layers are connected to ground only through
the bottom electrode, and iv) sufficiently high mobility and lifetime, i.e., diffusion length, of
the charge carriers. The lifetime will be influence by recombination processes in the bulk as
well as on the surface.’>16197 While requirements i) and ii) are fulfilled for some of the samples
studied, requirements iii) and iv) are probably not given. The investigated thin films are
deposited by evaporation without a shadow mask and therefore unlikely to be strictly grounded
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only through the bottom contact. In addition, the charge carrier mobility in organic materials
is low and it is difficult to separate electron hole pairs due to a low dielectric permittivity and
the related high coulombic potential (see Section 2.1). Consequently, a surface photovoltage
seems less likely to occur for the experiments in this work. Also, a surface photovoltage was not
found in the similar studies using these LEDs mentioned above.>”

3.3 UV-vis-NIR Absorption Spectroscopy

UV-vis-NIR absorption spectroscopy is a method to analyze the absorption of light in a material
in the range from ultraviolet (UV) over visible (vis) to near-infrared (NIR) in the
electromagnetic spectrum. In the UV-vis spectral range, electronic transitions are excited by the
incident light. For NIR, mostly overtones and combinations of fundamental vibrational
excitations of the sample are analyzed.'>1%® For the measurements in this work, a very simple
setup is used as shown in Figure 3.3-1. The sample is placed over a hole in the table. Above the
sample a collimating lens with an optical fiber is mounted from which the light source comes.
The light source is a combination of a halogen (for vis and NIR) and a deuterium (for UV) lamp
(AvaLight-DH-S-BAL) from avantes.

Below the hole, a collimating lens and an optical fiber collect the light that is transmitted
through the sample and guide it to the spectrometer. To access the UV-vis range (200-1100 nm)
an AvaSpec ULS3648 and for the NIR range (1050-2050 nm) an AvaSpec NIR256-2.2TEC
spectrometer from avantes is used. Thus, the UV-vis-NIR absorption spectra are recorded in two
steps: first, the UV-vis spectrometer is connected, and the respective range is measured. Second,
the NIR spectrometer for the NIR range measurement is applied. Both spectrometers can be
connected to a computer where a software records the spectra. Different integration times and
numbers of repetition have to be chosen for the two different measurements which lead in some
cases to a vertical offset at the transition between the two spectral ranges. The software
calculates the absorbance from the transmittance which is the measured transmission spectrum
divided by a reference spectrum recorded beforehand. The absorbance is the negative logarithm
of the transmittance.'%®'% Influences by scattering, diffraction, or reflection are neglected and
might lead to artifacts or errors in the spectra.

Figure 3.3-1: UV-vis-NIR absorption spectroscopy setup.
The sample is placed over a hole in the table where an
optical fiber cable with a collimating lens is attached
and leads to the spectrometer. Above the sample is a
second optical fiber with a collimating lens mounted
which comes from the light sources.

&==To Spectrometer
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3.4 Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRAS)

Infrared (IR) spectroscopy is a technique where information on a material is obtained by
analyzing the absorption of light in the IR range. In this work, the mid IR range from 700 cm!
to 4000 cm! where molecular vibrations are excited is studied. In the so-called fingerprint
region up to around 1500 cm™ where the whole molecule contributes, the resulting complex
spectral shapes are unique for a specific molecule.'” In this region, it is often difficult to assign
defined vibrational modes to a specific vibration of a molecular bond. At higher wavenumbers
vibrational modes of specific functional groups are found, e.g., the C-H stretching vibration
around 2700-3100 cm™! or the C=N stretching vibration around 2100-2260 cm™.1%?

For the measurements in this work, a VERTEX 80V Fourier transform IR spectrometer from
Bruker is used. It works like a Michelson interferometer, where a broad band beam from an IR
light source is sent onto a beam splitter. Here, the beam gets split, and the two parts are
separately transmitted onto two mirrors. One mirror is fixed while the other mirror is moved.
After reflection at the mirrors, the beams join again at the beam splitter and are directed at a
detector. If the movable mirror is displaced, the path of the respective beam is increased or
shortened with respect to the path of the other beam creating an optical path difference that
leads to interference. Then, the combined beam passes through the sample and a detector
measures the intensity of the interfering beams in a broad range of wavenumbers with respect
to the mirror displacement. This interferogram is then Fourier transformed to calculate the
spectral intensity as function of the wavenumber.!!° Instead of a transmission spectrum where
the beam passes through a sample, IR spectroscopy can also be performed in reflection. Here,
the reflection unit A513 from Bruker is used, which was modified to allow for the automated
measurement of two samples (see Figure 3.4-1).''! The organic thin films studied in this work
are deposited onto indium tin oxide substrates which reflect the IR light in the observed spectral
range.!12113 Thus, the beam which enters with an angle of 15° to the sample surface has to pass
through the organic thin film with a much longer distance in comparison to a transmission setup
where the effective length is simply the layer thickness. The measurements are performed in a
vacuum of about 3 mbar, with an aperture of 2.5 mm, and a resolution of 4 cm™. Each spectrum
is the average of 200 scans.

Figure 3.4-1: IR spectrometer reflection unit A513 from
Bruker. The red line shows the path of the IR beam
which enters from the right side in the picture, gets
reflected by two mirrors, hits the sample surface on the
movable table, is reflected, and leaves the unit after
reflection at two more mirrors on the left side of the
picture. The positions of the two center mirrors can be
changed to obtain different reflection angles.

3.4 Fourier Transform Infrared Reflection Absorption Spectroscopy (FT-IRAS) | 35



3.5 Density Functional Theory (DFT)

Density functional theory (DFT) is used in this work to calculate the relative binding energies
of electrons from different atoms in the studied organic molecules and thereby allows to deduce
the photoemission spectral profile that can be expected for these molecules. The measured
spectra can be compared to the expected profile verifying the successful evaporation of the
intact molecules. Furthermore, DFT is used to calculate IR absorption spectra and assist in the
interpretation and discussion of doped and undoped hole transport materials and the involved
doping mechanism.

General Description of Density Functional Theory

Density functional theory allows for the calculation of the electronic structure in condensed
matter and of the material properties which originate from it. In the following, the rough idea
and basis of the theory will be outlined. For a detailed description, please refer to a textbook,
e.g., the book of Richard M. Martin.''* DFT dates back to the work of Hohenberg and Kohn'!®
as well as Kohn and Sham.!'® Hohenberg and Kohn showed that the properties of a system of
many-electrons, e.g., a molecule, are described by functionals of the ground state electron
density n(r). The advantage that lies in this statement is that the ground state density is one
scalar function which depends only on the position within the molecule while otherwise the
many-body system depends on the position of every single electron. Furthermore, if a functional
of the electron density is defined which yields the energy of the system, the ground state density
can be found by minimizing this functional with respect to the density.!'* Next, Kohn and Sham
introduced the idea of approximating the many-body system of interacting particles with a
system of non-interacting particles. As a result, a system of coupled independent-particle
equations, i.e., the so-called Kohn-Sham-equations, has to be solved. The basis of the interacting
and non-interacting systems is the same ground state density. In addition, the Kohn-Sham
approach approximates all the interaction of the many-body system in an exchange-correlation
functional of the density.''* The Kohn-Sham equations can be written as:!!”

Hs
1 , n(@)  SExen(MI| s o ks
_EVZ +vext+fdr ] s O (r) = ,9,°(1), (1D
Vege[n(r)]

where @55 (r) are the single particle Kohn-Sham orbitals and ¢; are their corresponding energy
eigenvalues. The effective Hamiltonian operator Hys in the square brackets can be separated
into two parts. The first term represents the kinetic energy contribution while the second to
fourth term can be combined as effective potentials Veg[n(r)]. The single components of the
effective potential are (from left to right), first, the external Coulombic potential contribution
which contains the influence of the atomic nuclei, second, the Coulomb interaction between
the electrons sometimes referred to as Hartree term, and third, the exchange-correlation term
which approximates the missing interactions from the many-body system. All three terms
depend on the electron density n(r) which is linked to the Kohn-Sham orbitals by:!!”

36 | Chapter 3 — Methodology



Initial Guess

Ninit (1)
v

Vege[n(r)]

Figure 3.5-1: lllustration of the self-consistent cycle of the Kohn- — v
A | Axs@f5(r) = 05(r) |
Sham approach. It starts with an initial guess of the electron KS™i — SiFi
density. Based on this guess the effective potential can be ~ v
calculated which is needed to solve the Kohn-Sham equations to 2
| - | ™) =) filoF @)

obtain the Kohn-Sham orbitals. From these orbitals a new electron n = fi i
density can be calculated. If the density agrees with the one from i=1

the previous iteration, the calculation is finished. Otherwise, the
new electron density is used to calculate a new effective potential,
etc. Adapted from D. A. Barragan-Yani.'"?

Self-consistent?

Finished
Retrieve Properties

N
@) =) flofsml’ (12)
i=1

with f; being the occupation numbers for the Kohn-Sham orbitals.

From Eq. (11) and (12) it can be understood that the solution of the Kohn-Sham equations for
the Kohn-Sham orbitals depends on the electron density while, in turn, the electron density
depends on the solution for the Kohn-Sham orbitals. Therefore, a self-consistent cycle is used
to solve this non-linear problem. As illustrated in Figure 3.5-1, the cycle starts with an initial
guess for the electron density n;,;;(r). Based on this guess, the effective potential term is
calculated which then allows to solve the Kohn-Sham equations, Eq. (11), to obtain a solution
for the Kohn-Sham orbitals. Next, a new electron density can be calculated from this solution
of Kohn-Sham orbitals. From here, the cycle starts anew with the calculation of the effective
potential based on the new electron density and so forth.

The iterations stop when the new calculated electron density is consistent with the density from
the previous cycle. Then, properties like the total energy or forces between the atoms of a
molecule can be retrieved. The actual implementation of this approach into a software can take
many forms with different descriptions of, e.g., the Kohn-Sham orbitals or the approximation
of the exchange-correlation functional. In the following, the dedicated methods, software and
settings used in this work shall be described.

Density Functional Theory Setup

For the DFT calculations in this work, the open software GPAW is used.!!®!* The software uses
the atomic simulation environment (ASE)'?° and is based on the projector-augmented wave
(PAW) method.'?! Thereby, the GPAW algorithm does not consider the core electrons explicitly
but describes them by so-called PAW setups. The pseudo wave functions, or Kohn-Sham orbitals
are calculated only for the valence electrons. Here, a finite difference method is chosen where
the pseudo wave functions, electron densities, and effective potential are calculated on a real
space grid. This method can be well parallelized, which means that the calculations can be run
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efficiently with several cores on a cluster computer. The calculations were conducted on the
Lichtenberg high performance computer of TU Darmstadt. All calculations were performed on
single molecules in the vacuum. To get closer to the properties of a condensed film, more mole-
cules in a larger simulation cell would have to be considered. This would have quickly increased
the required time and computational resources. Furthermore, the studied thin films are
amorphous which poses an additional challenge. To simulate the randomness of an amorphous
layer, the calculations would need to be repeated for several structural orientations and then
be statistically analyzed. Consequently, such efforts exceed the scope of this dissertation.

Binding Energy and Chemical Shift Calculations

As mentioned in the beginning of this section, one application of DFT in this work was the
calculation of core level electron binding energies for the comparison with photoemission
spectroscopy data. The process is based on the Delta Kohn-Sham (AK-S) method described, e.g.,
by Ljungberg et al.'?? and shall be explained for the example of a 1s orbital electron on a carbon
atom of an organic molecule. First, the total energy of the ground state of the molecule
ESroundState js cajeylated. Second, a PAW setup for a C-atom with a missing 1s electron is
generated using the respective functionality of GPAW. Next, the total energy of the molecule is
calculated again, however, this time using the modified PAW setup on the C-atom of interest
(EforeHoley - Finally, the binding energy Egg of the corresponding electron is obtained by
calculating the difference in total energy of the ground state molecule and the core hole
molecule, i.e., the molecule with the removed core electron:

_ pGround State Core Hole
EBE - ETotal - ETotal . (13)

The process needs to be repeated for every atom of interest in the molecule.

As the binding energy values are calculated for a single molecule in the vacuum, the respective
binding energy values are referenced to the vacuum level and not to the Fermi level of a
condensed layer of the molecule.!?*!2* This results in a binding energy offset when compared
to photoelectron spectroscopy data which are referenced to the Fermi level of the measured
thin film. In addition, there are relaxation and screening effects in the condensed film which

123 and the usage of effective core potentials'?

are not present for a single molecule in vacuum
which further influence this offset.!?* Therefore, it is only reasonable to compare the relative
binding energy shifts, i.e., the chemical shifts. Thus, the energetic distances of the calculated
binding energies for each atom of one type of element, e.g., all carbon atoms, are calculated.
Based on these relative binding energies, the modelled spectral shape, e.g., of the carbon 1s
emission, for the molecule can be generated and then be fitted to the measured spectrum. The
calculated energy values are sharp energy positions while the measured spectra contain a
broadening from the disorder in the condensed layer (see Section 2.1) and the spectrometer
broadening (see Subsection 3.2.3). Thus, to generate and fit the modelled spectral shape, the
calculated sharp energy values need to be broadened to match the measured spectrum. Each
calculated binding energy Ekg for the n atoms of one element, e.g., all carbon atoms, in the
molecule is broadened by a Gaussian function. At the end, the calculated spectrum CS can be
fitted to the measured spectrum using three parameters: an overall binding energy offset u, one
Gaussian standard deviation value o, and an intensity scaling pre-factor a:
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In the following paragraph, some practical information on the calculations is given. The
calculations are performed on a single molecule in vacuum with open boundary conditions. The
size of the cuboid simulation cell is increased until an increase of the minimum free space
around the molecule by 1 A leads to a change in total energy smaller than 1 meV. The grid
spacing is chosen at 0.1 A. In addition, the structure of the molecule is pre-relaxed by the
MMFF94s force field method in the software Avogadro?® and then further relaxed by GPAW
and the BFGSLineSearch algorithm from the optimize method from ASE minimizing the forces
between the atoms below a maximum force of 0.05 auf °. The chosen exchange-correlation
functional is the PBE (Perdew, Burke, Ernzerhof)!?” functional of the generalized gradient
approximation type. This functional was used before in binding energy calculations for
m-MTDATA which is also used in this work. In addition, it was shown that the PBE functional
in comparison to other exchange-correlation functionals performs well for chemical shift
calculations.'® Furthermore, calculations were spin-polarized with a Fermi-Dirac broadening
of 0.0eV. For some core hole cases, no convergence was reached, and the Fermi-Dirac
broadening® had to be increased. In these cases, calculations for some non-zero broadening
values up to 0.2 eV were conducted and the trend of the total energies was linearly extrapolated
to a broadening of zero.

Infrared Absorption Spectra Calculations

In Chapter 4, thin films of the organic molecules studied in this work are characterized by
infrared reflection absorption (IRA) spectroscopy (see Section 4.1). To assist the interpretation
of the measured IRA spectra, DFT can be used to calculate infrared absorption spectra. For these
spectra two pieces of information are needed: the vibrational frequencies of the vibrational
modes, and the intensity of the absorption mode. For a more detailed description of the
following method please refer to the work of Porezag et al.,'?® Pederson et al.,'?* and Mortensen
et al.18

In a molecule, the oscillations of each individual atom combine to one vibration of a coupled
oscillator. An oscillation can be described by the balance of kinetic and potential energy. In
Cartesian coordinates, the kinetic energy is given by the motion of each atom individually. The
potential energy, however, depends on the interactions and forces between the atoms (“spring
constants”) and thus their relative motion to each other (position of each atom). As a
consequence, a mathematical description of the potential energy in a Cartesian coordinate
system involves many cross-terms which renders calculations complicated. To solve this issue,
a unitary transformation from linear algebra can be used to change to a new coordinate, called
the normal coordinate. To change the coordinate, the eigenvectors of the cross-term matrix
have to be found. These eigenvectors then define the change of basis matrix used for the

b Atomic unit of force as it is used by ASE

¢ This broadening has no physical reasoning but allows for non-integer occupations of the Kohn-Sham orbitals which in some cases
helps the conversion of the self-consistent cycle.
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transformation to the normal coordinate. An eigenvalue problem has to be solved to find the
eigenvectors and eigenvalues of the cross-term matrix for the potential energy. In the normal
coordinate, the kinetic and potential energy terms are free of cross-terms and the vibration of
the coupled oscillator can be separated into oscillations at each atom. Each vibration is called a
normal mode, corresponds to an eigenvector, and its frequency is given by the respective
eigenvalue.!'® As the vibrations are relatively small compared to the bond length in the
molecule, the harmonic approximation can be used.'’® The Hessen matrix of a system is the
second derivative of the potential energy with respect to the position of each atom. It can be
regarded as the matrix which holds the “spring constants” for all cross-terms of the atomic
interactions. Thus, the eigenvectors of the Hessian matrix correspond to the normal modes and
the eigenvalues are the frequencies of these normal modes. After defining the Hessen matrix,
the normal modes can be determined by finding the eigenvectors of the Hessian matrix.!?

The Hessen matrix of a system is obtained by a numerical differentiation of the forces, which
are the first derivative of the energy with respect to the displacement of the atoms, at each atom
of the molecule. As mentioned before, in this work, the software GPAW together with ASE is
used. The forces at each atom of the molecule are obtained as a result of the GPAW algorithm.!!8
Using the Infrared class of ASE, the forces are calculated separately for a positive and negative
displacement of each atom from its relaxed position along all three directions (%, y, z). Next,
calculating the differences of the forces for the positive and negative displacement divided by
twice the displacement is the numerical derivative. With these derivatives the Hessian matrix
can be constructed and is then weighed by the atomic masses. Thereby, the vibrational
frequencies can be obtained from the eigenvalues of the mass weighed Hessen matrix.'?® For
the intensity of the vibrational absorption modes, the change of the dipole moment with
displacement along the normal mode coordinate is needed. As for the forces, the dipole moment
is obtained as result of the GPAW algorithm!!® and in the same way the change of the dipole
moment can be obtained by displacement of each atom along each direction. Again, the
eigenvectors of the Hessian matrix are used to transform the change of the dipole moment with
respect to the atomic coordinate into a change with respect to the normal mode coordinate.
This result squared is proportional to the infrared absorption intensity and can be used to obtain
a normalized infrared absorption spectrum.

Quite conveniently, these calculations are performed by the ASE class Infrared with the run()
method. Furthermore, using the write_spectra() method, the sharp frequencies of the vibrational
modes are broadened by Gaussian functions (width is 10 cm!) which are scaled by the
normalized calculated intensities. Thereby, a calculated spectrum is obtained which can be
directly compared qualitatively to a measured IRA spectrum. As the calculations are performed
on single molecules in the vacuum, the calculated spectra diverge from the measured once.
Still, the strongest modes usually can be identified, and the actual vibrations of the molecules,
i.e., the motion of the atoms, can be visualized using a software like OVITO.*° For consistency
with the binding energy calculations the same PBE functional and settings were also used for
the IR spectra calculations. This might be not the optimal choice and the more commonly used
B3LYP hybrid functional might lead to better results.!*! However, GPAW is not able to perform
force calculation for hybrid functionals. Thus, to use the B3LYP functional a different DFT
software would have needed to be chosen.
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4 Materials

In this chapter, thin films of the materials used in this work will be characterized by X-ray and
ultraviolet photoelectron spectroscopy (XPS and UPS), ultraviolet-visible-near-infrared
(UV-vis-NIR) absorption spectroscopy, infrared reflectance absorption (IRA) spectroscopy, and
other methods. The goal is to characterize the bulk properties of the thin films before the effects
at interfaces are studied in Chapters 5 and 6. For the well-known materials indium tin oxide
(ITO), 4,4',4“-Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA), and aluminum, the
obtained results will be compared to the literature. For the also studied commercial state-of-
the-art organic p-dopant, herein called CPTCFA, and hole transport material (HTM), herein
called HTM-B, little to no information can be extracted from the literature and results from own
characterizations are crucial to gain knowledge about the materials. The main target are the
electronic properties of the materials. The chapter is divided into two parts. First, the thin films
of the pure materials will be studied and second, p-doped HTM thin films will be characterized
and discussed.

4.1 Pure Material Thin Films

This section contains general information and characterization of pure material thin films used
in this work. It starts with ITO which is the main substrate used in this work. Different surface
treatments will be compared using XPS and UPS to find a reliable method to prepare a clean
surface which is free from organic residues and leads to reproducible results. The substrate is
also characterized regarding its optical properties as its absorption spectrum serves as reference
for following absorption spectra of organic thin films deposited on the substrate. Finally, the
surface morphology is examined as roughness of the surface might influence the deposition of
the organic thin films. The section about ITO is followed by the characterization of the thin
films of a commercial organic p-dopant molecule herein called CPTCFA, the well-known HTM
m-MTDATA, and a commercial HTM herein after called HTM-B. All organic materials are
characterized by XPS to check for undesirable molecular degradation during thermal
evaporation. Furthermore, UPS is used to determine the electronic properties. Finally,
absorption spectroscopy is performed to obtain reference spectra of the pure materials. These
reference spectra can then be used for comparison with spectra from the p-doped HTMs in the
second part of the chapter. The last material is aluminum which is commonly used as back
contact material. Here, the properties of the evaporated thin film will be compared to a clean
Al foil sample. The results, especially on the electronic properties, for all the materials are
summarized at the end. Based on this summary, expectations will be developed regarding the
later studied energy alignment at the interfaces of these materials.

4.1.1 Indium Tin Oxide Substrate

ITO is one of the most commonly used transparent conductive oxides (TCOs).!*? It is used for
light emitting diodes (LEDs) and solar cells, as well as in displays and as infrared reflective
coating on windows.'*? As required for an TCO, ITO provides good transparency in the visible
range of the electromagnetic spectrum while showing also high electronic conductivity.!3%13°
The material is based on indium oxide (In:Os) degenerately doped with Sn. The

4.1 Pure Material Thin Films | 41



thermodynamically stable phase of In,Os; under standard conditions is cubic bixbyite
structure.!*® By substituting In with Sn, the higher number of valence electrons of Sn leads to
an increase in the number of free electrons and thereby the conductivity. Typically, the
concentration of Sn in ITO is in the range of some percent.'*® The Fermi level (Er) then shifts
up to 0.5 eV above the conduction band minimum.'** The band gap of ITO was under discussion
for some time as will be described below in the UV-vis-NIR absorption subsection. Now, the
fundamental band gap is known to be 2.8 eV.!* The work function (WF) of ITO can be varied
in a wide range from 4.1 to 5.2 eV or sometimes even higher by either changing the processing
conditions or subsequent surface treatments. Surface treatments change the surface dipole
potential as seen by the ionization potential in Figure 4.1-3.13>137:138 [TQO films with a low WF
are used for example as electron extraction contact for solar cell applications, and ITO films
with a high WF serve as hole injection layer for light emitting devices.'*° In the next subsections,
differently surface treated ITO films will be characterized by XPS and UPS, the optical properties
will be briefly discussed, and finally the analysis of the surface by scanning electron microscopy
(SEM) and atomic force microscopy (AFM) is shown.

X-ray and Ultraviolet Photoelectron Spectroscopy

As mentioned above there are different surface treatments available to clean the ITO surface
from unwanted residuals and potentially modify the surface dipole and thus the WF.'* In this
subsection, different surface treatments are compared using XPS and UPS to find a method that
leads to a clean surface and reproducible results for the WF. Standard solvent cleaned ITO is
compared to three additional surface treatments: in-situ Ar-ion etching (‘sputtered’), Ar-plasma
cleaning, and UV-ozone cleaning (see Section 3.1). Figure 4.1-1 shows the X-ray photoelectron
(XP) survey spectra from 0 to 1400 eV binding energy and detail spectra of the core level
emissions O 1s around 531 eV, Sn 3ds,» at about 487 eV, and In 3ds,» around 445 eV for the four
different surfaces.!*® The survey spectra of all surfaces are similar except for the binding energy
region from 200 to 350 eV shown in the inset. Here, a C 1s emission at 285 €V is detected for
the surface that was just cleaned with acetone and isopropanol in the ultrasonic bath.'* This
emission indicates the presence of hydrocarbon species which could not be removed by simple
solvent cleaning or stem from solvent residues. Concurrently, the absence of this C 1s emission
in the other spectra shows that all three surface treatments are effective in removing organic
residues from the surface. Furthermore, the survey spectrum of the Ar-ion etched surface shows
an emission peak at about 240 eV which can be assigned to the Ar 2p emission and results from
the implantation of Ar during the cleaning procedure. Comparing the detail spectra of the O 1s,
Sn 3d, and In 3d emission it can be clearly seen that the peaks of the Ar-plasma treated surface
are all shifted to lower binding energies. This indicates that the Er is closer to the valence band
(VB) compared to the other cases of surface treatment. The electronic structure is further
discussed below. The intensity of the peaks for the solvent cleaned surface is reduced which is
likely due to a damping of the signal by the organic residues on top.*®!3® For the Ar-ion etched
surface, only the In 3d intensity is increased which probably shows that more Sn and O than In
is removed during the treatment.'®® Finally, the UV-ozone treated surface shows that the
emissions are all shifted to slightly lower binding energies compared to the solvent cleaned and
Ar-ion etched surface but not as low as the one from the Ar-plasma treated surface. The
asymmetry of the emission peaks can be attributed to the interaction of photoelectrons with the
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Figure 4.1-1: XP survey spectra and detailed spectra of the core level emissions O 1s, Sn 3ds/2, and In 3ds/2 for
differently surface treated ITO films: Solvent cleaned, Ar-ion etched, Ar-plasma cleaned, UV-ozone cleaned.

high number of electrons in the conduction band due to the high doping of ITO as discussed
below.52136 In the case of the O 1s spectrum of the Ar-plasma treated surface, an additional
spectral feature towards higher binding energy appears which indicates some additional
presumably oxy- or hydroxy-species at the surface.

Besides the XP spectra, also ultraviolet photoelectron (UP) spectra of differently treated ITO
surfaces were taken and plotted in Figure 4.1-2. From the valence region the VB onsets are
determined and from the secondary electron cut-off (SEC) onsets the WF is given. Both onsets
are determined via a tangent procedure (see Subsection 3.2.4). The sum of the two values then
yields the ionization potential (IP). These three values are given for all four surfaces in an
energy level diagram in Figure 4.1-3.

Figure 4.1-2: UP spectra of the
valence and SEC region for
differently surface treated ITO
films: Solvent cleaned, Ar-ion
etched, Ar-plasma cleaned, and
UV-ozone cleaned. The SEC region
is plotted against the difference of
the excitation energy hv (21.22 eV)
and the binding energy. Thus, the
WFs can be read from the x-axis at
the SEC onsets.
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Figure 4.1-3: Energy level diagrams of the electronic properties at the surface for the different surface treated ITO
substrates. The treatment will mainly influence the electronic properties at the surface by inducing a band bending
or change of surface dipole. The treatment is stated above the respective diagram and the IP is given in
parentheses. The energy values are based on the VB onset and SEC onset values determined from the spectra
shown in Figure 4.1-2. As a reference, a range for the energetic difference of Er to Evem and the WF determined
by Klein et al.’33 is given. Ar-ion etched ITO film which is mainly used as a substrate in this work is highlighted by a
grey background.

As discussed above, the solvent cleaned surface has some organic residuals on it which will
influence the WF and probably also cause the continuous intensity increase towards higher
binding energies above 4 eV as this is where the carbon sp? or sp® valence states are
expected. 1142

The valence band maximum (VBM) to Er has an energetic distance of 3.07 eV and is 0.27 eV
larger than the fundamental band gap of 2.8 eV'*® meaning that the Er is well above the
conduction band minimum (CBM, dotted lines). For the Ar-ion etched surface, the Er is even
0.44 eV above the conduction band. Both values indicate degenerate doping where the Fermi
level is shifted above the conduction band minimum as it is expected for a TCO with sufficient
conductivity.'®® The resulting high number of charge carriers in the conduction band leads to
the before mentioned asymmetry of the core level spectra. Furthermore, the spectrum of the
Ar-ion etched surface shows some emission above the VBM, clearly visible between 1.5 and
3 eV. This could be due to the selective etching of the Sn, discussed above which might lead to
locally different electronic structures. The UV ozone treatment leads to a slightly lower Er of
2.74 eV above the VBM and the Ar plasma treatment results in an even lower Er energetic
position of 2.00 eV above the VBM. Both is in line with the lower binding energies for the core
level emissions mentioned above.

In addition, the WF values do not change proportionally, leading to different IPs for the different
surface treatments. This means that the treatments do not only change the respective Eg
energetic position by a change of the band bending situation at the surface or by a local change
of the dopant concentration but affect the surface dipole. For the further experiments in this
work, the Ar-ion etching was chosen as standard surface treatment for two reasons. First, the
treatment can be performed in-situ and the substrate can be transferred directly to the
deposition chamber without breaking the vacuum and risking contamination. Second, the
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obtained WF is close to the WF values of the two HTMs characterized in the later subsections.
Furthermore, after several substrates were prepared by solvent cleaning and subsequent Ar-ion
etching it is found that the WF is highly reproducible with a value of 4.10+0.03 eV (mean value
and standard deviation from 11 prepared substrates).

UV-vis-NIR Absorption Spectroscopy

As the ITO/glass substrates are used as reference for the UV-vis-NIR absorption spectroscopy of
the organic thin films, the UV-vis-NIR absorption spectrum of ITO/glass with respect to air is
shown here in Figure 4.1-4. The absorption in the UV-vis range starts around 2.5 eV but stays
low before it strongly increases above 3.6 eV. This is in line with literature where the lower
energy absorption is assigned to formally forbidden transitions and the actual optical energy
gap is found 0.8 eV above the fundamental band gap of 2.8 eV.133143.144

For the NIR range, it has to be considered, that in the used measurement setup the absorption
is calculated from the measured transmission and is neglecting reflection. For ITO, it is known
that the high charge carrier concentration leads to a metallic behavior in conductivity with a
plasma frequency resulting in increased reflection in the NIR to mid-infrared (MIR) range.!!%!13
Thus, the observed increasing absorption is in fact a reflection due to the high number of free
charge carriers in the conduction band. This effect also allows to use the ITO as substrate for
the later shown IRA spectroscopy results for the organic thin films.!!!

Topography Characterization

In this subsection, SEM and AFM is used to study the ITO substrate topography. While SEM
provides a more qualitative impression on a larger surface area, the analyzed area in AFM is
smaller but AFM gives quantitative roughness information. SEM micrographs were taken with
the help of Dr. Xiaokun Huang!. The aim was to check the homogeneity of the Ar-ion etched
ITO surface. Figure 4.1-5 shows the micrographs of the surface at two different magnifications.
In a) an area of 42.6 um x 56.8 um is shown presenting a smooth and homogeneous surface.
No clear structure is visible on this scale. An about five times larger magnification covering an

4 Dr. Xiaokun Huang, InnovationLab GmbH
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Figure 4.1-5: SEM micrographs of the ITO substrate surface. a) shows the surface at about a 5% of the
magnification compared to b). The dimensions can be taken from the axes at the left and top of each graph.

area of 8.7 um x 11.6 um is shown in b). Here, a patch-like structure is visible. The structural
features are in the range of some hundred nanometers.

To further characterize this structure and the roughness of the ITO surface, AFM micrographs
were taken and are discussed in the following. AFM micrographs of the ITO surface were taken
by Dr. Valentina Rohnacher®. The micrographs were post-treated with the software
Gwyddion'*. The remove scars method is used to automatically remove disrupted parts of a
scanning line, align rows is used with a median method to level the data and subtract the
background, and finally the height is shifted by the fix zero method so that the scale starts at
0 nm.'*¢ Figure 4.1-6a shows the micrograph for an area of 5.0 um x 5.0 um. The same patch-
like structure as in Figure 4.1-5b is visible. The height scale ranges from 0 to 28.7 nm and the
root-mean-square (RMS) roughness is calculated to be 2.8 nm. The RMS is calculated by the
following Eq. (15):

RMS = (15)

Where N is the number of data points, z the height value of the data point, and Z the mean
value over all height values.'#®

Compared to the polished and unpolished commercial ITO substrates produced by radio
frequency or direct current sputtering which were analyzed in the study of Tamanai et al.}'?
the observed patch-like structure is similar for these samples and the RMS roughness is among
the smoother surfaces. This proves that the used substrates are of similar quality as the ones
typically used in the field. Furthermore, a five times larger magnification micrograph covering
an area of 1.0 um x 1.0 um is shown in Figure 4.1-6b. Here, the height scale ranges from O to
19.9 nm. While the previously identified patch-like structure with a feature size in the range of

¢ Dr. Valentina Rohnacher, Kirchhoff-Institut fiir Physik, Ruprecht-Karls-Universitéit Heidelberg
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Figure 4.1-6: AFM micrographs of the ITO substrate surface. a) shows the surface at a lower magnification
compared to b). The dimensions can be taken from the axes at the left and top of each graph. The color gradient
scale for the height is given on the right of each graph.

some hundred nanometers is still visible, an additional fine structure is revealed in this
micrograph. This fine structure shows that each patch consists of many smaller humps which
are supposedly particle grains. An analysis of the height profile along some of these grains
reveals that the measured height of each grain is about 2 nm, and the width is around 20-30 nm.
This aspect ratio (width/height) of about 10 to 15 shows that the substrate surface is rather flat
for the molecules during deposition, especially in comparison to the size of the molecules which
is between 1 to 2 nm for the longest dimension. Thus, it can be concluded that the surface
roughness is no obstacle for a smooth layer-by-layer growth of the organic materials. In the next
subsection, the commercial p-dopant molecule will be characterized as the first example of the
organic materials investigated in this work.

4.1.2 CPTCFA p-Dopant

The p-dopant wused in this work is 2,2',2"-(cyclopropane-1,2,3-triylidene)-tris[2-(4-
cyanoperfluorophenyl)-acetonitrile] (herein called CPTCFA). It is a commercially available
molecule and there are only few reports in literature not providing any reference values of the
electronic structure or the spectral PES signature.?>2° It has the molecular formula CsoF12N¢ and
its structure is shown in Figure 4.1-7. It is a trimer where the monomers are connected by a
cyclopropane group in the center of the molecule. The monomers consist of one inner and one
outer cyano group with a tetrafluorophenyl ring in between. The conformation of the molecule
after force field relaxation (see Section 3.5) is rather flat than bulky. A virtual cuboid around
the molecule would have a height of about 5 A and length and width around 12 A. Its synthesis
is described in United States patent 8,057,712 B2.

Figure 4.1-7: Structure of the CPTCFA p-dopant molecule.
There are two types of C=N groups: the inner ones
highlighted in blue, and the outer ones highlighted in green.
Adapted from WiBdorf et al."?
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In the following subsections, thin films of the pure dopant on ITO will be characterized by
photoemission and absorption spectroscopy to get more information on this electronically
mostly uncharacterized material. The XP spectra will be used to check for any degradation of
the molecule during the evaporation and from the UP spectra the WF and IP will be determined.
UV-vis-NIR absorption allow for determining the optical energy gap and the infrared reflection
absorption (IRA) spectra of the pure CPTCFA thin film will be later used for the interpretation
and discussion of the IRA spectroscopy of the p-doped HTMs in Section 4.2.

X-ray and Ultraviolet Photoelectron Spectroscopy

To characterize a pure thin film of CPTCFA by XPS and UPS, a 20 nm thick layer is evaporated
onto an ITO substrate. The layer thickness was determined from the deposition rate which is
obtained from the XP core level emission signal damping.*® First, the XP spectra are analyzed
to check for any signs of a degradation of the molecules during deposition.

The spectra are shown in Figure 4.1-8. The survey spectrum shows the 1s orbital and Auger
emissions of C, N, and F. No unexpected signal from any other element is found. The detailed
spectra of C, N and F show single peaks for N 1s (399.1 eV) and F 1s (687.6 eV), and two peaks
for C 1s (286.2 and 287.5 eV). The two C 1s emissions can be related to chemical shifts which
are discussed below. Besides these main emissions, small humps at higher binding energies are
detected. These are most likely shake-up or shake-off satellites where photoelectrons which
have excited other electrons above the energy gap or vacuum level appear at higher binding
energies due to the related energy loss. The stoichiometric analysis of the detailed regions for
the three elements results in a composition of 27% / 62% / 11% (F / C/ N) which is close to
the expected ratio of 25%/62.5%/12.5%. The small deviation might stem from the
uncertainties in the estimation of the required atomic sensitivity factors as described in
Subsection 3.2.7. In addition, the detailed spectra of N and F show that their emission peaks
are symmetrical. This means, that there is no difference in the electron density of the twelve F
atoms as it is expected. But there is also no significant difference in electron density for the N
atoms of the two differently positioned cyano groups which are highlighted in blue and green
in Figure 4.1-7.

This observation is cross checked with density functional theory (DFT) calculations for the
binding energies as described in detail in Section 3.5. For the CPTCFA molecule the calculated
binding energies of the F 1s electrons diverge only by a few meV for the different F atoms. For
the two structurally different N atoms, the binding energies of the electrons still diverge by only
20 meV. Furthermore, the calculated binding energies can be used to generate spectra which
can be fit to the measured ones. The measured emissions are broadened by lifetime effects, the
spectral width of the excitation source, and the analyzer energy resolution (see Subsection
3.2.3). Furthermore, the DFT calculations are performed on a single molecule in vacuum while
the XP spectra are recorded of thin film samples. This leads to an energetic offset'** and further
spectral broadening effects. The energetic offset is caused by energetic relaxation effects in the
thin film and the referencing of the XP spectra to the Fermi level while the calculated binding
energies are referenced to the vacuum level. The further spectral broadening effects are due to
the amorphous structure, orientation, and conformation of the molecules (see Section 2.1).
Thus, the calculated binding energies are adjusted by Gaussian functions with a constant
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Figure 4.1-8: XP survey spectra and detailed spectra of the core level emissions F 1s, N 1s, and C 1s for a 20 nm
CPTCFA film on ITO. Fits based on DFT binding energy calculations are given as grey shaded areas. The calculated
sharp binding energies are broadened by Gaussian functions, scaled, and offset by a constant energy to fit the
measured data.
standard deviation and offset for each element to fit the measurements. The relative binding
energy differences between the different atoms of one element among the molecule are not
affected. The resulting fit spectra (grey shaded areas) are in good agreement with the measured
spectra (red lines) as can be seen in Figure 4.1-8. Finally, the C 1s spectrum shows two well
separated peaks. Again, DFT calculations for the binding energies were performed and
theoretical spectra with good agreement were generated. From the calculations the different
contributions to the spectral signature can be distinguished. The peak at higher binding energies
results from the C atoms which are bound to F. Due to its high electro negativity, F significantly
reduces the electron density at the C atoms bound to it. The second peak which is about 1 eV
lower in binding energy consists of the emissions from the other C atoms. The divergence in
calculated binding energies for the different C atoms is only about 60 meV between the C atoms
bound to F and about 150 meV among the other C atoms. The C atoms on the most inner
position of the aromatic rings have a binding energy which is even lower with about 340 meV
below the next in binding energy lowest C atom. However, these differences are still too small
to be visible for the used spectral resolution. Besides the possibility to distinguish the different
spectral contributions, the DFT spectra also serve as reference for a non-degraded molecule. If
the molecules would have degraded during deposition by thermal evaporation, it would be
expected that measured spectra of the degradation products would not lead to such a good
agreement. Thus, the calculations help to prove the absence of any unexpected spectral features.
Based on the obtained results, it can be assumed that the evaporation does not lead to a
degradation of the molecule within the sensitivity of XPS (detection limit of about 1 at%).48
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Figure 4.1-9: a) UP spectra of the valence and SEC region for a 20 nm CPTCFA film on ITO. The SEC region is plotted
against the difference of the excitation energy hv (21.22 eV) and the binding energy. Thus, the WF can be read
from the x-axis at the SEC onset. b) Energy level diagram based on the HOMO onset and SEC onset values
determined from the spectra which are shown in (a). The LUMO onset is taken from the optical energy gap
determined from the UV-vis absorption data shown in Figure 4.1-10 with respect to the HOMO onset.
Now, the UP spectra can be analyzed to obtain the WF and IP and draw an energy level diagram
of CPTCFA. This information is later used when doping of the HTMs is discussed. In Figure

4.1-9a, the valence and SEC regions are plotted from the UPS data.

From the valence region the highest occupied molecular orbital (HOMO) onset is determined
by a tangent procedure (see Subsection 3.2.4) to be 2.70 eV below the Er. The SEC onset yields
by the same procedure a WF of 5.80 eV. Together the two values add up to an IP of 8.50 eV.
The energy level diagram is drawn in Figure 4.1-9b using the optical energy gap determined
from the UV-vis absorption spectra shown in the next subsection for the lowest unoccupied
molecular orbital (LUMO) energetic position. There, also the energetic position of the Fermi
level above the optical energy gap will be discussed.

UV-vis-NIR and Infrared Reflection Absorption Spectroscopy

The UV-vis-NIR absorption spectrum for CPTCFA presented in Figure 4.1-10 was taken from a
100 nm thin film on ITO with respect to a clean ITO substrate. Using a tangent procedure an
optical energy gap of 2.26 eV is determined. As mentioned in Section 2.1, the value of the
energy gap determined for an organic semiconductor may depend on the method used to
measure it. Applying the empirical Eq. (1) by Djurovich et al.®! to calculate the respective

Wavelength (nm)
310 414 620 1241

1 1

! Figure 4.1-10: UV-vis-NIR absorption spectra of a
E§Pt=2-26 eV 4 100 nm CPTCFA film on ITO with reference to an ITO
substrate. The absorbance is calculated from the
NIR] transmission neglecting the reflection. The UV-vis and
NIR regions are indicated and were measured with
J different detectors and optical fibers. The optical
energy gap was determined by a tangent procedure
(red dotted lines).

Absorbance (a.u.)

Energy (eV)
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Figure 4.1-11: IRA spectrum of a 100 nm CPTCFA film on ITO (top) in comparison to DFT calculation-based spectra
of the neutral (center) and singly negatively charged (bottom) molecule in vacuum. The calculated sharp
vibrational modes are broadened by Gaussian functions. The x-axes of the insets are aligned among each other
and show the region from 2150 to 2280 cm™'. The relative reflectance scale for the measured spectrum is indicated
by the percentage value for the tick distance. The scale for the calculated spectra ranges from 0 to 1. The labels
(1) to (5) help to identify the modes discussed in the main text.
photoemission energy gap yields a value of 2.68 eV. This value is close to the Er energetic
position of 2.70 eV above the HOMO onset (see Figure 4.1-9b). The high energetic position of
Er close to the LUMO state probably originates from defects in the thin film. As CPTCFA is
designed with a high electron affinity, it can accept electrons from defects which are likely to

have a smaller ionization energy.

The same sample used for the UV-vis-NIR absorption spectroscopy is also used for IRA
spectroscopy’. The obtained spectrum is plotted in the top panel of Figure 4.1-11. For
comparison, DFT calculations were performed to obtain the vibrational modes and respective
dipole moments to generate a theoretical spectrum using Gaussian functions for each
absorption frequency. The calculations were done for a neutral (middle panel) and a singly
negatively charged (bottom panel) molecule in vacuum. This leads to slightly different
frequencies and absorption strengths. However, the theoretical spectra can help to identify the
measured modes. In the so-called fingerprint region of the molecule, typically up to a
wavenumber of about 1500 cm, it is difficult to exactly assign a mode to the vibration of one
specific chemical group as the vibration is usually more complex involving more atoms.

f Infrared Reflectance Absorption Spectroscopy was performed with the help of Rainer Béuerle, OCI Heidelberg University.
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Nevertheless, the strongest calculated modes and their main vibrational contributions will be
described as example for the respective wavenumber range.

The mode around 810 cm™ labeled with (1) originates mainly from C-C stretching that includes
bonds in all parts of the molecule and has some smaller contribution of C-F stretching. Mode
(2) around 980 cm™ can be assigned to the stretching of C-F bonds mainly. The next three
modes (3-5) around 1300, 1460, and 1570 cm™ originate from C-C stretching in different parts
of the molecule. Mode (5) can be mainly assigned to the stretching in the central cyclopropane
group, while modes (3,4) are due to stretching in the tetrafluorophenyl groups. For mode (3),
the carbon atoms vibrate in an alternating pattern — three inwards and three outwards — in the
plane of the ring. For mode (4), one bond of the ring shortens while the opposite bond stretches
and vice versa while the atoms on both sides move accordingly. Besides these modes in the
fingerprint range, the C=N stretching modes at 2248 and 2219 cm™ shown in the insets are of
special interest. For the well-studied p-dopant 7,7,8,8-Tetracyanoquinodimethane (TCNQ) and
its derivatives it is known, that the shift of this vibration scales linearly with the amount of
charge transferred to the dopant molecule.!**1>° Based on the calculations we can assign the
absorption at 2219 cm™ to the stretching of the inner C=N groups closer to the center of the
molecule while the absorption at 2248 cm™ stems from the stretching of the outer C=N groups
further away from the center of the molecule (see structure in Figure 4.1-7). Comparing the
calculations for the neutral and the charged molecule, it can be seen that the outer C=N
absorption shifts by only 8 cm™! while the inner C=N absorption shifts by 44 cm™ to lower values.
As a result, the distance in wavenumber between the two absorptions changes from 42 to
78 cm™! which is a factor of 1.86.

The stronger influence of the charge on the vibrations of the inner cyano groups can be
understood when looking at the pseudo wave functions of the LUMO in Figure 4.1-12 extracted
from the DFT calculations of the neutral molecule. The LUMO is mainly located in the center of
the molecule and thus an additional charge will influence more strongly the inner cyano groups
than the outer ones. Besides the shift of the absorptions, also their intensities, especially for the
inner C=N groups, increase. The discussed observations will be later used in Section 4.2 when
the doping of the HTMs is characterized.

Figure 4.1-12: CPTCFA molecule with pseudo wave
functions of the LUMO as obtained by DFT calculations
plot as iso-surfaces (isovalues of 0.05 A-3/2 - blue and
-0.05 A-3/2 - red) . The colors of the atoms are C -
turquoise, F - rose, and N - blue.
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Figure 4.1-13: Structure of the HTM m-MTDATA. ©/ \©\N/©/ \©

Adapted from Shirota et al.® CHs CHs
She

The “starburst” molecule 4,4°,4“-Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA) is a
well-known HTM.'®2° It forms spontaneously amorphous stable thin films with a glass
transition temperature of 75°C.!>1® The molecular formula of m-MTDATA is Cs7HssN4, and the
structure is shown in Figure 4.1-13. The molecule is a trimer where the monomers are
connected by a central amine group. Each monomer, again, consists of an amine group with
three phenyl rings of which one has a methyl group attached. The conformation of the molecule
after force field relaxation (see Section 3.5) is rather flat than bulky. A virtual cuboid around
the molecule would have a height of about 5 A and length and width around 19 A.

4.1.3 m-MTDATA Hole Transport Material

In the following subsections, undoped thin films of m-MTDATA on ITO will be characterized by
photoemission and absorption spectroscopy. As in the previous subsections for CPTCFA, the XP
spectra will be used to check for any degradation of the molecule during the evaporation and
from the UP spectra the WF and IP will be determined. UV-vis-NIR absorption allows for
determining the optical energy gap, and the infrared reflection absorption spectra of the pure
m-MTDATA thin film will be later compared to spectra of p-doped m-MTDATA to characterize
the doping mechanism in Section 4.2. As the characterization follows closely the one described
for CPTCFA in Subsection 4.1.2., the description of the analysis of the different methods is
shortened.

X-ray and Ultraviolet Photoelectron Spectroscopy

A 20 nm thick pure m-MTDATA layer was deposited in-situ onto an ITO substrate for the
characterization by XPS und UPS. The layer thickness was determined from the deposition rate
which is obtained from the damping of the In 3ds,» core level emission signal.*® The obtained
XP and UP spectra are shown in Figure 4.1-14 and Figure 4.1-15a. The XP survey spectrum
shows only the expected emissions for C and N. No contamination from another element is
found. The broadly increased background signal around 200 eV and between 500 and 1000 eV
originates still from the ITO substrate and decreases for greater layer thicknesses. The detailed
spectra of C, N show single peaks for N 1s (400.4 eV) and C 1s (285.2 eV). The shoulder of the
C 1s emissions can be related to chemical shifts which are discussed below. Besides these main
emissions, a small hump at higher binding energy is detected. This is most likely a shake-up or
shake-off satellite where photoelectrons which have excited other electrons above the energy
gap or vacuum level appear at higher binding energies due to the related energy loss. The
stoichiometric analysis of the detailed spectra results in a composition of 93.2% / 6.8% (C / N)
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Figure 4.1-14: XP survey spectra and detailed spectra of the core level emissions N 1s and C 1s for a 20 nm
m-MTDATA film on ITO. Fits based on DFT binding energy calculations are given as grey shaded areas. The
calculated sharp binding energies are broadened by Gaussian functions and then scaled and offset to fit the
measured data.
which is very close to the expected ratio of 93.4% / 6.6%. The little deviation might arise from
uncertainties in the used atom sensitivity factors (see Subsection 3.2.7). The good agreement
of the stoichiometry suggests non-degraded molecules. Furthermore, the detailed spectra are
again compared to fits based on DFT binding energy calculations as explained in the previous
subsection for CPTCFA. The aim is again to distinguish the spectral contributions of the different
atoms in the molecule and check for unexpected spectral features in the measured spectra
indicated a degradation of the molecule. The binding energies for the 1s electrons diverge
between the one central and the three outer N atoms by only 80 meV with the lower values for
the central N atom. Hence, the spectrum shows a symmetrical peak with no shoulder to any
side. The C 1s peak shows a shoulder at higher binding energies. This shoulder can be assigned
to the emissions from the C atoms which are bound to N and the C atoms of the three methyl
groups. As for CPTCFA, the calculated fit spectra (grey shaded areas) are in good agreement
with the measured spectra (red lines) which in turn show no additional spectral features, and
hence show no sign of degradation of the molecules due to the evaporation process.

The UP spectra are used to determine the HOMO onset (1.42 eV) from the valence region and
the WF (3.58 eV) from the SEC onset. Both values sum up to an IP of 5.00 eV and are used to
draw the energy level diagram shown in Figure 4.1-15b. The determined IP corresponds well
to the values reported in literature between 5.0 and 5.1 eV.?*151-153 The LUMO is placed above
the HOMO onset by the optical energy gap as determined from the UV-vis absorption spectrum
shown in the next subsection. The obtained energy level diagram will be later used in the
summary of this section (see Subsection 4.1.6) to develop expectations regarding the effects at
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Figure 4.1-15: a) UP spectra of the valence and SEC region for a 20 nm m-MTDATA film on ITO. The SEC region is
plotted against the difference of the excitation energy hv (21.22 eV) and the binding energy. Thus, the WF can be
read from the x-axis at the SEC onset. b) Energy level diagram based on the HOMO onset and SEC onset values
determined from the spectra shown in (a). The LUMO onset is based on the optical energy gap determined from
the UV-vis absorption data shown in Figure 4.1-16 with respect to the HOMO onset.
the interface with ITO and Al. Furthermore, it is used to discuss the p-doping of the material in
Section 4.2.

UV-vis-NIR and Infrared Reflection Absorption Spectroscopy

A 100 nm thick m-MTDATA film is deposited onto an ITO substrate for the characterization by
absorption spectroscopy. The obtained UV-vis-NIR spectrum with reference to a bare ITO
substrate is plotted in Figure 4.1-16. The onset of the absorption is determined by a tangent
procedure (see Subsection 3.2.4) and yields a value of 3.13 eV for the optical absorption gap.
This value corresponds well to a reported IP to electron affinity difference of 3.2 eV.1>*1% The
photoluminescence peak energy for the first excited singlet state S1 is reported to be 2.9 eV.'%°
The small absorption features at lower energy are probably artifacts from the simple setup
which, e.g., does not account for changes in reflection.

For the MIR range, the reflection absorption spectrum?® is shown in Figure 4.1-17. Here, the
measured spectrum (top panel) is compared to a spectrum generated from DFT calculations

Wavelength (nm)
310 414 620 1241

Figure 4.1-16: UV-vis-NIR absorption spectrum of a 100
nm m-MTDATA film on ITO with reference to an ITO
substrate. The absorbance is calculated from the
transmission neglecting the reflection. The UV-vis and
NIR regions are indicated and were measured with
different detectors and optical fibers. The optical
energy gap was determined by a tangent procedure
(red dotted lines). The increased absorbance at lower
energies is tentatively assigned to the simple
measurement setup.

EQ=3.13 eV

Absorbance (a.u.)

Energy (eV)

& Infrared Reflectance Absorption Spectroscopy was performed with the help of Rainer Béuerle, OCI Heidelberg University.
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Figure 4.1-17: IRA spectrum of a 100 nm m-MTDATA film on ITO with reference to an ITO substrate (top) in
comparison to DFT calculation-based spectra of the molecule in vacuum (bottom). The calculated sharp vibrational
modes are broadened by Gaussian functions. The relative reflectance scale for the measured spectrum is indicated
by the percentage value. The scale for the calculated spectrum ranges from 0 to 1. The labels (1) to (5) help to
identify the modes discussed in the main text.
(bottom panel). Even though the calculation was again performed on a single molecule in
vacuum, the similarities are clearly visible. As for CPTCFA spectrum, the dominant vibrations
of the molecule are assigned to one mode for each wavenumber range using the DFT
calculations. The modes are labeled in the calculated spectrum. Mode (1) around 700 cm
originates from bending vibrations of the C-H bonds out of the plane of the phenyl ring. For
mode (2) around 1270 cm’}, stretching vibrations of the C-N amine bonds are observed with
some C-H bending vibrations which move in the plane of the phenyl rings. Mode (3) around
1480 cm! can be mainly assigned to C-H bending vibrations in the plane of the phenyl rings.
While for mode (2) the bending corresponds to a rocking-like movement it is more like a
scissoring movement for mode (3). For mode (4) around 1590 cm™, C-C stretching vibrations
are dominant. The modes around 3000 cm}, label (5), are outside of the fingerprint range and
originate from C-H stretching vibrations. The modes at lower wavenumbers are assigned to the
C-H bonds of the methyl groups while the modes at higher wavenumber result from the C-H
stretching vibrations of the phenyl rings. The UV-vis-NIR as well as the IRA spectra will be used
below when discussing the p-doping of m-MTDATA.

4.1.4 HTM-B Hole Transport Material

The second HTM used in this work is molecule of the project partner Merck KGaA. To protect
their interests, the official name and complete chemical structure cannot be given, and the
results cannot be compared to reference values from the literature. However, the full structure
is known to the author and was used for the later mentioned DFT calculations. In this work, it
will be referred to as HTM-B. Its stoichiometric formula is Cs2Hs7N and the reduced structure is
shown in Figure 4.1-18. It consists of a central amine group with three aryl groups attached
two of them are marked as R! and R? in the structure. The conformation of the molecule after
force field relaxation (see Section 3.5) is less flat and bulkier than for m-MTDATA and CPTCFA.
A virtual cuboid around the molecule would have a height of about 8 A, a length of 14 A and
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Figure 4.1-18: Schematic structure of the commercial
HTM herein called HTM-B. R' and R? mark the position
of two aryl groups which cannot be shown to protect
the interests of the project partner Merck KGaA. The C
atoms of the fluorene group are indexed to help the
description in the main text. Adapted from WiBdorf et
al.v7

width around 17 A. Due to the non-flat structure of the molecule and the deposition by
evaporation onto a substrate at room temperature the deposited thin films are expected to be
amorphous.'®1>7 Its synthesis is described in United States patent 9,312,495 B2.1°8

In the following subsections, thin films of undoped HTM-B on ITO will be characterized by
photoemission and absorption spectroscopy. As in the previous subsections for CPTCFA and
m-MTDATA, the XP spectra will be used to check for any degradation of the molecule during
the evaporation and from the UP spectra the WF and IP will be determined. UV-vis-NIR
absorption allow for determining the optical energy gap, and the infrared reflection absorption
spectra of the pure HTM-B thin film will be later used for the analysis and discussion of the
p-doped HTM-B in Section 4.2. As the characterization follows closely the one described in
Subsection 4.1.2., the description of the analysis of the different methods is shortened.

X-ray and Ultraviolet Photoelectron Spectroscopy

For the characterization of HTM-B by XPS and UPS, a pure layer of 20 nm is deposited onto
ITO. The XP spectra are given in Figure 4.1-19. The survey spectrum consists of emissions of C
and N only. No indication for a contamination by another element is found. The broadly
increased background signal around 200 eV and between 500 and 1000 eV originates still from
the ITO substrate and decreases for greater layer thicknesses. The detailed spectra of C, N show
single peaks for N 1s (400.3 eV) and C 1s (285.2 eV). The asymmetry of the C 1s emissions can
be related to chemical shifts which are discussed below. Besides the main emission, a small hump
at higher binding energy is detected. This is most likely a shake-up or shake-off satellite where
photoelectrons which have excited other electrons above the energy gap or vacuum level appear
at higher binding energies due to the related energy loss. The stoichiometry analysis of the
detail spectra of the C 1s and N 1s regions leads to a composition of 97.9% / 2.1% (C / N) which
is close to the expected ratio of 98.1% / 1.9%. As in the previous subsections, this agreement of
determined and expected composition indicates no degradation of the molecules during
evaporation. Furthermore, the spectra are compared to fits generated from DFT binding energy
calculations to analyze the spectral contribution of the different atoms in the molecule and
check for unexpected spectral signatures. The 1s emission of the single N atom simply results
in a symmetric peak. The structure of the molecule is quite complex with many slightly different
binding energies for the different C atoms. Hence, it is not possible to clearly assign the slight
shoulder towards higher binding energies of the C 1s peak. However, in an attempt to simplify,
this shoulder stems from the three C atoms bound to the N atom, those of the methyl groups
and the one in the 9" position of the fluorene group (see Figure 4.1-18). Finally, the good
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Figure 4.1-19: XP survey spectra and detailed spectra of the core level emissions N 1s and C 1s for a 20 nm HTM-B

film on ITO. Fits based on DFT binding energy calculations are given as grey shaded areas. The calculated sharp

binding energies are broadened by Gaussian functions and then scaled and offset to fit the measured data.
agreement between the calculated fit spectra (grey shaded areas) and the measured spectra
(red lines) proves the absence of unexpected features supporting that no degradation of the
molecule occurs during deposition.

The UP spectra of HTM-B are given in Figure 4.1-20a. Here, the HOMO onset is taken from the
valence region and the WF value is determined from the onset in the SEC region. Both onsets
are found by a tangent procedure. The HOMO onset yields 1.88 eV and the WF value is 3.70 eV.
Both values are used for the energy level diagram in Figure 4.1-20b. Here, the LUMO is given

a) b)
T T T T - E ac *
.’g Valence Té? JSEC v B
= i ° 3.70 eV
£ £ ] P
< 3]
5 | | E I N 1 Fee g LUMOgg0p
& 2 7
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Figure 4.1-20: a) UP spectra of the valence and SEC region for a 20 nm HTM-B film on ITO. The SEC region is plotted
against the difference of the excitation energy hv (21.22 eV) and the binding energy. Thus, the WF can be read
from the x-axis at the SEC onset. b) Energy level diagram based on the HOMO onset and SEC onset values
determined from the spectra shown in (a). The LUMO onset is based on the optical energy gap determined from
the UV-vis absorption data shown in Figure 4.1-21 with respect to the HOMO onset.
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using the optical energy gap of 3.23 eV as determined in the next subsection from the UV-vis
absorption spectrum. The obtained energy level diagram will be later used in the summary of
this section (see Subsection 4.1.6) to deduce theoretically expectations of the interface
formation to ITO and Al. Furthermore, it is used to discuss the p-doping of the material in
Section 4.2.

UV-vis-NIR and Infrared Reflection Absorption Spectroscopy

To further characterize HTM-B with absorption spectroscopy in the UV, vis, NIR, and MIR range,
a thicker film compared to the one used for the photoemission spectroscopy of 100 nm was
deposited on ITO. The measurements are taken with an ITO substrate as reference. The UV-vis-
NIR absorption spectrum is shown in Figure 4.1-21. Here, the optical energy gap can be
determined from the onset of the adsorption by a tangent procedure and is found to be 3.23 eV.
The small absorption features at lower energy are probably artifacts from the simple setup
which, e.g., does not account for changes in reflection.

The absorption in the MIR range is measured under reflection® and is plotted in Figure 4.1-22
(top panel) in comparison to a spectrum generated from DFT calculations (bottom panel). The
calculations of the molecular vibrations were performed on a single molecule in vacuum and
thus the obtained wavenumbers and intensities diverge from the measured spectrum. In
summary the main lines as given in Figure 4.1-22 are similar to the ones of m-MTDATA can be
assigned to: (1) around 740 cm! originates from the C-H bending vibrations out of the plane of
the phenyl ring; (2) around 1280 cm-! is mainly coming from the C-N stretch vibration of the
amine part of the molecule, together with some rocking type C-H bending vibration in the
phenyl ring plane; (3) around 1430 cm™ stems from a different, more scissoring like C-H
bending vibration; (4) around 1600 cm™ shows C-C stretching vibrations in the fluorene group;
finally, (5) around 3000 cm, stems from C-H stretching vibrations — C-H bonds of the methyl
groups vibrate at lower wavenumbers while the C-H bonds of the phenyl rings vibrate at higher
wavenumbers.

Wavelength (nm)
310 414 620 1241

Figure 4.1-21: UV-vis-NIR absorption spectra of a 100
nm HTM-B film on ITO with reference to an ITO
substrate. The absorbance is calculated from the
transmission neglecting the reflection. The UV-vis and
NIR regions are indicated and were measured with
different detectors and optical fibers. The optical
energy gap was determined by a tangent procedure
(red dotted lines). The absorbance at energies below
the optical gap is tentatively assigned to the simple
measurement setup. T T
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" Infrared Reflectance Absorption Spectroscopy was performed with the help of Rainer Béuerle, OCI Heidelberg University.
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Figure 4.1-22: IRA spectrum of a 100 nm HTM-B film on ITO with reference to an ITO substrate (top) in comparison
to DFT calculation-based spectra of the molecule in vacuum (bottom). The calculated sharp vibrational modes are
broadened by Gaussian functions. The relative reflectance scale for the measured spectrum is indicated by the
percentage value. The scale for the calculated spectrum ranges from 0 to 1. The labels (1) to (5) help to identify
the modes discussed in the main text.

4.1.5 Aluminum Back Contact

Since the early days of organic light emitting devices, aluminum is used as cathode
material.!>>10 While it is argued that aluminum is a suitable cathode material due to its low
expected WF, its actual WF, depends strongly on the deposition conditions. Under experimental
ultra-high vacuum (UHV) conditions with pressures of 10 mbar only little to no oxygen is
taking part in the deposition process resulting in a WF around 4.3 eV. However, setups for
device fabrication often have vacuum pressures of just 10 mbar leading to the incorporation
and adsorption of oxygen and a lower WF.161162 Here, also the deposition rate affects the
amount of oxygen uptake — the slower the deposition, the more oxygen is taking part in the film
formation.¢1-1%3 The aluminum thin films in this work are evaporated under UHV conditions
and are thus on the low oxygen, high WF side. In the following, an evaporated aluminum thin
film is compared to an Ar-ion etched piece of aluminum by XPS and UPS.

X-ray and Ultraviolet Photoelectron Spectroscopy

To characterize the Al back contact layers which are deposited in UHV by thermal evaporation,
a 20 nm thick film was deposited onto an Ar-ion etched Si wafer and then analyzed by XPS and
UPS. To check the quality of the evaporated thin film, a piece of an Al sputter target is measured
for comparison which was Ar-ion etched until no O 1s signal was detected anymore. The
obtained spectra are shown in Figure 4.1-23 and Figure 4.1-24a. The survey spectra show the
Al 2p and 2s emissions with their satellite structure around 73 and 118 eV. For the Ar-ion etched
sputter target piece, the signal from the Ar 2p and 2s emissions around 240 and 320 eV is
detected as well. These emissions stem from the Ar-ions that were implanted during the
bombardment of the surface. No O 1s signal is visible in the survey spectrum of any sample (see
dashed line), but the detailed spectrum of the O 1s emission reveals that the evaporated thin
film contains some oxygen while the Ar-ion etching of the sputter target piece removed all
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Figure 4.1-23: XP survey spectra and detailed spectra of the core level emissions O 1s and Al 2p for two different
Al samples: 20 nm evaporated Al film on an Ar-ion etched Si wafer and an Ar-ion etched piece of an Al sputter
target. The Al 2p spectra are normalized and aligned on the binding energy scale to allow for a better comparison
of the spectral shape.

oxygen from the surface. The amount of oxygen on the thin film is difficult to put in perspective

against the oxygen free sample.

Therefore, the Al 2p spectra are compared to check for a spectral signature of oxidized Al in the
thin film spectrum. The spectra are normalized in intensity to allow for a comparison of the
spectral shape. There is a very good agreement between the two samples in the Al 2p peak
shapes. No additional shoulder or hump towards higher binding energies, which would indicate
an oxidized Al species, is detected in the spectrum of the evaporated thin film. This suggests
that the amount of oxygen on the evaporated thin film is comparably small. Furthermore, the
Fermi edge and SEC energetic positions in Figure 4.1-24 are the same for both samples which
also supports this evaluation of only minor oxygen contents as discussed in the following.

When comparing the valence region of both samples in Figure 4.1-24a, it can be clearly seen
that the Fermi edges of both samples are at 0 eV binding energy as expected. A difference,
however, can be noted above 4 eV binding energies. Here, the evaporated thin film shows a
broad peak around 6-8 eV which can be assigned to O 2p states.!®* As UPS is very surface
sensitive and the O signal appears in the UP spectrum, it can be assumed that the oxygen
detected for the evaporated thin film is mainly situated on the surface of the film. The sharper
peak in the UP spectrum of the sputtered sample at about 9.5 eV is probably due to the Ar 3p
emission of the implanted Ar atoms.'®® As also mentioned above, the SEC onsets of both samples
are very close and yield WFs of 4.21 eV for the evaporated film and 4.29 eV for the Ar-ion etched
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Figure 4.1-24: a) UP spectra of the valence and SEC region for two different Al samples: 20 nm evaporated Al film
on an Ar-ion etched Si wafer and an Ar-ion etched Al sputter target. The spectra are normalized for better
comparison. The SEC region is plotted against the difference of the excitation energy hv (21.22 eV) and the
binding energy. Thus, the WFs can be read from the x-axis at the SEC onsets. b) Energy level diagram for the
evaporated thin film based on the SEC onset value determined from the spectrum shown in (a).

sample. These values correspond well to the reported WF decrease of Al with the exposure to

oxygen by Blyth et al.'®?

In their study, the WF values range from 4.3 to 3.4 eV with a steep decrease in the first 1000 L!
of oxygen exposure. Therefore, the WF of the evaporated thin film is still in the range of low
oxygen content. It is reported in literature that the oxygen on Al(111) surfaces is distributed in
islands of chemisorbed oxygen and oxides on the surface.!®” Figure 4.1-24b presents the WF of
the evaporated Al thin film in an energy level diagram which will be referenced to the energy
levels of the other materials in the next subsection.

4.1.6 Summary

In this chapter, the thin films of the pure materials used in the rest of this work were
characterized. The surface of the ITO substrates is cleaned from hydrocarbons by Ar-ion etching
which results in a WF of 4.10 eV and has the advantage over the UV-ozone and Ar plasma
treatments that it can be performed in-situ with the equipment used for this work. Furthermore,
the surface of the ITO substrate is rather smooth with an RMS roughness of 2.8 nm and grain
sizes in the range of 20-30 nm. The XP spectra for the p-dopant, CPTCFA, and the HTMs, HTM-B
and m-MTDATA, show no unexpected features. Furthermore, DFT was used to calculate the
binding energy differences of the photoelectron emissions from the different atoms in the
molecules. These calculations were used to generate spectra which could be fitted to the
measured data. This allowed do distinguish the spectral contributions of the different atoms in
the molecules and the remarkable agreement of the fits supports the impression that no
undesired degradation products with different emission signatures are present in the thin films.
In addition, the obtained stoichiometries are close to the expected compositions for all

! L for Langmuir, a practical unit for exposure. 1 L is equivalent to the exposure for 1 second at a pressure of 10 Torr.'®®.
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molecules. Therefore, it can be assumed that the molecules are stable under evaporation and
do not degrade during deposition.

Besides the calculations of the binding energies, DFT was also used to obtain reference spectra
for the IRA spectra which were recorded for CPTCFA, m-MTDATA, and HTM-B thin films. With
the help of these calculated reference spectra the main contributions to the vibrational modes
could be identified. Furthermore, the calculated absorption spectrum of a charged CPTCFA
molecule was compared to the one of the neutral molecule. This comparison revealed that the
additional electron has a stronger effect on the C=N stretching vibrations of the cyano groups
in the inner part of the molecular structure compared to the more outer located cyano groups.
As a result, the vibrational mode of the inner cyano groups was shifted more strongly towards
lower wavenumbers on the charged molecule. This effect could be explained by visualizing the
pseudo wave functions of the LUMO on the molecule, i.e., the position where an additional
electron would be added. The image revealed that the LUMO is located around the center of
the molecule including the inner cyano groups but not the outer ones. This analysis and the IRA
spectra of the pure organic material thin films will be important for the discussion of the doped
HTMs in the next section.

Also, UP spectra from all materials are used to extract the WF and the VBM or HOMO onset.
These values, together with the optical energy gaps determined from UV-vis absorption spectra,
are then used to construct energy level diagrams of the materials. These diagrams are
summarized in Figure 4.1-25. This comparison of the energy level positions shows that the WF
of ITO after Ar-ion etching is close to the values of the HTMs. Applying the concepts of
semiconductor contact formation described in Section 2.4, smaller space charge regions are
expected when depositing the pure HTMs on the ITO substrates as if ITO substrates with a
higher work function would be used. It is assumed that the difference in Er between two
materials leads to the formation of space charge regions with a potential variation of the same
magnitude as the Er difference. In case of ITO | m-MTDATA the difference is 0.52 eV and for
ITO | HTM-B it is 0.40 eV. In case of a contact formation between the HTMs and Al, the 0.11 eV
larger WF of Al has to be taken into account. This simple picture, however, is no longer valid if

ITO MTDATA HTM-B CPTCFA  Aluminum
(7.34 eV) (5.00 eV) (5.58 eV) (8.50 eV) (4.21 eV)

EVac
3.70 eV
LUMOpg0 —_
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Bo-cessk mev | ool | remesnt
CBM . :

HOMOqp et F ....... .
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Figure 4.1-25: Summary of the energy level diagrams of the materials characterized in the previous sections. The
material is stated above each diagram with its IP in parentheses. Energetic distances HOMO onset to Er and WFs
are determined from UPS while the LUMO onset is based on the optical energy gaps determined from UV-vis
absorption spectra. Adapted from Frericks et al.7*
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a double layer potential drop right at the interface of the two materials is formed altering the
energy level alignment at the interface.®

To reveal the actual energetic alignment at these ITO | HTM and HTM | Al interfaces, interface
experiments are conducted, and their analysis and discussion is presented in Chapters 5 and 6.
Also, p-doped HTM thin films are analyzed. As can also be seen from the diagram in Figure
4.1-25, CPTCFA shows a much larger WF of 5.80 eV than the HTMs, and the LUMO onset is
also well below the HOMO onset of the HTMs. Thus, a p-doping effect where electrons are
transferred from the HTMs to the p-dopant molecules creating holes in the HTMs can be
expected when co-evaporating the p-dopant with one of the HTMs. This doping of the HTMs
would shift the Er closer towards their HOMO levels and potentially below the Er of ITO and
Al. In that case, the charge transfer between ITO or Al and the p-HTMs would be reversed in
comparison to the case of undoped HTMs. The p-doping of the HTMs will be further analyzed
and discussed in the next section.

4.2 p-Doping of Hole Transport Materials

Doping of transport materials is often used to increase the conductivity and lower charge
transfer barriers at the contacts of an organic electronic device.?*® Therefore, in Chapters 5
and 6, the interfaces of undoped as well as doped HTM layers are studied. The understanding
of the doping process and the electronic properties of the doped transport materials is of great
interest. The mechanism can change for different dopant:host systems as will be discussed at
the end of this section.?®?” Even though the main goal of this work is not to study the doping
mechanism in organic semiconductors on a broad scale, it is still interesting and part of the
characterization process for the used materials. The information gathered in this section on the
p-HTMs will be important for the analysis and discussion of the interface experiments in
Chapters 5 and 6. There, heterointerfaces between p-HTM and ITO or Al are studied, as well as
homointerfaces between p-HTM and layers of the same undoped HTM. To dope the HTMs of
this work, m-MTDATA and HTM-B, the commercial p-dopant, CPTCFA, is co-evaporated with
the HTMs. In this section, these p-doped HTM layers are first characterized regarding the
dopant concentration, the dopant distribution, and the diffusion of the dopant molecule in the
matrix. These steps are important to make sure the doped layers are processed as intended.
Furthermore, the influence of the dopant on the electronic structure is analyzed to check if the
expected doping effect is obtained. Finally, absorption spectroscopy is used to get information
on the doping mechanism for the two different HTMs. Salzmann et al. suggest, that an integer
charge transfer (ICT) model applies for polymer OSCs, while a charge transfer complex (CTX)
model has to be considered for small molecules OSCs.?® It will be seen if this distinction also
holds for the used materials of this work.

4.2.1 Dopant Concentration

The doped HTM layers in this work are prepared by co-evaporation where the evaporation rates
of the HTM and CPTCFA molecules determine the dopant concentration. The evaporation rates
of the molecules are controlled manually via the heating current of the evaporation sources.
Therefore, setting an exact dopant concentration is difficult and it is even more important to
determine the dopant concentration of the deposited layer afterwards. To determine the dopant
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concentration of the deposited thin films, the F 1s emission of the p-doped HTM is compared
with the emission from a pure CPTCFA layer. For this analysis, both layers need to be thicker
than the information depth of XPS.

As given in Eq. (16) and illustrated by Figure 4.2-1, the blue shaded area under the F 1s peak
of the doped layer divided by the red shaded area below the peak of the pure CPTCFA layer
approximately yields the volumetric dopant concentration X.

J IpSm

100 = X (vol%) (16)

J Ieptcra
This approximation assumes that the volume probed by the measurement stays the same which
would mean that the effective attenuation length of the photoelectrons is the same in the pure
CPTCFA layer and the CPTCFA:HTM mixture. In addition, it is assumed that the volume per
dopant molecule is similar in both layers and that the dopant is homogeneously distributed.
This method is limited by the detection limit of XPS, and the precision is dependent on the
signal to noise ratio. Thus, the error is larger for low dopant concentrations and concentrations
below 1 vol% cannot be evaluated reliably. Besides these drawbacks, this analysis characterizes
the actual deposited film and is not based on the pre-determined deposition rates of the pure
components as it is the case when working with quartz microbalances. In addition, the method
is simple, and the accuracy of the results is sufficient to identify the dopant concentration
related trends of this work.

4.2.2 Dopant Distribution

The dopant concentration which is discussed in the previous subsection is an average value for
the analyzed volume. However, it does not give any information on the distribution of the
CPTCFA molecules in the HTM matrix. In literature, inhomogeneous doping profiles were
observed and assigned to different sticking coefficients of dopant and matrix molecules on the
substrate as well as interdiffusion of the dopant molecule towards the substrate.®®1%° Therefore,
it is important to check the processed layers for inhomogeneities. A potential diffusion of the
dopant is discussed in the next subsection. Here, the dopant distribution in the p-doped HTM
layers during deposition is investigated by a step-by-step deposition of p-m-MTDATA monitored
by XPS. The dopant concentration of the final film is determined to be 7 vol%. This
concentration is representative for the p-doped layers studied in the interface experiments
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Figure 4.2-2: XP detail spectra of the core level emissions a) F 1s and b) In 3d for the layer-by-layer deposition of p-
(7 vol%)-MTDATA on ITO. The adsorption layer thickness increases for the spectra from bottom (0 nm) to top (28
nm). In c), the integrated intensities of the F 1s and In 3ds/2 peaks are given as normalized scatter plot. The dashed
lines indicate exponential Beer-Lambert type behavior. Adapted from Frericks et al.”
shown in Sections 5.1 and 5.4 which range from <1 to 11 vol%. The evolution of the F 1s
emission from CPTCFA molecules and the In 3d emission from the ITO substrate are plotted in
Figure 4.2-2. As expected, the F 1s signal increases and the In 3d signal decreases with
increasing film thickness (bottom to top). The areas under the F 1s and In 3ds,, peaks are
determined and plotted against the film thickness in the right panel of Figure 4.2-2.

The values are normalized to the respective maximum areas. In addition, Beer-Lambert type
exponential functions are fit to the data points showing a good agreement for both orbital
emissions with a slightly worse agreement for F 1s in comparison to In3d which can be
explained by the reduced signal to noise ratio of F 1s. The good agreement for the ITO substrate
signal indicates a homogeneous layer growth. Based on this homogeneous layer growth, the
good fit for the CPTCFA signal indicates a homogeneous dopant distribution profile where the
amount of dopant is proportional to the layer thickness. As mentioned at the beginning of this
subsection, the diffusion of CPTCFA might still lead to some inhomogeneous distribution of the
CPTCFA molecules. Therefore, an experiment to test for diffusion is presented in the next
subsection.

4.2.3 Dopant Diffusion

In the previous subsection, it is shown that the dopant concentration profile right after
deposition is homogeneous. However, it is also mentioned that the diffusion of the dopant might
cause inhomogeneity after deposition.'® To check for the diffusion of CPTCFA, a layer stack of
20 nm undoped HTM-B on top of 20 nm 6vol% p-doped HTM-B is prepared. The stack is
measured by XPS and UPS right after deposition and after a period of 5 days during which the
sample was kept under UHV conditions. The spectra are shown in Figure 4.2-3. As the undoped
layer is thick enough, the F 1s detail spectrum shows no signal from CPTCFA right after
deposition. This remains to be the case also after 5 days. Furthermore, no change in the C 1s or
valence region is observed. The intensity of the C 1s peak after 5 days is slightly lower, which
might be due to some variations in the intensity of the X-ray source but is no sign for a diffusion
of the CPTCFA. If the dopant would diffuse into the undoped layer due to the concentration
gradient between doped and undoped layer, a F 1s signal should be detected and an Er shift
should occur resulting in a shift of the HOMO onset and C 1s emission towards lower binding
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Figure 4.2-3: XP detail spectra of the core level emissions F 1s and C 1s as well as UP valence region spectra for the

layer stack HTM-B 20 nm/p-(6 vol%)-HTM-B 20 nm/ITO right after deposition and after 5 days in UHV.
energies. As this is not the case and the time span of 5 days does exceed the time scale of the
experiments in this work, the diffusion of the CPTCFA molecules can be excluded for the
presented experiments. In addition, it can be mentioned that devices fabricated by the project
partner Merck KGaA containing doped and undoped layers showed similar electric
characteristics even after some month. This would also not be expected, if the CPTCFA
molecules were to diffuse.

4.2.4 Electronic Structure

As mentioned in the introduction to this Section 4.2, doping is used to increase the conductivity
of transport layers and also reduce charge transfer barriers at the interfaces. Therefore, the
doping should change the electronic structure leading to an increased number of charge
carriers. This increased number of charge carriers will be visible by a shift of the Fermi level.?
In this subsection, the doping effect will be evaluated. Comparing the energy level diagrams of
the HTMs and the p-dopant shown in the summary of the previous chapter (Figure 4.1-25), a
charge transfer from the hole transport molecules to CPTCFA molecule can be expected as the
Er of CPTCFA is significantly lower than the one of the HTMs. This charge transfer will lead to
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Figure 4.2-4: UP spectra of the valence and SEC region for 20 nm undoped and doped (a) m-MTDATA and (b)
HTM-B films on ITO. The SEC regions are plotted against the difference of the excitation energy hv (21.22 eV) and
the binding energy. Thus, the WFs can be read from the x-axis at the SEC onsets. The arrows indicate the energetic
shift due to the doping induced Er shift towards the HOMO.
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a doping effect with a hole in the HOMO of the HTM and a resulting shift of the HTM’s Eg
towards the HOMO onset. UP spectra of doped and undoped m-MTDATA and HTM-B are shown
in Figure 4.2-4. For m-MDTATA, it can be seen that the HOMO onset in the valence region shifts
by 1.03 eV towards lower binding energies and the SEC onset shifts by 1.08 eV in the same
direction. This means that the energetic distance HOMO onset to Er is reduced while the WF
increases by about the same value. As a result, the IP remains about the same for doped and
undoped layer, but the Er shifts towards the HOMO as expected. For HTM-B, the observed shifts
are 1.45 eV and 1.46 eV in the valence and the SEC region for the comparison of doped and
undoped samples. This leads to an energetic distance HOMO onset to Er of 0.39 eV for
m-MTDATA and 0.43 eV for HTM-B. These values are close to the ones which Paula Connor
determined in her master thesis'®? for the same CPTCFA:HTM combinations: 0.38 eV for
m-MTDATA and 0.5 eV for HTM-B. In that work, she also studied the Er shift vs. the dopant
concentration and found that the Er shift saturates around a dopant concentration of 2 vol%.
This observation is also made in this work and will be further discussed in Section 5.3.

4.2.5 Dopant Influence on Valence States

It is known that the presence of dopant molecules in a matrix cannot only lead to the intended
electronic doping effect but also to an electronic and steric increased disorder.7'72 An
increased disorder would lead to a broadening of the density of states which would also result
in a broadening of the valence features in UP spectra. A related change of molecular orientation
or conformation could also change the energetic distance between the valence features.*-17%:173
Additionally, trapped charge carriers forming polaron states in an organic matrix may also lead
to changes in the molecular structure. To check for these effects, the UP spectra of differently
doped m-MDATA and HTM-B are analyzed in Figure 4.2-5. The spectra are shifted on the
binding energy scale to be aligned at their HOMO onset energetic positions. In addition, the
spectra are normalized with respect to the maximum around 3 eV below the HOMO onset for
m-MTDATA and about 2.5eV for HTM-B. These modifications favor a comparison of the
spectral shape and clearly reveal a broadening of the spectra for the doped layer. This
broadening seems to increase stepwise with dopant concentration from 0 over 2 to 7 vol% for
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Figure 4.2-5: UP spectra of the valence region for differently doped m-MTDATA and HTM-B films on ITO. For a
better comparison of the spectral shape, the intensities are normalized, and the spectra are shifted on the binding
energy scale. The legend gives the dopant concentration in vol%. Adapted from Frericks et al.7*
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m-MTDATA while for HTM-B it appears right at the lowest concentration of <1 vol% and then
does not become stronger for higher dopant concentrations. This small difference could indicate
a different interaction of CPTCFA with m-MTDATA in comparison to HTM-B. In the following
subsections, this difference becomes more obvious and will be discussed further.

4.2.6 UV-vis-NIR and Infrared Reflection Absorption Spectroscopy

The doping mechanism in organic semiconductors can vary among different dopant:host
systems.?” Therefore, it is interesting to characterize the studied material combinations
regarding their doping mechanism. Especially, as CPTCFA and HTM-B molecules are well-
performing commercially available materials which are barely discussed in literature. Based on
previous work in the literature, including the p-dopant TCNQ and its fluorinated derivatives,
absorption spectroscopy in the UV, vis, NIR, MIR range is performed and will lead to a
discussion of the doping mechanism in the next subsection.?”217° The UV-vis and the NIR range
of the spectra are separated by a line at 1.18 eV as they were measured with the same light
source but different detectors and optical fibers. These different setup configurations explain
the offset that is visible in the graphs around this spectral range transition. Figure 4.2-6a shows
the UV-vis-NIR absorption spectra of pure m-MTDATA and CPTCFA films (see Figure 4.1-16
and Figure 4.1-10) in comparison to a highly p-doped m-MTDATA layer with a dopant
concentration of 25 vol%. For visualization purposes, the intensity of the spectrum of the pure
CPTCFA film is divided by two. All spectra were measured at 100 nm thick films on ITO
substrates. It is unambiguously visible that the p-m-MTDATA film shows absorption features at
about 1.1 and 1.7 eV that are not present in either of the two pure component layers. This
difference suggests a charged m-MTDATA ion as is later discussed in Subsection 4.2.7.
Furthermore, the two local maxima at 2.4 and 2.7 eV are well separated and also different from
the absorption of pure CPTCFA around the same energy range. Finally, the absorption above
3.2 eV changes between the undoped and the doped m-MTDATA film. For the undoped film,
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Figure 4.2-6: UV-vis-NIR absorption spectra of 100 nm undoped and doped m-MTDATA (a) and HTM-B (b) films
on ITO. An ITO substrate is taken as reference. All spectra are normalized. The intensity of the spectrum of the
pure CPTCFA film is divided by two and is plotted for comparison. The dopant concentrations are 25 vol% for
m-MTDATA and 19 vol% for HTM-B. The absorbance is calculated from the transmission neglecting the reflection.
The UV-vis and NIR regions are indicated and were measured with different detectors and optical fibers. The new
absorption peaks in the p-m-MTDATA film around 1.1 and 1.7 eV are discussed in Section 4.2.7.
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the absorption appears to consist of two peaks of similar intensity while the doped film shows
a less intense shoulder at lower energies and a more intense feature shifted to higher energies.

For HTM-B in Figure 4.2-6b, the same comparison does not reveal obvious differences between
dopant:matrix mixture and pure material thin films. The p-doped HTM-B film spectrum rather
appears as superposition of the pure HTM-B absorption above 3.2 eV and with reduced intensity
of the CPTCFA absorption between 2.2 and 3 €V. Still, it might be argued that there is a slight
deviation between 2 and 2.25 eV where the absorption of the doped HTM seems to be broader
and tailing to lower energies than the pure CPTCFA absorption. This might be the indication
for some interaction of dopant and host molecule. This different behavior in the UV-vis-NIR
absorption for the doping of m-MTDATA and HTM-B suggest a different doping mechanism
which is discussed in the next Subsection 4.2.7.

By IRA spectroscopy, significant differences for the p-doped HTMs are found as well. Figure
4.2-7 shows the IRA spectra of pure m-MTDATA (top panel), 25 vol% p-doped m-MTDATA
(center panel), and pure CPTCFA (bottom panel). The insets show the wavenumber range from
2150 to 2280 cm. The vibrational modes of the pure components are already assigned in
Subsections 4.1.2 and 4.1.3 and can be looked up there. Here, the new modes given by the
added labels in Figure 4.2-7 will be discussed. The goal is to describe differences between the
measured p-m-MTDATA spectrum and a spectrum that would simply be a superposition of the
two pure component spectra.

The vibrational modes (1) and (5) of m-MTDATA do not overlap with any strong modes from
pure CPTCFA and are also clearly visible for the p-m-MTDATA film. The other modes (2-4)
overlap with modes from pure CPTCFA (7-9) and thus cannot be easily separated from these in
the mixture. Still, the vibrational mode (9*) of the p-m-MTDATA layer does not seem to be a
simple superposition of the modes (9) and (4). Also, the shape of mode (6*) is significantly
changed in comparison to (6). Furthermore, a strong new mode (11) appears in the
p-m-MTDATA layer. Finally, the C-N stretching vibrational modes of the CPTCFA molecule
(a, b) shown in the insets change from the pure CPTCFA film to the CPTCFA:MTDATA mixture
(a*, b*). The two modes from pure CPTCFA of the inner (a) and outer (b) cyano groups at 2219
and 2248 cm’, respectively, shift towards lower wave numbers in the mixed film. The outer
cyano group mode (b*) shifts to 2240 cm™ and the inner cyano group (a*) to 2188 cm™. As
discussed, when comparing the pure CPTCFA spectrum to DFT calculations of the neutral and
charged CPTCFA molecule in Subsection 4.1.2, the inner cyano group mode is affected more
strongly by an additional charge. For the spectra calculated by DFT, the wavenumber difference
between the two C-N stretching modes changes from 42 to 78 cm™ from the neutral to the
charged molecule. This is an increase by a factor of 1.86. In addition, the inner cyano group
mode becomes more intense for the charged molecule. The wavenumber difference of the two
modes in the measured spectrum of pure CPTCFA is 29 cm™ and the one obtained for the
p-m-MTDATA film is 52 cm! which yields a factor of 1.79. This is surprisingly close to the
calculated one even though the calculations were performed on single molecules in vacuum
and clearly diverge from the measured spectra. Also, in agreement to the calculations, the inner

J Infrared Reflectance Absorption Spectroscopy was performed with the help of Rainer Béuerle, OCI Heidelberg University.
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Figure 4.2-7: IRA spectra of 100 nm thin films of m-MTDATA (top), p-(25 vol%)-m-MTDATA (center), and CPTCFA
(bottom) on ITO. The x-axes of the insets are aligned among each other and show the region from 2150 to
2280 cm'. The relative reflectance scale for the graphs is indicated by the percentage values.
cyano group mode in the p-m-MTDATA spectrum is more intense than in the pure CPTCFA
spectrum. These observations suggest the presence of a negatively charged CPTCFA molecule
which will be further discussed in the next Subsection 4.2.7.

The same comparison of IRA spectra is also done for HTM-B and is shown in Figure 4.2-8 with
the pure HTM-B film at the top, the doped HTM-B film in the center, and the pure CPTCFA film
at the bottom panel. As for the case of m-MTDATA, the vibrational modes of the pure
components were already assigned in Subsections 4.1.2 and 4.1.4, and are now simply
discussed by the labels added in Figure 4.2-8.

The vibrational modes (1) and (5) of the HTM-B layer have no overlap with modes from
CPTCFA and appear unchanged in the p-HTM-B layer. The other HTM-B modes (2-4) overlap
with modes (7-9) from pure CPTCFA but seem to be simply superposed in the p-HTM-B layer.
Mode (6) also appears in the CPTCFA:HTM-B mixture without a strong change in shape. The
strong new mode (11 in Figure 4.2-7) for p-m-MTDATA cannot be found for p-HTM-B. Finally,
the C-N stretching vibration modes (a, b) of the CPTCFA molecule shown in the insets are
compared. For p-HTM-B, the outer cyano group mode (b*) appears nearly at the same
wavenumber as in the pure CPTCFA film (b) at about 2248 cm™! but with a more triangular than
Gaussian shape. Below this absorption feature, there is some broad absorption (a*) visible from
2174 to 2228 cm™. This is quite different from the case of m-MTDATA where the inner cyano
group mode became significantly more intense and appeared as clearly identifiable Gaussian
shaped absorption. Overall and in contrast to the m-MTDATA case, the absorption spectrum of
the p-HTM-B layer appears as mere superposition of the pure HTM-B and CPTCFA IRA spectra.
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Figure 4.2-8: IRA spectra of 100 nm thin films of HTM-B (top), p-(19 vol%)-HTM-B (center), and CPTCFA (bottom)
on ITO. The x-axes of the insets are aligned among each other and show the region from 2150 to 2280 cm™'. The
relative reflectance scale for the graphs is indicated by the percentage values for the tick distances.
Thus, no indication of a charged molecular species due to a charge transfer between the dopant
and host molecule is found. This different behavior of m-MTDATA and HTM-B under p-doping
is further discussed in the next subsection with the aim to assign known doping mechanisms to
the two dopant:HTM system:s.

4.2.7 Doping Mechanism Discussion

In this subsection, the observations of the UV-Vis-NIR absorption and IRA spectroscopy
(previous Subsection 4.2.6) will be discussed regarding the doping mechanism in the two
dopant:host systems relevant for this work: CPTCFA:m-MTDATA and CPTCFA:HTM-B. For a
deeper understanding of the here briefly mentioned ideas, the reader may please refer to the
works of Liissem et al.,?® Salzmann et al.,?®4%% and Tietze et al.®%174176 which are the basis for
the performed discussion. Some more general information on the doping of organic
semiconductors and an illustration of the discussed doping models (see Figure 2.3-1) can be
found in Subsection 2.3.

At first sight, the doping of organic semiconductors can be understood similarly as for inorganic
semiconductors. An acceptor or donor species is introduced into a host system where it accepts
or releases charges to create free holes or electrons and thus enhances the conductivity of the
material. However, the electronic structure of organic semiconductors does not consist of
delocalized bands as in the case of their inorganic counterparts but of localized states due to
the weak interatomic interactions. In addition, the low dielectric constants of organic
semiconductor materials lead to strong Coulombic interactions. As result, the charge transfer
between matrix and dopant does not lead directly to a free charge carrier but to a localized
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polaron state. Besides other possibilities, molecular dopants are often used especially as
p-dopants due to their better morphological stability than, e.g., halide atoms.

The explained charge transfer between dopant and matrix describes the so-called integer charge
transfer (ICT) doping mechanism (see Figure 2.3-1a in Section 2.3). Here, the participating
matrix molecule forms the cation and the doping molecule the anion for p-doping or vice versa
in the case of n-doping. These ions show absorption spectra strongly different to their neutral
versions in the UV-vis-NIR as well as the MIR range. For example, studies on the dopant:matrix
combinations of F4sTCNQ:P3HT* and MoOs:CBP! could clearly identify the F4,TCNQ anion or the
CBP cation.'””"17® The second doping mechanism discussed in literature, is the so-called charge
transfer complex (CTX). It was proposed by Salzmann et al. and describes the formation of a
dopant:host complex where the frontier orbitals of both molecules overlap and form new
bonding and anti-bonding states.%® For the example of p-doping, it is the HOMO of the matrix
molecule that hybridizes with the LUMO of the dopant molecule leading to partial charge
transfer and forming a complex with a new HOMO and LUMO. The new LUMO of the complex
can then act as electron acceptor and can lead to a doping effect (see Figure 2.3-1b in Section
2.3). In this model, there are no electronically separated anions and cations as the charge
transfer per molecule is only partial.

Hence, the absorption spectra of such systems should not correspond to the ones of the ionic
molecules. Instead, the absorption spectra are expected to show signs of partial charge transfer,
e.g., a slight shift of a vibrational mode or the optical transition across the energy gap of the
new complex as described by Mendez et al.?’ In the work of Mendez et al., the doping
mechanism of the host materials P3BHT and 4T™ in combination with the dopant TCNQ and its
fluorinated derivatives (FxTCNQ) is studied. Their data for the Fy,TCNQ:P3HT systems show
clear signs of an ICT with FyTCNQ anion features in the UV-vis-NIR as well as the MIR range.
On the other hand, the F,TCNQ:4T system does not show absorption features of the F,TCNQ
anions in the UV-vis-NIR but a new absorption band that they assign to the proposed CTX. In
the MIR spectrum of the doped layers, Mendez and coworkers find the C=N stretching vibration
mode of F,TCNQ shifted to lower wavenumbers compared to pristine dopant films but not as
much as in the combination with P3HT. From this shift the degree of partial charge transfer can
be calculated and is determined to be around 0.25.

Based on these models and the related observations, the analysis of the absorption spectra of
the p-doped HTMs from the previous subsection can be discussed. In the case of p-m-MTDATA,
a strong variation from the absorption spectra of the pure components is observed. This suggests
that an ICT is taking place for the CPTCFA:MDTATA mixture. As a result, CPTCFA becomes the
anion and m-MTDATA the cation. This leads to respective changes for the absorption in
comparison to the neutral molecules. More precisely, this explanation matches the good
agreement of the change in the cyano group stretching vibrations between doped and undoped
layer with the calculations for the charged and neutral CPTCFA molecule. Furthermore, the

k F,TCNQ Tetrafluorotetracyanoquinodimethane; P3HT Poly(3-hexylthiophene)
! CBP 4,4'-Bis(N-carbazolyl)-1,1"-biphenyl

™ Quaterthiophene
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changed UV-vis absorption above 3.2 eV and the new absorption around 1.1eV for
p-m-MTDATA are the same as in a spectrum reported for MoOs:m-MTDATA. Here, MoOs is
used to oxidize m-MTDATA and obtain a reference spectrum for the m-MDTATA cation.'”’ In
analogy to this argumentation, the absence of any new absorption features in the case of
p-HTM-B can be explained by the CTX model. However, if following the observations on
F,TCNQ:4T the complex should be visible as new transition in the UV-vis-NIR spectrum. The
p-HMT-B IRA spectrum also shows barely any difference that would indicate even a partial
charge transfer. The C=N stretching vibration modes are marginally shifted. Maybe, the broad
absorption visible from 2174 to 2228 cm™ is the result of a variety of slightly different complexes
due to several slightly different orientations of matrix and dopant molecules leading to different
degrees of charge transfer. These different degrees of charge transfer would then cause different
strongly shifted vibrational modes which would appear as a broad absorption. In comparison
to the crystallite system FxTCNQ:4T, the molecules in this work are larger and are expected to
form amorphous layers (see Subsections 4.1.3 and 4.1.4). As a consequence, differently
orientated complexes explaining the absence of a clear complex-induced absorption seem
possible. Following the argumentation of Salzmann et al.,”® the formation of a CTX could
explain the observed saturation of the Er above the matrix HOMO onset with increasing dopant
concentration. The new complex LUMO would be saturated above the matrix HOMO and thus
the Er would be pinned between the two levels.?® For m-MTDATA, however, this explanation
cannot hold as it seems that an ICT is taking place. Considering that the LUMO of CPTCFA is
below the HOMO onset of m-MTDATA, degenerate-like doping where the Er shifts into the
HOMO of m-MDATA would be expected for high dopant concentrations. This kind of
degenerate doping is, e.g., observed for doping of P3HT. For P3HT, a finite density of states
that pins the Er is observed by photoemission spectroscopy. The origin of these states is claimed
to be a polaron lattice.?®!8% Still, for p-m-MTDATA no such states are observed. Another
explanation for the saturation of Er above the HOMO onset, is given by the internal interface
charge transfer doping model introduced by Mayer et al.®® In this study, Mayer and coworkers
found that the dopant is forming precipitates in the matrix creating an interface between dopant
and matrix phase. At this internal interface, electric double layers are formed which limit the
shift of Er. However, in the case of m-MTDATA the saturation starts already at a rather low
dopant concentration of 2 vol% which makes the formation of precipitates less likely.

In conclusion, the introduction of the p-dopant, CPTCFA, into m-MTDATA and HTM-B leads to
a shift of the Er by about 1.03 and 1.45 eV towards the HOMO onset. Absorption spectra reveal
the presence of a p-dopant anion and a m-MTDATA cation indicating an ICT. For HTM-B, the
absorption spectra show barely any signs of a charge transfer which might be a sign for the
formation of a CTX. Still, a final answer to the question of the doping mechanism in HTM-B
and m-MTDATA cannot be given here and further studies with a focus on this complicated
subject are necessary. These studies might require a systematic choice of materials and a wider
range of methods, e.g., inverse photoemission spectroscopy (IPES) to measure the energetic
position of unoccupied acceptor states.3262
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4.3 Conclusion

In this chapter, at first, thin films of the pure materials relevant for this work were characterized
and, second, the p-doping of the used hole transport materials was investigated. The
characterization of the ITO substrates in combination with different surface treatments revealed
that Ar-ion etching removes the hydrocarbon contaminations which are present after the solvent
cleaning of the substrates and creates a substrate surface with a reproducible WF of 4.1 eV.
Furthermore, the Ar-ion etching can be performed in-situ and is thus preferred over other
surface treatments. Beside the WF, an IP of 7.4 eV was determined by UPS. The topographical
characterization by SEM and AFM, showed a rather smooth surface with an RMS roughness
value of 2.8 nm. The structure at the surface consists of grains with 2 nm height and 20-30 nm
diameter. This is relatively flat and wide compared to the size of the organic molecules which
is in the range of 1-2 nm. Thus, a smooth layer-by-layer growth of the organic thin films on the
ITO substrates can be expected.

The organic molecules, a commercially available p-dopant, CPTCFA, a literature-known HTM,
m-MTDATA, and a commercial HTM of Merck KGaA, HTM-B, were characterized by XPS, UPS,
UV-vis-NIR absorption, and IRA spectroscopy. Via XPS, it could be confirmed (within the XPS
restrictions) that the molecules are not decomposed during the thermal evaporation process.
To draw this conclusion, the stoichiometric ratio of the atoms in the molecule were checked
and the XP spectra were compared to simulated spectra based on DFT calculations. From the
valence and SEC regions of the UP spectra, the WF/IP of the materials were determined to be
3.6/5.0 eV for m-MTDATA, 3.7/5.6 eV for HTM-B, and 5.8/8.5 for CPTCFA. The optical energy
gap of the materials was evaluated from the UV-vis-NIR absorption spectra: 3.1eV
(m-MTDATA), 3.2 eV (HTM-B), and 2.3 eV (CPTCFA). The IRA spectra of the organic thin films
were recorded for an evaluation of the doping mechanism in the second part of this chapter.
DFT calculations were used to distinguish the different vibrational modes. For CPTCFA, the
vibrational modes of a negatively charged molecule were calculated. This calculation revealed
that the stretching modes of the cyano groups in the inner part of the molecule were more
strongly affected by the added charge than the cyano groups in the outer part of the molecule.
This observation was linked to the calculated pseudo wave functions which showed that the
LUMO is located mostly around the center of the molecule than at the outer parts.

Finally, a thermally evaporated Al thin film was compared to an Ar-ion etched clean Al surface
revealing only minor amounts of oxygen on the evaporated thin film. The WF of the evaporated
Al thin film was determined at 4.2 eV. The electronic structure of all materials was summarized
in energy level diagrams at the end of the first Section 4.1.

In the second Subsection 4.2, the quality of the p-doped m-MTDATA and HTM-B layers was
checked. First, the data analysis process for the dopant concentration was explained. Then,
experiments on the distribution and diffusion of the dopant molecules were discussed. It was
shown that the distribution of the CPTCFA molecules across the deposited layer is homogeneous
and no signs for diffusion of the CPTCFA molecules were found. The evaluation of the electronic
structure of the doped layers showed that the Fermi level is shifted by 1.1 eV for m-MTDATA
and 1.5eV for HTM-B towards the HOMO levels of the molecules. Furthermore, the
introduction of the dopant lead to a broadening of the valence spectra in both molecules which
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indicates a disturbance of the structure, orientation, or conformation of the host molecules by
the CPTCFA molecules.

UV-vis-NIR absorption and IRA spectra of the p-m-MTDATA and p-HTM-B layers in comparison
to the undoped layers showed a clear difference between the two HTMs. For p-m-MTDATA,
new UV-vis-NIR absorption features were found which do not correspond to the pure
m-MTDATA or CPTCFA spectrum. The features could be assigned to m-MTDATA cations. In
addition, the cyano group stretching vibrations of CPTCFA were shifted similar as in a DFT
calculated spectrum for the negatively charged CPTCFA molecule. For this reason, an integer
charge transfer is expected to occur in the CPTCFA:MTDATA system. This observation is
contradicting the suggestion by Salzmann et al.?® who expect a charge transfer complex
formation for small molecules. It remains unclear why the Fermi level saturates above the
HOMO level of m-MTDATA when the LUMO level of CPTCFA is well below. In contrast, the
p-HTM-B absorption spectra appeared as mere superposition of the spectra from the pure
materials showing barely any feature that could be addressed to a charged species. Therefore,
it is believed that the doping mechanism in the CPTCFA:HTM-B system is based on the
formation of a charge transfer complex. Here, the electronic states of the formed complex act
as acceptor states for the electron causing the p-doping effect without the formation of a
cation-anion pair. Further experiments using IPES could be used to identify these new acceptor
states in the CPTCFA:HTM-B system.

In the next chapter, the interfaces with the doped and undoped HTMs will be investigated and
the doping mechanism of the two HTMs will be further discussed.
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5 Modeling of Interface Experiment
Photoelectron Spectra

In the previous chapter thin films of indium tin oxide (ITO), a commercially available p-dopant,
herein called CPTCFA, the well-known hole transport material (HTM) m-MTDATA, a
commercially available HTM, herein called HTM-B, and aluminum were characterized
regarding their bulk electronic structure. Furthermore, doping of the HTMs with CPTCFA was
investigated. Now, in this chapter, the electronic structure at the interfaces of these materials
will be studied. These interfaces typically play an important role in organic electronic devices
as, e.g., the presence of space charge regions at the interface can hinder or enable charge
injection?3, or can lead to a shift of the onset voltage of a device!*!®. Furthermore, a model
approach that goes far beyond a classical Schottky model and is based on an approximated
density of states (DOS) will be used to calculate the electric potential distribution at the
interfaces and generate photoelectron spectroscopy data that can be fitted to the experiments.
The aim of this chapter is to introduce the model, test it against a classical analysis approach,
and show the advantages and additional insights provided by this sophisticated method. At first,
the classical analysis is applied to ITO | (p-)HTM heterointerfaces where the HTM can be
undoped or p-doped. This will provide the test case for the DOS-based model. Next, the DOS-
based model is introduced. The same ITO | (p-)HTM heterointerface data analyzed by classical
methods are fitted by the modeled data and the results are compared. In addition, an in-depth
discussion enabled by the modeling is given. Finally, the model is applied to p-HTM | HTM
homointerfaces where a classical analysis fails. Here, the model is further advanced and predicts
the formation of a high density of tailing gap states right at the interface. These predicted gap
states will be discussed with respect to literature where a density of states in the energy gap is
a recurring explanation for the electronic structure of organic semiconductors at
heterointerfaces.324749-52 The results of this chapter were published in:

Frericks, Markus; Pflumm, Christof; Mankel, Eric; Mayer, Thomas; Jaegermann, Wolfram
(2021): Space Charge Regions at Organic p-i-Homointerfaces from Advanced Modeling of In Situ-
Prepared Interfaces Analyzed by Photoelectron Spectroscopy. In: ACS Appl. Electron. Mater. 3 (3),
S. 1211-1227. DOI: 10.1021/acsaelm.0c01062.7*

5.1 Classical Analysis of Heterointerface Experiments

Before the sophisticated DOS-based model is introduced and tested, the typical approach of
analyzing photoelectron spectroscopy interface experiments (see Section 3.1) shall be
demonstrated. Thus, this classical approach as, e.g., outlined by Klein et al.*® will be used to
study the ITO| (p-)HTM heterointerface where the in-situ layer-by-layer deposition is
monitored by X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) measurements. As mentioned before, ITO is a commonly used transparent
conductive oxide (TCO) which is often used in organic light emitting diodes (OLEDs) as anode
material. There, the role of ITO is to inject holes into the HTM. Frequently, the HTM is doped
to increase the conductivity and to reduce the contact resistance by lowering the electronic
interface barrier or reducing the barrier width far enough that the charges can tunnel through.
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This section is divided into the first part investigating the undoped HTMs, and the second part
studying the interfaces of the p-doped HTMs. The results of this section serve as benchmark for
testing the DOS-based model.

5.1.1 Heterointerfaces with Undoped Hole Transport Materials

The undoped HTMs, m-MTDATA and HTM-B, were deposited layer by layer in an in-situ
evaporation process. The film growth was monitored by consecutive XPS and UPS
measurements. The respective spectra are shown in Figure 5.1-1 for m-MTDATA and Figure
5.1-2 for HTM-B. The analysis and trends for both materials are the same and therefore
discussed together. The C 1s emission spectra are the strongest core level signal for the organic
molecules and are shown in a). The N 1s emission (not shown) is much weaker and has a worse
signal to noise ratio. Still, the observed trends are similar. It can be clearly seen that the C 1s
intensity increases with increasing film thickness until the films are thicker than the information
depth of XPS (about 15 nm). The In 3d substrate emission (not shown) decreases in intensity
as the signal is damped by the adlayer. The binding energy position of the C 1s peaks is
determined by fitting only the top part (around a quarter of the maximum intensity) by a
Gaussian. The determined binding energy positions are indicated by black markers in the figure.
It can be observed, that the C 1s peaks shift slightly to higher binding energies with increasing
layer thickness. The analysis of the valence spectra in b) is already more complicated. Here, the
emission from the substrate and the adlayer overlap and need to be separated by a fitting
procedure. For the fitting, the spectrum of the bare substrate (first spectrum from the bottom)
and the pure spectrum of the adlayer (second spectrum from the top) are interpolated. The
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Figure 5.1-1: Photoemission spectra of the interface experiment ITO | undoped m-MTDATA. The spectra of the
layer-by-layer deposition steps are stacked for increasing layer thickness from bottom to top. The layer thicknesses
are given on the right side. a) The C 1s spectra start with the first deposition step (0.2 nm). For the C 1s emission
peak and c) the secondary electron cut-off (SEC) onset, the binding energy positions are indicated by small black
markers. b) The valence spectra are plotted in black and are fitted by a superposition (green) of the substrate
(blue) and the adlayer (red). The SEC region is plotted against the difference of the excitation energy hv (21.22 eV)
and the binding energy. Thus, the WFs can be read from the x-axis at the SEC onsets. Grey dotted lines serve as
guide to the eye and help to observe the shift of the spectra.
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spectrum of the adlayer has to be chosen from a deposition step where the layer thickness
exceeds the information depth and thus the intensity of the adlayer emission has saturated.

Then, these reference spectra of substrate and adlayer can be used to fit the intermediate
deposition steps by scaling the intensity of the reference spectra and shifting them on the
binding energy scale. Four fitting parameters are obtained at each deposition step: one scaling
factor and one shift offset for each reference spectrum. The intensity scaling factors are useful
as they allow to estimate the effective attenuation length of the electrons emitted by the
ultraviolet (UV) excitation with their low kinetic energies around 15 eV.

The TPP-2M equation® which is based on material properties and used in the NIST database
software®® to calculate the inelastic mean free path for the core level electrons in XPS, cannot
be applied in this low kinetic energy range. In addition, the inelastic mean free path is not equal
to the effective attenuation length due to elastic electron scattering (see Subsection 3.2.6).
Therefore, the intensity scaling factors are plotted against the layer thickness and then fitted by
a Beer-Lambert type exponential equation (see Eq. (6) in Subsection 3.2.6) resulting in an
effective attenuation length of about 0.5 nm. Related values reported in literature are between
0.3 and 3 nm with a strong dependence on the kinetic energy.’>°>17! The here determined value
of 0.5 nm agrees with this range and as it is determined from the used materials and range of
kinetic energies it is further on used in this work. Besides the analysis of the intensity scaling fit
parameters, the binding energy offsets can be directly compared to the observed shifts vs layer
thickness of the other emissions.
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Figure 5.1-2: Photoemission spectra of the interface experiment ITO | undoped HTM-B. The spectra of the layer-
by-layer deposition steps are stacked for increasing layer thickness from bottom to top. The layer thicknesses are
given on the right side. a) The C 1s spectra start with the first deposition step (0.2 nm). For the C 1s emission peak
and c) the SEC onset, the binding energy positions are indicated by small black markers. b) The valence spectra
are plotted in black and are fitted by a superposition (green) of the substrate (blue) and the adlayer (red). The
SEC region is plotted against the difference of the excitation energy hv (21.22 eV) and the binding energy. Thus,
the WFs can be read from the x-axis at the SEC onsets. Grey dotted lines serve as guide to the eye and help to
observe the shift of the spectra.
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Figure 5.1-3: Classical analysis procedure of plotting adlayer binding energy shifts vs. deposition layer thickness.
The shifts of the C 1s emission peaks, HOMO onsets, and SEC onsets for the interfaces of ITO with a) m-MTDATA
and b) HTM-B are shown. The binding energies of the different emissions are offset to be comparable. The
respective offsets are stated in the legends. The dashed line marks the mean value between C 1s and HOMO onset
and serves as a guide for the eye.
The valence spectra of the substrate do not shift identically to the In 3d substrate emissions (not
shown). Additionally, the valence spectra of the adlayer shift to higher binding energies with
increasing layer thickness, similarly to the C 1s emissions. For the secondary electron cut-off
(SEC) onset, determined by a tangent procedure, the trend is similar — binding energy positions
are again indicated by black markers.

The determined shift of the SEC is larger than the one of the C 1s spectra and the highest
occupied molecular orbital (HOMO) onsets of the adlayer. As it is commonly done in the
classical analysis procedure®, all extracted shifts of the adlayer are plotted in Figure 5.1-3. a)
Shows the shifts observed for the interface ITO | m-MTDATA and b) the interface ITO | HTM-B.
The values of the C1s emission peak, the HOMO onset, and the SEC onset binding energy
positions are offset by the values given in the legend of each graph. Overall, a similar shift to
higher binding energies of the C1s emissions and HOMO onsets can be seen, which is
highlighted by the dashed lines that mark the mean value at every deposition step.

The shift is about 240 meV for m-MTDATA and 180 meV for HTM-B. For the ITO | HTM-B
interface, the first C 1s peak binding energy position diverges from the trend. This is most likely
due to an error in the fitting caused by the low signal because of the very thin layer (0.2 nm).
There is no change in the spectral signature of the C 1s and valence emissions that could indicate
a chemical reaction. Thus, this shift can be attributed to a change in the electrical potential
causing an upwards bending of the energy levels in the HTMs towards the interface.*®
Presumably, this change in electric potential results of an electron transfer from the HTMs to
ITO leading to the formation of a space charge region (SCR) at the interface.*® More details on
the formation of a SCR are given in the following subsections. It should be mentioned that the
shifts to higher binding energy might be caused by a transition from the influence of the SCR
to a charging effect at larger film thicknesses. As described in Subsection 3.2.8, counter
measures against charging are taken in form of irradiation by an UV-LED, still a slight charging
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effect might be present for the thick undoped HTM layers. For layer thicknesses greater than
about 2 nm, the SEC onsets are parallel to the other shifts. It should be mentioned that this SEC
onset shift contrasts with an alternative explanation for the shifts of the HOMO onset with
increasing layer thickness found in literature. The reports assign similar HOMO onset shifts to
relaxation effects in the organic layer that cause a change of the energy gap with increasing
layer thickness and thus distance to the interface. However, in that case the work function (WF)
and thus the SEC onset would stay constant which is not the case here.3%181,58

In contrast to the agreement of all different binding energy shifts at layer thicknesses above
2 nm, there is a larger shift in the SEC onsets and therefore also in the WF, for about the first
two deposition steps, which is not matched by the C1s emission and the HOMO onset.
Depending on the growth mode, the orientation, and conformation of the molecules, these two
deposition steps up to about 1 nm may coincide with the formation of the first monolayer (see
dimensions of the single molecules in vacuum in Subsections 4.1.3 and 4.1.4) and indicate the
formation of an electric dipolar layer right at the interface.*” The determined potential drops
are about 310 meV for m-MTDATA and around 230 meV for HTM-B.

Such a dipolar layer at an inorganic | organic heterointerface can have different origins
depending on the type of interaction. In the case of self-assembling monolayers, the charge
transfer during chemisorption of the molecules can lead to a double layer potential drop.%®
Speaking of self-assembled monolayers, molecular dipoles aligned at the interface or induced
by polarization of the electron density can also result in an interface dipole.”* For interfaces
with clean metal substrates as, e.g., Au, the electron wavefunctions that would otherwise extend
beyond the surface are pushed back by the adsorbed layer. This so-called “push back effect”
causes a change in electron density and thus a dipolar layer.>® Finally, a charge transfer dipole
can also build up when charges are transferred into localized states right at the interface.*’-182
The former interactions seem unlikely for the here discussed interfaces as no metal substrate is
used, no indication for a chemical reaction is found, and the molecular layers are amorphous
with no sign of oriented interlayers (see Subsections 4.1.3 and 4.1.4). A transfer of charges into
localized states, however, could be an explanation for the observed dipolar charges. This kind
of double layer potential drop is similar to the formation of a space charge region. However,
the difference lies in the spatial distribution of the transferred charges. For the electrostatic
potential drop, the charges are strongly localized right at the interface, in contrast to the more
spread-out charges in the SCR. Alternatively, the observed dipolar layer could also result from
a change of the surface dipole of the Ar-ion etched ITO substrate under deposition.

For further investigation of the first deposition steps and possible effects on the formation of an
interface dipole, difference spectra of the valence region are calculated. To calculate a
difference spectrum, the results of the above presented fitting of the valence spectra can be
used. For each deposition step, the substrate reference spectrum is shifted and scaled as
determined by the fit and then subtracted from the measured spectrum. This results in the
actual emission from the adlayer assuming no changes in the spectral signature of the substrate.
In Figure 5.1-4, the obtained spectra of the first three deposition steps are compared to the
spectrum of the thick adlayer for m-MTDATA (a) as well as for HTM-B (b). To compare the
spectral shape, the spectra are aligned to the HOMO onset and normalized in intensity. It can

5.1 Classical Analysis of Heterointerface Experiments | 81



a) b)

o ITO / MTDATA o ITO / HTM-B
'E T ,/ T T T T 'E T N T T T

5 /"\)\‘\ —— 02mm 5 / —— 02mm
S / ! —— 0.4 nm| T 2 /»f —— 0.6 nm|
& \ 0.9 nm 8 W 1.2 nm
fnl \ 27.7 nm| | 2 21.5 nm| |
2 ] 2
et \ et

= ‘ / g - i

s ] \W"\/\\M\ } . \ A

g o g

o T T T T T o T T T T =
2 4 3 2 1 0 Z 3 2 1 0

Rel. Binding Energy (eV) Rel. Binding Energy (eV)

Figure 5.1-4: Difference valence spectra of the adlayer from the interface experiments a) ITO | m-MTDATA and b)
ITO | HTM-B. The spectra are obtained by subtracting the substrate signal and are then normalized in intensity
and aligned to the HOMO onset. The layer thicknesses are given in the legend. For the thickest layers, no
subtraction is needed. Adapted from Frericks et al.7*

be seen that the spectra are broader in the first deposition step and then become sharper with

increasing layer thickness.

Furthermore, the energetic difference between the peak at lower binding energies and the one
at higher binding energies becomes larger. Similar to the observations on doped and undoped
layers in Subsection 4.2.5, these differences could stem from an increased structural or
electronic disorder in combination with a change in conformation or orientation of the
molecules right at the interface. These effects could be introduced by the charge transfer
between ITO and HTMs and could be linked to the observed dipolar layer as they coincide with
the strong changes in the WEF.

Summarizing, the classical analysis of the ITO | MTDATA interface yields an upwards bending
of the energy levels of 240 meV in the MTDATA thin film towards the interface and an interface
dipole of 310 meV. For the ITO | HTM-B interface a similar energy level bending of 180 meV
and an interface dipole of 230 meV is found. In the classical analysis, usually, these values, the
WFs of the substrate and the adlayer at final thickness, and the HOMO onset to Fermi level (Er)
energetic difference of the adlayer at final thickness are now taken to construct and draw the
self-consistent energy level diagram of the interface. The exact distribution of the electric
potential is not known from the classical analysis and can only be approximated. Next, the
interfaces of the doped HTMs will be also first analyzed by the classical procedure and
afterwards the results of the modeling approach will be shown in the then following
subsections. Finally, the results for the electrical potential changes of the undoped interfaces
determined by the just described classical analysis are given in Table 5.3-1 in Subsection 5.3.1
together with the values from the interfaces of the doped HTMs and in comparison with the
values derived from the modeling approach. In addition, the energy diagrams of all
ITO | (p-)HTM heterointerfaces are then drawn in Figure 5.3-2 based on the modeled electrical
potential distribution.

82 | Chapter 5 — Modeling of Interface Experiment Photoelectron Spectra



5.1.2 Heterointerfaces with p-Doped Hole Transport Materials

After the classical analysis was used on the undoped HTM interfaces, it is now applied to the
interfaces between ITO and the doped HTM thin films. To investigate the influence of doping
on the HTMs at the interface with ITO, several interface experiments with differently doped
HTMs were performed. Dopant concentrations of 2 and 7 vol% for m-MTDATA and <1, 1, 6,
and 11 vol% for HTM-B were tested. In this subsection, one example for each HTM is selected
and analyzed following the same classical approach as for the undoped layers of the previous
subsection. The spectra of the interface experiment ITO | p-(2 vol%)-m-MTDATA are shown in
Figure 5.1-5 and the extracted binding energy shifts are plotted in Figure 5.1-6a. For the
interface experiment ITO | p-(6 vol%)-HTM-B, only the extracted binding energy shifts are
plotted in Figure 5.1-6b. The trends for both interfaces are again similar and can be discussed
together. As for the undoped layers, the C1s spectra in Figure 5.1-5 a) show an increasing
intensity with increasing layer thickness and otherwise no signs of a chemical reaction in form
of a new spectral feature. In contrast to the undoped layers, the C 1s peaks of the doped layers
shift to lower binding energies. The same shift can be also seen for the valence spectra (black)
in b) which are again fit by the superposition (green) of substrate (blue) and adlayer (red)
reference spectra (see description in the previous subsection). The evolution of the SEC onsets
in c) is slightly more complicated. From the substrate spectrum to the second deposition step
for p-m-MTDATA and first deposition step for p-HTM-B, the SEC onsets shift to higher binding
energies (lower WF). In the following deposition steps, the SEC onsets follow the trend of the
C 1s and valence emissions and shift to lower binding energies (higher WF). Again, no shifts of
the substrate emission are detected. Following, the classical method, the binding energy shifts

a) b) <)
: Valence ! 1SEC S 23.8 nm
N N _ E J 11.8 nm
E E g 5 5.9 nm
_c% —c% %’ 2.9 nm
< - — =
g‘ %‘ q:é 1.4 nm
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Binding Energy (eV) Binding Energy (eV) hv - Binding Energy (eV)

Figure 5.1-5: Photoemission spectra of the interface experiment ITO | p-(2 vol%)-m-MTDATA. The spectra of the
layer-by-layer deposition steps are stacked for increasing layer thickness from bottom to top. The layer thicknesses
are given on the right side. a) The C 1s spectra start with the first deposition step (0.2 nm). For the C 1s emission
peak and c) the SEC onset, the binding energy positions are indicated by small black markers. b) The valence
spectra are plotted in black and are fitted by a superposition (green) of the substrate (blue) and the adlayer (red).
The SEC region is plotted against the difference of the excitation energy hv (21.22 eV) and the binding energy.
Thus, the WFs can be read from the x-axis at the SEC onsets. Grey dotted lines serve as guide to the eye and help
to observe the shift of the spectra. Adapted from Frericks et al.”4
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Figure 5.1-6: Classical analysis procedure of plotting adlayer binding energy shifts vs deposition layer thickness.
Here, the shifts of the C 1s emission peaks, HOMO onsets, and SEC onsets for the interfaces of ITO with a)
p-(2 vol%)-m-MTDATA and b) p~(6 vol%)-HTM-B are shown. The binding energies of the different emissions offset
to be comparable. The respective offsets are stated in the legends. The dashed line marks the mean value between
C 1s and HOMO onset and serves as a guide for the eye.
of the adlayer emissions are plotted in Figure 5.1-6. Here, it can be seen that the shifts are
about -0.7 eV for m-MTDATA and -1.1 eV for HTM-B. Analogous to an inorganic Schottky diode
metal-semiconductor interface, these shifts can again be assigned to a change in the electric
potential which stems from the formation of a SCR.

As the shift is opposite to the case of the undoped HTMs, also the charge transfer needs to
proceed in the other direction meaning that electrons are transferred from the ITO substrate to
the p-doped HTM. This is because the doping introduces holes in the HOMO of the HTM
lowering the Er below the one of the ITO substrate and thereby creating the driving force for
the electron transfer to the HTM.%” The transferred electrons recombine with the holes on the
HTMs leaving the ionized acceptor states of the p-dopants uncompensated. These negative
charges then build up the SCR. The charges of the SCR are compensated in the ITO. However,
as ITO has a high number of mobile charge carriers the region of compensating charges is very
narrow right at the interface and thus does not lead to a potential drop in the ITQ.6%67:183.184

The decrease of the WF in the first deposition steps, indicated by the shift of the SEC onset to
higher binding energies, can very likely be attributed to a formation of an electrical dipolar
layer right at the interface, as it was discussed in the previous subsection. For p-m-MTDATA,
the dipole related potential drop is about 250 meV and thereby only slightly smaller than for
the undoped m-MTDATA (300 meV). For HTM-B, the dipole related potential drop is around
100 meV and thus reduced compared to the undoped case (250 meV). As discussed above,
different mechanisms can be involved in the formation of an interface dipole, thus a reason for
this different behavior cannot be given at this point without further dedicated studies on the
doping mechanisms in these two HTMs. The dipole and SCR related potential drops are
extracted for all studied interfaces of differently doped HTMs with ITO (doping concentrations
of 2 and 7 vol% for m-MTDATA and <1, 1, 6, and 11 vol% for HTM-B). Overall, a typical
semiconductor junction formation process is found. The potential drop across the SCR increases
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with dopant concentration as the Fermi level shifts closer to the HOMO onset of the organic
semiconductor, increasing the Fermi level offset before contact. In addition, the width of the
SCR becomes narrower with increasing dopant concentration due to the higher charge density
and resulting in higher electric fields. All extracted values are summarized in Table 5.3-1 and
compared to the values obtained by modeling approach in the Section 5.3. There, also energy
level diagrams of the various ITO | (p-)HTM interfaces can be found. However, before the
comparison to the model approach can be made, the DOS-based model is first explained in the
next section.

5.2 Density of States Based Model

In this section, the density of states (DOS) based model, used to model photoelectron spectra
for interface experiments, is introduced and the fitting of the measured data is explained. In a
new and more complex way, this model combines different approaches from literature which,
so far, were only applied to data analysis or interpretation separately. The calculation of the
electrical potential is based on the work of Oehzelt et al.* The description of the DOS which
enters the electrical potential calculation incorporates the ideas of Salzmann et al.*® on how to
introduce acceptor states, and Yang et al.*’ for using a density of gap states (DOGS). Finally,
the model convolutes the calculated electrical potential distribution over the layer depth with
the decay function of the photoelectron emission with layer depth as it is done in the work by
Ohashi et al.* To the authors knowledge, for the first time, the here presented model generates
photoelectron spectra of different emission regions based on a sophisticated calculation of the
electrical potential distribution and fit the modeled spectra directly to sets of experimental
spectra.

As it is shown in the previous section, interface experiments can be used to study the electronic
structure at the interface of two materials. By observing the shifts of the photoelectron spectra
on the binding energy scale with increasing layer thickness, the formation of space charge
regions (SCRs) can be identified. More precisely, the drop of the electrical potential across a
SCR and its width is detected and quantified in the simple classical approach. However, the
actual distribution of the electrical potential V(x) along the deposited layer thickness x is not
known.

Formal Description of the Electric Potential Calculation
To calculate V (x), the following one-dimensional ordinary” differential Poisson equation,

av(x)
dx

dF(x) _p(V(x)) (17)
dx e

—F(x),

has to be solved. Here, F is the electric field, p is the charge density, and ¢ is the dielectric
permittivity which can be separated as

E=¢"¢, (18)

" Ordinary differential equations are differential equations with only one independent variable (here x) in contrast to partial
differential equations which include more independent variables (e.g., X, y, z in 3 dimensions).
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where ¢, is the material specific dielectric permittivity and ¢, is the dielectric permittivity of the
vacuum.

At this point, in the classical approach often the Schottky model®®%” is used to approximate the
solution. In the Schottky model, the SCRs are assumed to have a defined width with a constant
non-zero value for p inside the SCR and a value of zero outside the SCR. After integrating the
constant value of p, a linear dependence for F is obtained. A second integration then leads to a
parabolic description of V. Thereby, a very simple but also very rough description for V is
obtained, as will be further discussed in the next section where the DOS-based model is tested
and compared to the classical analysis approach.

For the DOS-based model of this work, p is described as a sum of the contributions from
different charge carriers:

p(V(x) =e[p(V(x)) —n(V(x)) = NA~(V(x)) + ND*(V(x))], (19)

with p the density of holes, n the density of electrons, NA™ the density of ionized acceptors,
and ND* the density of ionized donors.

Each of these contributing charge carrier densities depends on the convolution of a respective
DOS with the Fermi function f, as shown for the example of p:

p(V() = f DOSkomo (E, V() (E)AE 20)

Analogously, n, NA~, and ND* are described using DOS1umo, DOSace, and DOSpon, respectively.
Each of these DOS depends on V' as it shifts the position of the states on the energy scale E with
respect to the Fermi level Er. Depending on the type of charge carriers, the Fermi function f,,,

1
E—EF) > 2D

1+exp( TuT

fr

with temperature T and Boltzmann’s constant kg, for electrons and ionized acceptors, or f,

fp =1-fn, (22)
for holes and ionized donors has to be used.

As just mentioned, the energetic position of the DOS with respect to Er depends on V and allows
to calculate p. However, by the Poisson Eq. (17) V depends on p rendering this a non-linear
problem which allows for a non-constant charge density but also has to be solved numerically.

From the Eq. (17) to (22), it should become clear that the key parameter in this model is the
description of the DOS. For the materials used in this work, the DOS for the HOMO is described
as,

DOSyomo(E,V(x)) = No(1 — 1ac)[(1 — ©)G(E, V(%)) + tH(E, V(x))], (23)
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which is a combination of a Gaussian,

1 [E — Enomo + V(x)]?
G(E' V(x)) - V2no? exp <_ 252 ’ 24)
and an exponential function,
1 E —E +V
H(E,V(x)) = exp (_ Honvl[o (x)) ’ (25)

for the HOMO states broadened by disorder and gap states tailing into the energy gap,
respectively (see Figure 5.2-1). Here, N, is the total state density, t the tail states ratio, o the
Gaussian standard deviation, [ the exponential decay parameter, and Eygmo the energy level
expectation value. The description of the HOMO by a Gaussian function and the DOGS by an
exponential function is in line with previous literature reports.®”-185-188 As described by Yang et
al.¥’, gap states seem to play an important role for the energetic alignment of organic
semiconductors. In addition to these reports, the following sections will also show the
importance and influence of the DOGS.

For the modeling of the p-doped layers used in this study, acceptor states are introduced using
a Gaussian function as in the work of Salzmann et al.*®,

DOSpcc(E, V(%)) = NoTaccG(E, Epcc + V (%)), (26)

with the acceptor state energy expectation level E5.. and the volumetric acceptor concentration

TAcc-

In the same manner as for the acceptor states, donor states could be introduced for a case of n-
doping. However, as n-doped layers are not studied here, no description for donor states is
needed. Similarly, an exact description of LUMO states is not required for the modeling in this
work. Thus, LUMO states are simply modeled as mirror image of HOMO states with respect to
the center of the energy gap. From Eq. (23) to (26), it can be seen that the DOS is mainly
described by the parameters g, [, t, rpcc, and Epcc.

Influence of the DOS parameters

The influence of the DOS parameters g, [, t, racc, and Ep. is illustrated in Figure 5.2-1 and will
be discussed in the following. A detailed description of all parameters and how they are
determined or estimated is given at the end of this Section 5.2. In a), the influence of the
Gaussian standard deviation ¢ is shown. This parameter is found to have only a small effect in
this work as the Fermi level at the modeled interfaces varies with distance to the interface®
mainly in the energy regime above the HOMO onset where the number of tailing gap states
dominates. Furthermore, the HOMO onset is taken as descriptor for the HOMO states energetic
position. As a consequence, the influence of ¢ is further reduced as the HOMO onset is defined
as 20 above Eygmo (see further description below).

° In the description of the model, the DOS shifts with respect to the Fermi level due to the change of the electrical potential with
distance to the interface. Vice versa, this can be seen as shift of the Fermi level with respect to the DOS.
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Figure 5.2-1: lllustration of the effect of several model parameters on the shape of the modeled DOS: a) the
Gaussian standard deviation g, b) the exponential decay parameter [, c) the tail states ratio t, d) the volumetric
acceptor concentration r, .., and e) the energetic position of the acceptor states E5.. above the HOMO onset. The
influence of an increasing parameter value is indicated by arrows. The DOS scale is in a logarithmic representation
and the scaling varies among the parameters. Adapted from Frericks et al.”*
The shape of the tailing gap states is defined by the parameters of the exponential decay
function, the decay parameter [ (b) and the tail states ratio t (c). Their influence can be best
presented on a semi-logarithmic plot as in Figure 5.2-1. Here, the exponential function becomes
a straight line where [ defines the slope and t the offset. The total state density N, is kept
constant. Thus, t defines the ratio between Gaussian and exponential states and can be given
as a percentage value of tail states with respect to the total number of states.

Finally, the volumetric acceptor concentration 5. (d) and the energetic position of the acceptor
states Ep .. (e) define the doping effect in the model. Similar to t, r5.. defines the ratio between
the matrix molecule state density and the dopant molecule state density. In a first
approximation, the total density of states in a doped organic layer is assumed to be constant.
Thus, it is assumed that if more dopant molecules occupy the space of matrix molecules for an
increasing dopant concentration, they also take the according number of states from a fixed
total state density. In other words, with increasing volumetric dopant concentration the number
of matrix molecule states decreases while the density of dopant molecule states increases
proportionally. As an advantage of this approximation, the model parameter r.. can be directly
compared to the measured dopant concentration X (see next section). In Figure 5.2-1d, the
decrease of the HOMO states is not visible due to the semi-logarithmic representation. The
influence of E4.. can be simply understood as a shift of the acceptor states with respect to the
HOMO onset of the material. In addition to 7. and Ex, there is also a standard deviation for
the Gaussian distribution of the acceptor states (not shown). Further details on this Gaussian
distribution of the acceptor states and the effect of ry.. and E,.. are discussed below after the
second component of the model, the convolution of electrical potential distribution and
photoelectron emission decay, is explained.

Peak Broadening by Convolution of Electrical Potential and Signal Decay

A photoelectron emission spectrum is influenced by different contributions. One is the
characteristic spectral peak shape of the orbital emission P that depends on the chemical shift
(see Subsection 3.2.1) of the measured material. Furthermore, the position of this peak on the
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binding energy scale is influenced by the electrical potential V. If V changes with the depth x
from the surface, an overlapping signal of different emission peaks shifted against each other
by the distribution of V(x) will be measured as broadening of the peak shape. In addition, the
intensity of the emission I decreases with x (see Subsection 3.2.6). The following equation
based on the work of Ohashi et al.** summarizes this convolution of depth-dependent electrical
potential and intensity decay:

S(Egg) = % [ 1(x, Agy, )P(Epg, V(X)) dx . 27)

Here, the final measured peak shape is S. It is obtained by integrating the convolution from the
surface (x = 0) to the depth of the measured layer thickness (x = d). I, is a normalization factor
which is determined from the peak intensity at a layer thickness d,,x that is thicker than the
information depth:

dmaX
IO = —[ I(x, AEkin)dx ) (28)
0

with Ag . the effective attenuation length or inelastic mean free path of the electrons as

discussed in Subsection 3.2.6. In that subsection, also the Beer-Lambert type exponential decay
function is mentioned on which the description of I is based:

I(x,Ag,, ) = exp <x — d> . (29)

AEkin

The whole method of potential-decay-convolution is visualized in Figure 5.2-2. As example the
p-HTM-B spectrum at 3 nm layer thickness of the ITO | p-(6 vol%)-HTM-B interface experiment
is chosen. The measured spectrum is plotted in the top right graph as black solid line. Here, the
superposition of different spectral signals (red shaded peaks) coming from different depths x is
also shown. These signals are summed up to obtain the final spectral shape which is shown as
grey shaded peak. The position of each red spectrum on the binding energy scale is defined by

Figure 5.2-2: lllustration of the convolution of IA
depth x dependent electrical potential V(x)
(green) and intensity decay /(x) (blue) to obtain
the modelled peak shape (grey shaded area).
W(x) shifts the unaffected peak shape (red
shaded areas) while /(x) scales their intensity.
Summing up these shifted and scaled
contributions the final peak shape is obtained.
The red shaded peaks are drawn for every fifth
integration point and scaled for better visibility. If
the change of W(x) is significant in the
information depth, the final peak shape will be
broadened. The final modelled peak is compared
to the measured p-HTM-B spectrum (black solid
line) from the ITO | p-(6 vol%)-HTM-B interface
experiment at 3 nm layer thickness which is

=€
X

affected by the potential drop in the SCR at the [ITO HTM - X-ray
interface, and to the intensity adjusted peak e

shape which is unaffected by the potential

distribution (yellow dashed line) at final layer -—

thickness. x VX
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the electrical potential (green line on the bottom right) for the respective depth x. Its intensity
for the respective depth is given by the exponential Beer-Lambert type decay function (blue line
on the top left). For the illustration only every fifth integration point is shown, and the red
shaded spectra are scaled to fit the representation. For the peak shape, the shape of the
spectrum at final layer thickness of the interface experiment is used. Here, it can be expected
that an influence from a SCR is no longer present. The spectral shape is interpolated, so it can
be easily shifted and scaled. This unaffected spectrum is also shown for comparison as yellow
dashed line. From the comparison to the unaffected spectrum and the good agreement between
the modeled spectrum (gray shaded peak) and the measured spectrum, it can be clearly seen
that the spectrum at 3 nm is broadened by the influence of the potential drop across the SCR
which forms at the interface. This effect is especially strong if the change of the electrical
potential is steep in the range of the information depth. In this work, the electrical potential is
calculated by the DOS-based approach, which is described in the first part of this Section 5.2,
and then photoelectron emission spectra are modelled by the just described convolution with
the intensity decay. Thus, spectra for each deposition step of an interface experiment can be
modeled and fitted to the measured ones. In the following, the implementation of this modeling
and fitting procedure shall be described in more detail.

Model Implementation, Parameters, and Fitting

Now, more practical information about the DOS-based modeling approach shall be given. The
peak shapes for modeling and fitting of the spectra are taken either from measurements of the
substrate before deposition or from the final deposition step at maximum layer thickness where
only the adlayer spectra appear. To solve the above-mentioned Poisson Eq. (17) two boundary
conditions are needed. The first boundary condition is of Dirichlet-typeP and is given by the
contact potential at the ITO interface, V(0) = Vcontact- HeTe, it is assumed that due to its good
conductivity the charge carrier density in ITO is much higher than that of the deposited organic
HTMs. Thus, the potential in the ITO substrate will not change. The second boundary condition
is of Neumann-typeP and is defined by the vanishing electric field in the vacuum at the surface,
F(d) = 0. As the electric field is the derivative of the electric potential, this second boundary
potential indicates that the potential in the deposited layer has to be flat at the surface towards
the vacuum. As mentioned above, the equation has to be solved numerically. Here, a multiple
shooting method'® based on a Runge-Kutta 4(5) algorithm'®° for each initial value problem is
used. For a modeled DOS, the convolution with the Fermi-Dirac distribution is calculated for
all Fermi level positions in the energy gap. As a consequence, for one modeled DOS the charge
density vs. Fermi level position is known. The shift of the Fermi level in the energy gap is the
same as shifting the DOS with respect to the Fermi level for a given electrical potential. For the
effective attenuation length A, . of the XP spectra, the inelastic mean free path calculated by
the TPP-2M equation® in the NIST database software® is used (see Subsection 3.2.6). For the
UP spectra, the experimentally determined value of about 0.5 nm for the discussed materials is
used (see Section 5.1). The deposited layer thickness d which enters the calculation is
determined from the damping of the substrate signal as described in Subsection 3.2.6. The

P A Dirichlet boundary condition defines the value of the function at a boundary while a Neuman boundary condition defines the
value of the derivative of the function at a boundary.
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relative dielectric permittivity &, is set to 3. This is a common value for organic molecules!'” and
the parameter is known to have only little influence in the order of some meV.'*! Furthermore,
the temperature T is needed and is set to 20 °C, i.e., 298.15 K. Finally, the total state density
N, is estimated at 10%”® m. This is again in a typical range for organic semiconductors.'?

For a better understanding of the model implementation, Figure 5.2-3 shows important energy
levels of the model. On the left are the energy levels of the ITO substrate and on the right are
the ones of the deposited HTM. In the background, a DOS of the HTM in green, with acceptor
states in orange, is drawn. For the modeling, all energy levels are defined with respect to the
energy gap center which is set to 0. This center of the energy gap is called intrinsic charge
neutrality level (CNL). Here, intrinsic stands for the case of an undoped layer and charge
neutrality level means that for this energetic position of the Fermi level the charge densities for
negative and positive charge carriers are equal. Furthermore, the energy gap and thereby the
CNL! are defined by the energy difference of the HOMO onsets to the Fermi level, determined
from the valence spectra of the two studied HTMs. The HOMO onset of undoped m-MTDATA
is determined to be at 1.42 eV below the Fermi level and the HOMO onset of HTM-B at 1.88 eV
(see Section 4.1). As mentioned in Subsection 3.2.4, the HOMO onset is typically determined
by a tangent procedure at 2¢ from the HOMO Gaussian maximum. Thus, Eyomo of the modeled
DOSyomo is placed by the respective value of the HOMO onset plus 20 below CNL!. As described
above, the LUMO states are obtained by mirroring the HOMO states with respect to CNL. It
should be noted that the DOS of the HOMOs in comparison to the DOS of the LUMOs depends
on the chemical structure of the organic material and in reality, may deviate from a mirror like
DOS.

The Fermi level will tend to reach the CNL! for thermodynamic electronic equilibrium in the
undoped layer which is by design positioned at the measured Fermi level position above the
HOMO onset. In the case of a doped HTM layer, the energetic position of the Fermi level, where
the charge density of the positive and negative charge carriers compensates, is different from
CNL! because of the acceptor states. Therefore, the charge neutrality level for the p-doped HTMs
is abbreviated CNLP and is close to the HOMO onset. The exact position depends on the density
and position of the acceptor states. In analogy to the undoped HTMs, the CNLP marks the
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energetic position where the Fermi level will tend to shift to reach thermodynamic equilibrium
in the doped HTMs.

After the target values for the Fermi level far away from the interface are now set, the Fermi
level position right at the substrate interface shall be further discussed, i.e., the boundary
condition Vegpact- In principle, Veontact With respect to the CNL! is given by the difference in
work function Ay between ITO and the deposited HTM. However, if an interface dipole, i.e.,
an instant change of the potential right at the interface, which can have different origins (see
Section 5.1), is present, the related potential drop Ayp is included as correction term to Ayg. As
Veontact defines the energetic position of the Fermi level in the energy gap right at the interface
and the CNL defines the target position for the Fermi level shift, their difference gives the
potential drop AV that is compensated by charge transfer and the formation of a SCR. Ajp
influences the magnitude of the modeled potential drop across the SCR via Vcoptact and is
therefore an important fitting parameter for the model.

To fit the modeled to the measured spectra, there are five more variable parameters whose
influence is discussed by Figure 5.2-1: 0,1, t, Epce, and 7 pc.. Unfortunately, the first tests of the
model showed, that these are still too many variable parameters creating too many degrees of
freedom to obtain consistent results across several interface experiments. Thus, the number of
parameters was further reduced by assigning constant values to the Gaussian standard deviation
o and the exponential slope parameter [. As mentioned above, the influence of ¢ is small. In
addition, a value could be well extracted from the valence spectra of pure m-MTDATA and
HTM-B thin films. Here, the HOMO peak was fitted by a Gaussian function. The fit is corrected
for the Gaussian broadening from the spectrometer. For m-MTDATA a value of 0.22 eV and for
HTM-B a value of 0.18 eV is obtained. The Gaussian distribution of the acceptor states in the
matrix cannot be measured (see Section 5.3) and is thus estimated at 0.20 eV. For [, it is
considered that its influence on the DOS is similar to the one of the tail states ratio t. Thus,
based on the first pre-tests, its value was set to 0.5 eV leaving ¢ as single descriptor of the tailing
gap states.

The aim of the modeling is to fit the changes of XP and UP spectra for all deposition steps of
one interface experiment with one set of parameters. The two sets of spectra are fitted manually
in an alternating manner, starting with free parameters, and then constraining the variable
parameters further and further to obtain the overall best fit for the spectra sets of both spectral
regions.

For the fitting of one individual set of spectra, a semi-automated procedure is used. The
parameters which can be varied are t, Epcc, Tace and Ayp. The algorithm is a nonlinear interior
point algorithm which allows to set constraints to the fit parameters. The cost function is simply
squared-error based. For the fitting, each parameter can individually be selected or deselected
for fitting and restricted to a certain range. On the one hand, t, Ep.c, and ra.. influence the
energetic position of CNLP and the course of the electrical potential as they determine the DOS
shape. On the other hand, A;p only influences Vignract and thereby AV. Thus, usually,
t, Eacc,and ry ¢ are optimized first to obtain a good initial description of the spectral shapes and
the overall shift, i.e., AV. The resulting CNL might be off from the measured final Fermi level
position with respect to the HOMO onset. This measured value is not intrinsically included in
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the model as the modeled electrical potential shift is applied relative to the spectra and not on
an absolute binding energy scale. Therefore, it has to be manually taken care of to keep the
final Fermi level position at the measured value above the HOMO onset. Here, the interface
dipole A;p can be set to adjust the energetic starting point. As a consequence, there is a need
for the CNL (thereby t, Ep.c,and ra.) to be adjusted and keep the overall measured spectral
shift AV. Multiple iterations of optimizing t, Ep.c, and ra.. and adjusting A;p might be necessary
to obtain a good fit of the measured spectra and a Fermi level close to the measured value.

After one set of spectra, e.g., the C 1s spectra, are fit, the procedure is repeated for the other set
of spectra, e.g., the valence spectra. Afterwards, a compromise between the different sets of
parameters is chosen to obtain one set of parameters that leads to satisfying fits for both spectral
ranges. This procedure is similar to calculating the mean value of binding energy shifts from
different spectral regions in the classical approach (see Section 5.1). As will be discussed in the
next section, valence and core level states should be in the same way influenced by the electrical
potential leading to the same spectral shifts. However, as the regions are measured with two
related but still different experimental techniques there are always some deviations. Still, at the
end, all core level emissions and the valence emissions are fitted with the same parameter set
and values.

Beside this compromise in finding one parameter set that fits both spectral regions, it should be
pointed out that the number of variable fitting parameters is strongly reduced. This is necessary
to avoid a meaningless overfitting; however, it also might lead to misleading values for the
variable parameters. Several parameters are acting on certain parts of the model in a similar
way and by fixing one parameter to a constant value, the remaining free parameters might
compensate for this. Therefore, the absolute values of the parameters obtained from the fitting
should be handled with care, and the evaluation should be rather done based on general trends
and averages. The next section will show how well the model is able to fit the spectra of the
interface experiments and which further benefits can be deduced from its application.

5.3 Testing the DOS-Based Model at the Heterointerface

This section is divided into two subsections. In the first subsection, the just described DOS-
based model is used to analyze the ITO | (p-)HTM heterointerfaces. The results obtained by this
analysis are then compared to the results obtained from the classical analysis in Section 5.1. In
this comparison, the classically obtained results set the benchmark for the model, which needs
to be able to deliver at least the same results as the classical method. However, as the model
approach is not only more sophisticated but also more time-consuming, it is only useful if it
provides additional benefits. Thus, the second subsection provides a detailed discussion of the
additional results of the model, showcasing its advantages over the classical method in
providing further insights.

5.3.1 Results of the DOS-Based Model and Comparison to the Classical Analysis

In this subsection, the photoemission spectra of the heterointerface experiments ITO | (p-)HTM
discussed in Section 5.1 are analyzed using the density of states (DOS)-based modeling
approach which is explained in detail in the previous Section 5.2. After demonstrating the
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method, the results are discussed and compared to the results of the before described classical
procedure.

To briefly summarize the modeling approach, the DOS of the organic adlayer is modeled and
the energetic position of Er, which depends on the concentration of charge carriers in the
adlayer, is calculated. The resulting electrical potential is obtained by solving the electrostatic
Poisson equation. The emission line shape, which is simulated by the depth-dependent potential
and intensity profile, is fitted to the experimental spectra. In an iterative fitting procedure, the
root-mean-square deviation between modeled and measured spectra is minimized for both
spectral ranges (C 1s and valence) of one interface experiment. The parameters of the modeled
DOS are adjusted until the combined best fit for the sets of C 1s and valence emission spectra
is found. As example, Figure 5.3-1 shows the fitted spectra for the interface experiments (a)
ITO | p-(2vo0l%)-m-MTDATA and (b) ITO | p-(6vol%)-HTM-B. The measured spectra are
plotted with black and the superposed fits with green lines. The modeled substrate and adlayer
spectra are visualized by blue and red shaded areas, respectively. It can be seen that an overall
good agreement between fit and measured spectra is obtained. The shift to lower binding
energies with increasing layer thickness that is discussed in Subsection 5.1.2 as result of a SCR
at the interface is well met by the fits and thereby by the underlying calculated DOS-dependent
electrical potential. Also, from a detailed evaluation of the spectra from the single deposition
steps (not shown) the broadening of the C 1s peaks at the early deposition steps due to the
emission from molecules at different potentials is resembled by the fit. This effect (see Section
5.2, Figure 5.2-2) is especially strong for the interfaces with higher dopant concentrations. In
these cases, the number of charge carriers is high, the electric field is strong, and the electric
potential drop is steep within the range of the information depth. Thus, the signals from
different depths also come from different potentials, meaning energetic positions.
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Figure 5.3-1: Photoemission spectra of the interface experiments a) ITO | p-(2 vol%)-m-MTDATA and b)
ITO | p-(6 vol%)-HTM-B. For each interface, the spectra of the C 1s (left panel) and valence emissions (right panel)
are shown. The measured spectra (black lines) are fitted by a superposition (green lines) of modeled substrate
(blue shaded areas) and adlayer spectra (red shaded areas). Layer thicknesses of the deposition steps are stated
in each right panel. The C 1s spectra start with the first deposition step. Adapted from Frericks et al.”4
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Figure 5.3-2: Energy level diagrams for the interfaces a) ITO | p-(X vol%)-m-MTDATA and b)
ITO | p-(X vol%)-HTM-B. The dopant concentrations X are given above the energy levels of each (p-)HTM layer
which are stacked horizontally. The course of the energy levels over the layer thickness d follows the modeled
electrical potential obtained by fitting the photoemission spectra. The energetic positions of HOMO onsets and
vacuum levels is determined by the IP and WF of the undoped material modified by the modeled interface dipole.
LUMO onsets are situated at the values of the optical energy gap above the HOMO onsets. The green diamonds
mark the energetic position of the measured WF and the energetic difference of the HOMO onset to Er at the
final layer thicknesses. Adapted from Frericks et al.74
The model approach is used for all interface experiments of the differently doped HTMs. From
the calculated electrical potential, the energy level alignment at the interface can be directly
drawn and is shown in Figure 5.3-2. The energy level alignments of the ITO | (p-)m-MTDATA
interfaces are presented in a) and the ones of the ITO | (p-)HTM-B interfaces in b). The ITO
energy levels are drawn once for each material and then the energy levels of the differently
doped adlayers are stacked to the right by increasing dopant concentration. The dopant
concentration values are stated above the respective energy levels. The course of the energy
levels is defined by the calculated electrical potential and is thus the same for HOMO onset (red
solid), lowest unoccupied molecular orbital (LUMO) onset (blue dashed), and the vacuum level
(black solid). The offsets of the HOMO onsets and the vacuum levels are set by the ionization
potential (IP) and the WF of the undoped layers and modified by the modeled interface dipole
for each interface. The energetic positions of the LUMO onsets are defined by the optical energy
gap of each material.

As described in the two Subsections 5.1.1 and 5.1.2, there are SCRs at the interface that lead
to an upwards bending of the energy levels towards the interface for the undoped HTMs and a
downwards bending of the energy levels towards the interface for the doped HTMs. Also,
electric dipoles at the interface are included in the model which follow from the offsets between
the vacuum level of ITO and the starting points of the vacuum levels of the HTMs. The measured
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values of the HOMO onset and the WF (vacuum level) at the final layer thicknesses are added
to the energy level diagram as green diamonds. They show a good agreement with the energetic
positions of the modeled energy levels and highlight the accuracy of the model. For the doped
HTMs, it can be observed that the bending of the energy levels becomes steeper, and the
magnitude becomes larger with increasing dopant concentration as the energetic difference of
Er to HOMO onset at final layer thickness becomes smaller.

For m-MTDATHA, this energetic difference is saturated at 2 vol%, while for HTM-B the saturation
is probably between 1 and 6 vol%. This is in agreement with the observations of Paula Connor,
who determined a saturation point around 2 vol% for both HTMs in her master thesis.!? In
Subsection 4.2.7, when discussing the doping mechanism, this saturation is surprising when
just comparing the Er and HOMO energetic positions of the undoped HTMs and the Er and
LUMO energetic positions of the pure CPTCFA layers in Figure 4.1-25, it could be expected that
the Er can be shifted much further into the HOMOs of the HTMs. However, this limited shift of
Er is often observed in literature.?>2846.16865 Many different factors may be considered as
possible reasons. The internal interface charge transfer doping model by Mayer et al.®> and the
charge transfer complex (CTX) model by Salzmann et al.*®, Liissem et al.?® show that the
saturation point is independent of the dopant molecule but depends on the host material.
Furthermore, they argue that a substantial number of states that tail into the energy gap above
the defined HOMO onset pin Er. For the model in this work (for details, see Section 5.2), a
combined approach is suggested to define the saturation point of Er. First, the model uses
acceptor states that are located above the HTMs’ HOMOs as in the CTX model. Second, the
model describes the DOS of the HOMO as combination of a Gaussian distribution and an
exponential function where the exponential resembles the states which tail from the HOMO
into the energy gap. The role of gap states in the electronic properties of organic semiconductors
and their origin is further discussed in a review by Yang et al.*” Both approaches are necessary
to achieve the narrow SCRs with high dopant concentrations and still keeping Er pinned above
the HOMO onset as is discussed below.

Continuing the discussion of the energy level alignment at the interface, with further increasing
dopant concentration the magnitude of the potential drop does no longer change but still
becomes steeper. This steeper potential change is directly related to a higher number of charge
carriers leading to a narrower SCR. As already mentioned in the previous subsection, these
observations are in line with classical inorganic semiconductor interface physics.66:67:48.184
Following this classical understanding, often a simple Schottky model®®®’ is used to describe
the potential in the SCR. The Schottky model assumes a constant charge carrier (ionized
dopants) concentration in a SCR of a defined width. Based on the Poisson equation (see Section
5.2 Eq. (17)) the electrical potential is then described by a parabolic function. Thus, the
potential drop across the SCR depends on the width of the SCR and dopant concentration. In
Figure 5.3-3, a Schottky model (green line) is fitted to the observed binding energy shifts of the
interface ITO | p-(2 vol%)-m-MTDATA and compared to the results of the DOS-based model
(grey line). It should be noted, that both lines for the electrical potential (Schottky and DOS-
based model) in Figure 5.3-3 represent the electrical potential distribution in the thick layer
and do not match the binding energy shifts of the earlier deposition steps with thinner layer
thicknesses. This is due to the surface sensitivity of photoelectron spectroscopy which causes

96 | Chapter 5 — Modeling of Interface Experiment Photoelectron Spectra



9 T T

v 0.0«

= N ® Cls-285.10eV

% 024 % l| ® HOMO onset-1.13 eV
B N SEC onset - 17.40 eV
5 -0.4- {i------ Mean

& DOS-based Model
2-0.6- w ] Schottky Model

b= R n

& 0 10 20

Layer Thickness (nm)

Figure 5.3-3: Comparison of DOS-based model and Schottky model. The adlayer binding energy shifts vs.
deposition layer thickness for the interface of ITO with p-(2 vol%)-m-MTDATA as shown in Figure 5.1-6a are taken
as example. Here, the modeled electric potentials from the classical Schottky model (green line) and from the DOS-
based model (grey line) are added. For the Schottky model, the dopant concentration is far too low with about
0.08 vol%. In contrast, the dopant concentration used in the DOS-based model is much closer with 0.91 vol%.
Adapted from Frericks et al.”*
the measured shifts to be dominated by the electrical potential close to the surface and thus
always represent mostly the evolution of the surface potential than the bulk potential.*>'°! As
mentioned before, the interplay of electrical potential distribution and information depth
depends on the effective attenuation length of the emitted electrons. The DOS-based model
accounts for this by including the escape depth profile in the modeling of the spectra. Still, the
measured potential distribution is dominated by the electrical potential close to the surface.
However, the mismatch between the Schottky model and the binding energy shift value at about
6 nm layer thickness cannot be explained by the difference in surface and bulk potential
distribution. If diverging, the bulk potential distribution should be steeper than the surface
potential distribution.*

Furthermore, the dopant concentration, which is needed to match the estimated SCR width of
12 nm and the potential drop of 0.7 eV, is 0.08 vol%, assuming that every dopant is ionized.
This is 25 times smaller than the measured dopant concentration of 2 vol%. Contrastingly, the
DOS-based model which is drawn as grey line in Figure 5.3-3 leads to a dopant concentration
of 0.91 vol% which is only about half of the actual value. Both models do not consider the
probability for the dissociation of charges to generate free charge carriers (see Section 2.3). The
higher dopant concentration in the DOS-based model is achieved because in the model charge
carrier concentration is not assumed constant but is calculated dependent on the energetic
position of Er in the DOS. As a result, the number of ionized dopants changes as the acceptor
level energetic position changes with respect to Er due to the electric potential change. Right at
the interface, Er is far from the HOMO onset of the HTM and well above the acceptor states.
Hence, the acceptor states are occupied leading to a negative net charge, an electric field, and
an electric potential change. Here, the density of ionized acceptors can directly be calculated
from the modeled dopant concentration and ranges from 2 x 108 to 1 x 10%° cm™ for lowly to
highly doped layers. With the change of the electric potential, the states of the molecules far
from the interface approach Er resulting in less ionized dopants, with a slower decrease of the
electric field, and a more gradual change of the electric potential. If compared again to the
Schottky model - this time for the same dopant concentration and potential drop —, the DOS-
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based model leads to wider SCRs. The SCRs of the Schottky model would be ranging from 1.5
to 8 nm for the highest (11 vol%) and lowest dopant concentrations (<1 vol%) while the SCRs
of the DOS-based model are determined with widths from 4.5 to 24 nm, respectively. As the
SCRs in the DOS-based model have no defined end, the width is taken at 99% of the potential
drop.

The magnitudes of the SCR potential drop as determined by the classical approach AV ¢3S and
the DOS-based model approach AVM°d¢l are summarized in Table 5.3-1. Also, the interface
dipole potential drops obtained by both procedures A{2sS- and AMC9e! are given for comparison.
The agreement for the potential drop magnitude between the two methods is good with only
one exception for the 1vol% p-doped HTM-B where the classical procedure leads to a larger
potential drop. While the classical approach just takes the mean value of the shifts obtained
from the C 1s peak binding energy positions and the HOMO onsets, the model approach tries
to find one set of DOS parameters that leads to one electrical potential distribution and the
combined best fit for valence and C 1s region. These two regions are measured using different
excitation sources and therefore are similar but not identical measurement techniques. In the
model, the two techniques only differ in their information depth represented by the effective
attenuation length of the electrons. In reality, this is not the only difference as, for example, the
measurement spot area, the chamber pressure, and the incident angle of the photons are also
different. For the interface dipole, the energy values vary more among one material in the case
of the model approach than for the classical approach. While in the classical approach the dipole
value is obtained by adjusting the energy level alignment at the interface to be self-consistent,
in the model approach it is part of the fit parameters. It is thereby also not directly influenced
by the measurement but depends on the other fit parameters. Still, the overall agreement
between the values of the two methods is quite good with an average deviation of about 50 meV.

Table 5.3-1: Energy level alignment and model parameter values obtained by the classical analysis (class.)
and DOS-based model approach (Model). X is the measured dopant concentration, 7. is the modeled
acceptor concentration, E,¢. is the modeled acceptor level energetic position with respect to the HOMO
onset, Ap are the interface dipole potential drop, AV are the SCR potential drops, and t is the modeled tail
state concentration. Adapted from Frericks et al.”*

X Tace Epce  AModel  pdass.  ppModel - ppclass. t
Molecule
(vol%) | (vol%) (eV) (eV) (eV) (eV) (eV) (%)
0.0 0.000 0.00 -0.21 -0.23 0.19 0.18 1.55
<1.0 0.099 112 -0.01 -0.13 -0.36 -0.41 1.11
HTM-B 1.0 0.520 0.68 0.00 -0.15 -0.66 -0.80 4.14
6.0 4.790 096 -0.16 -0.10 -1.19 -1.11 0.17
11.0 7.200 0.77 -0.05 -0.09 -1.12 -1.12 1.39
0.0 0.000 0.00 -0.32 -0.31 0.22 0.24 6.00
m-MTDATA | 2.0 0.910 0.33 -0.21 -0.24 -0.69 -0.70  3.20
7.0 5900 060 -0.28 -0.22 -0.79 -0.82 4.20
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Hence, on average, the model approach is able to deliver the same results as the classical
approach, but provides additional information as given by the fitting parameters.

5.3.2 Additional Insights from the Modeling Approach

At the same time, the model approach has the advantage of relating the obtained electronic
structure at the interface directly to the density of states. With this information, the model sets
the basis for a more detailed discussion. The model parameters of the DOS obtained from the
fitting procedure are also given in Table 5.3-1. These fitting parameters define the shape of the
DOS as explained in Section 5.2. The resulting DOS for the (p-)HTMs of the different
ITO | (p-)HTM heterointerfaces are drawn in Figure 5.3-4 on a logarithmic scale to visualize the
and exponential tail states Gaussian acceptor states.

Before the discussion of the three parameters starts with the acceptor concentration 74, it shall
be again mentioned (see Section 5.2) that the absolute values of the parameters might not be
perfectly exact as the number of fitting parameters was reduced. Otherwise, there would have
been too many degrees of freedom. Thus, many parameters which enter the model were set
constant. However, by constraining some parameters the remaining variable parameters might
in some cases compensate for the restrictions of other parameters. The results for the fit
parameters will therefore mainly be discussed in their trends and based on averaged values.

Discussion of the Model Parameters

As mentioned above together with the details of the model, the acceptor states are described by
a Gaussian function. The overall density of states in terms of states per volume is assumed to
be constant and the states for the host and dopant molecules are divided according to their
volumetric ratio. This allows to give the 75, in units of vol% and compare it directly to the
measured dopant concentrations X. Overall, the trend among the differently doped layers is
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Figure 5.3-4: Modeled density of states for the different ITO | (p-)HTM heterointerfaces that where obtained from
fitting C 1s and valence spectra of the sets of interface experiments a) ITO | p-(X vol%)-m-MTDATA and b)
ITO | p-(X vol%)-HTM-B. Dopant concentrations X are given in the legend. The DOS scale is chosen as logarithmic
to visualize the exponential tail states of the HOMO and the Gaussian distribution of the acceptor states. The
energy scale is with respect to the intrinsic Fermi level. The variations of the parameters, e.g., the energetic position
of the acceptor states, is mainly caused by restrictions on other parameters and the attempt to reduce the overall
number of fitting parameters. Thus, the results should be rather viewed on average than discussing individual
absolute values. Adapted from Frericks et al.”4
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well resembled. However, the model values are always below the measured concentrations.
This is because the model already takes the disorder and related energetic distribution of the
acceptor states and changed occupation due to the variation of the Fermi level into account.
One source of error is probably the measurement of the dopant concentrations which is based
on approximations and is especially inaccurate for low dopant concentrations, for which the
dopants’ F 1s signal to noise ratio is low (see Subsection 4.2.1). Furthermore, the model
assumes that every dopant molecule is electronically active by directly translating the acceptor
state density into a volumetric dopant molecule concentration.

It seems unlikely that the CPTCFA molecules form precipitates as in the report by Mayer et al.®®
because the concentrations are not as high, there might still be some small clusters of dopant
molecules which might reduce the number of active dopants.!*!** Also, polaronic effects on
the energy level position of molecules in the surrounding of a charge are not considered in the
model.*¢1%> Especially if the doping mechanism follows the CTX model, the formation of
CPTCFA molecule clusters could hinder the hybridization of the matrix and dopant frontier
orbitals and thereby potentially the doping efficiency.

The energetic position of the acceptor states with respect to the HOMO onset of the host
molecule is given by E4. in the model. For both HTMs the acceptor states are placed above the
HOMO onset. As mentioned above, this energetic position is necessary to achieve the saturation
of Er above the HOMO onset. As described by Salzmann et al.*® and already discussed in
Subsection 4.2.7, the formation of a CTX could explain the energetic position of the acceptor
states. In fact, if the proposed Hiickel-like equation (see Section 2.3) is used to calculate the
energetic position of the LUMO of the formed donor-acceptor complex, values of 0.40 eV for
m-MTDATA and 0.91 eV for HTM-B are obtained. In the calculation, a resonance integral value
of 0.4 eV is chosen and the correction for the optical energy gap by Djurovich et al.®! is used for
the energetic position of the LUMO of CPTCFA (see Section 2.1). The average values of Ej.
are in good agreement with these theoretical values as they are 0.47 eV for m-MTDATA and
0.88 eV for HTM-B. This observation would support the CTX model of doping for both molecules
and would justify the obtained energetic positions of the acceptor states. However, referring to
the absorption spectra of the doped HTM layers in Subsection 4.2.6 and the following discussion
on the doping mechanism in Subsection 4.2.7 this seems only a possible explanation for HTM-B
but not for m-MTDATA. While for HTM-B no clear sign of an integer charge transfer is found,
it seems to be clearly the case for m-MTDATA. Therefore, the energetic position of the acceptor
states in the m-MTDATA case has to be considered as an effective position that allows a
phenomenologically valid formation of space charge regions and their electronic structure while
missing the foundation of a mechanistic description. As also mentioned before, further studies
focusing on the doping mechanism in these systems are required for a better understanding.

Finally, the results for the tail state ratio parameter t shall be discussed. As mentioned before,
these tail states are found to be necessary to pin Er at high dopant concentrations and provide
the observed saturation point. The existence of states that tail into the energy gap of organic
semiconductors was observed before and is found to be the result of perturbations as for
example steric and electrostatic disorder. It is considered to play a large role in understanding
of the electronic properties of organic semiconductors.*”:17%-171.185-188 Eor the interfaces studied
here, the disorder could be introduced by the substrate (see Figure 5.1-4) or the doping (see
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Figure 4.2-5) by inducing a change of orientation or conformation of the molecules.!”® On
average, the results for m-MTDATA show higher tail state ratios than for HTM-B which suggests
a greater disorder in m-MTDATA. As mentioned in Section 5.2, the Gaussian HOMO width,
which is directly determined from the ultraviolet photoelectron (UP) valence spectra, is larger
for m-MTDATA with 0.22 eV compared to HTM-B with 0.18 eV also indicating a greater disorder
in m-MTDATA. It should be mentioned that, while for simplicity the model assumes a constant
DOS and tail state ratio for the whole layer thickness, this might not necessarily be the case and
the tail state ratio might change from close to far from the interface.

Direct Comparison of Modeled DOS and Valence Spectra

UPS probes the occupied states, and therefore allows to compare the modeled DOS to the
measured UP spectra. This is done for the examples of the ITO | p-(7 vol%)-m-MTDATA and
ITO | p-(11vol%)-HTM-B interface experiments where the dopant concentrations are
considerably high. The observations are similar for m-MTDATA and HTM-B. The substrate
signal is subtracted from the measured spectra and the resulting adlayer spectra are plotted in
Figure 5.3-5. The modeled DOS is scaled and shifted to overlap with the measured HOMO to
enable the comparison of the shape. The modeled DOS is plotted by two lines: blue lines for
the HOMO states of the HTM and red lines for the acceptor states of CPTCFA. First, it can be
seen that the Gaussian HOMO shape matches the measured spectra well. For thin layers, there
is a slight mismatch where the modeled Gaussian HOMO is too narrow in comparison to the
measured spectrum. This can be explained by the broadening which is induced by the steep
electrical potential change at the very interface (see Section 5.2 Figure 5.2-2). In addition, there
is a broadening of the spectrometer in the measured spectra which is not present in the modeled
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Figure 5.3-5: Comparison of the modeled DOS shape to the valence emissions (black lines) of the adlayer which is
obtained by subtracting the substrate emissions from the measured spectra for each deposition step. The modeled
HOMO states are the blue lines, and the acceptor states the red lines. The interfaces a)
ITO | p-(7 vol%)-m-MTDATA and b) ITO | p-(11 vol%)-HTM-B are here chosen as examples. The energetic position
of Er is highlighted by the dotted black line at 0 eV binding energy. Layer thicknesses of the deposition steps are
stated next to the spectra on the right. Adapted from Frericks et al.”4
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DOS. Furthermore, the exponential states are too low in intensity to be visible and a comparison
on the logarithmic scale, which in principle shows the tail states (as in Figure 5.3-4), is futile as
the UPS measurement does not provide sufficiently low noise and is affected by the side lines
of the excitation source (no monochromator). Even though the spectra were corrected for the
ghost lines from the He-discharge lamp by a data post-treatment (see Subsection 3.2.4), the
method is not precise enough to completely get rid of the corresponding signals. Thus, for future
studies and investigations of the tailing gap states a different setup would be needed. Reports
in literature which show measurements of the tailing gap states used more advanced low-noise,
monochromatized setups.!’1% Alternatively, one may use electrochemical impedance
spectroscopy to map the density of states and reveal the presence of gap states in organic
semiconductors.'®”

Finally, the question may be raised if the acceptor states, which were discussed before, can be
detected in the UP spectra at all. Even though the concentrations of 7 and 11 vol% should be
high enough (see red lines) to see an emission from the acceptor states, no corresponding
spectral feature was detected in the measured spectra. For layer thicknesses above 3.2 nm this
can be understood by the given energetic position of Er (black dotted vertical line at 0 eV
binding energy). For these cases, Er is below the acceptor states which are therefore not
occupied and cannot be detected by UPS. At lower thicknesses, however, the acceptor states are
below Er, thus should be occupied, and should appear in the measurement. A possible
explanation why the states still do not show up in the measurement is that the energetic position
of the acceptor states as used in the model are those of the neutral unoccupied states.
Presumably, the energetic position of an acceptor state changes when it is occupied and shifts,
due to the additional charge, to higher binding energies.**'*> The occupied acceptor states
would then overlap with the much more intense HOMO emission and hence remain undetected.

Concluding, it was shown that the two HTMs, m-MTDATA and HTM-B, behave very similar and
form SCRs at the ITO interface as expected from classical semiconductor physics. For both
materials, an interface dipolar layer is detected which persists for the p-doped HTMs. The
doping leads to very narrow SCRs at higher dopant concentrations which could potentially be
tunneled by charge carriers and thus reduce the contact resistance. For device fabrication, the
ITO WF could be tuned to be closer to the one of the doped semiconductors. Furthermore, it
becomes clear from the extensive discussion above that the DOS-based model approach
provides a physical basis for the consideration of different effects like doping mechanisms or
tailing gap states. There are still some deviations as fully consistent parameters are not obtained
for an overall mechanistic picture. The model could still be improved, for example, by improving
the algorithm and providing larger data sets. With larger data sets more degrees of freedom
could be allowed and less parameters would need to be set constant. In addition, the fitting
procedure could be altered to fit a complete series of experiments with a consistent parameter
set. Also, the integration of a layer thickness dependent DOS might lead to further
improvements of the fits and the understanding of the physical mechanisms as will be shown
in the next section. Still, at this point, the model already has an advantage to the classical
approach where SCRs can be identified but the quantification is at best based on very rough
approximations like the Schottky model. With the inherent more sophisticated physical
foundation, the DOS-based model provides good agreements with the measured spectra. It
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therefore also enables the analysis of homointerfaces for which a classical approach is no longer
possible. These homointerfaces are analyzed and discussed in the following section.

5.4 Advancement of the Model at the (ITO/p-HTM) | HTM Homointerface

In this section, (ITO/p-HTM) | HTM homointerfaces are analyzed. The interfaces are called
homointerfaces as it is the same HTM in the p-doped and undoped layer. These interfaces
appear, e.g., in organic LEDs where a doped HTM layer is used to provide a better charge
injection and a higher conductivity towards the contact, but also an undoped HTM layer is
needed to separate the active emission layer from the doped HTM layer to avoid exciton
quenching by the free charge carriers in the doped HTM.?> However, the spectroscopic analysis
of homointerfaces poses a problem as the spectral signature from the two involved layers is
dominated by the same matrix molecule. Thus, it is difficult or impossible to separate the
contributions from the two layers and, e.g., determine in which of the two layers a space charge
region forms. The DOS-based model, which is introduced in Section 5.2 and proved to be
superior to the classical analysis method in Section 5.3, also enables the analysis of
homointerfaces as will be shown in this section. First, the initial results obtained from the model
will be presented. The results show an unexpected space charge region in the doped HTM layer.
The interdiffusion of CPTCFA molecules as origin for this SCR is discussed and excluded in the
second part of this section. Finally, the DOS-based model is advanced towards a layer-depth-
dependent DOS which then allows to successfully model the experiment data obtained for the
homointerfaces.

5.4.1 Initial Modeling Results of the Homointerface Experiments

Following the experiments on the ITO | p-HTM interface discussed in the previous section,
p-HTM sublayers of two different dopant concentrations for each HTM — 2 and 7 vol% for
m-MTDATA and 1 and 5 vol% for HTM-B — were prepared. The interfaces were again analyzed
by XPS and UPS during consecutive layer-by-layer deposition of the undoped HTMs. As
mentioned before, homointerfaces are difficult to analyze as the spectral signal of the sub- and
adlayer are dominated by the emission from the same host molecule. The signal from the dopant
molecules which is only present in the sublayer is typically too weak to be analyzed carefully.
Only at high dopant concentrations, the dopant signal is strong enough as distinguishing feature
to be analyzed as unconcealed signal from the sublayer. To overcome the problem of
indistinguishable signals, the DOS-based model, which was tested in the previous section and
was found to deliver reliable description of the electrical potential at the interface, is used to
model the homointerfaces in this section. The model allows for the separation of the sublayer
and adlayer spectral contributions.

Figure 5.4-1 shows the photoemission spectra (black lines) of the (ITO/p-(2 vol%)-m-MTDATA)
| m-MTDATA interface (a) and the (ITO/p-(1vol%)-HTM-B) | HTM-B interface (c). Layer
thicknesses of the adlayer are shown next to the valence spectra. The layer thicknesses were
obtained by extrapolation based on the deposition rate which was determined from the signal
damping of the ITO substrate during p-HTM layer deposition (see Subsection 3.2.6). As it was
described for the homointerfaces, it can be clearly seen that there is hardly a difference between
the spectral shapes of each deposition step. Overall, a shift to higher binding energies with
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increasing adlayer thickness can be seen without any fitting, however, it is less clear how much
of the shift results from the sub- or adlayer. Thus, the figure also shows the best fit (green lines)
by the DOS-based model. The modeled contributions to the fit are shown as blue shaded areas
for the sublayer spectra and red shaded areas for the adlayer spectra. For the fitting, the
electrical potential is again modeled as described in the previous section and Section 5.2. The
electrical potential is modeled for the doped and undoped layer together. The model parameters
for the doped layers are taken from the results of the ITO | p-HTM interfaces which are closest
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Figure 5.4-1: Photoemission spectra of the interface experiments a) (ITO/p-(2 vol%)-m-MTDATA) | m-MTDATA and
¢) (ITO/p-(1 vol%)-HTM-B) | HTM-B. For each interface, the spectra of the C 1s (left panel) and valence emissions
(right panel) are shown. The measured spectra (black lines) are fit by a superposition (green lines) of modeled
substrate (blue shaded areas) and adlayer spectra (red shaded areas). Layer thicknesses of the deposition steps are
stated in each right panel. The mismatch between fit and measurement for some deposition steps is highlighted by
black arrows and the spectra are shown magnified in b) and d), respectively. Grey dotted lines serve as guide to the
eye. Adapted from Frericks et al.7*
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in dopant concentration (see Table 5.3-1) and are kept constant. Thus, only the model
parameters for the undoped layers are free and serve as fitting parameters.

Figure 5.4-1 (b, d) show a magnification of some C 1s spectra of m-MTDATA and HTM-B,
respectively, where the fit is found to not match the measured data (respective spectra in (a)
and (c) are highlighted by the same black arrows). Here, the modeled sublayer spectra (blue
shaded areas) do not shift while the modeled adlayer spectra shift to higher binding energies
with increasing adlayer thickness. From the corresponding modeled electrical potential
distribution (not shown), it can be seen that this behavior resembles the presence of a wide
SCR with gradual changing electrical potential in the undoped layer. In the doped layer, a
narrow SCR with barely any potential drop appears from the model. This distribution of the
electrical potential agrees well with the physical expectation from a classical semiconductor
interface formation.®” The doped layer is expected to have a much higher number of charge
carriers due to the present acceptors than the undoped layer. The doped layer has a lower
energetic position of Er (higher WF) than the undoped layer and thus electrons will move from
the undoped layer to the doped layer where they can recombine with the dopant induced holes.
Due to the high charge carrier concentration the resulting negative charges in the doped layer
are located in a narrow region while the counter charges in the undoped layer need a larger
region because of the low charge density (see Section 2.4).%” In contrast, the measured spectra
of the doped layer at these deposition steps shift to higher binding energies resulting in the
mismatch with the modeled fit. At these low adlayer thicknesses, the main contribution to the
measured signal comes from the sublayer as can be seen by the larger blue shaded areas. Thus,
to cause this spectral shift, a SCR with a significant potential drop has to form in the doped
HTM during the early steps of interface formation with the undoped layer. In the UP spectra,
the effect cannot be observed as the sublayer signal contribution vanishes too quickly with the
deposition of the adlayer due to the much lower kinetic energy and therefore shorter effective
attenuation length of the emitted electrons. The same shift of the doped layer is observed also
for the cases with more highly doped sublayers (not shown). To find an explanation for this
unexpected behavior, which is in contradiction to the just described typical semiconductor
behavior, two assumptions were checked: first, the possibility of interdiffused dopants at the
interface will be discussed and, second, the DOS-based model will be advanced assuming a
layer thickness dependent increase of the density of states at the interface.

5.4.2 Excluding Dopant Interdiffusion

In this subsection, dopant interdiffusion at the (ITO/p-HTM) | HTM homointerfaces as possible
explanation for the observed unexpected sublayer binding energy shift will be discussed. The
discussion starts with a further analysis of the experimental results and concludes with model-
based considerations.

For the (ITO/p-(7 vol%)-m-MTDATA) | m-MTDATA homointerface the dopant concentration is
high enough that the F 1s signal from CPTCFA in the sublayer can be followed. Also, the p-HTM
layer is thin enough that there is still some In 3d signal from the ITO substrate detectable. The
spectra of both emissions are plotted in Figure 5.4-2(b, c), respectively. The peaks of both
signals are integrated, the values are normalized and plotted in (a). Similar to the dopant
distribution analysis in Subsection 4.2.2, the expected Beer-Lambert type exponential decay
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Figure 5.4-2: Data from the (ITO/p-(7 vol%)-m-MTDATA) | m-MTDATA homointerface experiment. a) Plots of the
normalized integrated intensities of the F 1s emission (red squares) from CPTCFA in the sublayer and the In 3ds/2
emission (blue circles) from the ITO substrate. The dashed lines are the expected exponential signal decay
functions in the respective colors. b) and c) Stacked plots of the In 3d and F 1s spectra, respectively. Adapted from
Frericks et al.74
functions of the signal due to the damping by the adlayer (see Subsection 3.2.6 Eq. (6)) are
plotted as dashed lines. Considering the low signal to noise ratio there is a good agreement
between the expected and measured decay. Besides, the decay of the CPTCFA signal follows
the decay of the ITO substrate signal and can thus be assumed not to diffuse into the undoped
adlayer. Otherwise, the F 1s signal would decay slower than the one of In 3d.

In addition, the interdiffusion of CPTCFA was considered in the DOS-based model. The results
of the electrical potential induced energy level bending are shown in Figure 5.4-3. The
horizontal black dashed line marks the Fermi level while the vertical black dotted line marks
the interface between doped and undoped layer. The 1 nm thick undoped layer is highlighted
by a grey background. For an actual interdiffusion layer, the dopant molecule concentration
would be expected to decay gradually over the range of the interdiffusion layer. Furthermore,
the interdiffusion layer would extend into both (doped and undoped) previously well separated
layers. To simulate the effect of interdiffusion, a very rough first approximation is used.
Differently large regions of interdiffusion are considered (inset in a) serves as legend). The
interdiffusion regions equally extend into the doped and undoped layer and the dopant
concentration is set to half of the concentration of the doped sublayer. The graphs of the
electrical potential induced energy level bending show that the potential drop at the interface
(black dotted line) is rather low. For the observed shift of the sublayer spectra, a much larger
shift of the energy levels in the p-HTM region (left from the vertical black dotted line) would
be needed. The blue line from c) represents the required energy level bending towards the
interface and is added in a) as a reference in light blue. Furthermore, it seems that the
introduction of interdiffusion reduces the potential drop as the largest change is observed for
the case where the interdiffusion range is the smallest. This can be understood by the schematic
energy diagrams in b). Here, the energetic position of Er in the differently doped regions is
drawn: doped layer with high dopant concentration and low Er (left, dark green), interdiffusion
region with intermediate dopant concentration and slightly higher Er (center, striped), and
undoped layer with no dopant and mid gap Er position (right, light green). The difference
between the energetic positions of Er as indicated by the black arrows defines the required
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Figure 5.4-3: a) and c) Energy level bending due to a DOS-based modeled electrical potential distribution. The
interface is indicated by a black dotted line and the undoped layer part highlighted in grey. a) Differently large
interdiffusion regions with half of the dopant concentration parameter r,. (see Section 5.2) of the doped layer
are modeled. It equally extends into the doped and undoped layer. The inset depicts the regions and serves as
legend. The blue line from c) is given as reference in a) (light blue). b) Schematic energy level diagrams of the
differently doped regions in a). c) Differently high tailing gap state concentrations t (see Section 5.2) right at the
interface. Adapted from Frericks et al.74
potential change and can be considered as driving force for the charge transfer. In the
interdiffusion region, Er will be further apart from the HOMO level than in the doped layer with
higher dopant concentration but not as far as for the undoped layer. Thus, the potential drop
from doped to interdiffusion region is indeed reduced compared to the undoped layer. In other
words, to create a significant potential drop in the p-doped layer enough negative charges need
to be transferred from the undoped layer. These negative charges cannot be provided by an
interdiffusion layer where an intermediate concentration of p-dopants introduces already

positively charged holes.

As the experimental observations of Figure 5.4-2 and theoretical considerations of Figure 5.4-3
both speak against interdiffusion as explanation for the observed potential drop in the p-doped
layer, the next subsection will present an advancement of the DOS-based model that allows for
the required negative charge transfer from the undoped layer. In this context, also Figure 5.4-3c
will be discussed in more detail.

5.4.3 Towards a Model with a Layer-Depth-Dependent Density of States

The so far used DOS-based model is not able to produce fits that match the measured spectra
of the homointerface experiments (see Figure 5.4-1). In particular, the density of occupied
states in the undoped layer, which are energetically above Er of the doped layer, is too low in
comparison to the high density of holes in the doped layer. Thus, the modeled potential drop
resulting from the charge transfer at the interface is mainly located in the undoped layer and
therefore the modeled sublayer peaks do not shift. In other words, to cause a shift of the
sublayer peaks a substantial change of the electrical potential has to take place in the sublayer
and thus more charges need to be transferred from the undoped layer. This can only be achieved
by increasing the number of gap states of the undoped layer right at the interface which tail
into the energy gap and are partially higher in energy than Er of the doped layer.

If this increased tail state concentration is applied to the DOS of the whole undoped layer, the
overall number of transferred charges becomes so high, that the potential drops very quickly
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over the full range of the initial Er difference between doped and undoped layer. After a few
nanometers of deposited adlayer, the energetic difference of Er to HOMO onset in the undoped
layer is at the values of the pure HTM layers on ITO — about 1.4 €V for m-MTDATA and 1.9 eV
for HTM-B (see Figure 4.1-25). However, these values are also in contradiction to the results of
the homointerface experiments. Here, even at adlayer thicknesses around 20 nm the HOMO
onsets shift to about 1 eV below Er (see green diamonds in Figure 5.4-7). Therefore, the model
needs to be able to provide a significant charge transfer during the deposition of the first few
nanometers by an increased DOS but must reduce the charge density for the following deposited
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Figure 5.4-4: Photoemission spectra of the interface experiments a) (ITO/p-(2 vol%)-m-MTDATA) | m-MTDATA, b)
(ITO/p~(7 vol%)-m-MTDATA) | m-MTDATA, ¢) (ITO/p-(1 vol%)-HTM-B) | HTM-B, and d) (ITO/p-(5 vol%)-HTM-B) |
HTM-B. For each interface, the spectra of the C 1s (top panel) and valence emissions (bottom panel) are shown. The
measured spectra (black lines) are fitted by a superposition (green lines) of modeled substrate (blue shaded areas)
and adlayer spectra (red shaded areas) using the advanced DOS-based model. Layer thicknesses of the deposition
steps are stated in each bottom panel. Adapted from Frericks et al.74
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adlayer. This behavior cannot be modeled by using one constant DOS for the whole undoped

adlayer. Thus, the model is advanced towards a DOS that depends on the deposited adlayer
thickness. For simplicity, the layer is divided into two regions: one narrow region right at the
interface, and one region for the rest of the layer further away from the interface. Next, two
different DOS shapes can be used in these two regions. Right at the interface the concentration
of tail states will be high to provide the required charge transfer and further away from the
interface the tail state concentration will be low. The effect of different tail state concentrations
in the first nanometer of deposited adlayer is shown in Figure 5.4-3c. It can be clearly seen that
the electrical potential drop in the sublayer is the largest for the highest number of tail states
(blue line, t = 17%).
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Figure 5.4-5: C 1s spectra of the (a, b) (ITO/p (2 vol%) m-MTDATA) | m-MTDATA and (c, d) (ITO/p (1 vol%) HTM-
B) | HTM-B homointerface experiments. Measured spectra are plotted as black lines, modelled fits as green lines,
modeled sublayer spectra are given as blue shaded areas, and modeled adlayer spectra as red shaded areas. In a)
and c) the spectra using the initial DOS-based model fit with a low concentration of tail states (see Figure 5.4-1)
are plotted, showing a strong mismatch. For the fits in b) and d), the advanced model with an increased
concentration of tail states is used providing much better agreement with the measurements.
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Figure 5.4-4 shows the C 1s and valence spectra of all homointerface experiments fitted by the
advanced DOS-based model. Overall, a good agreement between fit and measured spectra is
achieved by using high and low tail state concentrations close and far from the interface in the
advanced DOS-based model. In Figure 5.4-5, the mismatching spectra (a, ¢) from the initial fits
(see Figure 5.4-1 (b, d)) are compared with the fits from the advanced model (b, d), clearly
showing an improvement of the agreement with the measured spectra. Given the combined fit
of two techniques (UPS and XPS), the number of spectra, and the simplifications in the model,
it is not surprising that there are still small deviations between fit and measurement. In contrast
to the original mismatch, the deviations are now randomly scattered across the spectra and do
not indicate a systematic error which would indicate wrong assumptions or trends in the model.
Therefore, the modeled electrical potential seems to accurately describe the actual electric
potential distribution at the interface.

As an example and for further evidence, the F 1s spectra from CPTCFA in the sublayer of the
(ITO/p-(7 vol%)-m-MTDATA) | m-MTDATA homointerface experiment (see Figure 5.4-2c) are
plotted in Figure 5.4-6a and fitted by pseudo-Voigt'*® type functions (blue lines). Highlighted
by the black dotted line which serves as guide for the eye, a shift of the sublayer to higher
binding energies is clearly visible in the first deposition steps. From the pseudo-Voigt fits, the
shift is determined to be 80 meV in the first two deposition steps. Thus, this analysis of the
sublayer’s CPTCFA signal provides further evidence for the unexpected sublayer shift where
only or mainly a shift in the undoped adlayer would be expected due to the lower charge
density. Furthermore, the electrical potential, which is obtained from the fits shown in Figure
5.4-4b, is used to model the F 1s spectra. Due to the low signal to noise ratio, the spectrum from
the bare sublayer (bottom spectrum) was fitted by a pseudo-Voigt profile which is then used to
model the spectra of the following deposition steps. The modeled spectra are shown as blue
shaded areas in Figure 5.4-6b. Red markers are positioned at the maxima and the shift to higher
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Figure 5.4-6: a) The F 1s spectra from the (ITO/p-(7 vol%)-m-MTDATA) | m-MTDATA homointerface experiment
(see also Figure 5.4-2) are fitted by pseudo-Voigt type functions (black dashed). The black dotted line serves as
guide for the eye and highlights the shift to higher binding energies. b) Stacked F 1s spectra as for (a) but fitted
using the DOS-based model. Red markers highlight the maxima. The straight black dotted line serves as guide for
the eye.
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binding energies can be seen with respect to the horizontal black dotted line which is drawn at
the binding energy position of the first spectrum and serves as guide for the eye.

It is clearly visible that the F 1s spectra modeled with the same electrical potential as the C 1s
and valence spectra are also in good agreement with the measured spectra. Therefore, the
validity of the modeled electric potential distribution is further supported, and the potential
distribution can be used to draw energy level diagrams of the homointerfaces.
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Figure 5.4-7: Energy level diagrams for the interfaces a) (ITO/p-(2 vol%)-m-MTDATA) | m-MTDATA, b)
(ITO/p-(1 vol%)-HTM-B) | HTM-B, c) (ITO/p-(7 vol%)-m-MTDATA) | m-MTDATA, and d) (ITO/p-(5 vol%)-HTM-B)
| HTM-B. The course of the energy levels follows the modeled electrical potential distribution obtained by fitting
the photoemission spectra using the advanced DOS-based model. The energetic position of HOMO onset and
vacuum levels is determined by the IP and WF of the undoped material modified by the modeled interface dipole.
LUMO onsets are situated according to the values of the optical energy gap above the HOMO onsets. The green
diamonds mark the energetic position of the measured WF and energetic difference of HOMO onset to Er at the
final layer thicknesses. The undoped adlayer region is highlighted in grey. Adapted from Frericks et al.7*
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As result of the homointerface experiments, the electrical potentials, which are obtained from
fitting with the advanced DOS-based model, are used to draw the energy level diagram of the
homointerfaces in Figure 5.4-7. The course of the HOMO onset, LUMO onset, and vacuum level
follows the calculated change of the electrical potential. The energetic positions of the HOMO
onsets and vacuum levels is determined by the IPs and WFs of the pure undoped HTMs. The
LUMO onset is situated according to the value of the optical energy gap above the HOMO onset.

There are three SCRs in the layer stacks. First, the energy levels of the doped layer bend
downwards towards the ITO interface as discussed in Section 5.1. Second, the energy levels in
the doped layer bend downwards towards the homointerface. Third, the energy levels in the
undoped layer bend upwards towards the homointerface. As for the heterointerface, the
potential drop at the homointerface is steeper in the more highly doped samples. This is again
due to the higher charge density and thus more narrow SCRs.

The potential in the undoped layer can be divided into two parts. Right at the interface the
potential drops quickly but then shows some kind of kink followed by a gradual change of the
potential with further distance from the interface. These two regions correspond to the two
regions with different tail state concentrations. Close to the interface where the tail state
concentration is high, the resulting charge density, and thus the electrical field and electrical
potential drop, is large. Further away from the interface where the tail state concentration is
set low, only few charges can be transferred and thus, charge density, electric field, and electric
potential drop are low.

As mentioned above, the energetic difference of HOMO onset to Er do not reach the values of
the pure undoped HTMs on ITO. Therefore, it can generally be concluded that the p-doped
sublayer influences the energetic position of Er in the undoped adlayer over a long range. It
should also be mentioned that a corresponding steep change of the vacuum level during the
first deposition steps is indeed detected by the shift of the SEC onset, i.e., a change of the WF.
As a result and in contrast to the observations in the work of Fukagawa et al.', the IP of the
molecules remains constant, and the observed shifts cannot be attributed to a change of the
energetic position of the electronic states with respect to the vacuum level. Consequently, the
shifts have to be the result of a charge transfer and resulting change of the electrical potential.

The parameters used to model the DOS for the fitting of the homointerfaces are listed in Table
5.4-1. As mentioned before, the parameters for the p-doped sublayer are chosen from the results
of the heterointerfaces in Table 5.3-1 which are closest in dopant concentration. The thickness
of the sublayer is given by d,, yry and is calculated from the deposition rate which is obtained
from the ITO signal damping. The concentration of the tail states t, which is used for the main
part of the undoped layer, is rather low in comparison to the one obtained for the
heterointerfaces. This might be interpreted as a reduced disorder in the undoped film when it
is deposited on the same host molecule instead of ITO. As already discussed, it is found that the
valence spectra are broadened at the interface to ITO and by incorporation of the CPTCFA
molecules (see Figure 4.2-5 and Figure 5.1-4). In contrast to this low tail state concentration
further apart from the interface, the concentration of tail states t;5 that is needed to obtain the
required potential drop in the sublayer is quite high. The thickness d;g of this region is quite
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Table 5.4-1: DOS parameters from fitting the homointerface experiments using the advanced DOS-based model.
X is the dopant concentration, ap-Htm is the thickness of the doped sublayer, tis the tail state concentration in
the undoped layer region further apart from the interface, and dis is the thickness of the undoped layer region
right at the interface where the increased tail state concentration ts is used. The DOS parameters for the doped
sublayer are taken from the results on the heterointerfaces which are closest in dopant concentration (see Table
5.3-1). Adapted from Frericks et al.”*

X dp-HTM t dis tis
Molecule DOS parameter p-HTM

in vol% in nm in % in nm in %

1 as for interface with ITO 14.8 0.10 1.0 20.0
HTM-B

5 as for interface with ITO 12.9 0.10 1.0 20.0

2 as for interface with ITO 11.3 0.23 1.0 17.0
m-MTDATA

7 as for interface with ITO 11.1 0.20 1.0 17.0

narrow with 1 nm in comparison to the estimated molecule dimensions between 0.5-2 nm (see
Section 4.1).

It can only be speculated about the origin for this high number of tail states right at the interface.
In the following, different literature reports on this topic will be discussed.

There are reports on similar steep, dipole-like potential drops at organic-organic interfaces in
literature.?%32°152 [n these reports, the interdiffusion of dopant molecules as possible
explanation is also discarded. The authors then introduce the concept of an intrinsic charge
neutrality level and an induced density of states. This induced density of states forms electronic
states continuously distributed over the energy gap which allows to transfer charges across the
interface depending on the position of the Fermi level with respect to the CNL. Overall, this
method is quite similar to the assumed high tail state concentration in this work. Here, the
tailing gap states correspond to the induced density of states and allow for the required charge
transfer (see Figure 2.4-4 in Section 2.4). In the published articles, the origin for this induced
density of states remains quite vague. The induced DOS has been introduced for experiments
at metal-organic interfaces where the charge carrier concentration in the metal contact material
might be high enough to justify such a strong interaction with the organic adlayer.>® The idea
of the induced states has then been transferred to organic-organic interfaces where — as pointed
out by Braun et al. — the interaction is expected to be much weaker and an induced density of
states seems less likely.3®

Fukagawa et al.'® performed experiments with pentacene on differently modified graphite
substrates. They used an inert molecular dipole layer to decouple the pentacene from the
graphite and realize different substrate WFs. As a result, they observe a charge transfer from
the pentacene into the graphite when the modified substrate WF is larger than the IP of
pentacene forming a dipolar layer between the substrate and the thin pentacene layer (1-
1.6 nm). The charge transfer is explained by the presence of occupied gap states in the
pentacene film which are situated above the substrate’s Er. These states appear together with
structural inhomogenity.!8
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Furthermore, Opitz et al. report the change of the molecular orientation at an organic-organic
heterointerface that leads to a change in the energetic position of the HOMO and LUMO states
and a strong change of electrical potential right at the interface.?*

If the electronic interaction of organic-organic heterointerfaces is generally considered to be
weak, it seems even more surprising for the studied homointerfaces to show such a strong effect
in the DOS at the interface. The only difference between the sub- and adlayer that marks the
interface is the incorporation of dopant molecules in the doped sublayer. It therefore has to be
assumed that the presence of the dopant molecules or their induced charge density lead to the
presence of the predicted gap states in the undoped layer right at the interface — by a structural,
orientational, conformational, or electronic influence on the adlayer molecules right at the
interface. While the above-mentioned experiments in literature often examine molecules with
a crystalline structure, the overall structure of the organic thin films of the studied molecules is
expected to be amorphous (see Subsections 4.1.3 and 4.1.4). Still, a locally changing short
range orientation of the molecules especially at the interface is conceivable,200-20!

The presented experiments in combination with the DOS-based modeling provide a basis and a
tool for further investigations. The advancement of the DOS-based model is still a rather simple
description of a layer depth-dependent DOS. Further development in this direction providing a
layer-by-layer changing DOS might be necessary for an even better in-depth characterization.
Experimentally, future studies with a broader range of molecules including different crystalline
or amorphous structures might help in the attempt to understand the mechanism not only for
such homointerfaces as studied in this dissertation but also on the heterointerfaces examined
in other investigations.

5.5 Conclusion

In this chapter, a new DOS-based modeling approach for the analysis of photoelectron
spectroscopy interface experiments was shown. In these interface experiments, step-by-step
deposition and consecutive photoemission spectroscopy were used to study the interface
formation with emphasis on the electronic structure. ITO | (p-)HTM heterointerface were used
as a test case. First, these heterointerfaces were analyzed by classical methods to lay the
benchmark for the new approach. Next, the new model was introduced and then applied to the
heterointerfaces. The ITO | (p-)HTM heterointerfaces were studied for two different HTMs,
m-MTDATA and HTM-B, at different dopant concentrations. The classical analysis of the
interface experiments reveals a typical semiconductor physics textbook behavior. During
interface formation, charge transfer between ITO and the organic semiconductor occurs which
leads to the formation of a SCR in the semiconductor. The potential drop across the SCR
depends on the final energetic position of Er in the doped semiconductor which up to about
2 vol% shifts towards 0.4 eV above the HOMO onset where the energetic position saturates.
With further increase of the dopant concentration the width of the SCR decreases. For both
materials, a small interface dipole is measured at the interface.

The DOS-based modeling approach combines different ideas from literature in a new way and,
for the first time, generates spectra for different emission regions that can be directly fitted to
the measured ones. Here, a calculated distribution of the electrical potential, which is mainly
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influenced by assuming a model of the organic semiconductor’s DOS, is considered. It further
takes into account the variation of the layer-depth dependent signal intensity in convolution
with the electrical potential distribution. The model demonstrated to deliver the same results
on the energetic properties as by a classical analysis of the data. In addition, the model allows
for a detailed discussion of the electronic states introduced by the dopant or potentially present
in the energy gap of the organic semiconductor. The DOS-based model also gives a more
accurate description of the electrical potential in the SCR than the often-used Schottky model.
As it considers the change of the charge density with the change of the energetic position of Er
it is more accurate in calculating SCR widths and ionized acceptor concentrations. This Fermi
level dependent charge density is realized by using a constant acceptor DOS but calculating the
occupation based on the relative energetic position of Er resulting in a varying charge
distribution.

Next, the successful test of the DOS-based model allowed to analyze (ITO/p-HTM) | HTM
homointerfaces. These homointerfaces are difficult to characterize as the sublayer and adlayer
signals are dominated by the same spectral features which makes it impossible to distinguish
them. Here, the model proves to be crucial as it provides the physical basis to discuss the
observed spectral shifts. Again, m-MTDATA and HTM-B were used in the experiments to form
the layer stacks with the same host molecule in the doped and undoped layer of the interface.
Two different dopant concentrations in the doped layer were tested for each material. From the
spectra, it is found that an unexpected SCR appears in the p-doped layer. Principle physical
considerations, assuming a structurally perfect homointerface, would suggest that this should
not be the case as the charge carrier density should be much higher in the doped sublayer
compared to the undoped adlayer. A potential interdiffusion of the dopant during or after
deposition is ruled out experimentally as well as by theoretical considerations using the model.
In a next step, the DOS-based model was further advanced to allow for a different DOS right at
the interface and further apart from the interface. With this advanced DOS-based model, it is
shown that an increased density of gap states in the undoped layer right at the interface is able
to create a sufficient charge transfer into the doped layer which causes the formation of a SCR
in the doped layer. The origin of these gap states remains unclear, but it is suggested that they
are induced by a structural change in the molecular orientation or conformation right at the
interface. It is further discussed that similar effects are reported in literature for organic-organic
heterointerfaces and that gap states often seem to play a significant role in the energy alignment
of organic semiconductor interfaces. Still, it is surprising to detect that even at a homointerface
— where only a few percent of dopant molecules define the difference between the two sides of
the interface — modified electronic properties and their involvement in contact formation seem
to occur. It is suggested that further studies are needed to investigate these predicted interface
states in a more dedicated approach by a systematic variation of molecules that form amorphous
and also crystalline layers.
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6 The Aluminum Back Contact
Interface in Hole-Only Devices

Even though, the interface between a cathode material and an HTM is generally not present in
any full device, it is still relevant for so called hole-only devices.**!” These hole-only devices are
often used in research and development efforts where the device structure is reduced to isolate
the effects of certain layers and exclude further complicating processes, e.g., charge
recombination. In these cases, a second electrode is still required to enable electrical
measurements, and a cathode material is then often used as back contact. However, in the hole-
only device study of WiRdorf et al. the influence of the Al cathode is found to play a main role
in the observed effects.'” In this section, the same material combination as in the work of
Wilddorf et al. is investigated in heterointerface experiments. Aluminum is deposited step-by-
step onto p-doped as well as undoped HTM-B thin films. In the first subsection the layer growth
of Al will be analyzed and discussed, and then in the second subsection the interface
experiments will be analyzed with respect to the electronic structure at the interface. Finally,
the results will be discussed with respect to the observations made by Wilsdorf et al., but also
address the problems of Al interfaces in the general context of hole-only devices.

6.1 Layer Growth and Thin Film Formation

In this subsection, the growth of aluminum thin films on different sublayer materials and under
different deposition conditions is analyzed. The results of the first interface experiments showed
a behavior different from a simple layer-by-layer Frank-van der Merwe type of growth mode.?
Therefore, further interface experiments were carried out to examine if a difference in thin film
growth could be achieved. The parameters for the interface experiments are given in Table
6.1-1. The experiments with Si wafer substrates serve as references. The Si wafer substrates
were treated by Ar-ion etching to remove the native oxide layer and avoid any reaction with Al
In the work by Wifldorf et al.'”, which is mentioned in the introduction to this chapter and is
the motivation for these experiments, much higher deposition rates (about 300 vs 4 A/min) and
a higher base pressure (<107 mbar) are used. In literature, there are statements that the
deposition rate or base pressure in the vacuum chamber might influence the thin film growth.6!
Thus, the deposition rate and base pressure were increased for additional experiments. To
increase the deposition rate, the temperature of the evaporation source was increased; the

Table 6.1-1: Deposition parameters for the different interface experiments.

Sublayer | Ar-ion Ar-ion HTM-B | HTM-B | HTM-B | p-(14vol%)- | CPTCFA
etched Si | etched Si HTM-B

Evap.

Source 915°C 1005°C 915°C 915°C 1005°C 915°C 915°C

Temp.

Base ~5-107 ~5-107 ~510° | ~3-10® | ~5-10° | ~5-10° ~5-10°

Pressure | mbar mbar mbar mbar mbar mbar mbar
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experiments at higher evaporation source temperatures will be referred to as “high-rate”. To
achieve a higher base pressure, the chamber was vented and no bake-out was performed
afterwards; the experiment conducted at higher base pressure is referred to as “high P”. The
base pressure in the chamber was measured after the Al evaporation source was heated up but
the shutter was still closed. The exact values from the article by Wil3dorf et al. could not be

reached but the increased values might still give some ideas on the influence of these
parameters.

Core-Level Spectra Analysis

To analyze the deposition of Al in the different interface experiments, the evolution of the
sublayer emission peaks is plotted against the deposition time in Figure 6.1-1. Examples of the
corresponding photoemission spectra from the interface experiments can be seen later in Figure
6.1-3 and Figure 6.2-1. For the high-rate experiments, the deposition rate is expected to be
about ten times higher than in the other experiments. This expectation is based on an increase
in vapor pressure of about one order of magnitude for Al when going from about 900°C to
1000°C.203294 Thus, the deposition time steps were reduced to a tenth. The high-rate experiment
data in Figure 6.1-1 are plotted with respect to the top x-axis which is scaled by a factor of 0.1
to the bottom x-axis. Figure 6.1-1a shows the evolution of the sublayer emission peak areas
normalized to the initial value before deposition. In b), the natural logarithm of these
normalized values is plotted. For the reference depositions on Si (brown squares, and dark
green right pointing triangles), the Si 2p emission intensity decreases with increasing deposition
time towards zero intensity as expected. The data points of the normal and high-rate depositions
are close but do not exactly match. This indicates that the factor between the deposition rates
for the high-rate and normal depositions is not ten as assumed for plot but slightly lower. The
data points of the F 1s emission areas from the CPTCFA sublayer (dark orange down pointing
triangles) evolve closely to the ones of the Si substrates. In contrast, the C 1s emission peak
areas of the Al deposition at normal rate on doped and undoped HTM-B (red up pointing
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Figure 6.1-1: a) Peak areas of the sublayer core level emissions against Al deposition time normalized to the initial
peak before deposition of Al. b) Natural logarithm of the normalized peak areas against Al deposition time. The
data of the high-rate deposition experiments are plotted with respect to the top x-axis which is scaled by a tenth
of the bottom axis to compensate for the higher deposition rate and allow for a comparison.
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triangles, dark red circles, orange diamonds) show a slower decrease in intensity with
increasing deposition time. Furthermore, the emissions do not tend towards zero but seem to
saturate slightly above 0.2. For the high-rate Al deposition on HTM-B, the emission peak area
decrease is slightly faster and reduces below 0.2 for a long deposition time. The plot of the
natural logarithm of these normalized intensities is chosen to compare the intensity evolution
with an exponential decay as it would be the case for a layer-by-layer growth. The dashed black
line resembles such an exponential decay for a deposition rate of 4 A/min and an effective
attenuation length for the emitted electrons of 20 A. It can be clearly seen that the data points
do not follow this linear trend but start along a steep slope which then gets more and more
gradual with further deposition time. If a layer-by-layer deposition is assumed this would be
described as a high deposition rate that then becomes lower and lower. However, in the layer-
by-layer picture there is no reason why the deposition rate should decrease. In his dissertation,
Eric Mankel*® models the sublayer emission intensity evolution for an island formation Volmer-
Weber type growth mode?*? and compares it to the Frank-van der Merwe type2°2. He shows that
the island growth leads to a more gradual slope in a semi-logarithmic plot than the layer-by-
layer growth. Based on this model he finds examples in his experiments where he observes a
change from a steep slope to a gradual slope which he then assigns to a Stranski-Krastanov type
growth mode.?°? In this growth mode type, the deposition starts with a layer growth and then
changes to the formation of islands with ongoing desposition.>® The in this work observed
change in the slope of the natural logarithm plot suggests a similar growth mode. For the
depositions on Si and on the CPTCFA sublayer, the slope is rather constant up to the last
deposition step in the high-rate deposition. However, instead of two regimes with two different
slopes, the change of the slope is rather continuous from steep to gradual for the depositions
on doped and undoped HTM-B sublayers. Also, the saturation above 20% of the initial intensity
is unexpected for the formation of islands which would still be expected to continuously cover
the surface with deposition time leading to a continuous decrease of the signal. In other words,
this saturation could mean that the islands do not grow into certain areas on the surface leaving
uncovered spots whose emission is not damped.

Take-Off Angle Dependent X-ray Photoelectron Spectroscopy

To further investigate the growth of an Al thin film deposited at normal rate for 16:40 min on
an HTM-B sublayer, the Al 2p and C 1s photoelectron emission were measured at different take-
off angles 6 with respect to the sample surface plane. With lowering the take-off angle the path
from a certain depth in the sample to the surface for the detected electrons is increased. If the
effective attenuation length of the electrons is considered to be independent of the take-off
angle in a first approximation, the path length of the detected electrons can be assumed
constant, and the effective information depth is lowered. In other words, the surface sensitivity
is enhanced by lowering the take-off angle.?°>2% With lower 0, the detected intensity decreases
overall. Thus, the change of the Al 2p peak area with 6 has to be analyzed relative to the
evolution of the C 1s peak area. Therefore, the Al 2p peak area is divided by the C 1s peak area
for each take-off angle and then normalized to the ratio at normal emission, i.e., 6 = 90°.

The obtained values are plotted in Figure 6.1-2a. Due to the increased surface sensitivity with
decreasing 6, it would be expected that the adlayer signal increases relative to the sublayer
signal with decreasing 6. In contrast, the data points in Figure 6.1-2a show exactly the opposite
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Figure 6.1-2: a) Take-off angle dependent Al 2p peak areas of an HTM-B | Al stack. The peak areas are divided by

the ones of the C 1s sublayer peak and normalized to the ratio at 90° take-off angle 6. b) Evolution of the UP

valence spectra for the HTM-B | Al high-rate interface experiment. Deposition times are stated on the right.
trend. In a simple picture, this trend would suggest that there are organic molecules above the
deposited Al. However, it is also known that the surface roughness influences the results of
take-off angle dependent measurements.?*>2%” The aspect ratio of the underlying ITO grain
morphology is within a value of about 0.1 (height/width) rather small (see Subsection 4.1.1)
and thus the effect of the substrate roughness can be assumed to have no significant influence.
However, the formation of Al islands during the growth might influence the take-off angle
dependent results more strongly and the analysis is no longer straightforward.

Valence Spectra Analysis

Besides the trends for the core level electron emissions, the evolution of the valence spectra
with increasing Al deposition time does also deviate from a simple layer-by-layer growth mode.
In Figure 6.1-2b, the valence spectra for the HTM-B | Al high-rate interface experiment are
shown. It can be clearly seen that the spectral features from the organic sublayer with peaks
around 2.5, 4.5, and 7 eV binding energy are well visible along the deposition of Al. Even after
6 min of high-rate deposition the spectral signature is still clearly visible while the C 1s core
level emission is strongly reduced to about 5% of initial intensity at this point (see Figure 6.1-1).
A quantification of the valence spectra is not possible as the spectral signature of the adlayer is
not clear and thus cannot be subtracted from the measured data to obtain the pure sublayer
signal. The effective attenuation length in Al for the emitted electrons with kinetic energies
around 10 eV is reported with values between 4 and 40 A.2%8-21° In the work of Ashley et al., the
inelastic mean free path of electrons at 10 eV is about 20 A and close to the one at 1000 eV.2!!

In addition, the valence spectra measured with He-II excitation (hv = 40.8 eV) — not shown
here — follow a similar trend even though this excitation energy results in electrons with kinetic
energies around 30eV and thus a much shorter expected effective attenuation length.
Therefore, it seems that at least in some areas of the surface organic molecules stay at the
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surface, potentially, as the Al diffuses into the top layers of the HTM. However, an exclusive
diffusion of Al into the organic layer seems unlikely as the valence spectra show the appearance
of a Fermi edge feature after about 2-4 s of deposition time. This requires the formation of
clusters or islands of Al atoms. In contrast to this evolution of the valence spectra for the
depositions on doped and undoped HTM-B, the valence spectra of Si and the CPTCFA sublayer
vanish after the first deposition step in the respective interface experiments (see Figure 6.1-3).
This shows that in principle the effective attenuation length in Al is small for the UP spectra
and a remaining sublayer signal with deposition has to be the result of diffusion or island
formation. From these results up to here, it can be concluded that Al likely grows in islands on
the doped and undoped HTM-B thin films and might also diffuse partially into these organic
layers. While the diffusion of Al into the substrate seems unlikely for Si, it is noteworthy that
the behavior on the organic molecules of the CPTCFA sublayer is completely different from the
undoped or even doped HTM-B layers. Therefore, before the discussion of the Al thin film
growth is concluded, a closer look is taken on the photoemission spectra of the CPTCFA | Al
interface experiment.

Reactive CPTCFA | Al Interface

In Figure 6.1-3, the evolution of the X-ray photoelectron (XP) and UP spectra of the pure
CPTCFA | Al interface experiment are shown. The bottom Al 2p spectrum shows a broad peak
around 76 eV after the first 20 s of deposition. Then, with continuing deposition a sharper
doublet around 73 eV appears and grows in intensity. While the sharp peak at 73 eV can be
assigned to metallic Al, the broad peak at higher binding energies marks the existence of a

strongly oxidized Al species.'#°

Furthermore, the C 1s, N 1s, and F 1s spectra show a broadening of the peaks and a shoulder
towards lower binding energies after the first deposition step of Al. The shoulder is especially
well visible in the C 1s emission. These observations suggest that there is a charge transfer and
potentially a reaction between the deposited Al and the CPTCFA molecules of the sublayer
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Figure 6.1-3: Photoemission spectra of the CPTCFA | Al interface experiment. The spectra are plotted from bottom
to top for increasing deposition time. The total deposition time steps are given next to the N 1s spectra.
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where Al is oxidized, transferring its electrons to the CPTCFA molecules. As a result, the binding
energy of the Al 2p core level electrons on the positively charged Al-ions would increase while
the increased electron density on the negatively charged CPTCFA molecules would cause a
respective shift of the core level emissions to lower binding energies. Considering that Al is a
rather reactive metal that is easily oxidized,?!%?!® and that the p-dopant is designed with a large
electron affinity to accept electrons (see Subsection 4.1.2), such a reaction seems likely.
Furthermore, Fahlman et al. report the reaction of Al with cyano derivatives of poly(p-
phenylene vinylene) and identifies that Al preferentially reacts with the C=N groups which are
also present in the here used CPTCFA molecule.?!* Based on this analysis of the CPTCFA | Al
interface, the growth of the Al thin films can be further discussed.

In literature, similar effects to those observed here are found for Al and other metal contact
materials like, e.g., Au, Ag, and Mg. The diffusion of thermally evaporated hot metal atoms into
the organic semiconductor layers is observed using measurements of the signal evolution after
heat treatment, capacity measurements, scanning electron microscopy on cross sections, and
Auger electron spectroscopy depth profiling.38161:215-217 Often the diffusion is accompanied with
a reactive interaction between the metal and the organic layer. Hirose et al. study the interface
of several metal elements and see a trend for reactive metals to diffuse while noble metals tend
to form abrupt interfaces.?!® Furthermore, there are reports where the valence features of the
organic sublayer measured by UPS are found to only slowly decrease with Al deposition. As
there is no sign for a reaction and thereby indication for diffusion, the authors assign this slow
intensity decrease to a not fully covered surface, i.e., island formation.'®#?1? In the work of Hill
et al., similar observations are made for Ag and Mg. However, the authors detect a clear Fermi
edge feature in the spectra for Ag but not for Mg. They interpret this as the formation of islands
in the case of Ag and a diffusion into the organic layer in the case of Mg.??° In contrast to the
reports of reaction driven diffusion of metal atoms into the organic sublayers, the reports of
Kaune et al. and Demirkan et al. describe limited diffusion and a Stranski-Krastanov type growth
due to the formation of a reaction layer. In their picture, the reacting Al atoms are bound to the
molecules at the surface forming many nucleation sites facilitating a quick layer growth.63-221
The observations of the here studied CPTCFA | Al interface support these latter reports. They
also indicate the formation of a closed layer as indicated by the quickly vanishing sublayer
features in the valence spectra and the nearly linear decrease of the natural logarithm of the
normalized C 1s peak. In addition, the spectra show a charge transfer or reaction between Al
and the CPTCFA molecules. The reduced slope of the C 1s peak area at longer deposition times
indicates the transition to island formation.

For the depositions of Al on undoped and doped HTM-B, the interpretation is more complex.
The formation of a closed layer can be ruled out by the evolution of the XPS core level emissions
and the UP valence spectra. Furthermore, the detection of a Fermi edge in the valence spectra
shows the formation of metal clusters or islands at the surface. However, island formation alone
does not explain the different sublayer signal damping in XPS and UPS data. If there would be
only island formation on the surface, the ratio of covered and uncovered parts of the surface
would be expected to affect the XPS and UPS signal in the same way. The signal damping of
the surface parts covered by islands, however, would be expected to follow an exponential law
with a shorter effective attenuation length and a faster signal decay in the case of UPS. As a
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result, and opposite to the observations here, the UPS signal would be expected to decrease
faster than the XPS signal. It is therefore assumed that a combination of Al diffusion into the
organic layer and island formation is taking place during deposition. The idea is that, on the
one hand, the interdiffused layer leads to signal damping of the underlaying organic layer
reducing the effective information depth of the core level emission intensities. On the other
hand, the UPS valence signal is less affected as it results only from the topmost molecular layers
which are still at the surface. As a result of this complex organic-metal interface that is not
following a simple layer-by-layer growth and might include interdiffusion and the reaction of
Al and CPTCFA molecules with each other, the data of the interface experiments are not suitable
for an analysis using the DOS-based model. In the next subsection, the electronic structure at
the interfaces is thus analyzed in a classical manner.

6.2 Electronic Structure at the Interface

After the growth type of deposited Al onto doped and undoped HTM-B was discussed in the
previous subsection, the respective interface experiments will now be analyzed regarding the
electronic structure and energy level alignment at the interface. As an example, the
photoemission spectra of the p-HTM-B | Al interface experiment are presented in Figure 6.2-1.
Shown are a) the Al 2p, b) C1s, and c) valence spectra. The total deposition time for each
deposition step is stated on the right. The first (bottom) Al 2p spectrum marks the first
deposition step. The vertical dashed black lines serve as guide for the eye and mark the final
Al 2p peak maximum, the initial C 1s peak maximum, and the initial HOMO onset binding
energy positions.

Right after the first deposition for 10 s, the Al 2p signal is still quite weak but the C 1s and
valence spectra show a strong shift to higher binding energies. For the C 1s peak, the shift is
combined with a broadening of the peak. This shift continues up to 40 s total deposition time.
After 20s of deposition, a Fermi-edge-like spectral feature can be detected around 0.3 eV
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Figure 6.2-1: Photoemission spectra of the p-HTM-B | Al interface experiment for increasing deposition time from
bottom to top. Shown are a) the Al 2p, b) C 1s, and c) valence emissions. The total deposition time for each step
is stated on the right. The Al 2p spectra start with the first deposition step of 10 s.
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binding energy. For the continued deposition up to about 5 min, a slight shift in the opposite
direction towards lower binding energies is observed for the C 1s peak, the HOMO onset, and
the Al 2p peak. Also, the Fermi edge in the valence spectra shifts towards 0 eV.

For the undoped HTM-B | Al interface experiments (spectra not shown), the spectra show no
shift for the first 20 s of deposition. Afterwards, with continued deposition, a shift towards lower
binding energies is observed for the spectral features. For the C1s peaks, the shift is
accompanied by a broadening of the peaks. Again, a Fermi edge is detected which analogously
shifts from about 0.7 eV towards OeV. In Figure 6.2-2a, the HOMO onset binding energy
positions vs. deposition time are plotted for the experiments with doped and undoped HTM-B.
The evolution of the HOMO onset is representative for the observed shifts in the other emission
spectra. It can be seen that there is barely any difference between the experiments on undoped
HTM-B, thereby showing no influence of the varied deposition rate or base pressure. Due to the
p-doping, the energetic position of Er of the p-HTM-B sublayer is closer to the HOMO onset
prior to the Al deposition than in the undoped layer. However, right with the first deposition
step the HOMO onset of the doped layer shifts to higher binding energies, i.e., towards the
energetic position of the undoped layer. After around 20 to 40 s of Al deposition, the HOMO
onsets of the undoped HTM-B layers start to shift towards lower binding energies. Also, the
HOMO onset of the doped layer shifts to lower binding energies. This is accompanied by the
detection of the Fermi edge. At about 5 min of Al deposition, the HOMO onset shifts in the
doped and undoped sublayers, also starting to saturate around 1.4eV below Er. These
observations can be understood as follows: During the first deposition steps most of the
deposited Al diffuses into the organic layer, but the XP spectra of the undoped HTM-B | Al
interface show no indication for a reaction. Thus, the Al atoms apparently do not react with the
HTM-B molecules. In the doped HTM-B layer, however, the Al atoms can be expected to react
with the p-dopant molecules as the results of the CPTCFA | Al experiment indicate. This
reaction potentially revokes the p-doping effect and thereby leads to an Er shift away from the
HOMO. Furthermore, the Al atoms could act as donors and simply release electrons which
recombine with the holes, originally introduced by the p-dopant molecules. With continued
deposition, Al starts to form islands on the surface as indicated by the appearance of the Fermi
edge.
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Figure 6.2-2: Evolution of a) the HOMO onsets and b) the WFs with Al deposition time for the different interface
experiments. The deposition time of the high-rate experiment data is multiplied by ten (x 10) for plotting to allow
for a better comparison.
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At this point, a more classical interface energy level alignment between organic layer and
metallic Al islands can be considered. For undoped HTM-B the WF is determined to be about
3.7 eV and for Al on Si a value of 4.2 eV is measured (see Subsection 4.1.5). This suggests the
charge transfer of electrons from the organic layer into Al during interface formation. The
charge transfer then would result into a SCR in the organic layer which causes an electrical
potential and a respective upwards bending of the energy levels towards the interface —
photoelectron binding energies shift towards lower values. The formation of a SCR also explains
the broadening of the C 1s peaks. For the doped HTM-B layer, as discussed, the interdiffusion
layer is also effectively undoped or at least much more weakly p-doped. Therefore, Er is also
slightly above the one of a pure Al layer leading to a negative charge transfer from the organic
layer to Al. This charge transfer then adjusts the Er energetic position and causes the slight shift
in binding energy. If the Al islands are not interconnected on the surface towards the contacting
sample holder screws on the side, they are only electrically connected through the underlaying
organic layer. Thus, the Al islands electronically float on top of the organic layer and their Fermi
edge and Al 2p emission will shift along with the change of the electrical potential in the organic
layer. For the deposition of a metallic contact, usually, it is expected that the high density of
charge carriers in the metal leads immediately to the required charge transfer and formation of
the SCR. Thus, the Fermi level of Al should appear right away at 0 eV binding energy. Then,
also, no layer-by-layer shift of the core level spectra would be observed. As a result, either the
amounts of deposited Al are too low for an immediate formation of the full SCR, or there are
other effects, e.g., charging®®® or surface photo voltages*??, which are present at early
deposition steps but vanish when the Al layer is interconnected and grounded via the sample
sides. However, no indications for comparable charging effects or surface photovoltages were
observed in the ITO | HTM-B interface experiments in Chapter 5. As the magnitude of the
observed binding energy shift is about 0.6 eV, such an effect should have a significant influence
which would be unlikely to be missed.

In addition to the core level and valence spectra, the SECs are also measured to determine the
WEFs. The evolution of the WFs is plotted in Figure 6.2-2b. Here, the values of Al on Si and the
CPTCFA sublayer are included. For these latter experiments, where the Al is expected to grow
in a Stranski-Krastanov type, the WF is determined around 4.2 eV. In contrast, the WFs of the
doped and undoped HTM-B experiments end up at about 3.8 eV. In addition, the shift of the
WFs is larger than the shift of the HOMO onsets in the case of doped HTM-B and smaller than
the shift of the HOMO onsets in the case of undoped HTM-B. This mismatch between HOMO
onset and WF indicates the formation of an interface dipole. The results of the electronic
structure analysis are summarized in the energy alignment in Figure 6.2-3. The exact course of
the electrical potential is not known for the interface. Therefore, it is simply assumed that the
electronic properties of the organic layer are constant over the whole layer thickness and that
the formation of the SCR at the organic-Al interface is similar to the situation at the ITO-organic
interface, resulting in a similar course of the electrical potential. The energy level course at the
ITO-organic interface is thus adjusted to the respective potential drop and used at the organic-
Al interface. The uncertainty about the exact energy level evolution is indicated by dashed lines.
The magnitude of the potential drop across the energy level bending is taken from the initial
and final HOMO onset energetic positions. The mismatch between WF and HOMO onset
evolution is drawn as offset at the interface indicating an interface dipole.
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Figure 6.2-3: Energy level alignment of a) the HTM-B | Al and b) the p-(14 vol%)-HTM-B | Al interfaces. The left
side interfaces towards ITO are taken from Figure 5.3-2. As the right interface is not abrupt and the exact electrical
potential distribution is not known, the energy levels are drawn as dashed lines. The expected Al vacuum level
energetic position (Alref) is given as grey line slightly shifted to the right. LUMO onset and vacuum level of the
organic layer are situated according to the IP and optical energy gap of the pure material above the HOMO onset.
The expected energetic position of the vacuum level of a pure Al layer is drawn as grey line
slightly shifted to the right. It can be seen that this reference line of the expected Al vacuum
level aligns perfectly with the vacuum level bending in the organic layer. In other words, as
expected from classical semiconductor physics,®” the observed potential drops across the SCRs
in the organic semiconductors correspond well to the initial Er differences between organic
layer and pure Al film. The observed WF of 3.8 eV suggests that the Al film on the doped and
undoped HTM-B layers is different from the one on Si. Typically, a lower WF of an Al thin film
indicates an increased oxidation.'®? Although the depositions are performed under UHV
conditions, there are small amounts of oxygen detected by XPS (see Subsection 4.1.5).
However, the amount of oxygen detected for the different depositions is about the same for all
experiments and the highest values are measured for the experiments on Si and the CPTCFA
layer which in contrast show the highest WF values. Another explanation for the low WF would
be the island formation of Al. As it is well shown in the work by Schultz et al.,¢ the WF of an
inhomogeneous surface measured by photoemission spectroscopy is dominated by the surface
areas with the lowest WF. For a well-defined sharply patterned surface, the superposition of
two SECs can be detected and the respective two WFs can be extracted. However, for less well-
defined inhomogeneous surfaces, the different WF contributions to the SEC cannot be
separated. The lowest WF does then mark the determined onset.!® For the here studied
interfaces, this effect could mean that the local WF at the Al islands on the surface is actually
around 4.2 eV while the organic layer spots with potentially interdiffused Al atoms between the
islands have a local WF of 3.8 eV. While the WF of the Al islands determines the shifts of the
charge transfer, electrical potential, and observed binding energy shifts, the uncovered surface
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areas dominate the determined WFs leading to the observed mismatch. In the following
subsection, the results of this subsection will be discussed with respect to the results published
by WiRdorf et al.?”

6.3 Discussion Regarding the Impedance Spectroscopy Results

As mentioned in the introduction to this section, the presented Al interface experiments are
strongly motivated by the report of Wif3dorf et al. Now, the results of the previous sections shall
be discussed with respect to the work by Widorf et al. but concluding with a more general
view on the topic. In this study, hole-only devices with the layer stacks of ITO/p-(x vol%)-HTM-
B/Al with different dopant concentrations in the organic layer are characterized by current-
voltage and capacitance-voltage measurements. The capacitance at 0 V is found to change with
the dopant concentration of the p-HTM-B layer and a maximum of the capacitance is found for
the devices with a dopant concentration around 5vol%. To understand this effect, a
combination of a differential equivalent circuit model and drift diffusion simulations is used to
model the results of the impedance spectra. From this model, the capacitance can be linked to
the charge carrier distribution. The stronger the charge carrier distribution varies over the
thickness of the organic layer, the more the capacitance diverges from its low limit geometrical
value. Similar to the DOS-based model used in this work, the Poisson equation is numerically
solved to obtain the charge carrier distribution. As a result of the simulations, the authors find
SCRs near the interfaces to the contacts. Especially the SCR at the Al interface is found to
severely change and cause the observed capacitance effect. In their simulation, the SCRs get
smaller, and the change of the charge carrier distribution gets steeper with increasing dopant
concentration. In addition, the contact potential at the Al interface is altered with dopant
concentration which reduces the potential drop and the energy level bending across the SCR.
The reason for this changed contact potential is speculated to be a changed interface dipole.!”

For the interface prepared in this work, the deposition conditions do not match the ones stated
in the work of Widorf et al. Their Al thin films are deposited at a rate of 300 A/min in a base
pressure of smaller than 10”7 mbar.!” In this work, the nominal deposition rate can be estimated
to be around 4 A/min or 40 A/min in the case of the high-rate depositions. Even higher
deposition rates could not be used for the interface experiments as the deposition time could
have been no longer well controlled via the shutter. From the peak area evolution of the sublevel
core level emissions (see Figure 6.1-1), it can be seen that an increased deposition rate might
have some influence on the thin film formation. Whether the hotter atoms, which are
evaporated at higher temperature to achieve the increased rate, will diffuse deeper into the
organic layer or if the faster arriving atoms form more or broader growing islands cannot be
told. The base pressure of 10 mbar or even 10 mbar used here is also well below the values
for the reported hole-only device fabrication. A higher content of oxygen in the remaining gas
of the chamber might act as surfactant for the formation of a closed thin film.®* Still, the overall
observed effects seem not to be influenced by a change of deposition rate or base pressure and
the analysis of the electronic structure at the p-HTM-B | Al interface does also not reveal strong
differences. Therefore, it is assumed that the results obtained here are also true for the p-HTM-
B | Al interface of the hole-only devices of the literature report.
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In the article, the SCR at the p-HTM-B | Al interface is predicted to play the dominant role in
the capacitance effect. The interface experiment reveals a strong shift of the energy levels which
confirms the existence of a SCR at the interface. Furthermore, the energy level shift is caused
by the revoking of the p-doping and thus linking the SCR to the distribution of the CPTCFA
molecules. Therefore, it can be assumed that the SCR gets narrower with increasing dopant
concentration, i.e., increasing dopant molecule density. Potentially, the diffusion of Al atoms
into the organic layer could also be influenced by the distribution of the CPTCFA molecules by
the reaction between Al and CPTCFA. At lower dopant concentrations, the Al atoms could
diffuse deeper into the material before getting trapped by a dopant molecule which at high
dopant concentrations would occur closer to the surface. Overall, the SCRs which are observed
in this work at the ITO interface tend to be narrower than the ones which are shown for the
hole-only devices in the article. Still, the experiments presented here support the trend of
narrower SCRs at higher dopant concentrations predicted by the simulations in the article by
WiRdorf et al.'” In contrast, no indication for a change of the contact potential at the interface
caused by a dipole can be found. The observed potential drops across the SCR at the interface
seem to be determined by the Er difference of p-doped HTM-B and pure Al thin films before
contact. Thus, above a dopant concentration of about 2 vol%, where the energetic position of
Er saturates and does not get closer to the HOMO onset, no change of the potential drop can be
expected. If there is an interface dipole the results show that it is about the same for undoped
and doped HTM-B (about 0.4 eV) and cannot be expected to change with dopant concentration.
However, it shall be mentioned again that this potential interface dipole is more likely a
measurement artifact by the inhomogeneous surface of Al islands. For the interpretation of the
hole-only device simulation results, this could mean that the simulated change of the contact
potential is compensating for very steep potential changes right at the interface of the narrow
SCRs at high dopant concentrations which might be below the spatial resolution of the
simulation grid. Furthermore, the diffusion of Al atoms into the organic layer and the non-
abrupt interface might also have an influence on the capacitance which is not accounted for in
the simulation.

Finally, it can be concluded that the predictions of the simulations by Wil3dorf et al. can to some
extend be confirmed by the results of the here presented interface experiment. Still, the
experiments also highlight that the assumptions and approximations necessary for the
simulation inherently cannot account for more complex less well-defined situations. In this case,
it is the complex interface structure and the reaction of Al with the CPTCFA molecule. In
conclusion to the results of the hole-only device impedance spectroscopy and the here analyzed
interface experiments, the Al interface is found to have a strong influence on the
characterization of the devices that cannot be easily modeled. This has to be carefully taken
into account for further hole-only device studies which contain a similar layer structure. If the
organic-Al interface dominates an observed effect in a hole-only device, the results might be
not useful for a further understanding of the hole transport side of full devices as the Al contact
is normally on the electron transport side. In other words, the goal of reducing the complexity
by using hole-only devices might not be reached if the required auxiliary back contact
introduces new effects. Further studies might investigate different back contact materials which
have less influence on the device characteristics. In principle, there is no need to stick to the
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same back contact (or front contact) material as in the full device for a hole-only (or electron
only) device as the created interface is never representative for the full device situation.

6.4 Conclusion

In this chapter, the (ITO/(p-)HTM-B) | Al heterointerface was studied. Interface experiments
with step-by-step deposition and consecutive photoemission spectroscopy were used for
characterization. The results are discussed with respect to a published article by Wif3dorf et al.
where hole-only devices of the same material combination were studied. Interface experiments
with Al deposition on different sublayers and for different deposition conditions are analyzed.
It is found that Al does not grow in a simple layer-by-layer type of growth mode on doped and
undoped HTM-B. The evolution of the XPS and UPS sublayer signal with deposition time as
well as measurements under different take-off angles suggest that Al diffuses into the
amorphous organic layer and forms islands on the surface. In contrast, Al quickly forms a closed
layer when it is deposited on a pure CPTCFA layer. Furthermore, it can be seen from the XP
spectra that a reaction between Al and the CPTCFA molecules occurs where Al transfers
electrons to the molecules redoping the layer to a more intrinsic value. Based on literature, the
C=N groups of CPTCFA could be the preferential reaction site for the Al atoms. This reaction
would then bind the deposited Al atoms and keep them from diffusing. The analysis of the
electronic structure at the interface shows that in the case of the undoped layer a SCR is formed
that leads to an upwards bending of the energy levels in the organic layer towards the Al
interface. For the case of the doped layer, the deposited Al quickly revokes the p-doping effect
by reaction with the CPTCFA molecules or simple donation of electrons and leads to an Er shift
away from the interface. The result is a SCR with a downwards bending of the energy level
towards the Al interface. In both cases, the shift of the energy levels corresponds to the expected
initial difference of Er in the materials before contact. The analysis of the WF evolution disagrees
with the shift of the energy levels and could indicate the formation of an interface dipole.
However, it is considered more likely that it is the result of the Al island formation and the
therefore inhomogeneous surface where areas of low WF dominate the measurement result.
Finally, the results are compared to the predictions from the published hole-only device study.
The measurements of this work prove the existence of a SCR at the Al interface and agree with
a decrease of the SCR width with increased dopant concentration. The results obtained here
disagree with a change of the contact potential and the formation of an interface dipole. It is
suggested that the interdiffusion of Al and the reaction with CPTCFA, which are not accounted
for in the published model, affect the device characteristics. As a final remark it should be
mentioned that the influence of the Al contact on the characteristics of hole-only devices have
to be carefully evaluated and that the use of a different contact material, which forms a more
abrupt surface and does not react with the dopant, might be advantageous. In future works, a
combination of photoemission interface experiments and electrical characterization could be
modeled by pairing the DOS-based model for the photoemission spectra from the previous
chapter with the drift-diffusion-based model for the electrical characterization mentioned in the
work by Widorf et al.!” Potentially, the fabrication of devices which are afterwards electrically
characterized should be first monitored by photoemission spectroscopy.
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7 Low Excitation Energy Electron
Emission — L4E

In this chapter, an unexpected side effect, which was observed during the experiments on the
interfaces of indium tin oxide (ITO) and the undoped hole transport materials (HTMs) (see
Section 5.1), is analyzed and discussed. During these interface experiments, it appeared that
illumination by the ultraviolet (UV) light emitting diode (LED) — which is used to increase the
conductivity and reduce charging effects (see Subsection 3.2.8) — strongly increases the
intensity of the secondary electron cut-off (SEC) measured at thick HTM films. It is found that
the UV-LED itself leads to emission of electrons although the excitation energy of the UV-LED
is smaller than the ionization potential (IP) of the materials. While light up-conversion, where
materials absorb low energy photons and emit photons of higher energy, is a well-known
research field,>*°® no description of this low excitation energy electron emission (L4E) effect
where electrons are emitted could be found in literature. Among the materials from this work,
the L4E effect is especially strong for m-MTDATA which is further studied here. In the following
sections of this chapter, the observations will be further described, LEDs with different
excitation energies will be tested, and their emission spectra will be compared to the absorption
spectrum of the HTM. Furthermore, the dependency of the L4E effect on the HTM layer
thickness, exposure to air, p-doping, temperature, and irradiation intensity will be analyzed.
Overall, the goal is to address the origin of the L4E effect. Thus, potential mechanisms will be
discussed and ideas for further experiments are given. In addition, the efficiency in terms of
emitted electrons per incident photon will be estimated leading to a discussion about a potential
application of the effect.

7.1 Dependencies of the L4AE Effect in m-MTDATA

The data shown in this section were obtained together with Sun-Myung Kim within the scope
of her bachelor thesis.?>> During the final deposition steps of the ITO | m-MTDATA interface
experiment, it is observed that the intensity of the SEC increases with the layer thickness until
the intensity exceeds the capacity of the detector of 1.6 -107 counts per second (cps). At this
intensity, the measurement breaks down until the number of emitted electrons drops again
below the limit, as otherwise this strong intensity would potentially damage the detector. The
respective spectrum can be seen in Figure 7.1-1.

Triggered by this unexpected behavior and the question under which conditions this effect
appears and what causes it, the measurement conditions are checked and varied until it is found
that the high electron emission intensity is linked to the application of the UV-LED during the
SEC measurements. After further testing, it is observed that the light from the UV-LED alone,
i.e. without light from the X-ray source or He-discharge lamp, can be used to cause the emission
of electrons which are detected as a SEC spectrum in a range of about 1.5 eV binding energy —
difference SEC onset to low binding energy onsets (see Figure 7.1-2a).

A question which immediately arises is whether or not the detected electrons are primary
electrons. If the detected electrons would be secondary electrons, they would have received
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energy from primary electrons which have the same or more energy. Then, some of these
hypothetical primary electrons which have not lost any energy should be detected with higher
kinetic energies, i.e., at lower binding energies. However, there is no further emission peak at
lower binding energies which would mark the energy of such primary electrons. Thus, even
though the measured peak is in the range where typically secondary electrons are detected, it
can be assumed that the detected electrons are instead directly excited primary electrons. These
electrons were probably excited into unoccupied states just above and below the vacuum level.
However, only the electrons excited above the vacuum level can be transferred to the vacuum
to be detected. Therefore, the same spectral cut-off shape as for the typical secondary electrons
is measured. Hence, as long as there are no charging effects, the SEC onsets measured under
He-I excitation alone, UV-LED excitation alone, or both excitations together are detected at the
same binding energy. Even though the electrons excited by the LED are primary electrons, their
spectra will be still referred to as SEC spectra due to the similar spectral shape and measurement
conditions.

The effect is not only observed for the standard UV-LED with a nominal wavelength of 365 nm
(3.40eV), but also for LEDs with nominal wavelengths of 400 nm (3.10eV) and 500 nm
(2.50 eV) as shown in Figure 7.1-2a. Here, it can be seen that the intensity of the spectrum
seems to scale with the excitation energy as the spectra decrease in intensity with increasing
nominal wavelength of the LED, i.e., decreasing photon energy. The photon energies of the
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Figure 7.1-2: a) SEC spectra recorded for different UV-LED excitation energies. The inset presents a magnification
of the lower intensity scale to show the weak spectrum of the 500 nm UV-LED. b) Energy level diagram of
m-MTDATA including the nominal excitation energies of the three UV-LEDs used in a) drawn as pink (365 nm),
blue (400 nm), and green (500 nm) arrow. Adapted from Sun-Myung Kim’s bachelor thesis.223
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LEDs are drawn in comparison to the m-MDTATA energy level diagram in Figure 7.1-2b. From
the diagram it becomes clear that all excitation energies are much smaller than the IP of
m-MTDATA (5eV) and should not be able to excite an electron from the highest occupied
molecular orbital (HOMO) to a state above the vacuum level. Thus, the excitation by none of
the LEDs alone should lead to the emission of electrons as the electrons need to have more
energy than the vacuum energy to be transferred from the sample to the vacuum (see Section
3.2).

Regardless of the excitation source, He-discharge lamp or LED, these electrons just above the
vacuum energy have only very little kinetic energy, are very slow, and get easily reabsorbed or
deflected. Thus, a bias of -5V is applied to the sample to accelerate the electrons and let them
reach the analyzer and detector. This bias will shift the potential of the whole sample including
the vacuum level and thus does not change the energetic distance between HOMO and vacuum
level. Therefore, the bias does not explain the L4E effect. Still, the bias does change the
measured intensity as a higher bias accelerates the electrons more strongly and more electrons
reach the analyzer and detector. Investigating the origin of this unexpected emission of
electrons, the emission wavelengths of the LEDs are also analyzed. If the LEDs would emit
photons of much higher energy besides their nominal wavelength, these photons could
potentially provide the required energy. To check the energy of the emitted photons, the emitted
spectra of the LEDs, nominal 365 nm, 400 nm, and 500 nm, are measured and plotted in Figure
7.1-3. The spectra are analyzed, and the peak intensities of the LEDs are obtained at energies
of 3.36 €V for the 365 nm LED, 3.05 eV for the 400 nm LED, and 2.46 eV for the 500 nm LED.
The uncertainty due to the energy step size of the data points is 0.01 eV. The full width at half
maximum (FWHM) for the LEDs is 100 meV, 110 meV and 160 meV, respectively. In addition
to the emission spectra, dashed lines in the graph mark the IP and WF of m-MTDATA on the
energy scale. It is clear that the energy of all emitted photons for all three LEDs is much smaller
than the IP of m-MTDATA. Still, it might be argued that there could be electrons in occupied
gap states which tail into the energy gap up to the Fermi level (Eg). In this case, the electrons
would not need to overcome the IP determined from the HOMO onset but the WF. However,
even compared to the WF the LEDs do not provide photons with enough energy, especially in
the case of the 400 nm and 500 nm LED. It has to be mentioned that the 365 nm LED shows an
unexpected second smaller emission line at about 3 eV. The origin of this line is not known, but
as it appears at lower energies it does not affect the analysis. Beside the emission spectra of the
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LEDs, the absorption spectrum of m-MTDATA is added to Figure 7.1-3. All spectra are
normalized.

The graph shows that the overlap of LED emission spectrum and the m-MTDATA absorption
spectrum becomes smaller with decreasing emission energy of the LEDs. In the case of the
500 nm LED, the tails of the LED emission and m-MTDATA main absorption peak touch but
their overlap is in the range of the noise. The second absorption peak of m-MTDATA is likely
an artifact of the simple absorption measurement setup (see Section 3.3) and is therefore not
considered. This trend of increasing overlap between emission and absorption with excitation
energy coincides with the increasing intensity of the respective SEC spectra. This observation is
purely qualitative as the radiant flux of the LEDs is not the same. According to the data sheets
of the LEDs, the radiant flux of the 400 nm LED (1800 mW) is higher than the one of the 365 nm
LED (1200 mW) which means that there are more photons at 400 nm LED than at 365 nm. This
should counteract the emission-absorption overlap dependency and thereby shows the strength
of the overlap influence.'® As a result of the LED emission spectra analysis, the LEDs do not
emit photons with energies that are high enough to overcome either the IP or the WF of m-
MTDATA. However, it is found that the overlap with the absorption spectrum seems to play a
dominant role for the intensity of the L4E effect.

Next, it shall be mentioned that the L4E does not only appear for m-MDTATA thin films
deposited on ITO but also for m-MDTATA thin films deposited on gold. In addition, L4E is also
observed for the commercial HTM HTM-B and the known HTM N,N’-Di-[(1-naphthyl)-N,N’-
diphenyl]-(1,1"-biphenyl)-4,4'-diamin (NPB).2?* As the effect is strongest in m-MTDATA, further
experiments are performed using m-MTDATA as example assuming that the behavior of the
other materials is similar.

The first observations during the interface experiments suggested that there is a dependence of
the effect on the HTM layer thickness. To properly test the layer thickness dependency, 365 nm
LED excited SEC spectra for different layer thicknesses of m-MTDATA are plotted in Figure
7.1-4a. A clear trend of increasing SEC intensity with increasing layer thickness is observed.
This is remarkable as the intensity of a common photoemission process saturates when the layer
thickness exceeds the information depth which depends on the effective attenuation length of
the electrons.*® Thus, the effective attenuation length of the emitted electrons is either much
larger than for typical photoemission processes due to the very low kinetic energies,*® or the
effect does not stem from a normal photoemission process. Another possible influence might
come from the substrate, as with increasing layer thickness also the distance to the substrate
interface increases.

To check if the effect persists after the exposure of the sample to air, which would allow for
further ex-situ characterization techniques, the sample was exposed to air for increasing time
intervals with consecutive measurements in UHV. The results are shown in Figure 7.1-4b. It is
clearly visible, that the measured SEC spectra decrease with cumulative air exposure time while
also shifting to lower binding energies. The shift to lower binding energies is also observed for
the HOMO onset in the valence spectra obtained from normal He-I excitation (spectra not
shown). This means that Er is shifting closer to the HOMO onset resulting in an increase of the
WF as it is typically observed for a p-doping effect. It is known that the exposure to oxygen can
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Figure 7.1-4: SEC spectra of m-MTDATA thin films excited by a 365 nm UV-LED. a) Different layer thicknesses are
compared. b) The sample is exposed to air for increasing time intervals before it is again introduced into the UHV
chamber for measurement. The spectrum of a p-doped sample is added for reference. The insets show
magnifications of the low intensity peaks. Adapted from Sun-Myung Kim’s bachelor thesis.223
lead to a p-doping effect in some organic semiconductor materials.??>22¢ Furthermore, oxygen
is known to quench excited molecular states, especially, excited triplet states (see later
discussion in Section 7.2), due to its triplet ground state and its first excited singlet state only
about 1 eV higher.!® To further test if p-doping affects the L4E effect, an intentionally p-doped
layer of m-MTDATA is prepared by co-evaporation of m-MTDATA with a commercial p-dopant
molecule, herein called CPTCFA, (see Subsection 4.1.2). The resulting SEC spectrum from the
365 nm LED excitation is also plotted in Figure 7.1-4b. In the inset, it can be seen that the
spectrum of the undoped sample after 60 min of air exposure is very similar to the spectrum of
the intentionally p-doped m-MTDATA film. The spectra agree in binding energy position as well
as intensity. In conclusion, p-doping by exposure to air or by co-evaporating a p-dopant
molecule strongly weakens the L4E effect and thus an ex-situ characterization of the effect is
not possible.

Based on the observations of the p-doped m-MTDATA films, the involvement of intermediate
excited states into the excitation process was considered. The lifetime of electrons in such
excited states then will play a dominant role. The lifetime might be reduced by quenching due
to the p-doping of the active layer reducing the intensity of the L4E effect. For example, for
organic LEDs it is known that an undoped layer is needed to separate the doped transport layer
from the emission layer, as otherwise the excitons in the emission layer get quenched by the
holes in the doped transport layer.?? To further investigate excited state lifetime effects, the
temperature dependence of the L4E effect was studied. Usually, the lifetime of electrons in
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Figure 7.1-5: SEC spectra of a m-MTDATA thin film excited : ] ] 198 K
by a 365 nm UV-LED, recorded at different temperatures. 'c% ] ] 208 K
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excited states is expected to increase with decreasing temperature, as higher temperatures favor
thermally activated non-radiative decay.'*®??° Therefore, a 20 nm thick m-MTDATA thin film
deposited on an ITO substrate was cooled down in the photoemission spectroscopy chamber.
Then, heating of the sample against the cooling was used to measure the L4E effect at defined
temperatures. The LED excited SEC spectra recorded between temperatures of 178 K to 373 K
are shown in Figure 7.1-5. It is clearly visible that the intensity of the SEC spectra decreases
with increasing temperature, supporting the idea of the dependency of the L4E effect on the
excited state lifetime.

Finally, the relation between irradiation intensity and electron emission intensity is analyzed.
The irradiation intensity of the 365 nm UV-LED is varied by changing the forward current
driving the UV-LED. The SEC spectra recorded at different irradiation intensities are integrated
to determine the area under the spectrum, i.e., the sum of the detected electrons per second.
The SEC integrated intensities are plotted against the UV-LED forward current in Figure 7.1-6a.
The relation between the radiant flux emitted by the UV-LED and the forward current is
extracted from the data sheet provided by the manufacturer of the UV-LED. It is added to the
graph as guidance to the eye (dotted black line) and scaled on the y-axis to overlap with part
of the SEC area data points. Overall, the relation between radiant flux and forward current is
close to linear. Therefore, the SEC area vs. forward current can be directly translated into SEC
area vs. radiant flux. Unfortunately, the relation of the UV-LED radiant flux vs. forward current
is not given for the low forward current regime. Thus, it can only be assumed that the trend is
similar to the known behavior and also close to linear. The inset shows a zoom into the low
forward current region. Here, it can be seen that the SEC area increases more than linearly with
the forward current. With higher forward current, the SEC area increases more slowly, i.e.,
more linearly, and the data points follow the radiant flux vs. forward current relation. Finally,
at a forward current above 400 mA the SEC area seems to saturate and get constant. Based on
the nearly linear relation between forward current and radiant flux of the UV-LED, the SEC area
vs. radiant flux can be characterized as a higher order dependence at low radiant flux, a linear
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Figure 7.1-6: a) SEC integrated intensities measured at different UV-LED (365 nm) forward current, i.e., irradiation
intensity. The inset presents a zoom into the region of low forward current. The dotted black line shows the
radiant flux vs. forward current relation extracted from the UV-LED data sheet; it serves as guidance to the eye.
The curve was scaled to overlap with the SEC area data points, where the start and end points are indicated by
black triangles. b) Same SEC areas vs. forward current data as in a) but plotted on a double logarithmic scale to
check for potential power-law dependencies. The black lines and values in the graph mark the slope of the curve
in this representation for low and high forward currents.
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dependence at medium radiant flux, and a lower order dependence or even independence at
high radiant flux.

This change of the SEC area dependence on the radiant flux becomes clearer when plotting the
data in a double logarithmic graph as it is done in Figure 7.1-6b. The slope of the data points
in this representation is determined at low forward current (low radiant flux) and high forward
current (high radiant flux). The slopes are indicated by black lines and the values of 2.53 and
0.04 are given in the graph. In a double logarithmic plot, the slope shows the power dependence
in its relation. This means that the L4E effect has a more than quadratic dependence on the
forward current (radiant flux) at low values and a transition to be independent from the
forward current (radiant flux) at high values. In the next section, possible mechanisms for the
L4E effect will be discussed. In literature, power dependencies are usually discussed in similar
light excitation effects and thus will play an important role.

7.2 Mechanistic Discussion of the L4E effect

As explained in more detail in Subsection 3.2.5, the model behind the SEC consists of three
steps. (i) Primary electrons are excited from occupied states into excited states, (ii) the excited
primary electrons scatter on their transport to the sample surface with other electrons
transferring energy and exciting these secondary electrons to excited states, and (iii) all
electrons at the surface which are in excited states above the vacuum level can be transferred
to the vacuum leaving the sample while the lower energy electrons cannot overcome the
vacuum level and remain in the sample.®>2** As mentioned before, in the case of primary and
secondary electrons, some of the primary electrons will reach the surface without inelastic
scattering, transfer to the vacuum, and will be detected at their characteristic kinetic energy.*
In the case of the low excitation energy from the LED, no signal at lower binding energies from
the main cut-off peak is detected. Thus, it is assumed that the detected electrons are primary
electrons which are excited in states above and below the vacuum level but only the once above
the vacuum level can leave the sample and get detected. As a result, the normal optical
transition from HOMO to lowest unoccupied molecular orbital (LUMO) is not sufficient as the
LUMO lies well below the vacuum energy (see the energy level diagram in Subsection 4.1.3).
Please note, that an optical transition should be generally treated in a state picture rather than
an orbital picture (see Section 2.2) and that the following discussion is simplified in this regard.
Figure 7.2-1 illustrates different excitation mechanisms in a simplified scheme. In a), the two-
photon excitation (2PE) is depicted. Here, an electron in an occupied HOMO state
simultaneously absorbs two photons gaining the energy of both photons and getting excited
into an unoccupied state above the vacuum level.?*! In b), two different two-step processes
adapted from the article “Power dependence of up-conversion luminescence in lanthanide and
transition-metal-ion systems” by Pollnau et al.>* are shown. The solid black arrows mark the
excitation processes while the dashed black arrows indicate the decay process which will be
further discussed below.

In both cases, the first step (1) is a photon absorption excitation (PAE) where an electron gets
excited from an occupied HOMO into an unoccupied LUMO state by absorption of a single
photon. In the second step, two different processes are distinguished.
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Figure 7.2-1: lllustration of different excitation processes that will lead to an electron in an excited state above the
vacuum level. a) Two-photon excitation (2PE), which is a simultaneous absorption of two photons by one electron.
Adapted from Pawlicki et al.234 b) Two-step processes where first (1) a single photon absorption excitation (PAE)
takes place. Here, an electron gets excited by one photon to the LUMO. This step is followed by one of two
subsequent steps. Either (2a) an electron relaxation excitation (ERE) or (2b) a second photon absorption excitation
(SPAE) takes place. In the ERE process, a second electron in a LUMO relaxes to the HOMO, transferring the energy
to the electron in the LUMO similar to an Auger process. In the SPAE, the electron in the LUMO absorbs a second
photon. Adapted from a general two excited states up-conversion schematic in “Power dependence of up-
conversion luminescence in lanthanide and transition-metal-ion systems” by Pollnau et al.5*

One possibility (2a) would be an electron relaxation excitation (ERE) where another excited
electron relaxes from a LUMO into a HOMO state transferring the energy to the electron in the
LUMO which gets excited into a state above the vacuum level. This process is similar to an
Auger process.*®?2 The other possibility (2b) would be a second photon absorption excitation
(SPAE) where the excited electron in the LUMO state absorbs another photon and thereby gets
excited into a state above the vacuum level. The 2PE is a very unlikely process where the number
of electrons, which got excited into a state above the vacuum level N,y, is proportional to the
square of the incident radiation power P, i.e., Nyy « P2.2%! For the L4E effect, it can be expected
that the number of detected electrons is proportional to Ny and thus N,y will be representative
for the L4E effect. In addition, the radiant flux of the LED marks the emitted light power and is
therefore assumed to be proportional to the incident radiation power P. As a result, it is
expected that a 2PE process would lead to a parabolic dependency of SEC area and radiant flux
in Figure 7.1-6a, i.e., a slope of 2 in the double logarithmic plot of Figure 7.1-6b. It is, however,
not expected that the dependency would change with the increase of the radiant flux.
Furthermore, a 2PE process seems unlikely to be the origin of the L4E effect as 2PE is typically
only observed at very high radiant intensities which are provided by lasers.?%:233

For the discussion of the two step processes ERE and SPAE, the considerations in the article by
Pollnau et al.>* will be used and their simplified model for photon up-conversion will be
repeated in the following.

Beside the excitation steps of the ERE and SPAE as two step processes, there is the competing
process of relaxation. The relaxation process of an electron, i.e., the transition from an excited
LUMO state to a HOMO state, is defined by the lifetime 7 of the excited state. The rate for the
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relaxation is then given as 771. In a first approximation, it is assumed that the electrons from
any excited state decay to the HOMO state. Furthermore, a pump parameter p is introduced
which is proportional to the incident radiation power P and, based on a Beer-Lambert type law,
approximates the absorption process so that po;N; is an absorption rate with the dimension of
s'1 for the state i. Here, N; is the number of electrons in state i and o; is the absorption cross
section for this state and the incident radiation. Finally, it is assumed that the number of
electrons in the HOMO states Nyomo iS large and can be considered constant. Next, the
processes of ERE and SPAE are discussed separately assuming that either one or the other
process is dominating.

For the whole two step ERE process, the rate with which the number of electrons in excited
LUMO states changes can be described as:

dNymo _
—ar poromoNuomo — 2UrumoNEumo — TLimoNLuMo » (30)

where U is the rate parameter of the ERE process.

The equation consists of three terms. The first term describes the PAE process where an electron
is added to a LUMO state. The second term represents the ERE process where one electron is
removed from a LUMO state by relaxation and a second electron is further excited to a state
above the vacuum level. The last term describes the decay of an electron from a LUMO to a
HOMO state without transferring its energy to another electron, i.e., a radiative or a non-
radiative decay process. In a similar manner, the rate with which the number of electrons in
excited states above the vacuum level changes is given by:

dt

= UrumoNfumo — TavNav (31)

Here, the first term describes the addition of an electron to an excited state above the vacuum
(AV) level by the ERE process, and the second term the removal of an electron by decay from
the excited state to a HOMO state. Next, it can be considered that under continuous irradiation
by the LED a steady state condition is reached:

dNymo _ dNpy _
dt dt

0 (32)

The steady state condition changes Eq. (31) to:

ULumoNfumo = TavNav » (33)
which leads to the proportionality of Ny ¢ Nay-
Under steady state conditions, Eq. (30) yields:

paomoNuomo = 2ULuymoNtumo + TLomoNLumo » (34)
which requires a case-by-case analysis.

In the first case, the relaxation process is considered to dominate the ERE process, i.e.,
2UrumoNZumo < TiomoNLumo, and the ERE term in Eq. (34) is neglected. This yields the
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relation of p o« Ny yyme. In combination with the proportionality of N;po < Nay the relation of
Npy & Nfymo X p? is obtained. This would mean that the L4E process has a parabolic
dependence on the radiant flux.

In the second case, instead, the ERE process is considered to dominate the relaxation process,
i.e., 2UrumoNZumo > TLomoNLumo, and the relaxation term in Eq. (34) is neglected. This yields
the relation of p« NZyo and thus with NZjyo % Nay the proportionality of
Nay < NZymo & p is obtained. As a result, the L4E process would have a linear dependence on
the radiant flux.

For the whole two step SPAE process, similar equations and results are obtained. The rate with
which the number of electrons in LUMO states changes is given by:

dNpymo _
o poromoNaomo — PoLuMoNLUMO — TLomoNLUMO (35)

Here, the first term represents again the PAE process, and the last term describes the relaxation
process. Unlike Eq. (30), the second term describes the SPAE process where an electron in the
excited state absorbs another photon to get into an excited state above the vacuum level. The
rate with which the number of electrons in these excited states above the vacuum level changes
is defined by:

dt

= poLuymoNLumo — TavNav » (36)

where the first term describes the addition of an electron by the SPAE process and the second
term the removal of an electron by decay to a HOMO state.

As for the ERE process steady state conditions are assumed (see Eq. (32)). This yields for Eq.
(36) the relation:

paLumoNLumMo = TavNav » (37)
from which the proportionality of pNyymo & Nay can be obtained.

For Eq. (35), steady state conditions result in:

— -1
pPonomoNuomo = PoLumoNLUMO + TLumoNLuMO (38)
which again requires a case-by-case analysis.

In the first case, the relaxation process is considered to dominate the SPAE process, i.e.,
porumoNLUMO < TLomoNLumo, and the SPAE term in Eq. (38) is neglected. This yields the
relation of p < Ny yme- In combination with the proportionality of pNyymo % Nay the relation of
Nay o Nfymo  p? is obtained. As for the ERE process, this would mean that the L4E process
has a parabolic dependence on the radiant flux.

In the second case, instead, the SPAE process is considered to dominate the relaxation process,
i.e., poLumoNLUMO > TiomoNLuMo, and the relaxation term in Eq. (38) is neglected. This results
in a number of electrons in excited LUMO states that is independent of p, i.e., Ny ymo = const.
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Thus, the relation pNyymo % Nay changes to Nay & pNpymo & p. As in the case of the ERE
process the result is that the L4E process would have a linear dependence on the radiant flux.

This simplified model adapted from Pollnau et al.>* shows that there are situations where a two-
step process either by ERE or SPAE can lead to an irradiation power dependency that is linear
instead parabolic. Furthermore, it is expected that the relaxation of the excited LUMO state is
dominating at lower radiant flux where Njypmo is small, yielding an order of two dependence.
At higher radiant flux, where Ny o is larger, the ERE or SPAE process is dominating leading
to an order of one dependence. Coming back to the discussion of Figure 7.1-6b where the SEC
areas vs. forward current, i.e., approximately the radiant flux, is presented in a double
logarithmic plot, it can be seen that the order of the L4E effect changes indeed with increasing
radiant flux. At low radiant flux, the dependence is about 2.54 and then decreases steadily with
increasing radiant flux to an order of 0.04 which is close to independency. These values do not
exactly match the theoretical values of 2 and 1 derived from the simple model. In reality, not
all of the assumptions, which were taken for the simplification of the model, might be valid and
could lead to a deviation from the theoretical values. It should be kept in mind that the relation
between LED forward current and LED radiant flux is not known but is extrapolated for low
forward currents. If this relation is not linear, it will influence the experimentally obtained
power law value of 2.54. Pollnau et al. also extend their model to mechanisms where they
consider more than two excited states with multiple step excitation processes. In these
scenarios, the highest order dependency is equal to the number of excitation steps involved.
Furthermore, the dependency of the excitation to the highest state is taken to be 1 but the
dependency of the excitation to intermediate states may also be smaller than 1.>* This could
mean that the value of 2.54 represents a process where 3 excitation steps take place and that
at higher radiant flux the emitted electrons are coming from intermediate excited states which
are above the vacuum level. Overall, after this analysis and the comparison to the results of the
simple model, a two-step process seems likely to be the origin of the L4E effect. Such a two-
step process involves an intermediate excited state that would be influenced by p-doping or the
temperature as experimentally observed. If the two-step process is a ERE or SPAE process,
however, is still an open question. For both processes, a long lifetime of the excited LUMO state
is required to exceed the decay process and, in both cases, the simple model shows the same
linear dependence at high radiant flux. To distinguish between the two processes, Pollnau et al.
investigated the luminescence dependence of the intermediate states and the finally excited
states.> Unfortunately, this is not possible in the case of the L4E effect. The L4E effect just
detects the electrons which come from excited states above the vacuum level but does not
provide any further information about their energy or the electrons which were excited into
intermediate states below the vacuum energy.

For further experiments, it would be helpful to build up a setup that can also measure the
luminescence of the sample without breaking the vacuum. As described in the previous
subsection, the exposure to air strongly reduces the intensity of the effect, which does not allow
to investigate the L4E effect outside the vacuum chamber.

As the number of electrons which get excited to a LUMO state is expected to be high, it was
attempted to measure these electrons by He-I excitation. To avoid the ghost lines of a normal
He-discharge lamp the measurements were performed at a monochromatized ultraviolet
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photoelectron spectroscopy (UPS) setup at TU Darmstadt. The spectra recorded with this setup
are shown in Figure 7.2-2. Spectra were taken with and without irradiation by the 365 nm LED
and an applied bias of -5V. The spectra which were recorded with applied bias are shifted
by -5 eV (for visibility no correction was applied). Even though it is expected to see the signal
from electrons, which are in an excited state about 3 eV above the HOMO onset, for the spectra
irradiated by the LED, no difference to the measurements without the LED can be found. Thus,
the existence of a significant number of electrons in an excited LUMO state cannot be confirmed.
Possibly, the number of electrons is still too low to show up as a signal above the noise of the
measurement.

So far, the excited LUMO state was not further defined. The LUMO state is reached by an
electron from a HOMO state which absorbs a photon. For the following description, it should
be kept in mind that optical transitions are usually discussed by transitions between the ground
state and excited states which do not resemble single electronic configurations (see Section
2.2). However, for the excitation of free electrons a single electron description with certain
electronic configurations is more practical. Therefore, the here presented excitation processes
should be taken as dominating electronic configurations of a certain molecular excited state.
An optical transition preserves the spin of the electron. In the occupied HOMO state, two
electrons with opposite spin can occupy the same state, i.e., a singlet ground state So. As the
optical transition to an excited state preserves the spin of the electron, the excited state is still
a singlet state labeled S; with two electrons of opposite spin.?*>2¢ Now, for some organic
molecules, a process called intersystem crossing (ISC) is known. This means the transition from
an excited singlet state to a triplet state in which the spin of the two electrons is the same. Thus,
ISC requires a spin flip. The first excited triplet state is labeled T;.%%23>23¢ The optical transition
from the T; to Sy state is forbidden which leads to a longer lifetime of the T, state compared to
the S; state. As a consequence, the T state could serve as intermediate excited state in which
the electrons live long enough for a second excitation process to occur.

In the case of an SPAE process, it could be expected that the energy of the highest excited
electron and thus the highest kinetic energy (low binding energy) depends on the excitation
energy. An excited electron of the T; state absorbs the whole energy of a photon and thus with
higher energy of the absorbed photon a higher energy of the final excited state is reached. As a
result, the low binding energy onset would be different for the 365 nm LED compared to the
400 nm LED. However, this is not the case in the experiment as can be seen in Figure 7.1-2. In
the case of ERE, the energy for the second excitation step would come from another electron
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relaxing as part of a T, state. Thus, this amount of energy depends on the energetic difference
between the T: and Sy state and thus is independent from the excitation energy that is used. As
a result, no difference in low binding energy onsets for the 365 nm and 400 nm LEDs is
expected. This is in agreement with the observations made (Figure 7.1-2) and thereby suggests
an ERE instead of an SPAE process. Still, it could be that a higher excited state which is reached
using the 365 nm LED is decaying so fast into an excited state of lower energy that the difference
between the excitation energies cannot be measured.

Seo et al. studied m-MTDATA thin films by time-resolved photoluminescence spectroscopy and
determined lifetimes of 1.3 ns for the S; state and 1.2 us for the T; state.!®® In comparison,
Goushi et al. reported a triplet state lifetime of 2.9 ns for NPB, which also shows an L4E effect
but with lower intensity.?” This lower L4E intensity could correspond to the shorter triplet state
lifetime and thereby supports the involvement of the triplet state in the excitation process. In
addition, Seo et al. observed delayed fluorescence for m-MTDATA which suggests that the S;
state gets repopulated by a process of triplet-triplet annihilation (TTA).!*1>¢ This TTA process
requires two triplet states where one of them decays transferring its energy to the other triplet
state which then gets excited into a higher state and potentially decays right away into the S;
state. As the fluorescence from this repopulated S; state depends on the lifetime of the T; state,
it is delayed with respect to the fluorescence from the directly optically excited S; states.?3® For
the dependence of the intensity of delayed fluorescence on the irradiation intensity there is also
a quadratic dependence at low irradiation intensities and a linear dependence at high
irradiation intensities.?*® The TTA process describes exactly a type of ERE process and as such
could be the explanation for the L4E effect. Interestingly, Hertel et al. 2*® showed that the
intensity of the above mentioned delayed fluorescence originating from TTA saturation at high
excitation intensities is similar to the observations in Figure 7.1-6. However, their
measurements were laser-pulse-excited, time-dependent measurements which might not be
fully comparable to the here studied continuous excitation. Especially, as Hertel et al. showed
that there is a different decay behavior of the delayed fluorescence in different time regimes
after the excitation pulse.

Seo et al. reported a T; state energy of 2.58 eV above the S, state. By the TTA process, double
the amount of energy would be available for an excitation which is 5.16 eV and thus above the
5 eV IP of m-MTDATA. The difference of 0.16 eV is not enough to reach a low binding energy
onset that is about 1.5eV above the SEC onset. However, the disorder in the amorphous
molecular layer that leads to the energetic broadening of the molecular state distribution might
lead to T; states of higher energy, providing more energy for the excitation and ground states
that are energetically closer to the vacuum level (effectively lower IP). It should be noted, again,
that the comparison of single electron orbital energies and state energies is not exactly valid
(see Section 2.2). Furthermore, an exciton would also first need to dissociate, overcoming the
Coulomb energy, before the electron could diffuse to the surface.!® Still, at this point, the TTA
process seems to be the most likely explanation for the L4E effect, but an excitation by a second
photon absorption cannot be excluded. To further clarify the mechanism behind the L4E effect,
time resolved experiments seem necessary in addition.

Some experimental ideas were already created but could not be performed within this work.
One idea for a time resolved measurement is based on a current measurement, e.g., to measure
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the sample current vs. time after switching off the LED. If the current signal persists after the
LED is off, an electron relaxation process would be the valid mechanism as, e.g., the triplet-
triplet-annihilation could still take place within the lifetime of the triplet states after the LED is
off. This experiment requires very fast measurement of very low current. The nanoampere
meter, which is used to measure the sample current, converts the signal to a voltage output,
however, first tests with an oscilloscope showed a high noise level of the setup to measure the
current vs. time. Therefore, the setup would need to be better shielded for this method to
potentially work. Another idea would be to build up an in-situ time resolved photoluminescence
spectroscopy setup which would allow to use this technique without breaking the vacuum and
exposing the sample to air which would reduce the L4E effect. With time resolved
photoluminescence spectroscopy different optical transitions and lifetimes could be studied to
get further information. Potentially, also the irradiation intensity dependence of different
luminescence process could be studied as in the work of Pollnau et al.>* to gain information on
the intermediate excited states and mechanism involved. Moreover, in highly sensitive low
energy valence band spectroscopy one could try to probe the occupied excited states. Finally, a
time-resolved two-photon photoelectron spectroscopy setup could be used to study the electron
emission process of the intermediate excited states with time relation.

7.3 Photon to Electron Efficiency Estimation

The goal of this section is to estimate the efficiency of the L4E effect in terms of the ratio of
emitted electrons per incident photons. Furthermore, a potential application of the L4E effect
in m-MTDATA as electron source in an electron gun setup shall be discussed.

The following equation gives the ratio of emitted electrons to incident photons. The different
quantity symbols are explained below.

I
emitted Electrons Sample/ e

incident Photons  Pyeasure . {?sample

(39)

EPhoton -QMeasure

The number of emitted electrons is determined by the measurement of the sample current
Isample- The electrons that are emitted from the sample need to be replaced during the
measurement as otherwise the sample would get positively charged. This replacement current,
i.e., the sample current, can be measured by a nanoampere meter that is connected between
sample stage and ground. Furthermore, a 9 V battery is also connected in series to apply a bias
of -9V to the sample and enable the measurement of otherwise too slow electrons. The current
drawn from the battery is small enough that the voltage can be considered constant during the
measurement. The sample current divided by the elementary charge e yields the number of
emitted electrons per second. The current measured for a 20 nm thick m-MTDATA thin film
deposited on gold, excited by the 365 nm LED at a forward current of 700 mA is 375 nA with
an estimated error of +25 nA based on the observed fluctuations.

For the number of incident photons on the sample surface, first, the radiant intensity of the
LED, i.e., the radiant flux Ppeasure PeT solid angle Qyeasure, Needs to be determined. Therefore,
a SM1PD1A photo diode from Thorlabs is used. A radiant flux of 0.689 mW with an error of
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0.059 mW is measured at a solid angle of 0.00239 sr with an error of 0.00012 sr. The error in
the radiant flux is estimated from the uncertainties in reading off the diode sensitivity factor
from a graph while the solid angle error originates from the uncertainties in the distance
measurement. The radiant flux and solid angle lead to radiant intensity of 0.288 Wsr! +
0.029 Wsr!. From the radiant flux and angular displacement given in the data sheet of the LED
and considering that only three of the four pixels of the LED are working (see Subsection 3.2.8)
a similar value of 0.310 Wsr! is calculated. The radiant intensity divided by the energy of the
photons Epyoton Yields the number of photons per second and steradian. The photon energy is
taken from Section 7.1 with a value of 3.36 eV + 0.05 eV. Finally, the solid angle of the sample
in the measurement setup sample is estimated to be 0.00785 sr with an error of 0.00314 sr.
The error stems from the distance estimation.

Using all these values and Eq. (39) to calculate the emitted electron to incident photon ratio an
efficiency of 0.06% =+ 0.02% is obtained. The incident photons were chosen as reference rather
than the driving current or power consumption of the LED, because only a fraction of the
emitted light hits the sample which for an application could be easily corrected with proper
optics. For comparison, the LaBs electron source used for the X-ray generation in the X-ray
photoelectron spectrometer VersaProbe 5000 by Physical Electronic is heated with a current of
about 1.5 A to generate an emission current of 4 mA.”” This yields an emission to heating current
ratio of 0.27%. Furthermore, emission current densities for conventional electron sources used
in electron microscopes are reported to range from 10* Am for thermionic tungsten emitters
to 10° Am™ for field emitters. In this field, not only the absolute current but also the electron-
optical brightness is important which depends on the emitting area and thus current density.**’
For the L4E effect studied here, the sample current of 375 nA and the sample area of about
5 cm? lead to a current density of only 8 x 10 Am™2. However, it should be kept in mind that
the measured m-MTDATA thin film sample and the use of a simple LED is not optimized to
harvest the L4E effect. In terms of absolute current, the difference to the conventional sources
is minimal, as the products of current densities and effective emission areas of conventional
electron sources yield currents of about 100 nA to 10 uA.%° Potentially, well designed and
optimized setups, which might use more bulk-like samples or even small organic crystals could
lead to more compatible current densities. In addition, a better understanding of the effect
might lead to a targeted organic material selection or even a tailored design of new molecules.
Also, the use of a laser instead of a simple LED is likely to improve the performance and could
reduce the emission area. The use of a pulsed laser or LED could also enable the application as
pulsed electron source for ultrafast electron microscopy.?*® However, the life time of the T; state
which seems to be responsible for the L4E effect might be a limiting factor for the pulse time.
Further studies will have to investigate if the L4E effect in organic materials can be successfully
used for an electron source or some other application.

7.4 Conclusion

In this chapter, the low excitation energy electron emission (L4E) effect was investigated.
During interface experiments it was observed that the irradiation with an UV-LED led to the
emission of electrons even though the excitation energy of the LED should have been
insufficiently low. Later, it was confirmed that the light of LEDs with excitation energies of
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about 3.36, 3.05, and 2.46 eV causes the emission of electrons from a 20 nm thick m-MTDATA
layer with an IP of 5.00 eV and a WF of 3.58 eV. The intensity of the electron emission scaled
with the excitation energy of the LEDs. The comparison of the LED emission spectra with the
m-MTDATA absorption spectrum showed that the intensity of the L4E effect correlates with the
overlap of emission and absorption spectra. Furthermore, it was found that the L4E effect
increases with greater layer thickness or lower temperature. The p-doping of the m-MTDATA
layer led to a strong decrease of the effect. Unfortunately, it was also observed that the contact
to air caused a strong reduction of the L4E intensity which does not allow for an ex-situ
characterization. The contact to air seem to p-dope the material, presumably due to the
influence of oxygen as it was already reported before for organic semiconductors.?*>*28 The
effect occurred for the deposition of m-MTDATA on ITO or gold substrates and was also
observed for HTMs NPB and HTM-B.

The qualitative analysis of the dependence of the achieved L4E intensity on the irradiation
intensity showed different behaviors in different irradiation intensity regimes. At low irradiation
intensity the dependency follows a power law with a value of 2.5. In the medium range of the
irradiation intensity, the behavior was about linear and at high irradiation intensity the L4E
intensity saturated. This analysis then led to a discussion of possible mechanism of the L4E
effect. The suggested mechanism involves the excitation of electrons into an excited state above
the vacuum level for the electrons to be able to leave the sample. A simultaneous two-photon
absorption was discarded, as the dependency should be of the order of 2 and is not expected to
change with increasing irradiation intensity. Furthermore, this effect is typically only observed
at very high radiation intensities obtained using lasers. Thus, a consecutive two-step excitation
process was considered to be more likely. Here, a photon gets absorbed first, leading to the
excitation of an electron into an intermediate excited state and then two following processes
were distinguished: the absorption of a second photon by an electron from the intermediately
excited state, or the relaxation of one electron from the intermediately excited state by
transferring its energy to another excited electron which thereby gets excited into a state above
the vacuum level equivalent to an Auger process. The adaptation of a simple model from
Pollnau et al.>* showed that such two-step processes can change their power law dependency
order with increasing irradiation intensity as it was observed for the L4E effect. In addition, the
lifetime of the intermediate excited state must be long which agrees to the observations
regarding temperature and p-doping. A lower temperature is expected to increase the lifetime
leading to a higher L4E intensity while the p-doping is expected to lead to a quenching of the
excited state reducing the L4E intensity. Which of the two two-step processes is responsible for
the L4E effect could not be clarified definitively, but the Auger-like effect of electron relaxation
excitation seems more likely, as it fits to the excitation independent low binding energy onset
of the L4E emission peak. The effect of triplet-triplet-annihilation was also reported before for
m-MTDATA.'*® The triplet-triplet-annihilation involves two excited states of which one relaxes
while the other gets further excited. To further clarify the mechanism behind the L4E effect,
time resolved experiments would be necessary. Some ideas for an adaptation of electric
measurement, the application of in-situ time resolved photoluminescence, or two-photon
photoelectron spectroscopy were presented.
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Beside further experiments to further investigate the involved mechanism of the L4E effect,
tests for potential applications should be performed. Here, it was discussed that the effect could
be used for a time- and energy-controlled electron source. The advantage would be that the
material does not need to be heated as in the case of conventional thermionic emitters like
tungsten or LaBs. So far, the measured current densities are too small to compete, but some
future optimization work should allow to reach competitive conditions with higher intensities
and reduced emission area. As the effect is light induced, the effect might, e.g., be used to
generate electron pulses by using a pulsed light source as it is done in electron sources for
ultrafast electron microscopy.
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8 Summary

The field of organic semiconductors (OSCs) spans a broad range of applications from organic
field effect transistors and organic photovoltaics to organic light emitting diodes (OLEDs). The
presented work in this dissertation is related to OSC materials for OLED applications
investigated together with the project partner Merck KGaA. The overall framework for this work
was driven by the goal to understand all effects and mechanisms which are involved ranging
from the molecular properties to the final device characteristics. One often stated advantage of
OSCs is the chemical flexibility to easily synthesize new molecules. Thus, a deeper
understanding of the connection between molecular structure and device characteristics could
lead to faster material screening and development. As all semiconductor devices include several
functional layers, one important contribution to the device characteristics are the interface
properties. The main contribution of the here presented work is related to the analysis and
discussion of the properties of hole transport materials (HTMs) and especially their electronic
interface properties. Two different HTMs were examined as pure thin films as well as p-doped
HTM layers by a combination of experimental and modeling methods.

The presentation of the results is divided into four Chapters (4-7). It starts with the general
characterization of the used materials as thin films (Chapter 4). In this chapter, also the p-
doping of the investigated hole transport materials (HTMs) was studied. On this basis, the
electronic structure at hetero- and homointerfaces of the doped and undoped HTMs was
analyzed in the following Chapter 5. Here, a new model-based fitting used for investigating the
contact of hetero- and homointerfaces by photoelectron spectroscopy is introduced. This model
combines different approaches from literature and, for the first time, generates complete sets
of spectra for different emission regions which can be fit with one set of parameters to the
experimental data. Chapter 6 deals with the interface at the Al back contact in hole-only devices.
Finally, the Chapter 7 exploits a curious low excitation energy electron emission for which no
reports in literature could be found. In the following paragraphs, the conclusions of each
chapter will be summarized. For a more detailed summary, please refer to the individual
conclusions at the end of each chapter.

In Chapter 4, at first, thin films of the pure materials relevant for this work were characterized
using photoelectron spectroscopy (PES), ultraviolet-visible-near-infrared (UV-vis-NIR)
absorption spectroscopy and infrared reflection absorption (IRA) spectroscopy, here after, the
p-doping of the used hole transport materials was investigated. Density functional theory (DFT)
calculations were used to assist the interpretation of the experimental data. Indium tin oxide
(ITO) substrates, a commercially available p-dopant, CPTCFA, a literature-known HTM, m-
MTDATA, a commercial HTM from Merck KGaA, HTM-B, and aluminum are characterized as
thin films. The main focus of the characterization of the pure materials is related to the
electronic structure which is summarized in energy level diagrams in Figure 4.1-25. In the
second part of Chapter 4, the p-doping of the HTMs is addressed. It is found that the dopant
distribution in the host matrix is homogeneous and stable against diffusion. Furthermore, the
p-doping lowers the energetic position of the Fermi level towards the HOMO onset of the HTM
and introduces a broadening of the density of states. Finally, the doping mechanism in
m-MTDATA and HTM-B is discussed; mainly on the basis of UV-vis-NIR absorption and IRA
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spectroscopy data. For m-MTDATA the p-doping seems to follow the integer charge transfer
model, while for HTM-B the formation of a charge transfer complex seems more likely.

In Chapter 5, a new DOS-based modeling approach for the analysis of PES interface experiments
is introduced. These interface experiments were performed with the two different HTMs,
m-MTDATA and HTM-B, using step-by-step deposition and consecutive PES to study the
interface formation with emphasis on the electronic structure. ITO | (p-)HTM heterointerfaces
were used as a test case. First, these heterointerfaces were analyzed by classical methods to lay
the benchmark for the new approach. The classical analysis of the interface experiments reveals
a typical semiconductor physics textbook behavior. During interface formation, a charge
transfer between ITO and organic semiconductor occurs which leads to the formation of a space
charge region (SCR) in the semiconductor. This behavior is well reproduced by the novel model-
based fitting approach. This DOS-based modeling approach combines different ideas from
literature in a new way and, for the first time, generates spectra for different emission regions
that can directly be fitted to the measured ones. Here, a calculated distribution of the electrical
potential, which is mainly influenced by a model of the organic semiconductor’s DOS, is
considered. Further, the variation of the layer-depth-dependent signal intensity in convolution
with the electrical potential distribution is taken into account. The model demonstrated to
deliver the same results as by a classical analysis of the data. But, in addition, the model allows
for a detailed discussion of the electronic states introduced by the dopant or potentially present
in the energy gap of the organic semiconductor. The DOS-based model also delivers a more
accurate description of the electrical potential distribution of the SCR than the often-used
Schottky model.

Next, the successful test of the DOS-based model allowed the analysis of (ITO/p-HTM) | HTM
homointerfaces. These homointerfaces are difficult to analyze as the spectral sublayer and
adlayer signals are dominated by the same spectral features which makes them impossible to
distinguish. Here, the model proves to be crucial as it provides the physical basis to deduce the
observed spectral shifts. It is found that an unexpected SCR appears in the p-doped layer.
Typically, this should not be the case as its charge carrier density should be much higher
compared to the undoped adlayer. After the DOS-based model was further advanced to allow
for a different DOS right at the interface and further from the interface, it could be shown that
an increased density of gap states in the undoped layer right at the interface is able to create a
sufficient charge transfer into the doped layer and thus cause the formation of a SCR in the
doped layer. The origin of these gap states remains unclear. However, similar effects have
already been reported in literature for organic-organic heterointerfaces and newly formed gap
states often seem to play a significant role in the energy alignment. Still, it is surprising to find
that even at homointerfaces — where only a few percent of dopant molecules are sufficient to
adjust the contact potential difference — such effects seem to occur.

In Chapter 6, the (ITO/(p-)HTM-B) | Al heterointerface was investigated in PES interface
experiments. The results are discussed with respect to a published article by Wilddorf et al.
where hole-only devices of the same material combination were studied. From the interface
experiments, it is found that Al does not deposit in a simple layer-by-layer type of growth mode
on doped and undoped HTM-B. Al seems to partially diffuse into the amorphous organic layer
and form islands on the surface. The analysis of the electronic structure at the interface shows
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that in the case of the undoped layer a SCR is formed that leads to an upwards bending of the
energy levels in the organic layer towards the Al interface. For the case of the doped layer, the
deposited Al quickly revokes the p-doping effect by reaction with the CPTCFA molecules or
simple donation of electrons, leading to an upward Er shift. Regarding the work by Wil3dorf et
al., the electric measurements performed in this work prove the existence of a SCR at the Al
interface and agree with a decrease of the SCR width with increased dopant concentration. The
results obtained here disagree with the proposed change of the contact potential and the
formation of an interface dipole. It is suggested that the interdiffusion of Al and the reaction
with CPTCFA, which are not accounted for in the published paper, instead affect the device
characteristics. As a final remark, it be emphasized that the influence of the Al contact on the
characteristics of hole-only devices has to be carefully evaluated and that the use of a different
contact material which forms a more abrupt surface and does not react with the dopant might
be advantageous.

In Chapter 7, a low excitation energy electron emission (called L4E) effect was investigated. It
is found that the light from an LED with an excitation energy around 3 eV can lead to the
emission of electrons from a m-MTDATA thin film with an ionization potential of 5eV. A
description of this effect could not be found in literature. A set of experiments showed that the
intensity of the effect increases with the overlap of LED emission and m-MTDATA absorption
spectrum. The effect decreases with p-doping and contact to air. Furthermore, it increases at
lower temperatures and for thicker layers. The analysis of the irradiation intensity dependence
leads to a discussion of the mechanism which most likely is based on a two-step excitation
process. Here, a photon gets absorbed leading to the excitation of an electron into an
intermediate excited state and then two possible subsequent processes are distinguished: the
absorption of a second photon by an electron in such an intermediate excited state, or the
relaxation of one electron from an intermediate excited state transferring its energy to another
electron in an intermediate excited state which thereby gets excited into a state above the
vacuum level. For such processes, long excited state lifetimes are required which suggests that
a triplet state is involved. A triplet-triplet-annihilation involved as second excitation process is
considered as the most likely one, but further experiments are required. Ideas for such
experiments and potential applications of the L4E effect are discussed and will be summarized
in the following outlook.

In conclusion, this work demonstrates the strength which lies in the interplay between
experiment and theory. It shows how simple DFT calculations can assist in the interpretation of
experimental data, and how the attempt to model PES experiments can result in an in-depth
discussion of the underlying physics. At the same time, the presented approach suggests the
importance of experimental verification. In the case of the Al back contact interface, the
experiments reveal a more complicated picture regarding the layer growth and the interaction
of the involved materials as originally assumed in an idealized model. In the case of
homointerfaces of organic semiconductors, the novel DOS-based model of interface formation
allows the precise analysis of the data in the first place, but the obtained results require the
further advancement of the model which leads to new open but severe characterization needs
for further research.
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9 Outlook

In conclusion of this PhD work there are some open questions remaining which shall be
summarized here, to inspire further investigations.

From the analysis of the doping mechanism in m-MTDAT and HTM-B, it is found that
m-MTDATA seems to follow the integer charge transfer model. However, it is not clear why the
energetic position of the Fermi level saturates above the HOMO onset even though the
electronic structure of the CPTCFA molecule suggests further charge transfer. For HTM-B, the
formation of a charge transfer complex seems plausible but no clear experimental evidence,
e.g., from related spectral absorption features of the complex states, could be found. Further
experiments using inverse PES may provide a proof of these new acceptor states in the
CPTCFA:HTM-B system.

The DOS-based model fitting of the PES interface experiments, have been shown to be quite
successful, but several restrictions and assumptions in the model leave room for improvement.
But, it should be kept in mind that a more complex model with more fitting parameters might
also require larger data sets to avoid overfitting. Here, different emission regions or data from
parameter variation experiments, e.g., different dopant concentrations might be combined to
one large data set, which is fitted in one automated procedure, to further improve the reached
consistency.

In addition, the results from the model-based analysis suggest an increased density of tail states
at homointerfaces of organic semiconductors. The discussion with respect to reports in literature
show that similar effects, e.g., induced density of interface states (IDIS) or disorder related
density of gap states (DOGS), have repeatedly been used to explain deviating electronic
structures at interfaces of organic semiconductors without clear experimental evidence. It is
suggested that further studies to investigate these predicted interface states by a systematic
variation of molecules that form amorphous and also crystalline layers are needed.
Sophisticated experimental setups, which are able to reveal low densities of states in the energy
gap, must be developed to detect this interfacial density of states.

As another way to continue this work, a combination of photoemission interface experiments
and electrical characterization could attempted to be modeled by pairing the DOS-based model
for the analysis of photoemission spectra from Chapter 5 with the drift-diffusion-based model
for the electrical characterization mentioned in the work by Wildorf et al..!” Potentially, the
fabrication of devices which are afterwards electrically characterized could be first monitored
by photoemission spectroscopy. Here, different, interface forming more ideal back contacts
using other materials could be tested.

To further clarify the mechanism leading to the L4E effect, time resolved experiments are
necessary. Here, electric measurements of the sample current, the application of an in-situ time
resolved photoluminescence setup, or two-photon photoelectron spectroscopy should be
considered.
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Beside further experiments to investigate the valid mechanism of the L4E effect, tests for
potential applications could be considered. The effect could, e.g., be used for a flexible electron
source. The advantage would be that the material does not require heating as in the case of
conventional thermionic emitters, like tungsten or LaBs. So far, the measured current densities
are too small to compete, but some future work is suggested to optimize the conditions to obtain
higher intensities while reducing the emission area. As the effect is light induced, the effect
might be used to generate electron pulses by using a pulsed light source as it is done in electron
sources for ultrafast electron microscopy.
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