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Abstract

The present work investigates the effect of dipolar doping on charge injection and
charge carrier dynamics in organic semiconducting thin films. In this context, the
term dipolar doping refers to the dilution or doping of a non-polar matrix molecule
with a polar guest. For this purpose, the hole-conductors N,N’-Di(1-naphthyl)- N, N’-
diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) and 4,4- N, N’-Dicarbazole-1,1’-bipheny]l
(CBP) will serve as the host molecules. Dopants include Tris-(8-hydroxyquinoline)
aluminum (Alqs) and OXD-7 (1,3-bis|2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl|ben-
zene. The main focus, however, is on the system NPB:Alqgs, which has also been
studied extensively in the past [1-3].

In general, doping of (organic) semiconductors is a well known concept to tune
conductivity [4] or optimize emitting properties of OLEDs [5|. The specific effect of
doping with polar species, however, was not thoroughly investigated so far, although
many guest molecules are indeed polar [6]. Because organic molecules are extended
objects, their orientation with respect to the substrate surface [7], other molecules
in the film [8] or e.g. the direction of light output from OLEDs [9] plays a crucial
role in device performance. The key figure of polar molecules in this regard is their
permanent dipole moment, arising from the non-uniform charge distribution on the
molecule. If this dipole moment does not orient perfectly isotropic, it will lead to
the build-up of a giant surface potential (GSP) and thus to a macroscopic dielectric
polarization of the organic film. Despite this being a known fact [1,7,10], the impli-
cations of such high potentials on charge transport and injection within and into an
organic layer stack have only been studied recently [3,7,11].

Dipolar doping now allows to introduce and tune the GSP in a former unpolar
organic material [2]. The concentration dependence of the magnitude of the GSP
in dipolar doped systems is the first major part of this work. Additionally, dipolar
doping can be utilized to create hole conducting films that exhibit a GSP, which
allow to study the impact of film polarization also in the hole conducting layer
(HTL) of an OLED. In neat film, a GSP was previously seen mostly for electron
conductors [6,12|. Therefor, the prototypical, hole conducting mixture NPB:Alqs
is investigated at different doping concentrations and with varied substrate material
with respect to hole injection and charge transport.

The mixtures are studied in single-layer, monopolar devices with only the HTL
present, as well as bilayer OLEDs with Alqgs-doped NPB as HTL and neat Alqs as
electron transport layer, respectively. The latter are treated as metal insulator semi-
conductor (MIS) structures following and applying our recently developed method
of charge extraction by linearly increasing voltage (CELIV) on polar OLEDs [13,14].
Furthermore, ultraviolet photoelectron spectroscopy allows to compare the electrical
observations with the energy alignment between contact and doped NPB.

For all device types, an optimum in device performance and carrier injection for
moderate doping concentrations of about 5% is found. By comparing all different
methods with a focus on charge injection barriers, a complex relationship of carrier
transport, substrate workfunction, modified injection and the effect of polarization is
found. This effectively manipulates charge carrier injection across the metal-organic
interface and charge transport in the device.



Kurzzusammenfassung

Die vorliegende Arbeit befasst sich mit den Auswirkungen von polarer Dotierung
auf Ladungstriagertransport und -injektion in organischen Halbleitern. ,Polare Do-
tierung“ bezieht sich hierbei auf das Verdiinnen oder Dotieren einer unpolaren Matrix
aus organischen Molekiilen mittels polaren Gast-Molekiilen. Fiir diesen Zweck dienen
die organischen Lochleiter N,N’-Di(1-Naphthyl)- N, N’-Diphenyl-(1,1’-Biphenyl)-4,4’-
Diamin (NPB) und 4,4-N,N’-Dicarbazole-1,1’-Biphenyl (CBP) als Matrix. Dotiert
werden sie mit Tris-(8-Hydroxyquinolin) Aluminium (Alqs) und 1,3-bis|2-(4-tert-
butylphenyl)-1,3,4-oxadiazo-5-yl|Benzen (OXD-7). Der Fokus dieser Arbeit liegt al-
lerdings auf dem System NPB:Alqs, welches auch vorher bereits griindlich untersucht
wurde [1-3].

Im Allgemeinen ist die Dotierung von (organischen) Halbleitern eine etablierte,
zentrale Methode zur Optimierung der Leitfahigkeit [4] oder der Emittereigenschaf-
ten von organischen Leuchtdioden [5]. Die Folgen einer Dotierung mit polaren Mo-
lekiilen im Speziellen wurde allerdings bisher noch nicht systematisch untersucht,
obwohl viele hiufig verwendete Dotanden durchaus polare Molekiile sind [6].

Organische Molekiile sind ausgedehnte Objekte mit komplexen Formen, deren Ori-
entierung zur Substratoberfliche [7], zu anderen Molekiilen in der Schicht [8] oder
auch zum Emissionsvektor einer OLED [9] einen grofen Einfluss auf die Effizienz
des Bauteils hat. Die wichtigste Eigenschaft von polaren Molekiilen ist in diesem
Zusammenhang ihr permanentes Dipolmoment, das sich auf eine ungleichméfige
Verteilung der Elektronendichte im Molekiil zuriickfithren lasst. Falls sich das Dipol-
moment nicht vollstdndig isotrop orientiert, hat es ein makroskopisches Oberflachen-
potential (engl. giant surface potential, GSP) bzw. eine dielektrische Polarisation der
gesamten Diinnschicht zur Folge. Die Existenz des GSP ist bereits seit einiger Zeit
bekannt [1,7,10]. Seine Auswirkungen auf den Ladungstransport bzw. -injektion in
Bezug auf organische Halbleiter werden erst seit kurzem haufiger untersucht [3,7,11].

Das Konzept der polaren Dotierung erlaubt nun, ein GSP in urspriinglich unpo-
lare organische Matrizen einzubauen [2]|. Mittels Dotierung lassen sich auch pola-
re Lochleiter herstellen, die im weiteren Verlauf der Arbeit eine Untersuchung der
Auswirkungen des GSP auf die Lochleiterschicht in einer OLED erlauben. In undo-
tierten Schichten wurde ein GSP bisher hauptséchlich in Elektronenleitern beobach-
tet [6, 12]. Exemplarisch wird dazu das Mischsystem NPB:Alqs in verschiedenen
Konzentrationen und auf verschiedenen Substraten in Bezug auf Lochinjektion und
Lochtransport ndher untersucht. Es werden sowohl monopolare Bauteile, die aus-
schliefslich Lochtransport aufweisen, als auch vollstindige OLEDs verwendet. Bei
OLEDs kommt dabei eine im Laufe dieser Arbeit mit entwickelte neue Methode zum
Einsatz, die diese OLEDs wie sog. Metall-Isolator-Halbleiter-Dioden (engl. metal-
insulator-semiconductor, MIS) behandelt und Riickschliisse auf die Energiebarriere
fiir Ladungsinjektion erlaubt [13,14]. Des Weiteren stehen Ergebnisse aus der ultra-
violetten Photoelektronenspektroskopie zur Verfiigung, die einen Vergleich mit der
Ausrichtung der Energieniveaus von NPB am Kontakt ermdglichen. Mittels des Ver-
gleichs verschiedener Messmethoden im Bezug auf die Injektionseigenschaften kann
der Effekt des GSP auf verschiedene Parameter im Bauteil nachgewiesen werden,
deren Zusammenspiel in sdmtlichen Bauteiltypen zu einem Optimum bei moderaten
Dotierkonzentrationen von ca. 5% fiihrt.
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Introduction

Global industrialization and digitalization have kept accelerating in both, develop-
ment of new technologies and demand of resources over the past decades as such
that most extrapolations of our future demand in energy, resources and the overall
effect on the climate draw a gloomy picture of a possible future. Thereby, energy
consumption and production is by far not the only problem to be addressed. The
large amount of electronic devices manufactured within the last years, including
those required for clean energy sources, has lead to a rapid increase in the demand
on scarce resources like rare earth metals [15,16]. Furthermore, it is widely agreed
in the academic world that a transfer to renewable energies is without alternative to
meet even the bare minimum in climate goals [17,18]. Although recent development
has transferred the public and political discussion about human impact on earth’s
climate from fact to believe, another inevitable problem will as well force the transfer
from fossil to renewable energy. Whether because of rising costs, diminishing sources
or both, “peak oil”, the point of maximum crude oil extraction, is threatening the
traditional oil based industry [19].

Reducing our energy needs and carbon footprint as well as sourcing necessary
materials to allow manufacturing electronics for energy harvesting, lighting and daily
needs might be viewed as this century’s most demanding challenges. Research and
improvement of alternative technologies like organic electronics is thus an important
contribution to this further development.

Resources for modern electronics

The material requirement and greenhouse gas emissions connected to the manufac-
turing of electronic devices has come to more attention, alongside the social impact
of mining precious resources. Classic semiconductors, integrated circuits and display
technologies require a manifold set of different materials. For example, light emitting
diodes are expected to rise the need for rare earth elements like Europium, Terbium
or Yttrium [20] besides the semiconductors of Indium, Gallium or Arsenic. Other
consumer electronics like a cell phone also require considerate amounts of Lithium
or Gold besides e.g. Silicon [21]. Currently, only about 20 % of global electronic
waste is recycled [22], thus extracting and refining required materials from the soil
can take a great effort. In a 2017 report, Cook et al. gave an estimate of 38 kg solid
rock mined per 100 g of extracted minerals for the production of an average smart
phone [23]. For Gold, the yield can be even less with 1kg pure metal per 1.5T of
rock, not counting released toxic waste [24]. Additionally, resource extraction often
is accompanied by local armed conflicts, human rights abuse [25] or environmental
pollution [24,26]. The exact source for various materials needed to produce specific
electronic devices and thus the impact of all aforementioned factors is seldom known.
An exception is made by the company Fairphone in publishing the supply chain for
their smartphone, including mines, smelters, factories and resellers, which is repro-
duced in parts in Figure I.1. Despite the efforts, the map is an on-going process, as
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Figure I.1.: Supply chain of a contemporary electronic device at the example of a cell
phone (“Fairphone 2"). Shown are known mines and pits for various raw ma-
terials, sub-contractors for individual parts like adhesives, integrated logic
or glass. The assembly is in China, re-sellers in Europe. Drawn after refer-
ence [28].

not all sub-contractors, smelters and refiners list their sources [27]. The map still
illustrates that the production of such a device is a global business and it is not
surprising that about 80 % of all greenhouse gas emissions in the lifespan of a phone
can be credited to its production [23]. Tt is thus of large interest to find alternative
material classes with less need for rare or expensive materials and that lead to less
energy consumption during the production of electronic devices.

Harvesting and saving energy

Besides the problem of sourcing materials for the production, also new sources for the
energy required for their operation are needed. Fortunately, a large set of technologies
to harvest “green energy” already exists and has long since reached market maturity.
For example, traditional silicon based photovoltaic cells exhibit a peak lab efficiency
of 28 % of power conversion efficiency [29], module efficiencies are usually lower at
around 20 % maximum [30]. As of 2019, in Germany, 8.2 % of electricity is generated
using photovoltaics with a total marked share of renewables of 43 %, combined with
a huge possibility for further extensions [31]. In terms of energy use, a big figure
in global energy consumption is lighting, which in 2016 consumed 17 % of global
electricity [32] or about 6.5 % of the world’s total primary energy in 2010 [33]|. The
carbon footprint of that amount of energy is reduced by a large amount by the

replacement of incandescent lamps with so-called solid-state lighting techniques like
LEDs [32].

Organic electronics

Organic electronics, besides other emerging techniques like perovskites, can provide
solutions for both, efficient energy harvesting and a low demand on rare materials.
White organic light emitting diodes meanwhile exhibit a luminous efficacy compara-
ble to the usual benchmark of 1001lm W1 [34,35] of a standard fluorescent lamp [32].
While many efficient OLED emitters initially also contained heavy metals like Irid-



ium [6,36], pure organic dyes meanwhile exist that potentially eliminate the need for
precious materials [37,38|. Besides, among the biggest advantages of OLEDs in light-
ing is the potential for large area light sources of almost natural color, leading to a
uniform diffuse illumination in contrast to the traditional spot lights of incandescent
lamps or LEDs [39]. Another aspect is flexibility, both in size or shape and mechan-
ically, which allows to create efficient, global illumination designs with optimal light
distribution [39].

On the side of energy generation, top laboratory efficiencies of organic photo-
voltaics (OPV) are roughly at 17% [29, 40|, with module figures between 5% to
12% [41]. Many top-performing materials in organic photovoltaics are also purely
organic, either small molecules or polymers [40,42|. Furthermore, OPV already ex-
hibits a “cradle to grave” energy payback time of three months [43] and projections
for large scale production are as low as one day [44]. Similar to OLEDs, flexible and
lightweight design enables solar energy to be utilized in areas where traditional “sun
farms” with large, rigid modules are not possible, for example in big cities [45]. For
these areas, an estimate of 1.4 TW in potential solar power for facade and roof-top
installations has been calculated for Germany alone [31]. To put this into perspec-
tive, the total amount of electricity consumed in Germany in 2017 is reported to be
520 TWh, which, at a daily illumination of eight hours, would require roughly 46
days to be collected from the sun in the best case.

Challenges and research
Despite these promising results, many aspects of organic electronics are still unknown
and require further research. Organic molecules can be considered extended objects
that can have different properties in thin films, depending on their orientation to
incident light, the contact area or also other species of organic semiconductors [7-9].
In case of OLEDs, the orientation of the emitter molecules will influence the device
performance, as light is emitted perpendicular to the transition dipole moment and
can be trapped in the OLED, if emitted parallel to the surface [46]. The effect of
the transition dipole has thus been studied extensively in the past [47,48]. However,
many of the molecules used in organic electronics also have a permanent dipole
moment [6]. If this permanent dipole moment is not distributed perfectly isotropic,
it will lead to a macroscopic dielectric polarization of the organic film [1]. Besides the
physics behind the orientation mechanism upon film growth [7| and the correlation
of both, permanent and transition dipole moment [48], also the influence of this
macroscopic polarization on device performance is still under investigation [3,7,49|.
In this work, the concept of dipolar doping [2] will be utilized to tune the magnitude
of the macroscopic polarization in organic films. Therefor the non-polar host N,N’-
Di(1-naphthyl)- N, N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) is doped with the
polar guest tris-(8-hydroxyquinolate)aluminum (Alqs) and the influence of these
dopants on hole injection and transport is investigated. In the course of this work,
the effect of doping on the magnitude of the polarization, interface injection barriers
and bulk hole transport through dipolar doped layers is elucidated.
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1. Basic concepts of organic
semiconducting devices

Parts of the following chapter have been taken from my previous work [50] and were
extended or updated where necessary.

1.1. Organic semiconductors

The following section will give a short overview of organic semiconductors, their
characteristic properties and physics with special focus on their use in organic semi-
conducting devices.

1.1.1. Introduction to organic semiconductors

The term organic semiconductors refers to a material class governed by organic chem-
istry that exhibits semiconducting properties: most notably emission and absorption
of light in the visible range and sufficient conductivity to be used in electronics [51].
Organic chemistry on the other hand is the chemistry of the element Carbon and its
compounds [52], thus organic semiconductors (OSCs) are mostly hydro-carbons [51],
sometimes containing also other elements like Oxygen, Nitrogen or Sulfur.

Available materials are generally classified into two major types based on their
chemistry and, accordingly, the process of film formation. Polymers, that interlink
into entangled chains and form layers similar to those of commonly used plastics,
and so-called small molecules or low molecular weight materials, typically forming
amorphous [53] or polycrystalline films. Additionally, organic compounds can form
rigid molecular crystals as a potential third group, showing comparably good semi-
conducting properties [51]. However, despite being among the first OSCs studied,
their practical use in devices is limited [51,53].

To understand the semiconducting properties of organic compounds, the electronic
structure of the element Carbon and hydrocarbons has to be discussed. The ground-
state electronic configuration of Carbon is 1s?2s? 2p? [52], hybrid orbitals exist in a
covalent Carbon-Carbon double bond, where it will form the so-called sp? hybridiza-
tion. Here, one p orbital, e.g. p, remains unvaried, while the 2s orbital together with
both p, and p, form the hybrid sp? orbital [52]. In an organic compound the sp? or-
bitals form the o-bonds, whereas the overlapping neighboring p, orbitals correspond
to the m-bond perpendicular to the o-bonds [52], overall leading to the C=C double
bond. While the o-bond is comparably strong and responsible for the structural
backbone of the molecule, the m-bonds are weak enough to allow m — 7* excitations
in the range of a few electron volts and hence in the visible range of the electro-
magnetic spectrum [53|. The smallest species of hydrocarbons exhibiting the C=C
bond, ethene, is drawn in Figure 1.1, together with a sketch of the energy diagram.
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a) Basic example of an sp? hybridized C=C double bond at the ethylene
molecule. The m-bond is perpendicular to the hydrogen-carbon plane and
hence visible above and below. b) Sketch of the energy level diagram of
ethylene in ground and excited state. c¢) Chemical structure of the pen-
tacene molecule and d) energetic distribution of occupied and unoccupied
molecular orbitals of pentacene calculated with the Hiickel theory. ) Spa-
tial electronic density distribution of the first HOMO of pentacene.

Figure 1.1.:

Although it can already be considered an organic semiconductor, larger structures
are typically of more interest.

In a C=C chain, each of the Carbon atoms has one free electron in the p, orbital
to form the m bond and any additional atom in the chain will again add one p,
electron. In such a structure, single and double bonds will alternate across the
molecule, forming a so-called conjugated hydrocarbon [53]. The most prominent
prototypical species of organic semiconductors are therefore aromatic hydrocarbons
also known as acenes like benzene or pentacene [52]. Although typically drawn
as such, the alternation, specifically the position of the double bond, is not fixed.
Instead, the m-electrons are delocalized across all adjacent conjugated bonds given
an overlap of the p,-wavefunctions [52], leading to a combined molecular orbital
(MO). Ultimately, excitations of the molecule likewise distribute over the whole -
system, leading to the terms of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) resembling mmolecute and % ;oo
respectively |54]|. Hence, the exact semiconducting properties are dependent on the
size or length of the conjugated m-electron system, and its spatial distribution over the
molecule [53]. As organic chemistry allows for manifold variations and combinations
of compounds, fine-tuned electronic structures and specifically tailored properties
are therefore possible.

10
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Figure 1.2.: Electronic structure of OSC from a single molecule to amorphous solids
and crystals. With rising intermolecular interaction, energetic disorder of
individual MOs increases, leading to an increasing bandwidth, eventually
leading to conduction (CB) and valence bands (VB) in organic crystals.
Polarization energies P and P}, reduce the energy gap E; compared to the
single molecule. Redrawn from ref. [53].

In organic molecular solids, the intermolecular interaction is usually dominated
by Van-der-Waals forces, only very few organic salts might exhibit ionic bonding
[54]. On one hand, this leads to the fact that in organic solids, the properties of
the individual molecules remain mostly unaltered compared to the single molecule
[54]. In literature, organic molecular solids are therefore sometimes referred to as
oriented gasses [54], in contrast to the covalent bonding in Silicon or Germanium
semiconductors. On the other hand, however, this also means that the energetic
overlap between wavefunctions of individual MOs is also small. This implicates a
number of differences between organic semiconducting solids and classic, inorganic
semiconductors spanning from macroscopic quantities like melting point or hardness,
to microscopic properties concerning charge generation and transport, as well as
optical excitations [53].

The energy of the molecular orbitals is typically given in electron volt (V) with
respect to the vacuum level positioned at 0eV. In this work, the sign of the energy
of individual molecular orbitals is by convention set to be positive with the energy
scale pointing downward. Higher energy levels thus represent a higher distance to
the vacuum level.

1.1.2. Electronic structure and excitation in organic solids

In classic semiconductors, the strong covalent bonding leads to a delocalization of
electrons of individual atoms over a comparable large crystal lattice. Together with
energetic dispersion, this results in the well-known band structure of semiconductors,
the most basic of which would exhibit one valence (VB) and one conduction (CB)
band. In Figure 1.2, the evolution of the electronic structure from a single molecule
to organic solids is sketched. The potential well of the molecule on the left depicts
three occupied and unoccupied molecular orbitals, the adjacent ones with the lowest
energetic difference are the HOMO and LUMO levels, respectively. With the only
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1. Basic concepts of organic semiconducting devices

interaction between molecules being weak Van-der-Waals forces, both occupied and
unoccupied states in the solid mainly represent those in the single molecule [53].
Still, energetic dispersion affects individual molecular orbitals, overall leading to
very narrow intermolecular bands with a bandwidth < 0.2eV [53], see Figure 1.2.
Additional to the dispersion and subsequent formation of narrow HOMO and LUMO-
bands, electronic polarization of neighboring molecules in a solid might stabilize a
charged species by screening effects [53]. The resulting polarization energies P, and
B, lead to an effectively lower energy gap E in solids compared to the gas phase of
the molecule.

In inorganic crystalline semiconductors, electronic transitions and hence absorp-
tion and emission of light, is governed by the energy gap between valence and conduc-
tion band. For organic molecular solids, the term applies to the transition between
HOMO and LUMO, respectively. Upon optical or electrical excitation of a classic
semiconducting material, an excited electron is generated on the conduction band.
The binding energy of the exciton, the bound state of both excited electron and
generated hole, is governed by the Coulomb interaction:

e? 1

Ameey Te

(1.1)

Epina =

where 7. is the distance between the two carriers and ¢ the dielectric constant of
the material. The binding energy for electrons and holes in two different materials
(¢ =3 and € = 12) is drawn in Figure 1.3. An electron-hole pair can be considered
free, when its binding energy is smaller than the thermal energy of the system,
Frina < kgT'. Thus, the maximum Coulomb radius of a just bound pair is

e2

e = 47T€€0kBT '

(1.2)

The actual distance of electron and hole can be approximated with the exciton Bohr
radius, which in case of simple, hydrogen like wavefunctions of electrons [55] is given
by
m
Ty = ToE—— (1.3)
Meff

where meg is the effective mass of the electron in the semiconductor, me the mass
of a free electron in vacuum and ry = 0.53 A the Bohr radius of hydrogen. Usually,
Mef < M, in inorganic semiconductors and meg > m, in organics [55]. In inorganic
semiconductors, the strong bonding and corresponding high delocalization of elec-
trons leads to a high ability of polarization, resulting in a high dielectric constant
(esi & 12, ege =~ 15) and also a low effective mass meg [54,55]. Hence, electron
and hole distances in the range of a 10nm can be higher than the respective crystal
lattice constants by an order or magnitude [54]. A drastic example is 7, = 24 nm for
excitations in Germanium [56], the radius is marked in Figure 1.3 with a vertical line.
For organic semiconductors, the calculation of a Bohr radius with the given equation
is to be handled with care as the theory is more complex [55,57]. In case of Cgo,
an estimation with meg ~ 0.12me and ec,, = 4.5 yields r, = 2.0nm [57]. As a side
note, Cgg is a relatively large conjugated m-system, and the dielectric constant is also
quite high. A value of r, = 2nm for the Bohr radius might therefore be considered
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Figure 1.3.: Calculated binding energies versus electron-hole distance for organic (¢ = 3)
and inorganic (¢ = 15) semiconductors. Exciton binding energies (inter-
section between calculated energy plots and Bohr radii) for OSC are below
kg T, whereas inorganic semiconductors land above. Adapted from ref. [55].

approaching the upper limit. To retain a bound excitonic state, the condition for
stable excitons can be formulated as
y=Tel, (1.4)
b
while v < 1 would lead to unbound carriers upon (photo-)excitation.

Combining these findings, at least two different types of excitons can be distin-
guished, one of each prevailing in either organic or inorganic semiconductors. For
inorganic species, binding energies of the so called Wannier excitons |54] are typically
lower than 25meV, hence lower than the thermal energy at room temperature. A
high Bohr radius leads to v < 1 and as a result, inorganic solar cells are generally con-
sidered to directly generate unbound electrons and holes upon light absorption [58].

In contrast, for OSC, the excitation is primarily bound to one molecule, and must
diffuse in that bound state from one molecule to another [54]. The Bohr radius of
the exited electron-hole pair is therefore much smaller, as the typical size of organic
molecules is in the range of 10 A. Together with the lower dielectric constant (¢ ~ 3)
of organic semiconductors, the exciton binding energy will be in the order of 1eV [53].
This Frenkel exciton is therefore not possible to be dissociated by thermal excitation,
organic solar cells will likewise not generate free carriers directly by light absorption.
Methods for charge generation in so called excitonic solar cells [58,59] are described
in Section 1.2.2.

1.1.3. Charge transport in organic solids

The macroscopic quantity for the movement of charge carriers in a semiconductor is
the electric current density j. It is typically composed of two individual contributions,
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1. Basic concepts of organic semiconducting devices

the drift current induced by the external electric field and the diffusion current
caused by a concentration gradient of carriers in the device [51]. Hence,

5
j=enuF — eD£ , (1.5)
——  ——

drift diffusion

with the elementary charge e, the mobility u, the charge carrier density n and the
diffusion constant D. Strictly speaking, at least the electric field, the mobility and
the diffusion constant might exhibit anisotropy [60] depending on the direction of
charge travel and thus should more accurately be described by tensors, e.g. ; =
en,u,ﬁ — eDVn. However, in the scope of this work, the scalar interpretation is
sufficient.

In OSC, usually both drift and diffusion have to be considered. Diffusive transport
especially gains importance in the space charge regime [51], for carrier injection and
for neutral species, like excitons (see sections 1.1.4 and 1.1.5 for reference). The
main determining factor for carrier drift is their mobility g, usually given in units of
em? V~=1s™1 Tt is linked to the conductivity o, of the material by

Oc = enf (1.6)

and also to the diffusion constant D of the specific species with the Einstein relation
[61] where
eD = ukpT . (1.7)

Typical values for the mobility in organic semiconductors are in the range of 1076 to
1073 ecm? V~!s7!, where values for electrons and holes can strongly differ for the same
material. Also, exceptionally high mobilities for electrons have been reported for
highly crystalline perylene [62] with ~10cm? V=157 as well as very low values like
1078 em? V157! for holes in amorphous Alqy [63]. To put that into perspective, the
hole and electron mobilities in Germanium are both in the range of 103 cm? V=11
[54].

The comparably low mobilities in OSC are a direct consequence of their spe-
cific electronic structure, which is described in Section 1.1.2. The absence of a
pronounced band structure does not allow free movement of charge carriers across
multiple molecules. Instead, for each step, the potential well from one molecule to
another has to be overcome again. Charge transport in organic semiconductors is
thus generally described as an activated hopping process. Different models exist to
describe this process, the most used is probably the model introduced by Béssler
in 1993 [64]. The sketch in Figure 1.4 depicts the basic idea of the model. Charge
carriers, electrons or holes, move between individual sites exhibiting localized states.
These states are subject to energetic disorder, originating from stochastic changes
in the polarization energies [54], which are dependent on a large set of individual
coordinates [64]. The distribution of these states’ energies is given by the density of
states (DOS) G(F) that in the Béssler model is considered to be of Gaussian [64]
shape with the standard deviation or “width” of o:

G(E) = V2ro2exp <— E2> : (1.8)

202
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Figure 1.4.: Sketch of the hopping process of charge carriers in organic molecular solids.
The electric field gradient defines the net direction of travel for charge
carriers hopping from one localized state to another. Redrawn from ref. [54].

The energy E is hereby given relative to the center of the distribution. The Gaussian
distribution in energy is the reason why this model is also commonly referred to as
the gaussian disorder model (GDM). Additional to the distribution of the density of
states, the model contains a hopping probability or rate v [54| from one site i to
another j referred to as the Miller-Abrahams equation [65] with

(Ej — B — eF (x, z3)
exp
vij = vpexp (—27ARjj) - kpT

1 for E; > Ej

> for B; < Ej (19)

where vg is a prefactor, E;; are the energies of the respective sites ¢ and j in the
distribution of G(E), F' (xj, z;) is the electric field between the positions of the sites x;
and z; and AR;; the hopping distance between both sites. 7 is the decay constant of
the wavefunction, which can also be described as the molecular coupling factor. With
the mean site distance denoted as a, the product of 2ya = I'(X) is considered to be
the overlap parameter. Because of the orientation dependence of molecular coupling
and the stochastic distribution of the mean site distance [64], I'(X) is also given by a
Gaussian distribution with a standard deviation of 3 [54]. The defining parameters
of the Bassler or Gaussian disorder model are hence the two disorder parameters, o
in Equation 1.8 and ¥ [54]. Following Equation 1.9, a downward hopping from an
energetically higher to a lower state, i.e. Ij > Ej requires no additional activation.
The other direction has to be activated with an energy given by E,. = E; — E; —
el (xj, x;), which is the energetic difference between the transport sites [54,64].

Unfortunately, no straightforward analytic solution incorporating the Béssler model
exists to describe the movement of charge carriers in OSC with simple quantities.
Béssler himself therefore utilized the Monte Carlo approach to calculate a finite set
of hopping sites in periodic boundary conditions to simulate a time-of-flight exper-
iment [64]. One result of this experiment is the temperature dependence of the
mobility in disordered systems [54,64], which calculates to

20 \?2
(o, T) = po exp [— <3kBT>

The prefactor pg can be considered as the ideal mobility without disorder and at
very high temperatures. From Equation 1.10 follows that measured data must show
aInp o< 1/T? dependence of 4 on the temperature for the GDM to be applicable.

(1.10)
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1. Basic concepts of organic semiconducting devices

In Equation 1.10 the mobility is not dependent of the field, despite the fact that
this behavior is often observed. Experimentally, in organic semiconductors, a field
dependence of the mobility is found to be very similar to that in inorganic insulators,

described by the Poole-Frenkel law [54]:

Ao — BprVF - _ -
HPF = Ho €XP <—OkBBTP:> ) Teffl. =T - (1) b (1.11)

Here, all factors pg, Ag, Spr and T are constant. Spp is mostly referred to as

the field-enhancement factor [54] that obeys the characteristic relation of In upp o

BprVF. As already suggested from the drawing in Figure 1.4, the existence of an

electric field will “tilt” the density of states [65]. This will lead to a reduction of

hopping activation energy and hence to higher mobilities for higher electric fields.
The GDM includes the field dependence for the mobility with

20 \?
T .F,Y) = —
,U,(O', sy 4 ) Mo €Xp [ <3kBT)

exp |C(0? — 22)\/1?} for ¥ < 1.5

exp |C(co? — 2.25)\/?} otherwise

(1.12)
where C' is a numerical constant [64,65]. Although the equation now generally
resembles the Poole-Frenkel law with In u o< fppv/F, this relation does not hold any
more for low fields [65]. The discrepancy of the GDM to the observed Pool-Frenkel
type field dependence in many OSC for lower fields can stem from the fact that
the GDM neglects the influence of individual hopping sites on each other. As an
addition to Béssler’s model, the so called correlated disorder model (CDM) includes
the interactions of energies of adjacent transport sites [51,65,66|, where

B 304 2 o4 o2 leF'R
,uCDM—,uoexp[ <5kBT) exp{Co (kBT> ECDM od . (1.13)

In this equation, o4 denotes the dipolar disorder between individual sites, whereas
R is the hopping distance and C an empirical constant. Ycpy corresponds to 32 in
the GDM in Equation 1.12. The CDM is reported to resemble both the Pool-Frenkel
field dependence of p as well as the Inu o< 1/T? behavior over a broader range of
fields and temperatures compared to the GDM alone [51].

All previous considerations presumed only one species of molecules taking part in
the charge transport in the semiconductor. In mixtures, or simply if defects exist
in the bulk material, carriers might be subjected to trapping or de-trapping effects,
which will ultimately affect the mobility. If uy is the trap-free mobility for the
respective material, a concentration ¢ of traps with the energetic depth of E; can
reduce the mobility following the Hoesterey and Letson formula [51]

E —1
1= pl [l—l—cexp <kBtTﬂ . (1.14)

1.1.4. The metal/organic interface and carrier injection

The injection of charge carriers into organic semiconductors and at the same time
the selection of properly injecting contacts is crucial for the overall device perfor-
mance. At a contact between a metallic and a semiconducting layer, the probability
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Figure 1.5.: Sketch of the band diagram of a metal-semiconductor interface at both
anode and cathode a) with individual materials without contact and b) in
contact. c) Shows the formation of an additional interface dipole (given in
yellow). Redrawn from refs. [54, 67].

for a transition of an electron from one layer onto another is governed by the energy
difference between initial and final states, usually termed injection barrier or acti-
vation energy. Knowing the energy difference between contact and semiconductor is
therefore the first step to analyze carrier injection.

Injection Barrier

In case of metallic contacts and originally for inorganic semiconductors, the energetics
can be deduced as follows. The energy required to remove an electron from the
surface of a metal is defined as the workfunction ® [54]. In the simple picture
of an undoped semiconductor, the material parameters can be stripped down to
two important quantities for electron or hole injection, which are the ‘onization
potential Ic and the electron affinity Ag. The former is defined as the difference
between the HOMO and the vacuum level (VL), whereas the latter is the distance
between VL and LUMO. In Figure 1.5, a semiconducting layer sandwiched between
two metals of different workfunction (where @4, > ®c,) is sketched, without (a) and
with (b) direct contact to each other. Without contact, the vacuum levels of metals
and the semiconductor are aligned. The energetic barrier or activation energy Fi, .
for injection of electrons from the cathode to the LUMO, neglecting the vacuum in
between, is easily visible and amounts to

Eae = Peat — Ac . (1.15)

Likewise, the extraction of electrons from the HOMO to the anode or the injec-
tion of holes into the semiconductor is defined by the ionization potential and the
workfunction of the anode ®,, [54] with

Eap = Ic — @y . (1.16)

Upon contacting, any external current flow equalizes the Fermi levels of both metals,
leading to a shift in vacuum level equal to the difference between the metal workfunc-
tions. With the semiconductor of a thickness dg in between, the contact potential
difference leads to an intrinsic built-in field Fj; of

(I>an - q)cat

Fpy= ——— . 1.17
= (1.17)
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1. Basic concepts of organic semiconducting devices

An externally applied voltage will therefore have to be higher than the internal field
for an effective current flow [54]. Still, the fundamental problem of an activation
energy or barrier that has to be overcome for carrier injection remains and might
be even more complicated than the simple energy difference presented above. In the
following, a few basic concepts governing the actual barrier and limits for carrier
injection are discussed.

Interface dipoles

At the contact between metal and OSC, a so-called interface dipole will lead to a
change in workfunction and vacuum levels as seen in Figure 1.5¢, modifying the
energy barrier at the interface. The magnitude of the dipole A governs the size of
the step of the vacuum level, which in turn shifts the energy level of the organic layer
ideally by the same value, where

Ea,e — q)cat — AC + AC and
E&h — IC — q)an — AA .

Note that A is defined to be negative in case of a downward shift of energy levels
as seen in Figure 1.5 and can be different for anode and cathode. In case of organic
small molecules deposited on metal, indeed A < 0eV usually holds, leading to an
increase in effective barrier for holes and a decrease for electrons [67]. The reasons
for dipole formation are manifold, some of which are chemical interactions or charge
transfer and redistribution [67]. Also, metal induced interface states have been dis-
cussed for OSC, where electrons from the metal redistribute into the bandgap of the
organic layer [68]. The height of the barrier can also be modified by deliberately
introducing dipole layers such as self-assembled monolayers of polar molecules [69]
or the introduction of interlayers between metal and the active semiconducting ma-
terials [70,71].

For many organic molecules with an interface to metals or metal oxides, Greiner
et al. have published a universal dependence of the interface dipole and resulting in-
jection barrier on the difference of contact workfunction and the ionization potential
of the organic [72]. A theoretical description was later given by Ley et al. [73|, which
will be discussed in more detail in Section 6.4.3. The main conclusion from their
work, however, is that even perfectly aligned energy levels between contact and OSC
will never yield an injection barrier smaller than a few 100 meV, which would be the
case in the simple picture of equations 1.15 and 1.16.

Barrier lowering by image charge

It has been shown that the Richardson-Schottky effect, comprising an image charge
induced in the metal contact due to the charges present in the semiconductor [51,54],
can effectively lower the injection barrier at the metal-semiconductor interface. In
this theory, electrons injected into the semiconductor experience a potential con-
sisting of not only the intrinsic potential barrier F,., but additionally the image
potential of

62

Eimage = (118)

16meeg -’

which is arising from the Coulomb force between an electron and its image charge
in the metal. Together with the externally applied field Foyt the overall potential as
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Figure 1.6.: Sketch of processes involved in thermionic emission and barrier lowering
through image charge using the example of electron injection. a) For classic
semiconductors, thermal activation and emission into the bulk is sufficient.
b) For OSC, the density of states and hopping transport has to be taken
into account. Redrawn from ref. [51].

shown in Figure 1.6a can be summed up to

e2

V(z) = Eae - Toreco -z eFextx . (1.19)

The maximum of this potential then calculates to

e
= /— 1.20
T \/ 167eeg Foxt ( )

which is therefore dependent on the external field and, most importantly, not located
at the interface. Instead, with usual values for the dielectric constant being € &~ 3, a
film thickness around 100 nm and voltages in the range of 1V to 5V, the potential
maximum is located at a distance between 1nm and 4nm away from the hetero-
junction. The barrier reduction at the position of this maximum, x,, calculates

to
eFext

V(rm)=AE=¢e (1.21)

dmeeg
and amounts to a few 100meV for typical material parameters.

Injection processes

Different models exist to describe the process to overcome a potential energy bar-
rier for successful carrier injection into an organic semiconductor. Besides thermal
activation, one possibility is a tunneling of charge carriers, described e.g. by Fowler-
Nordheim tunneling [51], originally developed to model an electron current through
vacuum. The tunneling barrier for electrons in this case is described as a trian-
gular shape, consisting of the applied electric field and the abrupt change at the
metal /vacuum (semiconductor) interface. The current in this case is approximated

to be
4\/ 2m*<I>e1
3heFext ’

with the effective carrier mass m* and the electrode workfunction ®). In this theory,
however, the aforementioned image charge barrier lowering is ignored, which is only

JiN (Fext) & Fext” exp (— (1.22)
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1. Basic concepts of organic semiconducting devices

feasible for very high barriers [51]. Additionally, the tunneling distance required is
determined by the linear decay of the electric field and can be calculated to be in
the range of 10nm. In disordered, organic semiconductors, this is unlikely to occur
without scattering.

A different process is the so called thermionic emission that, following the Richard-
son-Schottky effect for image charge barrier lowering, leads to a thermally activated
process. The activation energy for carrier injection can be calculated to E, — AF,
where AFE is the barrier lowering due to image charges. A thermally activated charge
carrier in the adjacent electrode consequently has a higher probability to be injected
into the semiconductor, if it can be emitted into the bulk at the position of minimum
barrier z,,. The resulting current for the activated process then calculates to

Ea_BVFext>

1.2
T (1.23)

Jre =A™ T?exp <—
where 8 = /e3/4meey. A* = 4mem*kg?h~? is the Richardson constant [54], propor-

tional to the effective mass m* of the charge carrier in question. From Equation 1.23,
the characteristic field dependence of

In(j (F)) < VF (1.24)

arises as a principal relation to test for the existence of carrier injection via thermionic
emission. This effect, however, can only be a limiting case for OSC, as distances in
the range of 1nm or more between contact and potential maximum can already
span over more than one molecular layer. For OSC it is hence unlikely that a single
thermally activated jump allows for effective carrier injection [74|. Carriers would
have to overcome multiple molecules to the potential maximum without recombining
at the electrode, which is only possible in very ideal conditions [51,54]. Addition-
ally, the diffusion current commonly found in disordered organic semiconductors is
not accounted for. Following the principal route of the thermionic emission theory,
Scott and Malliaras have proposed an addition to the model that includes surface
recombination and carrier diffusion |75]. In their description of injection, most of
the injected carriers will recombine at the electrode, as the emission distance from
the electrode to the potential maximum is larger than the molecular distance. The
injection current for such a device is then given by [75]

Jsc = 4\I/(f)2NoeMFext exp <—ki}> exp <\/?) , (1.25)

where f = Fe?/ (4%550(kBT)2) is the reduced electric field, Ny is the carrier density
at the interface, p the carrier mobility and W = f~1 + f~1/2 — f=1,/1 + 2/T.

Still, all presented models can describe the injection current only in very special
cases. Even the Scott and Malliaras formula yet neglects the energetic disorder
of the DOS. An analytical model for carrier injection into disordered systems was
presented by Arkhipov etal., taking image charge, hopping transport and disorder
into account [74] (see Figure 1.6b). In their model, a thermally activated jump similar
to the Richardson-Schottky type thermionic emission raises a carrier not directly to
the tip of the potential well, but into a tail state of the DOS in the disordered
material [51]. If the DOS then provides enough states at the same or lower energy,
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1.1. Organic semiconductors

the charge carrier can continue by hopping transport in the coulomb potential of the
image charge and the external applied field. The model was successfully applied to
different types of organic small molecules and polymers [51], but again is limited to
specific relations of hopping activation energy and injection barrier. For even more
accurate description of carrier injection, microscopic simulations of charge carrier
interaction and movement are needed [74].

1.1.5. Space charge and other current limiting effects

Besides carrier injection, bulk processes further limit charge transport in (organic)
semiconductors. Because either one of both can be the decisive limiting factor,
a distinction is made between injection limited and non-injection limited contacts
to semiconductors. Injection limited contacts have been described in the previous
section. For very small voltages, often a drift or ohmic current dominates the char-
acteristic for non-injection limited contacts. In this case, the current is given by

jo =enu - % ) (1.26)

where e is the elementary charge, n the charge carrier density, V' the applied voltage,
d the thickness of the device and u the mobility of the respective charge carrier. If
the amount of charge carriers injected is larger than the bulk conductivity can carry
away, carriers might grow a space charge region, shielding further carrier injection.
Conventionally, electrodes that are able to inject more carriers than bulk transport
can cope with are called ohmic contacts, although the current-voltage characteristic of
such an electrode does not have to follow Ohm’s law [51]. In a simple approximation,
neglecting possible charge redistribution and resulting inhomogeneities in the electric
field, the total charge stored in the capacitance of the device is less or equal ¢ = €50V /d.
The charge will travel the distance d with its mobility u, hence the transit time
is 7 = d®/uv [51]. Accordingly, the current calculates to j = q/7 = egquV?/d?.
Unfortunately, the electric field is not homogeneous and because of this, the above
equation has to be corrected [51]. The detailed derivation of the so called Child’s
law of space charge limited current would leave the scope of this work, hence only
the result is given, where
V2

, 9
JsCL = gEEOH 3 (1.27)

is the general Mott-Gurney equation [54] for single-carrier space charge limited current
(SCLC). The deviation from the crude approximation above is, surprisingly, only a
factor of 9/8, close to one [51]. Equation 1.27 still neglects diffusion of charge carriers
through the device as well as the dependence of the mobility on external factors and
adds some specific requirements on carrier density at the contact [1]. Nevertheless, it
represents the maximum current a device that is not injection limited can carry [1].
From this equation, two crucial requirements are evident for a device to show SCL
current: In a current-voltage characteristic, the current must be proportional to
V2 and inverse proportional to the cubic of the device thickness, d*. Analyzing
space charge limited currents to calculate the mobility of organic materials is a well-
established method, although it is argued that pure space charge limitation is seldom
observed |[76].
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1. Basic concepts of organic semiconducting devices

The first addition that can be made to Equation 1.27 towards a more realistic
description of OSC is to add the field dependence of the mobility described in the
Poole-Frenkel law given in Equation 1.11 of Section 1.1.3. An approximation of the
SCLC including the characteristic field dependence of the Poole-Frenkel law can be

calculated [1] to
9 V2 [V
jscr, ~ §€50Mﬁ exp <0.89B d) . (1.28)

Another specialization of the space charge principle is the incorporation of trapped
charges into the equation. When those traps are distributed e.g. exponentially in
energy, trap filling will occur depending on the applied voltage and the current might
be rising with a higher slope compared to the trap-free case until all traps have been
filled. It is common practice to define the factor

Ey
l=—— 1.29
T (1.29)
where Fj is the trap depth in energy with a distribution Ny o< exp(—[) [51]. The
trapped charge limited current (TCLC) [1] is then given by

l I+1 y /141
. eeol 2041 V
= N, 1.
JTCL ope <Nte(l 1)) < l + 1 ) d21+1 ’ ( 30)

where Ny is the density of states. Most importantly, the current follows the relation

- Vl+1
JTCL X B (1.31)

with [ = 1 for a space charge (SCLC) equivalent, and [ > 1 for additional trapped
charges. As a special case of this universal relation, setting [ = 0 will lead to the
ohmic case where jomic o V/d.

When measuring organic devices, the limiting factors will change depending on at
least the current density and voltage. Very often, ohmic transport with j oc V/d is
observed for low voltages, followed by trapped charge limited current with [ > 1 and
eventually transfers to SCLC for high fields |77].

1.1.6. Optical properties

The term- or Jablonski diagram in Figure 1.7 shows the very basic electronic tran-
sitions of OSC using the example of optical excitation. The electronic ground state
is the singlet state So, where singlets are states whose electrons are coupled anti-
parallel to form a spin-quantum number of S = 0. Triplets, in contrast, have a
spin-quantum number of S = 1 with parallel alignment of electron spins. Excita-
tions and transitions of organic semiconductors exist in the 7m-orbital between ground
(m) and excited state (7*) as described in Section 1.1.1, where unpaired electrons
from the 7* and the remaining 7 electron form a two particle system [51]. The overall
spin angular momentum of the system is described with Figenvalues S and M. In
a simple picture, they are composed from the sum of the individual single electron
parts s and mg. With electron spin up (1) and Eigenvalues s = 1/2 and mg = 1/2,
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Jablonski diagram showing the very basic processes of absorption and emis-
sion in OSC (after ref. [54]) as well as additional effects mainly concerning
the radiative efficiency of OLEDs (after ref. [53,78]). Drawn with solid hor-
izontal lines is the electronic ground state Sg with two singlet (S, S2) and
one triplet excitation (T1), as well as their respective vibronic states. Inter-
nal conversion will lead to a relaxation of higher energetic excited states to
the lowest excited state, Sp — S1. Transitions are colored blue for absorp-
tion (rate [ for singlets), the direct absorption into the triplet is unlikely
and thus illustrated with dashed arrows. Fluorescent emission (rate IF,)
from the singlet is green and phosphorescent emission (triplet, rate I, ) is
drawn in red. Non-radiative transitions from exited states to lower ener-
getic states or to the ground state are depicted by dashed vertical lines and
steps, the rates are [, and [, o, for singlets and triplets, respectively. The
horizontal dashed line shows the inter-system crossing (ISC) converting a
singlet to a triplet. Sketched in yellow are the processes of triplet-triplet-
annihilation (TTA) and reverse inter-system crossing (RSIC), see text for
further explanation.

as well as spin down () with s = 1/2 and mg = —1/2, the four combinations of the
single-electron spin-wavefunctions are as follows:

[T1Te) = S =1, My =1
(o) + Hata) ) = 8 = 1,M, = 0

ide) = S =1,M;=—1
(o) = Hata) ) = 8 = 0,M, =0

1
2

N

1
V2

The first three of them with S = 1 form the triplet, the last with S = 0 is the
singlet. Transitions from and to the ground state as well as between states are
shortly summarized in the following paragraphs.

23



1. Basic concepts of organic semiconducting devices

Excitation, injection and exciton recombination

Electrical injection and electron-hole pair formation is independent of spin selection
rules an will therefore distribute equally over all four different spin wavefunctions. As
a result, injected excitons will form 75 % of triplets, whereas only 25 % result in singlet
excitation. Upon absorption, photons usually excite the singlet term [54] due to spin
selection rules, the absorption rate is classified by the constant I's. Direct triplet
absorption requires a transition from the singlet ground state to the triplet excited
state, which is normally forbidden [54] and the absorption rate I'y is therefore small
(see the paragraph about ISC for explanation). Additional to the purely electronic
terms, levels shifted to higher energies by vibronic interaction exist that as well
can be excited. However, electrons in those vibronic states will quickly relax non-
radiatively to the lower pure electronic excitation. Excitation of higher level singlets
and triplets (Sg, S3, T2, T3 etc.) are generally of very short lifetime in the order
of a few pico seconds [54], they relax non-radiatively over vibronic substates to the
respective first excited state via internal conversion. Thus, emission usually occurs
from the lowest excited state, which is often also referred to as Kasha’s rule [51].

Emission

Lifetimes of the first level excited states range from 107?s up to 107%s for Sy, the
radiative decay of the S; state is termed fluorescence with the rate constant I'¢ . For
triplets, the lifetime can exceed a few seconds, decaying radiatively over phospho-
rescence |54] with the rate constant I', . Not every excitation S; or Ty will decay
radiatively, non-radiative decay rates are denoted I'¢,, and I', ... The energetic
difference between absorption and emission due to the non-radiative relaxation of
vibronic excitations leads to a redshift of the emission to lower energies with respect
to absorption, which is termed Stokes-shift.

Inter system crossing / ISC

Normally, in a system classified only by its spin-quantum numbers, transitions from
triplet to singlet states via so called inter system crossing (ISC), are forbidden. This
rule can partially be broken by spin-orbit coupling, which is only weakly present in
pure hydrocarbons, though very strong in metal complexes e.g. containing Iridium
[79]. Hence, the direct absorption from Sy to T is also only possible due to spin orbit
coupling and often very weak. With stronger ISC, however, fluorescence is partially
weakened in the favor of a higher phosphorescent rate, while at the same time the
phosphorescent lifetime is lowered [54].

Secondary processes

Two triplet states in an OSC may annihilate to a ground state leaving behind an ex-
cited singlet state or a triplet state. This so called triplet-triplet annihilation (TTA)
leads to long-lived delayed fluorescence in the range of a few ps [80] for materials
showing only very low phosphorescence. TTA can enhance the efficiency of fluores-
cent OLEDs, but will likewise have the converse effect on mainly phosphorescent
devices [81]. The process has been extensively studied as a route to more efficient
fluorescent OLEDs, however, the conversion rate from triplets to singlets is around
38 % at maximum, leaving room for improvement through other processes [78]. A
different process that stands in contrast to the inter system crossing, is the reverse
inter system crossing (RISC). When the energy difference of one excited triplet and
singlet state is small and in the range of 100meV or less, triplet states can convert
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1.1. Organic semiconductors

to singlets by thermal energy. Despite this so called thermally activated delayed flu-
orescence (TADF) being endothermic, highly efficient OLEDs employing the effect
have been presented |78|.

1.1.7. Molecular dipole moments, orientation and polarization

Organic semiconducting molecules all are extended objects with a complex structure
and charge distribution. An asymmetric structure leads to the formation of perma-
nent dipole moments (PDM) in OSC, just as it is the case for other polar molecules
like HoO or N2O [7]. Additionally, wavefunctions of individual molecular orbitals
HOMO"™ and LUMO" are differently distributed over the molecule. Electronic tran-
sitions for absorption and emission are hence also only occurring in specific directions
of the molecule, the transition dipole moments (TDMs) are therefore oriented with
respect to the molecular axes. Accordingly, the distribution of orientational angles
of emitting molecules in the film plays a crucial role in light absorption, emission,
outcoupling and device performance [7,82,83]. The determination of the emitter
orientation has been a key field in research in the past years [9,48]. Besides the im-
plications on optical properties of the device, molecular orientation also affects the
orientation of the permanent dipole moment, where the correlation of both TDM
and PDM orientation is also subject to current research [48|. If the orientation of
the PDMs in an organic layer is not completely isotropic, the giant surface potential
(GSP) as a macroscopic polarization of the film will arise, which affects multiple
properties of the device [3,10-12]. The characterization of the GSP and specifically
its impact on hole injection into the device is a central part of this work and will be
discussed further in the experimental section.

Permanent dipole moments

Magnitude and direction of the PDM depend on the charge distribution of the
molecule, which in turn is dependent on the chemical structure. In Figure 1.8 the po-
lar molecule OXD-7 is depicted in its three conformers. The electron density is also
plotted below the skeletal formulas together with the direction of the PDM and se-
lected transition dipole moments. All of them were calculated in the gas phase using
the Schrédinger Materials Science suite [84] with the quantum chemical application
Jaguar [85,86]. Calculations were done using the basis set 6-31G** with the B3LYP-
D3 functional for hydrocarbons or LACV3P**+ 4 with M06-2X-D3 in case of metal
complexes. Although it is chemically the same molecule, the calculated magnitude
and direction of the permanent dipole varies between all three conformers from 3D
to 6D, which is consistent with literature data [87]. Usually, the composition of a
given material is unknown regarding different conformers, whether in powder form
or in the thin film after deposition. If significant differences in the calculated dipole
moments exist, assumptions have to be made on the prevailing conformer or any form
of mixing and hence the effective dipole moment. Also, the molecules polarizability
is not a priori known, neither can possible changes of its geometry in thin film be
predicted with simple gas-phase simulations. In the case of this work, a weighted
average using a Boltzmann statistic based on the conformational energy is used in
the case of the OXD-7 molecule, which yields a value of (5.40 £ 1.35) D.
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=== Permanent dipole Electron density
== Transition dipoles <«—Ilow high —

Figure 1.8.: The three known conformers of the molecule OXD-7, skeletal Lewis formu-
las at the top, 3D renderings with electron density on the bottom. In the
renderings, also the permanent and most likely transition dipole moments
are given. The length of the arrows is related to the magnitude of the
dipole moments.

Polarization and interface charge

Upon vacuum processing of the organic film, a non-isotropic orientation in the film
will lead to a so-called spontaneous orientation polarization (SOP) for many organic
materials [6]. Accordingly, both PDM and the TDMSs of a molecule will have a prefer-
ential orientation with respect to the surface normal, which in some cases can even be
detected independently [48]. It has been found that the deposition technique plays a
crucial role concerning the molecular orientation in the films [88] and some proposals
to explain the orientation exist [7,89]. Experimentally, an increased orientation can
be assumed for many materials when diluted in non-polar host systems [2,48|. The
exact mechanisms behind SOP, however, are to date not fully understood and sub-
ject to ongoing research |7], though it has been reproduced in simulation for selected
molecules [47]. One effect of the SOP itself on organic LEDs is, however, known for
almost 20 years. At first, Berleb et al. reported a negative interfacial charge density
o at the NPB/Alqs interface in two-layer OLEDs incorporating those materials [90].
Later on Ito etal. directly observed a significant potential drop in Alqs thin films
via a Kelvin probe [10] and related this to the existence of oriented dipoles in the
film. Both measurement techniques are described in detail in Section 3.2 and Sec-
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1.1. Organic semiconductors

tion 3.1, respectively. The mutual link of both phenomena was, however, not initially
known and suggested some years later by Noguchi etal. [12]. In the following part,
an overview on orientation polarization will be given.

The polarization of an organic thin film can be defined as Py [7] with
i

130: ﬁv
)

(1.32)
where p; is the PDM of the molecule indexed ¢ with magnitude [p;| = p in the
film of volume L3. Interesting for the measurement is the component of the film
polarization perpendicular to the surface normal. With only one component in the
film, thus ignoring doping or different conformers, the “z” component calculates to
p; - Z. It is linked to the orientational angle of the individual molecules 6; with

p; - Z=pcosb; (1.33)
leading to an overall film polarization of |7]

o p)Y .cosb;
P():Po-z:ZZL3 L.

(1.34)
The average angle of all molecules in the film can be calculated with the number
density of molecules per volume n to
>, ®(0;)cosb;
) =="—"— 1.35
(cos ) ] (1.35)

where @ (0) is the distribution function for molecules existing in the specific angle 6
[7,48]. Note that the orientational angle in Equation 1.35 contributes non-linearly to
the result and hence the preferential orientation 6, of the PDM at the maximum of
® (Omax) does not necessarily correspond to the average orientation [7]. Equation 1.34
can then be rewritten to

Py =p(cosb)n . (1.36)

Assuming the unlikely case that all dipoles in the layers would orient exactly parallel
to the surface normal and (cosf) = 1, the absolute maximum polarization in a
film [2,10,48] is given by

p__p-pNa
Vmol M ’

Prax = (1.37)
where p is the density of the material in the film, M the molar mass and Ny Avo-
gadro’s constant. The magnitude of the polarization is given in dipole moment per
unit volume and therefore corresponds to the equivalent interface charge density at
the film surface, hence Py = 05. With opmax = Pmax, an alignment factor A can be
defined |2, 48] describing the degree of orientation perpendicular to the film surface,
with o

S

A=

(1.38)

Omax

In the above framework, A = (cos#). If oy is known or measured for example
with impedance spectroscopy (see Section 3.2) or Kelvin probe (see Section 3.1), the
average orientational angle can be estimated [91].
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Figure 1.9.: Sketches of the stacks of different organic semiconducting devices. a) Basic
Two-layer OLED b) Organic solar cell with donor/acceptor interface and
electron blocking layer. c) Metal-insulator-semiconductor device with either
polar or insulating layer.

Giant surface potential
In case of a uniform polarization throughout the film, the potential drop induced by
the polarization 7] can be calculated to

d
P 0 S
AV:/(umzwmsﬂd:Ud, (1.39)
{5130 €0 €€

0

where d is the thickness of the film and ¢ its dielectric constant. The induced potential
drop AV over that distance will also lead to a gradient in vacuum level and surface
workfunction with respect to the substrate levels. It thus corresponds to the giant
surface potential measured e.g. with Kelvin probe, see Section 3.1 for details.

1.2. Organic semiconducting devices

Within this work, energetic and transport properties of organic materials are inves-
tigated in various device types. With the differences between organic and inorganic
semiconductors outlined in the previous sections, some distinctive features and prop-
erties of organic semiconducting devices have to be taken into account. While the
organic light emitting diode (OLED) is the primary use case for most of the mate-
rials investigated, organic photovoltaic cells (OPVC) can also give a vital insight on
built-in device properties. Metal insulator semiconductor (MIS) devices additionally
allow to probe specific transport phenomena in single layer material systems. The
layer stacks of all three device types are sketched in Figure 1.9, a more detailed
description of the individual functions of each layer is given in the sections below.

1.2.1. Organic light emitting diodes (OLEDs)

In an organic light emitting diode (OLED), the radiative recombination of charge
carriers injected through the electrodes causes the emission of, ideally, visible light.
The spectra of so-called electroluminescent materials are governed by the energetics
of exciton recombination over the molecular energy gap or more complex excited
states between two different materials [78|. The first reports on visible emission from
organic molecular crystals or films date back to the middle of the last century, but
required a few 1000V to operate [92,93]. In 1987, Tang and van Slyke proposed a
two-layer diode, which allowed low voltage operation and decent light emission [94].
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Anode Layer 1 / HTL  Layer 2 / ETL Cathode

Figure 1.10.: Band diagram of an OLED at its driving voltage above V,;. The numbered
processes for light generation are (1) charge injection, (2) carrier transport,
(3) exciton formation and (4) exciton recombination and photoemission.
Adapted and modified from ref. [1].

Their OLED, based on Alq; and diamine, reached an external quantum efficiency
(EQE) of 1% at voltages below 10 V.

Although state of the art OLED stacks are more complex [95], the simple two-layer
approach as sketched in Figure 1.9a is still used today to study device physics, just
as in this work.

Working principle

The working principle is similar to that of an inorganic LED [54], a simple energy
diagram describing the elementary processes is given in Figure 1.10. Above the
built-in voltage V4;, mainly defined by the workfunction difference of anode and
cathode, charges are injected into the respective molecular orbitals of the semicon-
ductor, marked in Figure 1.10 as process (1). To enhance hole injection from the
substrate to the active layers, organic semiconducting devices often utilize an ad-
ditional hole injection layer (HIL) to lower E}, ,,. Similar layers can exist on the
cathode side, too. Assisted by the electrical field, resulting from internal fields and
the applied voltage, carriers drift to the interface of both layers (process (2)), where
energetic barriers between levels of these layers (Ejnc and Eiy ) can hinder further
charge transport, promoting exciton formation at the interface (process 3)). Due to
their specific function in charge transport, both layers are commonly referred to as
electron transport layer (ETL) and hole transport layer (HTL). Additionally, on the
cathode side, hole blocking layers (HBL) and likewise electron blocking layers (EBL)
at the anode can be incorporated to increase carrier selectivity of the contacts. In
the case sketched in Figure 1.10, the intrinsic barrier for electrons Ejy e from ETL
to HTL is higher than the hole barrier Ej, ) from HTL to ETL, allowing holes to
penetrate Layer 2, leading to exciton formation in this layer. This is usually the case
for NPB/Alq; OLEDs, where the HTL is composed of NPB and Alqs is the electron
transport layer [1]. In modern OLEDs, the introduction of a specific emission layer
(EML) tailored for light emission significantly enhances the efficiency. Energetically,
this layer can be constrained to the HOMO of the HTL and the LUMO of the ETL,
leading to a charge carrier confinement in the emission layer between the combined
charge transfer and blocking layers [96]. Further optimization of the emission layer
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1. Basic concepts of organic semiconducting devices

can be achieved by doping a radiant dye molecule with a few weight percent into a
transporting matrix material [5,36,83]. Doping allows to design the transport ma-
terial in the emission layer independently of the emitting species, further optimizing
exciton generation and charge transport.

The energy of the formed charge transfer exciton and hence the emission is limited
by the smallest HOMO/LUMO difference, further lowered by the exciton binding
energy. Excitons can then transfer to electronically-excited singlet or triplet states,
both of which can decay radiatively in process @) and contribute to the electrolumi-
nescence of the device [54] (see Section 1.1.6 for reference).

Efficiency
A general equation for the efficiency of an organic light emitting diode is given by
the external quantum efficiency ngpqr that can be written as [97]

NEQE = MQE * Tout =Y * T * deft * Nout - (1.40)

Here, nrqr is linked to the internal quantum efficiency niqr with the outcoupling
factor noyt. Internally, the efficiency is determined by the charge carrier balance of
injected electrons and holes and generated excitons -, the radiative exciton frac-
tion 7, and the effective radiative quantum efficiency geg. The individual factors of
Equation 1.40 are defined as follows.

~ The charge carrier balance v is defined by the ratio of formed electron-hole
pairs and injected carriers in the device. To achieve carrier balances near unity,
appropriate blocking and transport layers should be used [36]. Also, injection
contacts ought to be energetically aligned properly to counteract imbalanced
carrier densities. Additionally, recombination statistics have to be considered
when designing the device [98].

7 The fraction of generated excitons that could recombine radiatively is governed
by spin selection rules and amounts to 7, = 0.25 for pure fluorescent materials,
whereas phosphorescent emitters can reach 7, = 1 (98], see Section 1.1.6 for an
explanation. With hybrid processes like thermally activated delayed fluores-
cence (TADF) [99] or tripplet-tripplet annihilation (TTA) [80], the radiative
exciton fraction can also be enhanced for fluorescent materials.

ger While 7). defines the maximum of radiative decay, ¢qf is defined by the fraction
of radiative and non radiative decay of excitons that could emit light [98],
which is heavily dependent on the layer stack and micro cavities in the OLED.
Therefore, the factor geg is strictly speaking a dependent quantity of geg (qint ),
where giyt is the intrinsic radiative quantum efficiency. The latter is defined by

the rate equation
r

_ r
Gint = Fnr n Fr )
where I'; and I'y,; are the radiative and non-radiative decay rates, respectively

[98]. The effective radiative quantum efficiency geg (¢int) is then linked to gint
via the so called Purcell-factor F', where

(1.41)

F-T,

= 1.42
feff Fru"'{'F"Fr ( )
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1.2. Organic semiconducting devices

The Purcell factor describes the effect of the same name and accounts for
the change of radiative decay rates in media incorporated into layer stacks of
different refractive indices and in the vicinity of metal layers [98].

Nout Although the theoretical limit of the aforementioned factors can reach 100 % for
phosphorescent or TADF emitters, if all effects are taken into account [36, 78],
the outcoupling of light from the OLED to the surrounding air is still a crucial
factor. In its simplest description from ray optics,

1

e —— 1.43
o (1.43)

Tlout =

where 1 is the simplified refractive index of the layer stack. With values
for organic layers in between 7 = 1.6 and 1.8 the maximum outcoupling
efficiency will calculate to Nout,max ~ 20 % [98].

Characteristics
The current of an organic light emitting diode ideally follows the ordinary diode
characteristic given by the Shockley equation [100]

Jied(V)) = Jo [exp (&) - 1} : (1.44)

that relates the current density j to the voltage V using the reverse-bias saturation
current density jo and the diode ideality factor n, as well as the elementary charge
e and the temperature T'. The ideality factor is n = 1 for an ideal p-n-junction with
only bimolecular recombination and in absence of trapping. For organic semiconduc-
tors, the value of n can give insight on the recombination and transport processes in
the device. For example, in case of trap assisted recombination a value of n = 2 is
often observed [101], much higher values have no direct equivalence.

The above equation, however, lacks all influences besides the pure junction, such
as series and parallel resistances. The Shockley equation is hence modified [102] to
include Rs and R, to

(1.45)

i) = o [exp <e<v —j(vms)) ) 1} ViR

nkgT R,

In the original Shockley equation, the reverse bias saturation current jg is described
by the amount of charge carriers generated over the bandgap [100]|, which can be
expressed as follows [102]

. . _Egap
= —== 1.4
Jo = Joo eXp< kpT > ) (1.46)

where Eg,p, is the p-n-junction bandgap and joo a constant dependent on the elec-
tronic coupling strength of the material [103,104]. The temperature dependence of
both j(V') and jo theoretically allows the extraction of the bandgap from constant-
current temperature dependent measurements [105]. Shockley’s description of the
j (V') characteristic was based on classic semiconductor theory, also including respec-
tive charge injection models and transport characteristics consistent with inorganic
devices. For OLEDs it has been shown that the model of thermionic emission (see
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Figure 1.11.: Exemplary characteristic of an OLED measured on an NPB/Alq; device
plotted in logarithmic scale for the current density. Drawn is the measured
characteristic (red) and the extrapolation of its linear part (gray). The
calculation of an equivalent device with the Shockley theory from Equa-
tion 1.45 is blue, changes for low parallel and low series resistances are
shown with dotted and dashed lines, respectively. Additionally, the mea-
sured luminance of the device is given plotted on the right. Unfortunately,
the dynamic range of the luminance in that particular example is very low,
leading to a larger noise at low intensities.

Section 1.1.4 for reference) is not likely to describe the device. Pure space charge
limited current without trapping is a tough constraint as well [106].

In Figure 1.11, a typical OLED characteristic is plotted alongside with the observed
light output and a calculated Shockley curve. The impact of different changes in
resistances have been calculated with otherwise identical parameters. In the example
given in Figure 1.11, the low parallel resistance stems from the use of a polymeric
hole injection layer and its lateral conductance. A higher series resistance limits
the device current especially for higher voltages. Although the general form of the
characteristic is described, the parameters to calculate the curve are way out of range
of what would be reasonable for the device in question. Especially the ideality factor
of n = 10 is a striking argument that the simple Shockley equation cannot be used
to describe the whole OLED characteristic [106], or should at least not be applied to
the whole measurement, but rather to individual working points of the device, only.

Some characteristic data as well as limiting factors can still be obtained by the
analysis of the graph, especially the electrical and optical turn on voltages. The
first is derived e.g. by a linear fit of the exponential part emerging from the ohmic
background mainly defined by the parallel shunt resistance, whereas the latter is
extrapolated from the measured luminance. By fitting the Shockley equation to the
exponential part only, insights on the recombination mechanics in the device can be
gained through the ideality factor [107].
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Figure 1.12.: Band structure of a donor-acceptor type organic solar cell in short circuit
condition during illumination. The numbered processes for light absorp-
tion and carrier generation are (1) absorption and exciton formation, (2)
exciton diffusion, (3) exciton dissociation and generation of individual car-
riers, (4) carrier diffusion and (5) charge extraction.

1.2.2. Organic photovoltaics (OPV)

The first notable organic photovoltaic cell was fabricated by Tang et al. using Copper
phthalocyanine (CuPc) and a perylene derivative [108] which yielded n ~ 0.95%
efficiency, compared to around 7 =~ 0.1 % for single layer devices of that time [109].
In his design approach, two materials with different electron and hole affinities are
brought together creating the so called donor-acceptor interface, instead of relying
on the work functions of the electrodes to create a built-in potential for exciton
dissociation. Consequently, charge separation mainly occurs at this interface, hence
optimizing its structure and morphology is crucial for device performance [110]. Over
time, multiple different device architectures have evolved, ranging from a planar con-
tact of two adjacent layers (planar heterojunction, PHJ) to a mixture of both (bulk
heterojunction, BHJ). Other variations of cell architectures involving a combination
of neat and mixed layers can exhibit higher efficiencies by reducing parasitic recom-
bination in the bulk and enhancing contact selectivity [111]. An exemplary stack
design for a two-layer organic solar cell is presented in Figure 1.9b. The active layers
are sandwiched between two electrodes, where, similar to the OLED, hole-injection
and exciton blocking layers (EBL) can enhance the cell efficiency. Light absorption
can take place in any of the layers, the large exciton binding energy will lead to
bound electron-hole pairs that have to diffuse to the donor-acceptor interface for
charge separation.

Efficiency and working principle

In this work, organic solar cells mainly function as a prototypical device to probe de-
vice properties without the aim to produce highly efficient cells. The device structure
in form of a planar heterojunction is hence similar to the light emitting counterparts,
refer to Figure 1.9 for a comparison. The efficiency of a solar cell can be described
by its external (ngpqr) and internal (niqr) quantum efficiencies, where external and
internal efficiencies are linked through the amount of optical losses upon coupling
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light into the cell, given by R [112]. Thus
NEQE = MQE - (1 — R) . (1.47)

For organic solar cells, the internal quantum efficiency can then be described by the
absorption efficiency na, the amount of exitons reaching a dissociation site through
diffusion ngp and the efficiency of charge dissociation and carrier generation at these
sites nor. Finally, the charge transport and collection efficiency is represented by
nce [112], resulting to

MQE = 1A * ED * 1CT * 1CC - (1.48)

The individual parts of the internal quantum efficiency are strongly linked to the
working principle of an organic solar cell, which is best explained with the energy
diagram of a cell in short circuit condition at hand, see Figure 1.12.

na At first, light absorption and the formation of excitons has to take place, de-
noted as process (1) in Figure 1.12. OSCs can show very high absorption,
reaching high optical density with thin layers of ~100 nm [113] leading to high
1A, although in a limited spectral range.

nep However, the generated excitons, being neutral species, have to diffuse ran-
domly to the dissociation sites as their motion cannot be affected by electric
fields (process (2)). As a result, a trade-off exists between high absorption and
exciton diffusion length, typically lowering ngp for high film thicknesses [114].

nct The charge transfer efficiency nor combines the efficiency for the formation
of a charge transfer state as well as its dissociation into free carriers (pro-
cess (3)). The exact mechanism behind the formation of such a state and the
accompanied energy losses governing ncr, however, are still under investiga-
tion [114-116].

nce In nog, charge transport of separated carriers is then governed by the charge
carrier mobility, which can be affected by traps and recombination (@)). Fi-
nally, the collection of charges at the electrodes ((5)) again limits the cell
efficiency, as interface energetics and morphology are generally quite com-
plex [114].

Characteristics

The characteristics of a solar cell distinguish between a dark and an illuminated cur-
rent, as shown in Figure 1.13. The dark current ideally follows that of an ordinary
diode and can thus again be described by the Shockley equation given in Equa-
tion 1.44. In case of an illuminated solar cell, the equation is ideally only shifted
downward by the photogenerated current jppet, hence

. . eV )
Jight (V) = Jo {GXP (nkBT) - 1} — JPhot - (1.49)

This equation will lead to a short circuit current equal to the photogenerated current
Jse = Jlight (0 V) = jphot. Parasitic recombination of charge carriers as well as non-
ideal shunt and series resistances, however, will reduce the short circuit current.
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Figure 1.13.: Exemplary characteristic of an organic solar cell. Shown is the dark and
illuminated measurement as well as some key parameters for solar cell per-
formance. Dotted and dashed lines represent cells with different defects,
namely low parallel or high series resistance.

The negative bias saturation current under illumination is jsat — Jlight(—00 V) =
|70 + JPhot|- The photocurrent jppes is thus usually in between jg. and jgu and hence
not directly available from the illuminated characteristics.

Including parallel R, and series resistances I again leads to a modified Shockley
equation [102] similar to the OLED case in Equation 1.45:

— JPhot - (1.50)

V) = o fexp (SE L) ] 4 EE R

The form of the characteristic can give qualitative information on Rg and Rp, shown
with dashed and dotted lines in Figure 1.13. A finite parallel resistance R}, induces
a constant ohmic increase in current larger than jg. for increasing negative bias,
whereas a large Rs flattens the curve for higher voltages [102,117]. Consequently,
saturation for illuminated solar cells might never be reached in reverse bias for real
devices. Not directly accessible from the measured characteristics is the built-in
voltage V},;, depending on the device stack chosen, it may be above or below the open
circuit voltage [118]. Similar to the OLED case a direct fit of the Shockley equation,
especially in the illuminated case, will not lead to reasonable results. Fitting of the
exponential tail of the dark characteristics, however, can be used to draw conclusions
on the ideality factor n.

Solving Equation 1.49 with j(V') set to zero leads to the open circuit voltage Voc

with
kpT (s
Voo = 5BL ) <‘7> . (1.51)
e Jo

Here, the photogenerated current is compensated by the dark recombination current.
This equation limits Voo by light intensity through the short circuit current and
intrinsically to the bandgap of the semiconductor due to an equilibrium condition
for generation and recombination across this gap [102]. The latter condition is again
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similar to the OLED case in Equation 1.46,

—Epvc >

—_— 1.52
nkBT ( )

Jo = Joo exp (

where Epvyc in this case denotes the photovoltaic gap. Combining Equation 1.51
and Equation 1.52, the open circuit voltage can be approximated to

Epvyc nkBTl <joo>
———In(=—) .
Jsc

(1.53)

In OPVC, charge separation occurs at the interface between donor and acceptor
with the help of an intermediate charge transfer state (CT) between the HOMO of
the donor and the LUMO of the acceptor. Empirically, the open circuit voltage of
organic solar cells was found to be

eVoc = |[HOMOp| — [LUMO, | — eVaey = Bt — eVaey (1.54)

where HOMOp and LUMOy are the energy levels of the HOMO and LUMO of
donor and acceptor, respectively, defining also the maximum energy of the charge
transfer state Ecr. Viev is the deviation from the transport gap typically found to
be around 0.6eV [119-121]. The relation of the photovoltaic gap to Ect and the
reduction by the remaining energy losses to Vo are subject of current research [115]
and would exceed the scope of this work. From the temperature dependence of Vo
gained from Equation 1.53, however, the extraction of Epyg from an extrapolation
of temperature dependent measurements is often suggested and discussed [122].

1.2.3. Metal-insulator-semiconductor devices (MIS)

Metal-insulator-semiconductor (MIS) devices are often utilized to probe specific
semiconductor parameters, in fact, they are sometimes referred to as the “most useful
device” to study semiconductor parameters [103|. This stack, however, is also found
e.g. in photodetectors [123|, where it is the base structure for charge coupled devices
(CCDs) in digital cameras [103]. The device stack comprises a semiconducting layer
sandwiched between a metal contact and an insulating layer, as seen in Figure 1.9c.
Despite the stack design, three requirements are usually given for a device to be
entitled a MIS-device [103]. At first the bandgap or at least the resistance of the
insulator has to be large to inhibit any static current flow. Instead, only transient
signals due to space charge should exist and being measured on the device. The sec-
ond constraint is that no (mobile) charges exist in the device except those injected
into the semiconductor and their respective image charge in the metal contact. At
last, the original definition of MIS devices requires flat-band conditions in the semi-
conductor at zero external bias, possible by the strict requirement of a perfect ohmic
contact at the semiconductor side. Within this work, the concept of MIS devices is
transferred to polar OLEDs, where the insulating layer is replaced by a polar organic
layer with giant surface potential; refer to Chapter 5 for further reference.

A specific feature of MIS diodes is their capacitive response to the applied voltage
that in the beginning simply corresponds to the signal of two capacitors in series
Cyes = (Y/Cine +1/ca) ™. Here Cipg is the insulator capacitance and Cy the depletion
layer capacitance of the semiconductor. The specific notion of the depletion layer
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is made, because upon charge injection, the semiconductor might get conductive at
areas of high injected charge density, reducing the effective depletion layer thickness
and hence increasing its capacitance with dependence on voltage. This is specifically
true for OLEDs with a polar layer, where the accumulation regime occurs at a
transition voltage relative to the magnitude of the giant surface potential [1]. For
further elaboration of this effect, refer to e.g. Section 3.2.1.

1.3. Electrical modeling and simulation

This section will provide a brief overview on the electrical models behind the simula-
tions made in the experimental chapters. A comprehensive explanation of definition
and implementation of a drift-diffusion simulation would go beyond the scope of this
work. Still, a short introduction on drift-diffusion models is given. All models are
implemented in and used with the commercially available software package Setfos,
available in versions 4.6 and 5.0 [124]. The combined analysis and measurement
platform Paios [125] is also linked to the Setfos software that is used for most fitting
and measurement-to-simulation modeling.

1.3.1. Principal methods for electrical modeling

So far, all equations given are based on standard semiconductor theory and comprise
bulk transport or injection currents, only. A complete description of the device
current as a whole is thus not possible. To describe more complicated systems
that might include multi-layer stacks or different electrode configurations, the drift-
diffusion model (DD or DDM) has evolved and is generally used in many simulation
tools. The DDM, however, only covers electrical properties of the system. For any
optical absorption or emission calculations additional models have to be consulted
and coupled to the respective electrical properties.

Usually, a system of differential equations is created based on the continuity equa-
tions for charge carrier densities and the Poisson equation, describing the link to
the electric potential [53]. Hence, the initial set of equations (for electrons) can be
written as

OE(zt) e
T - g€ (p(x,t) n(xat)) (155)
on(z,t)  10Je(wt)
% "o Ba R(x,t) + G(x,t) (1.56)
Jo = epte (2.6, E) n(z,t) B(z,t) + eD(pe) a”gz’t) (1.57)
drift diffusion

where Equation 1.55 is the Poisson equation, Equation 1.56 the continuity equation
for electrons and Equation 1.57 the net electron current density [61]. In the lat-
ter, both contributions to the overall current density are already included, the first
expression relates to the drift current of carriers driven by the electric field. The
second term describes the diffusion current with diffusion constant D, usually linked
to the charge carrier mobility by the Einstein relation eD = pkgT [61]. In all equa-
tions, n(x,t) is the time and position dependent electron density and p, the electron
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mobility. Additional and analogous to Equations 1.56 and 1.57, current density and
continuity equations have to be created for the hole current Jy(x,t) and hole den-
sity p(z,t) with hole mobility puy, too. Further individual contributions to the above
equations can be summarized as follows:

e Mobility u:
In the simplest way, the mobility is described by a constant factor. Usually,

though, at least the Poole-Frenkel field dependent mobility presented earlier in
Equation 1.11 is included [61,126], hence

w(E) o exp <\/Ef0> . (1.58)

For more complicated systems, Gaussian or correlated disorder might also be
of interest. The general equations are described in Section 1.1.3.

e Carrier generation G(x,t):

In the continuity equation (1.56), carrier generation processes are included
only with the general abbreviation G(z,t). In Setfos the carrier generation
can be linked to the absorption profiles that are gained by transfer matrix
calculations of the layer stack, in turn defined by the individual materials’
complex refractive indices [126]. In total, the optical carrier generation is then
defined by the spatial generation profile g(z) from optical simulations and the
generation efficiency Gope with G(z,t) = g(2)Gopt.

e Carrier recombination R(x,t):
Bimolecular, radiative recombination in organic semiconductors is described
with the Langevin type recombination, where the recombination rate is given
by
ne

R(.%',t) = aﬂ(l’,t)})(%‘,t) (Me($7t) + Mh($7t)) (159>
with the Langevin recombination efficiency 7. In more sophisticated simula-
tions, especially in the case of bipolar transport [53|, trapping of charge carriers
can play a role in non-radiative recombination. In Setfos, the Shockley-Read-
Hall recombination is included to simulate trap mediated recombination chan-
nels [126].

e Radiative recombination, exciton physics
To achieve simulated emission or absorption in OLEDs or OPV, specific cou-
pling between the aforementioned recombination or generation rates is needed.
This can either be done directly, by linking the generated charges to the optical
absorption density as given above, or by including additional excitonic models
to the system. A similar approach is used in simulated emission, where the
generated spatial exciton density is coupled to the emission profile [126].

For a successful numerical solution of that set of differential equations, suitable
boundary conditions have to be defined. In the simplest case, the so-called ohmic
injection where the injection current is not limiting the device current, boundaries are
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set for the charge carrier density at the contacts to be constant in time. Additionally,
carrier densities for electrons and holes are linked to each other with

E
nh - Ne = No? exp <kng;1> , (1.60)
where E, is the HOMO-LUMO gap and Ny the density of states [126]. The carrier
densities for holes at the anode (e.g. z = 0) and electrons at the cathode (e.g.
x = d) can be linked to the respective electrode’s injection barrier with a Boltzmann
statistic, thus

n(x = 0,d) = Nyexp (é;{) . (1.61)
If different injection models are to be used, the boundary conditions have to be
changed, for a definition of possible injection barriers, see Section 1.1.4. A thermionic
emission model, for example, will not define constant carrier densities, but instead
bind electron and hole currents at the interface to the framework described in Equa-
tion 1.23 defined in Section 1.1.4 [126].

Additionally, each individual layer in the stack will require transfer equations to al-
low for carrier transfer between layers. Without any further assumption, the HOMO-
HOMO or LUMO-LUMO splitting between both adjacent layers’ energy levels can
be utilized to link both sides’ carrier densities using Boltzmann statistics [126]. For
more sophisticated models, the transfer of carriers at an interface can in first princi-
ple be derived from the Miller-Abrahams theory [61]| describing the hopping process
from one molecule to another as given in Equation 1.9.

Simulation of AC impedance and transient signals

So far, only steady state currents can be calculated by solving Equations 1.55 to
1.57. For calculating the capacitive response of polar devices or transient signals like
CELIV, additions to the model are needed. For impedance, the implementation in
Setfos first calculates the steady state response of the device and afterwards applies
a small perturbation signal. All quantities (potential, carrier and trap densities) are
then expressed by their extended form of A(z,t) = Ag(z,t) + Aac(x,t) - exp(iwt),
where Ag is the steady state solution. Inserting the AC equations in the already
solved steady state problem results in a set of linear equations with the unknown
parameters being Apxc [126]. Further calculation of the impedance can then follow the
route also taken in experiment [3] as AC current and voltage relate to the impedance
with Z = jac/Vyc, see Section 2.6.1. For transient simulations, a discretization of
the device in finite elements has to be performed in order to consistently solve the
drift-diffusion equations, allowing the analysis of time dependent changes of, e.g.,
the external potential in a CELIV experiment [127].

1.3.2. Drift diffusion on polar organic materials

The existence of non-isotropic orientation in organic layers alongside a non-zero per-
manent dipole moment leads to the buildup of the GSP and also an equivalent
sheet-charge density at the interfaces of a polar layer. In case of most known polar
materials the GSP is positive, leading to negative interfacial charges at the bottom
of the organic layer, the one facing the substrate or underlying layers during film
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Figure 1.14.: Band structure of a polar OLED with a GSP in both HTL and ETL. The
doped layers representing the interface charges are shaded, the intrinsic
(undoped) part is sandwiched in between. The total layer count in simu-
lation for this device is eight, where HTL and ETL are built up of three
layers each. The main parameters put into simulation are marked in the
picture, a summary with default values can be found in Table 1.1.

evaporation, whereas positive charges reside on the other side. The key part of sim-
ulating polar organic layers as introduced by Altazin et al. in 2016 [3] is to reproduce
the existence of this sheet-charges in the simulated device. To extend the formalism
to doped HTL OLEDs, a second polar layer has to be introduced, the simulated
stack design is given in Figure 1.14. Again, the GSP is introduced by mimicking the
sheet charge density at the interfaces of the polar layers by static doping and the
doping density is calculated in accordance to the GSP or interface charge density.
For a given sheet charge density o or GSP AFE, the doping density for acceptor or
donor doping is given by

o AFeegg
- b
int * € dint - €

Nsheet — d (162>
where diy is the thickness of the sheet charge layer. For the common case of a
non-inverted GSP, like with Alqs, the acceptor doping forming negative charges is
applied at the bottom layer, facing anode or HTL, whereas donor doping is needed
at the opposite end. In simulation, these doping densities are time invariant and are
therefore also not included in any calculated carrier profiles or densities. Instead,
the Poisson equation in 1.55 is modified with acceptor and donor densities according

to
OE(x,t) e

o = ner () = n(2) = Adoping + Datoping)

which also modifies the local electric field [126]. The resulting gradient successfully
reproduces the features seen in experiment on polar OLEDs, including the accumu-
lation of holes at the HTL/ETL interface that leads to the observed transition in
measured capacitance. A detailed survey of the method is given by Altazin et al. in
reference [3], the default parameters used within this work are given in Table 1.1.
In simulation, additional boundaries exist or are of large impact on the convergence
of the calculation that in experiment might not be visible. For example, the sheet
charge density, the density of states and the change in electric field have to stay in a
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Quantity Default Value & Unit Meaning
PhaAlgs | 1 X 1078 cm?Vv-1sI hole mobility of Alqs
MeAlg, | 5 X 1073 cm?V~1s7! | electron mobility of Alg,
phNpB | 2.4 x 1074 cm?V-ls1 hole mobility of NPB
tenpe | 1 X 1077 ecm?V~1s! | electron mobility of NPB
Noalg, | 1.5 x 10°*  cm™> density of states Alqs
Nonpg | 2 x 10% cm™3 density of states NPB
OAlg, | 1.5 mCm—2 sheet charge Algs
onpg | O mCm—2 sheet charge NPB
EAlgs | 35 - dielectric const. Alqs
enpB | 3.5 - dielectric const. NPB
EHOMO,NF’B 5.5 eV HOMO NPB
ELUMO,NPB 2.3 eV LUMO of NPB
EHOMO,A|q3 5.8 eV HOMO Alq;
ELUMO,A|q3 2.6 eV LUMO of A|q3
Dcathode | 25 t03.5 eV cathode workfunction
Dinode | 45t05.4 eV anode / HIL WF

Table 1.1.: Default or example data for simulating polar OLEDs used in the scope of
this work. Not all parameters are exact, as they might have to be changed
to account for e.g. different injection barriers; also, the exact parameter set

for field dependent mobilities or disorder models are omitted here.

certain relation to each other, otherwise high numeric errors can result in erroneous
calculation of energy bands or effective carrier densities. Hence, multiplicative values
like the dielectric constant and the sheet charge density can be modified accordingly
in favor of convergence by accepting a larger difference to measured values, if the
overall calculated quantities are acceptable.
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2. Materials, sample preparation and
characterization

2.1. Materials

The following sections will give a short overview on the materials incorporated into
the devices studied in the scope of this work. Each section will explain a certain set of
molecules grouped by their function in the devices. For a description of possible layers
and functionalities in each device type, refer to the individual topics in Section 1.2.
A table containing an overview of material parameters for all materials is given at
the end of this section. The list of suppliers for the respective materials can be found
in Section A.1 of the appendix.

2.1.1. Hole transporting and matrix materials

The hole transport layer of an organic light emitting diode should at least feature
a HOMO level favoring hole injection for typical anode workfunctions and exhibit
a considerably high hole mobility. With a relatively low ionization energy, hole
transporting materials reversibly form radical cations, leading to preferential hole
transport [54]. Two organic molecules have been mainly used in the scope of this
work to function as hole transport layer, as well as matrix in case of doped systems.

NPB

One of the most widely studied, prototypical hole transporters is the molecule NPB
(N,N’-Di(1-naphthyl)- N, N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine), as seen in Fig-
ure 2.1a, with the molecular formula C44HgaNs. The structure of NPB is very similar
to that of its sister molecule a-NPD. Both terms haven been used as synonyms in
literature in the past years and also the molecules themselves may not have been
distinguished thoroughly. Differences, although subtle, do exist however and affect
device performance [128]. Within the scope of this work, the term NPB refers to the
molecule without additional methylene groups. In OLEDs it is reportedly used as
hole transport or injection layer, as well as electron blocker or host for doped sys-
tems [129]. Its HOMO and LUMO levels are 5.4eV and 2.4 eV, respectively [1,130],
leading to a gap of 3eV. NPB is thus absorbing in near UV, while emitting blue at
around 430nm wavelength [131]. Although considered a non-polar material, NPB
does have a dipole moment between 0.6 D [6] and 1.6 D [47] and shows a small GSP
in thin films [6,12]. The hole mobility is typically given within an order of magnitude
of 1 x 107*em? V~1s7! [13] and charge transport in NPB shows signs of correlated
disorder [129].

CBP
The second hole transporter is the molecule CBP (4,4- N,N’-Dicarbazole-1,1’-biphenyl),
CsHoyNs.  Compared to NPB, CBP shows a considerably higher HOMO level

43



2. Materials, sample preparation and characterization
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Figure 2.1.: The two main hole transporting materials studied in the scope of this
work. a) NPB (N,N’'-Di(1-naphthyl)-N,N’'-diphenyl-(1,1'-biphenyl)-4,4'-
diamine), which must not be mistaken with a-NPD that adds two methy-
lene groups to the center of the molecule (green bonds). b) CBP (4,4'-
Bis(carbazol-9-yl)biphenyl).

of between 5.6eV [132] and 6eV [133] and the LUMO is reported to be around
2.1eV [132,133|. The hole mobility is an order of magnitude higher than in NPB
with approximately 1 x 1072 ¢cm? V=t s~1 [70] . CBP is non-polar with no permanent
dipole moment possible to calculate for a single molecule [12]|. Thin films processed
from CBP, however, show a small and negative GSP [12], which can be reproduced
in simulations, where the average dipole moment of a CBP molecule in the film is
calculated to 0.9D [47].

2.1.2. Electron transporting and emitting materials

In contrast to the previously described hole transporting materials, all of the mate-
rials described in the following section exhibit a strong permanent dipole moment.
Additionally, all of the shown materials can be used as emitting species in either a
diluted guest-host system, which is usually done with Ir(ppy),(acac), or as neat film
ETL and emitter in the case of Alqs. Furthermore, Alq; and OXD-7 exhibit high
electron mobilities and are therefore often employed for electron transport in devices.

Alq;

The probably most prominent example for an electron transporting and emitting ma-
terial is Alqs (Tris-(8-hydroxyquinoline)aluminum, Co7H13AIN30O3), drawn in Fig-
ure 2.2a. It has been used in the first successful OLEDs in 1987 by Tang and
van Slyke [94] in the dual-use configuration as ETL and emitter. With an alu-
minum ion in the center, surrounded by three quinolin-8-olate ligands, Alqs exists
in a facial and a meridional isomer, where the latter one is more stable and by far
dominant in thin films [134]. The permanent dipole moment of Alqs is calculated to
values between 4.4D and 6.0D [12,47] and shows a preferred orientation leading to
a macroscopic giant surface potential [1] of roughly 40mV nm~! [12] with approxi-
mately 10 % of oriented dipoles in a neat film [2|, which will be analyzed further also
in the scope of this work. In contrast to the permanent dipole moment, the transi-
tion dipole moments are reported to be of isotropic orientation [9]. Electron trans-
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a) Algs b) OXD-7

Figure 2.2.: Electron transporting materials and emitters. a) Meridonal Tris-(8-hydro-
xyquinolate)aluminum (Algs), b) OXD-7, c) Ir(ppy)2(acac) and d) 1295,
known in literature as Ir(dbfmi).

port in Algs has been studied extensively with various methods [1,135,136] and the
mobility typically ranges between 1 x 1076cm?V=!'s™! and 1 x 105 em? V- 1s71,
While Alqgs can show hole current, its mobility is orders of magnitude lower at about
1078 cem? V=151 [63]. The gap of roughly 2.7 eV resides between a HOMO at 5.7 eV
and a LUMO of 2.7eV to 3.0eV [1,137] and leads to a green emission with a maxi-

mum around 520 nm |1, 94].

OXD-7

The oxadiazole derivative OXD-7 (1,3-bis|2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl|
benzene, Cz0H30N4O2) was initially proposed as blue emitter and electron trans-
porting material together with similar molecules by Hamada et al. in 1992 [138]. It
became a widely used electron transporting material [139,140] but can also be used
as host [141] or UV emitter [142]. The molecule, depicted in Figure 2.2b, has a
rotational degree of freedom at the bonds to the center benzene ring and hence ex-
ists in multiple different conformers [143], where one of the three statistically most
likely ones is drawn [87]. OXD-7 has a single-molecule dipole moment of 3.5D to
6.5 D depending on the conformer, where the value for the one shown in Figure 2.2b
according to Emelyanova et al. is 6.2 D [87]. Energetically, with slight variations de-
pending on the conformer, HOMO and LUMO are at roughly 6.5eV and 2.3eV,
respectively [87]. In thin films, OXD-7 exhibits strong orientation polarization with
a neat-film giant surface potential of around 80 mV nm~! [12]. Concerning charge
transport, the electron mobility is rather high with values from 2 x 107° cm? V=11
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measured with SCLC [144] up to 1 x 107%*em? V157! gained from time-of-flight
measurements [143|. No reliable literature data on hole mobility could be found.

Ir(ppy),(acac) and 1295

Ir(ppy), (acac) (bis(2-phenylpyridine)iridium(III)acetylacetonate, Co7Ha3IrN2Oo) vis-
ible in Figure 2.2c, is one of the most widely studied organic emitter molecules,
as it allows extraordinary high quantum efficiencies [36,145]. The molecule shows
highly oriented growth, which can be studied both optically and electrically [48].
With a permanent dipole moment of 2D and a possible relative orientation of
more than 30 % [48] in neat films, Ir(ppy),(acac) shows a giant surface potential
of roughly 100mVnm~!, which has also been investigated in the scope of this
work. Ir(ppy),(acac) emits in the green with a HOMO of 5.5e¢V and a LUMO
of 3.0eV [146].

The second Ir compound is the organometallic carbene complex initially named
Ir(dbfmi) [147,148] (tris(N-dibenzofuranyl- N’-methylimidazole)iridium(III), the sum-
formula is CygH33IrNgO3). Its working title “1295”, given by chemists at BASF,
comprises a set of molecules with three equal ligands, each of which contains an imi-
dazole and a dibenzofuran group extended with an additional functional group [91].
The variant 1295-A used in the scope of this work equals the original Ir(dbfmi)
as depicted in Figure 2.2d and contains only one phenylic sidegroup. With a gap
of 2.9eV it is a blue emitter, HOMO and LUMO reside at 5.1eV and 2.2€eV, re-
spectively [91]. Both isomers of the molecule, facial and meridional, have strongly
differing dipole moments of 8.6 D and 5.4 D [91]. It has been shown within this work
that the complex 1295-A is one of the few polar organic materials that exhibit an
inverse GSP slope of (—51.7 £ 11.0) mV nm~!, see Section 3.1.2. The substance is
not commercially available and has been synthesized at the Technical University of
Braunschweig by Kristoffer Harms and Hans-Hermann Johannes. We were supplied
with different batches of varying purity. The material available for this work is a
mixture of the facial and meridional isomers, where the vast majority (>95%) of
molecules is meridional, elsewhere usually denoted as mer-1295A [91].

2.1.3. Injecting and charge generation layers

The following materials serve either as hole injection layer or carrier generation layer
by light absorption e.g. in time-of-flight experiments (see Section 6.2). The exact
function is depending on the specific device, a short description of the material is as
follows.

PEDOT:PSS

The probably most widely used hole injection layer in organic semiconductors is
the polymer mixture PEDOT:PSS shown in Figure 2.3a, which is typically pro-
cessed from solution via spin-coating. Poly(3,4-ethylene dioxythiophene) (PEDOT,
sometimes denoted as PEDT) is a conductive polymer with outstanding conductiv-
ity of up to 550 Scm™! that is blended with poly(styrene sulfonate) (PSS), which,
amongst other things, enables aqueous processing [149]. The conductivity of the
blend PEDOT:PSS is typically lower than for pure PEDOT, but can be tuned by
adding different solvents [150], also reaching almost metallic conductivity [151|. PE-
DOT:PSS films are almost completely transparent in the visible and near infrared
range [152,153], and typically feature a low surface roughness [154].
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Figure 2.3.: (Organic) injecting, blocking and absorbing layers. a) The polymer blend
PEDOT:PSS, b) the fullerene C7o used as charge generation layer, c) the
small molecule hole-injector HATCN and d) shows Bathophenanthroline
(BPhen) and Bathocuproine (BCP, with sidegroups in green).

Important for the hole injecting feature of a contact is its workfunction. Additional
to adding water solubility to the polymer, the PSS anion also plays a crucial role in
stabilizing the workfunction of the blend to values acceptable for hole injection into
common organic substances [155]. In general, the absolute value of the workfunction
depends on the solvents and additives to the blend, as well as post-treatment of the
spin-coated film [117]. During this work, four different PEDOT:PSS derivatives are
used to modify the workfunction ® of the substrate. The first is “CLEVIOS™ P
VP AI 4083” (further designated as AI4083), which has a nominal workfunction of
5.2eV [156]. Without post-treatment by heating in vacuum, however, it is reported
to be around ® = 4.7eV to 4.8eV [117,157]. Following the order of rising work-
function, next in line is “CLEVIOS™ P VP CH 8000” (CH8000) with ® = 5.15eV
for an un-treated film [157]. CH8000 additionally shows a low conductivity, min-
imizing leakage currents in large area spin-coated layers. With 5.7eV [117], the
workfunction of “CLEVIOS™ HIL 1.3” (HIL1.3) is considerably larger. The high-
est workfunction could be reached using the pH-neutral formulation “CLEVIOS™
HIL1.3N” with 5.7eV to 6.0eV [8,158].

HATCN

HATCN (1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile, C1gN12), as shown in Fig-
ure 2.3c, is also often used on the hole-injection side. Because it is a small molec-
ular material processed via thermal evaporation, it can also serve as a top-contact
to the organic layer stack for inverted structures [159] or hole-only devices. The
molecule’s energy levels are considerably higher than the active materials’ levels
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with the HOMO of HATCN being reported at roughly 9.5eV to 9.9eV and a LUMO
of 5.7eV to 6eV [160-162]. Ultraviolet photoelectron spectroscopy shows that the
LUMO of HATCN processed on ITO is very close to the Fermi level, enabling charge
transfer between the HATCN-LUMO and the next organics’ HOMO level [161]. On
metals, the LUMO of HATCN is even reported to be partially filled, resulting in an
almost metallic behavior of HATCN with subsequent good injection into adjacent
organic layers [163]. The workfunction of the combined ITO/HATCN contact has
been measured to be up to 6.1eV [161].

Fullerene Cyg
Fullerenes, also known as “bucky balls”, are a family of spherically shaped, hollow
molecules, consisting of alternating penta- and hexagonal structures as depicted in
Figure 2.3b. They got their name by their inventors, Kroto et al., who used architect
Buckminster-Fuller’s studies on spheroidal structures to verify their findings [164]
and eventually got awarded with the Nobel price of Chemistry in 1996. Fullerenes,
in the form of Cgg, have a long tradition in the role of electron acceptors for organic
solar cells, probably starting with Sariciftci et al. in 1992 [165]. Albeit fullerenes as a
whole were dominating the class of electron acceptors for years [166], they are slowly
being replaced by non-fullerene acceptors due to superior solar cell performance [167].
Both, Cgp and Crg, share many parameters, for example, HOMO and LUMO of Crg
are reported to be similar to Cgg [168]. Still, the values of HOMO and LUMO of Cgq
and Crg vary considerably with source and layer structure chosen for measurement,
the HOMO is given with 6.1eV to 6.4eV [169,170|, whereas values in the range of
4.1eV to 4.5eV can be found for the LUMO [169-171]. Concerning carrier mobility,
fullerenes exhibit an extraordinary high ability to accept electrons [172| with the
electron mobility being in the range of 1cm? V=!1s™! for Cgp to 1 x 103 em? V1!
for C7o [173]. In the scope of this work, Crg is used as charge generation layer in time-
of-flight experiments to determine the hole mobility of other organic compounds. For
this purpose, Cry was preferred over Cgy because of its superior absorption in the
visible and near infrared wavelength range [174].

BCP and BPhen

Bathocuproine (BCP, CogHg9N2) shown in Figure 2.3d is used as en exciton blocking
layer [175] in many organic solar cells and light emitting devices [176,177]. It is an
electron transport material [178] with a bandgap of roughly 3.5eV to 4eV and a
LUMO at 3.0eV [170,175,176]. The high gap is blocking exciton transfer to this
layer in most cell configurations [176], while allowing electron transfer from common
acceptor materials. BCP is usually applied only in very thin layers, thick layers
have a negative influence on solar cell performance [176], the optimum seems to be
around a few nm [179]. While BCP additionally protects the active layers from
being penetrated by the cathode material, the same effect of metal doping enables
effective transport of charge carriers [176]. Although seldom addressed in literature,
the molecule exhibits a permanent dipole moment of 2.9D and a thin-film GSP of
12mVnm~?! to 33mVnm~! [12].

Bathophenanthroline (4,7-diphenyl-1,10-phenanthroline, Co4H16N2) with the triv-
ial name BPhen lacks the two methyl groups of BCP and is widely used as an
electron transporting material [180]. Like BCP, it can also act as hole [162] and
exciton blocking layer in OLEDs and organic photovoltaics [181,182]. The electron
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mobility is relatively high with 4 x 107%cm? V~1s~! [183], no data is available for
the hole mobility. Energetically, the HOMO of BPhen resides at about 6.4 eV, where
the LUMO is at 2.9eV [180]. With the resulting high gap of more than 3eV, as
BPhen is practically transparent in the visible range [184].

2.1.4. Materials for electrodes and substrates

Processing of all samples is started on glass substrates coated with a transparent
conductive oxide (TCO), acting typically as anode of the device. The top cathode
layer is processed from a thermally evaporated metal of either Gold or a combina-
tion of Calcium topped with Aluminum, the workfunctions of which are given in
Figure 2.4. Frequent TCOs are indium oxide, zinc oxide and tin oxide [185], where
currently indium oxide layers are the most common for organic photovoltaics and
LEDs. To enhance conductivity and control bandgap and workfunction, the oxides
are doped [186]; in the case of indium oxide it is usually tin resulting in the common
ITO (Indium-Tin-Oxide, Iny03:Sn03).

The substrate base material for this work is BK7-glass with a nominal thickness of
0.7mm. They are coated with a sputtered ITO layer of (90 & 5) nm or (145 + 10) nm
thickness with a conductivity of 30 Q/CJ and 20 Q /00, respectively [187]. ITO thin
films are largely transparent with a transmission higher than 90 % in the visible
range due to its bandgap, while the free-carrier plasma resonance leads to reflection
in the infrared [185,188]. The surface properties of ITO and its impact on device
performance was studied extensively and as a result, ITO is usually pre-treated with
UV-ozone or Oz-plasma cleaning [189-191]|. The plasma etching or ozone cleaning
not only removes residual contaminants and reduces surface roughness, it also heavily
influences the ITO workfunction. Whereas literature values for the workfunction of
pristine ITO range from 4.2eV to 4.8eV, a plasma treated surface can reach up to
5.2eV [189]. Values measured for ITO in the scope of this work range between 4.5eV
to 4.8eV, depending on substrate, pre-treatment and measurement technique (see
Section 6.3.1 and Section 3.1.1). The effect on workfunction due to plasma or Og
treatment can, however, diminish with time [191].

ITO is the de-facto standard of substrates in organic LEDs and photovoltaics,
its replacement, however, is also subject to current research [192]. Indium is a
deficient element in nature and has been identified a major cost factor in organic solar
cells [193]. High brittleness and processing temperatures complicate the use of ITO
thin films in flexible electronics [192,194], therefore especially post-processed PEDOT
films, silver nanowires or graphene are promising candidates for its replacement [192,
194, 195].
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2.2. Sample preparation and handling

2.2.1. Thermal evaporation

Small molecular systems, such as Alqs or NPB, can be efficiently processed using
a thermal deposition method. For organics, this technique is generally referred to
as organic molecular beam deposition (OMBD). The process not only allows precise
control over the film thickness and processing parameters such as substrate temper-
ature, but also offers the possibility to create mixtures of arbitrary molecules. In
addition to organic molecules, during this work, also metals acting as electrode ma-
terials are processed using thermal evaporation. One OMBD chamber used to create
thin film devices studied in the scope of this work is drawn in Figure 2.5, together
with a sketch of the working principle.

The growth process

The growth process for (organic) molecules in thermal evaporation is generally con-
sidered to be a non-equilibrium process [53]. The source material is heated above its
sublimation temperature, leading to a gas stream of material away from the sources
to the substrate. In case of metals often melting can also occur, but is only rarely
observed for organics. During evaporation, complex dynamics of molecule adsorp-
tion at the surface and desorption from the surface govern the amount of material
available for film growth, while diffusion at the surface allows for a certain amount
of reorganization. Similar to atomic thermal evaporation, three basic growth modes
are identified. These are layer-by-layer growth, island growth and a combination of
both, comprising islands starting to grow on the first closed monolayer. The main
difference to atomic growth, however, is that organic molecules should be consid-
ered “extended objects” [53|. Although some of them can have an almost spherical
shape, their orientation provides another set of degrees of freedom and has a great
impact on overall device performance. As the interaction potential between surface
and molecule and two adjacent molecules is likely to be different [53], preferential
orientation depends on the surface material and temperature and can also change
during film growth. One example for surface dependent orientation is the rod-shaped,
flat perylene derivative diindenoperylene, which forms well defined, almost upright
standing monolayers on a SiOx substrate [196], while lying down flat on polycrys-
taline gold [197]. The substrate temperature reproducibly controls the orientation
of another rod-shaped molecule a-sexithiophene between mostly lying down and up-
right standing for low or high temperature substrates, respectively [198]. In case
of mixtures the re-organization and hence orientation of molecules depends on the
properties of both materials. Thus, in a guest-host system, the glass transition tem-
perature of the host material affects the amount of orientation of the guest [199].

Thickness monitoring

Typically, the growth process is monitored in-situ by quartz crystal microbalances
held into the stream of molecules. The resonant frequency of the quartz crystal
changes with its mass and hence the amount of adsorbed material. To precisely
calculate the adsorbed material’s thickness on the crystal, not only the mass, but
also its acoustic impedance needs to be known [200|, which is unfortunately not
available for most organic materials. The thickness measurement is hence calibrated
ex-situ by cross-checking the actual thickness with e.g. a profilometer or ellipsometry.
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Figure 2.5.: Technical rendering in profile of one of the chambers used to create the or-
ganic thin films for this work. Visible is one of the four sources to evaporate
materials, as well as sample holding, masking and shutter equipment. To
enhance the mean free path of evaporated molecules and reduce the risk
for contamination through oxygen or water, the main chambers for OMBD
are typically evacuated to pressures in the range of 10" mbar. Usually,
film growth is monitored in-situ with a quartz-crystal micro balance.

This procedure also allows for correction of the geometric difference between crystal
and sample-plane. Although this usually leads to reproducible results within an
error range of 5% over the film area for single materials, in case of doping, the total
film thickness of the mixture does not necessarily have to be the exact sum of the
individual species virtual thicknesses as monitored by the crystals.

On the doping ratio in thermal evaporation

Usually, the doping percentage is given in volume ratio, which is directly accessible
from the evaporation procedure and gained from the individual partial thicknesses
or growth rates of each material, host and dopant. However, due to different molar
masses and densities of host and dopant, the weight and particle percentage can be
different from the volume percentage. When pp and pp are the densities of dopant
and host, respectively, the weight percentage of the deposited material is given by

_ dppp _ PD
d

P ) (2'1)

where X4 is the thickness or volume ratio. A similar equation can be found for the
molar mass or particle ratio Xy, with the respective molar masses Mp and My. The
volume per one mol, or the inverse molar volume is Vi, ! = p/m, and therefore

—1
Vm,D

Vm D_1 + (Xid - 1> va,H_1 '

)

Xy =

(2.2)
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Figure 2.6.: Absolute and relative error of weight and particle ratio compared to the
volume ratio at the example of the systems NPB:Alq; and CBP:OXD-7.
Whereas the absolute difference shows a maximum at 1:1 mixtures, the
relative error is highest for small doping ratios.

While the molar mass of a material can be calculated, its density in thin films
is mostly unknown and the measurement difficult. Additionally, molar mass and
density are usually of no simple dependence, i.e. a higher molar mass does not allow
to infer a higher or lower density, and vice versa. Depending on miscibility of both
materials, their probability to grow agglomerates or steric properties, the density of
the mixed film can also be different from the simple weighted average. Furthermore,
the density of the individual components can change in a grown thin film. This,
in turn, would change the overall thickness of the film and hence the volume ratio.
Both mass and molar ratio, however, keep unchanged.

In previous works, doping ratios were often given using the volume ratio |2, 48],
whereas weight percent (wt%) is also typical in literature. The absolute difference
and relative error of the volume ratio to mass or particle ratios depends on the pro-
portion of molecular density and volume between dopant and host, two examples
are plotted in Figure 2.6. Here, the parameters for Alqs are Majq, = 459.43 g/mol
and palg, = 1.19 g/cm?® [201]. For NPB they are Mypp = 588.74 g/mol and pxpp =
1.19g/cm? [201]. In case of CBP:OXD-7, the parameters are Mcpp = 484.59 g/mol
and pcgp = 1.18g/cm3 [201] as well as Moxp.y = 478.58g/mol and pcgp =
1.13g/cm? [87]. The difference between both is striking: whereas the absolute and
relative difference between the measured volume doping percentage and the possible
weight and particle ratios for CBP:OXD-7 is small and below 10 %, NPB:Alq; is off
by 30 % for low doping ratios. The maximum absolute difference for both material
sets is reached for a 1:1 mixture, meaning 50 % of volume percentage of Alqs in NPB
leads to ~52wt% or 58 % of molecules in the film.

2.2.2. Spin-coating of polymeric layers

Polymeric layers like PEDOT:PSS are commonly fabricated using wet processing
techniques, one of those is spin-coating. In this process, a solution of the material
is dropped onto the sample, which is then spun around its surface normal at high
speeds to form a uniform, thin layer of the material. The process can be split into
different stages, which are illustrated in Figure 2.7. While the sample is fixed on the
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Figure 2.7.: Schematic illustration of the spin-coating process compressed into three
steps. a) Dropping the solution on the substrate, b) acceleration to and
rotation at the desired speed. Radial flow of the solution forms a mostly
homogeneous film while excess solution is centrifuged away. c) Further
thinning of the film due to evaporation of the solvent at the target speed.

rotation chuck via vacuum, the material is dropped on the substrate before rotation
is started (step a)). During acceleration, excess solution is centrifuged away from
the sample (step b)). This state of the process does not influence the overall film
thickness, but the uniformity of the layer is reported to be better at high enough
acceleration rates [202,203|. Finally, a constant speed of rotation largely defines
the resulting film thickness, besides intrinsic parameters of the solution (step c)).
Evaporation of the solvent changes the viscosity and finally the thickness of the film
at this state and allows the film to start drying. The equilibrium condition between
liquid vapor pressure, liquid concentration in the film, viscosity and rotation speed at
the end of the process stops the thinning of the film, but might not lead to dry films.
After the spinning process, post-annealing or active drying of the film is needed to
remove excess solvent, which could otherwise influence device performance [117].

For long spinning times and moderate concentrations, a general relation for the
resulting film thickness can be given as

doo o o™ 2% (2.3)

where d is the resulting film thickness, ¢y the initial concentration, w the spinning
speed and 7 the viscosity of the solution [204]. The latter is often unknown and
dependent on the concentration, but can be related to the molecular mass M leading
to the relation

doo o cow™ P M 3 (2.4)

with a material parameter a, which is reported to be near 0.75 for polymeric com-
pounds [204]. The linear dependence of Equation 2.4 on the concentration ¢y, how-
ever, allows to extrapolate the thickness, given the thickness is known for one or
more concentrations.

2.2.3. Device architecture and sample handling

Within this work, organic semiconducting devices are all produced with I'TO-coated
glass as base substrate. The glass substrates with 0.7 mm nominal thickness are pur-
chased pre-coated with 145 nm or 90 nm of ITO. All substrates with structured ITO
layer for electrical measurements are ordered pre-structured and cut; Kelvin Probe
measurements need unstructured ITO samples obtained by the same supplier, see
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Figure 2.8.: Sketch of the device architecture and masking used for samples within this
work. Samples were of quadratic shape with an overall area of 4cm? and
contained four individual pixels of 1 mm? to 4 mm?, each. The active area
is defined by the overlap of the ITO pattern and the top cathode.

Section A.1 for name and address. To remove residual contaminants prior to process-
ing the devices, the substrates are cleaned in an ultrasonic bath with subsequently
technical grade Acetone, UV grade Acetone and UV grade Isopropanol as solvent.
Additionally, all samples are treated with either a UV /Ozone cleaner for 15 min, or in
an oxygen plasma for 10 min unless otherwise noted. The surface treatment enhances
the wetting capabilities and allows to spin-coat aqueous solutions like PEDOT:PSS.
Additionally, it modifies the ITO workfunction, removes contaminants and the sur-
face roughness is also said to be reduced [109], see Section 2.1.4 for details. This is
especially important when processing thermally evaporated active layers directly on
ITO without a spin-coated HIL. Judging from lab experience, especially the plasma
treatment seems to remove edge defects of the I'TO substrates, leading to a far better
yield of devices without low shunt resistances, however, no systematic study has been
performed on this matter. Polymer HILs were spin coated onto the substrates in a
clean room environment with 5000 rpm in a model “Delta 6” spin coater from Siiss
MikroTec for 30s, acceleration is chosen to reach final speed within 5s. Each film is
subsequently placed and dried on a hot plate for at least 30 min at 120 °C to 130 °C.

On one sample, four identical pixels are created by structuring the organic layer
and subsequently the cathode with shadow masks during evaporation. The ITO
layer is etched to an “O”-Shape to form a common anode for all four pixels, four
individual contact pads at the sample corners assist to create the cathode contacts
later on; the structure is shown in Figure 2.8 on the bottom right. Organic layers
of individual pixels are separated from each other to reduce stray capacitance and
crosstalk, however, the HIL covers the complete sample area as structures in spin-
coated layers are not easily achievable. Shadow masks are placed as near as possible
to the sample during evaporation to reduce the penumbra region around the pixel
with uncontrolled thickness. The cathode contacts are created with four metal stripes
between the outer contact pads and the pixel areas, Calcium and Aluminum have
to be evaporated through the same masks without changing the sample positioning
in between to allow for good overlap. By choosing from ITO and metal structures
available in 1 mm or 2mm nominal width, sample areas of 1 mm?, 2mm? or 4 mm?
are possible. All pixels are typically of common anode design and resemble bottom
emitting OLEDs or bottom absorbing solar cells, respectively.

Unless otherwise noted, to reduce oxygen or water contamination, samples are
stored in a glovebox with pure Ny atmosphere, where oxygen and water levels are
typically kept below 0.1 ppm. Transfer between different measurement or manufac-

95



2. Materials, sample preparation and characterization

b c)
LS 20 . L0 T— R —T5ka
< 1.047 Vde" A~ r15 € £ 0.757— Ry = 1kQ
~ _J(V) - 10 § § 0.50 17 Mser = 1000
& 0.5- E E — Rer=100Q
s 5 — = 0.25 1
= 001 [, & & 0.007
—0_5 T -5 6 L:) -O 25 | T T T T T T
0 100 200 -0.8 -0.4 0.0 0.4 08 1.2
Time (ms) Device Voltage (V)

Figure 2.9.: a) Simple equivalent circuit combining the sample (red marked area) and
external circuit for a basic current-voltage measurement. b) Characteristic
measured on an organic diode with erroneous voltage correction on the
sample. When the sample begins to draw current, the voltage drop over the
sample is beginning to fall as its differential resistance drops. c) Simulated
current-voltage characteristics with different RC-times. For higher RC-
times, the characteristic is more and more dominated by the capacitive
response.

turing chambers is done in evacuated or No-filled transfer rods, only profilometry
and scanning probe microscopy has to be performed in ambient conditions.

2.3. Basic electrical characterization

When dealing with electrical devices, whether OLEDs or OPV, the electrical mea-
surement of characteristics and alike is of high importance. While the measurement
of a simple j(V) dependence of a diode seems trivial, a few caveats exist that are
worth a short discussion. In the following, some basic physics affecting electrical
measurements are addressed and basic considerations about signal quality are elab-
orated.

2.3.1. Current-voltage characteristics

A current-voltage characteristic is, in its simplistic form, dependent on at least the
following parameters, highlighted in the equivalent circuit given in Figure 2.9:

(D The sample current jqe, flowing through the device, for example described
by the Shockley equation given earlier. In a voltage-driven experiment, it is
parameterized by the voltage drop over the sample, Vyey.

@) The driving voltage Vg, of the measurement setup, e.g. applied by a source
measure unit (SMU) or a wave-function generator. It is a priori not the same
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as the voltage drop over the sample, but shared by at least the sample as
well as contact and measurement resistances Reon and Rpmeas. Measurement
equipment might be designed to countermeasure this effect by controlling the
voltage according to an additional voltage probe near the sample in a 4-wire
setup.

@ A possible capacitive response or displacement current je,, due to changes in
the driving voltage, if the measurement is made fast with respect to the RC-
time. This, strictly speaking, is a combination of two effects, as the sample
will have a different RC-time as the setup cabling itself. The latter, however,
shall be neglected to simplify this basic discussion; besides, cabling effects are
typically not visible for measurement frequencies below 1 MHz.

Mathematically, the above set of parameters can be summarized to describe the
measured current j(V') as

; . . dVvdev
J(V) = jaev Vaev) + Jcap <dt> , (2.5)
where the voltage drop at the sample is reduced by the voltage drop over external

series resistances, e.g. measurement and contact resistances, thus

VdeV = Vdrv - jdev (Rmeas + Rcon) . (26)

By neglecting additional parallel or series capacitance, which might arise for exam-
ple from unequal electrode coverage with different organic layers, the displacement
current jeap is dependent on the geometric capacitance Cgeo and the voltage slope

alone. Thus,
dVvdev

dt

is linearly dependent on capacitance and voltage slope. In Figure 2.9b a drift-
diffusion simulation of a current-voltage characteristic of an organic diode is shown,
where the series resistance has been varied. For high series resistances, both forward
and backward scan of the measurement differ significantly. The same result would
be achieved by changing measurement speed and/or geometric capacitance. The
case when the displacement current is equal to the sample current, which in turn is
limited by the series resistance of the device, is taken as an example. Then, at the
point of maximum voltage Vi,ax of the measured characteristics,

jcap = C'geo ’ (2.7)

Vmax dV Vmax
RSGI‘ ~ Cgeog - Cgeo tmeas

, (2.8)

where Vipax is the maximal amplitude of the measurement, sweeping within the
measurement time tyeas from 0 to +Viax. Equation 2.8 can be rearranged to read

Tmeas = Rsercgeo =T (29)

where 7 is the RC-time or time-constant of the device concerning its geometric
capacitance Cgeo. This is of course a very rough approach to do, especially as the ca-
pacitive response will reach its maximum value shortly after the measurement began
(the slope of V (t) is constant), whereas Equation 2.8 is evaluated at the maximum
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voltage. This will probably overestimate the maximum allowed measurement speed.
It still means that the displacement current will increasingly dominate the measured
characteristic, if the measurement timescale approaches the RC time of the device.
As an example, a device with a series resistance of 100 Q) and a capacitance of 1nF
resulting to a time constant of 100 ns is considered. In this device, the drift current
will only be visible in very fast measurements such as CELIV transients. However,
as 7 scales linearly with the resistance, it will reach 1 ms with Ry, = 1 MQ), which is
beginning to reach the timescales of fast j(V') characteristics, if the measurement is
recorded within a 100 ms time frame. A countermeasure to those problems is to do
step-wise or ramped measurements, ensuring enough waiting-time at each recorded
point in the characteristic to reach quasi-steady state prior to recording the measured
current.

2.3.2. Signal noise and its elimination

Sources for signal noise in electrical measurements are manifold and range from
intrinsic noise arising from individual electronic components in the measurement
equipment to extrinsic sources such as interference. Examples for intrinsic noise
are the thermal noise in resistors or “shot” and “flicker” noise found in transistors
or diodes [205]. External interference can be caused by ground loops, improper
shielding of either signal paths or nearby equipment such as pumps or monitors, or
by RF-sources, an example being the well-known, sometimes audible disturbances
caused by mobile phones in the vicinity of poorly shielded amplifiers.

The signal quality is typically quantified using the signal to noise ratio (SNR). It
describes the relation of signal power to noise power, and is typically given in decibel,

PA
SNR =10 - log <Pg“al) . (2.10)

noise

In most cases, however, the signal is measured using its amplitude in contrast to the
power. Using Ohm’s law and with the assumption that signal and noise arise across
the same impedance, i.e. are measured with the same measurement resistor R, the
power calculates to P = VZR™!, and thus

Wms signa. .
SNR =~ 20 - log <g1> =20 -log(snr) with (2.11)

V;“ms,noise

V, ienal
JE— rms,signa ’ (2_12>
V;ms,noise

where Vs is the effective, root mean square (RMS) voltage of signal and noise.
The higher the SNR, the better can the signal be distinguished from the noise.
Providing that the signal noise is random, i.e. the mean value of the noise is zero
and uncorrelated to the signal, the signal to noise ratio can be defined as

SNR = 20log <JS) . (2.13)
S

Here, the mean value S is the effective signal value and og the standard deviation
of the recorded signal [206]. A simple solution to rise the SNR is to average over
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multiple measurements, as long as the noise is truly random. The sum S,, of n equal
measurements for the signal S of the same experiment is S, = nS, the variance g
sums up for standard error propagation [207], thus

n
R 202-2 =not & o0,=+/nos . (2.14)
i

For the signal to noise ratio follows

nS S
n= = Vn= 2.1
snr Jros \/ﬁgs (2.15)
and _
1
SNR,, = 20 [2 log(n) + log (f)] = SNR + 10log(n) (2.16)
S

The amplitude ratio snr scales with the square root of n and the signal to noise ratio
rises logarithmically, i.e. when increasing the number of averaged measurements by
a factor of 10, the SNR increases by 10dB [206]. Although the logarithm is not
asymptotic and the SNR could therefore be raised almost infinitely, the absolute
gain in signal quality per additional iteration will diminish. Whereas one additional
averaging iteration increases the SNR by =0.5dB, when 9 iterations were already
made, it is ~0.05dB, when there were already 99. In practical use, more than 50
to 100 iteration are hence hardly beneficial, especially when taking possible damage
and subsequent degradation of the sample due to electrical and thermal stress into
account. Also, the above evaluation neglects the fact that most signals nowadays are
recorded with digital equipment, which by design has a maximum absolute SNR that
can be detected because of finite accuracy of the analog to digital conversion [208|.

2.4. Kelvin probe

The Kelvin probe technique, initially named after its 19th century inventor Lord
Kelvin 209, 210], allows to non-destructively measure the contact potential differ-
ence between two plane-parallel plates. A later variation, the wvibrating probe Kelvin
probe technique [211], which is the base of current setups, has initially been devel-
oped to measure contact potential differences of metals. It is now widely used to
probe workfunctions of metals and semiconductors alike and can also give insights
on band bending in organic devices [212]. Scanning Kelvin probe microscopy al-
lows for spatial resolution in Kelvin probe images, revealing the local distribution
of the semiconductors surface potential [213]. In the following, the basic mathe-
matical framework is deduced for the vibrating probe Kelvin probe technique and a
discussion of its application on organic semiconducting devices is given.

The basic setup is sketched in Figure 2.10a, alongside with the band schemes
during measurement. The sample is mounted into a grounded sample holder and the
tip brought into the vicinity of the sample surface. Its distance can be fine-tuned by
a magnetic coil actuator that also allows for fast oscillation of the tip-sample spacing.
This setup is called the static plate earthed setting, while setups with earthed tip
are called vibrating plate earthed. Both techniques are mutually equal within the
following framework, but have different properties concerning errors such as stray
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Figure 2.10.: a) Functional sketch of a Kelvin probe experiment with vibrating probe.
Here, the sample is grounded, the backing potential Vg is applied on the
tip while the distance d oscillates. b) Energy diagrams for three different
stages of the Kelvin probe experiment. At first, sample and tip are without
contact, the workfunctions differ with respect to the vacuum level VL.
When shorting both, the Fermi levels align and surface charges counter
the field gradient over Vcpp/d resulting in a measurable current. The
current flow is countered with a backing potential Vg and equals zero, if
Vg = —Vcpp. Drawn after ref. [210].

capacitance [214], which will be addressed later. For the Kelvin probe experiment,
an electrical contact is established between sample and tip, allowing to control the
voltage difference and to measure the current. If the voltage between sample and
tip would be set to 0V e.g. by short circuiting both, the potential difference Vopp
induced by the unequal substrate workfunctions is

e-Vepp = (I)tip - @samp . (217)

It will induce a short-circuit current flow, until a redistribution of surface charges
counters the field gradient. When the external applied voltage, also known as backing
potential Vg, is exactly Vg = —Vepp the external current is zero. By changing the
backing potential and detecting the current flow, e.g. with a lock-in technique, the
zero-point can be measured, however, this setup is prone to errors in offsets and am-
plification [214-216|. Instead, the combination of sample and tip is treated as a plate
capacitor, where field and charge inside are defined by the workfunction difference,
the applied voltage and the dielectric in between. The current flow is then induced
by the constantly vibrating probe, effectively changing the plate separation of the
capacitor. In the simplest description [216], varying the distance of the capacitor’s
plates induces a change in charge due to a constant field in the capacitor defined by
both, external voltage and contact potential difference. The voltage in the capacitor
AV its field I’ and capacitance C are given by

AV =Vepp + VB, (2.18)
otV (2.19)
d
gepA
= . 2.20
] (2.20)
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2.4. Kelvin probe

Here, A and d define area and distance of the sample-tip-capacitor with charge Q.
This simple equation for the capacitance is of course neglecting all edge effects and
stray capacitance, a short discussion is given further below. In a capacitor with
time-dependent capacitance, the current is defined by

. dQ ac

The distance is now varied sinusoidally with amplitude dap and an arbitrary phase ¢
around a mean spacing dg, thus

d(t) = do + dp sin (wt + @) . (2.22)
Inserting Equation 2.22 in Equations 2.20 and 2.21 yields

daw cos (wt + @)
[do + da sin (wt + ¢)]2 '

J(t) = —eggAAV (2.23)

In this equation, the resulting current is proportional to the voltage difference AV

and unless the mean spacing is much larger than the amplitude, the dependence on
time is non trivial. Otherwise, if dy > da, Equation 2.23 reduces to

daw cos (wt + @)
do? '

Jj(t) = —eegAAV (2.24)

It is argued however, that this approximation requires several special requirements to
be met and is therefore not applicable to real-world applications [216]. To measure
Vopp, the Kelvin probe system needs to determine the zero-point of the current
in Equation 2.23, where V3 = —Vcpp. Requirements on signal-to-noise ratio and
accuracy of amplifiers in terms of offsets typically complicate the measurement of
exact zero points and requires the use of a lock-in technique [215,216]. An easier
approach, which is also utilized by the Kelvin probe system available for this work,
is to vary the applied backing potential and record the current maxima from the
measured signal, which are linear to AV according to Equation 2.23 and hence
also Vepp. A straight line fit of j (tmax,VB) versus Vg will yield the zero-point
backing potential at the intersect of the abscissa. The slope of this line fit is termed
the gradient of the Kelvin probe measurement, which is proportional to 1/dy> and
is therefore a measure of the sample-tip spacing [216], as the absolute distance is
typically unknown.

Stray capacitance and errors

The basic theory above only applies to a perfect capacitor without size difference of
the two plates and with uniform dielectric and spacing. Additionally, all influences of
the cable resistance and capacitance are neglected. From Equation 2.23 follows that
the current signal amplitude is proportional to the dielectric constant, the driving
amplitude, sample area and the inverse square of the mean distance. The dielectric is
fixed to e = 1 due to vacuum, hence leaving driving amplitude and geometric factors
to influence the SNR. Typically, the sample area is bigger than the area of the tip,
and with Vg applied to the tip, its field gradient moves in the surrounding of sample
and holder, the latter consisting of possible different metals, clamps and screws:
altogether a non-trivial set of geometric constraints. Additionally, some parts of the
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Kelvin probe assembly might vibrate in a different frequency, one example being the
supply cables for the tip voltage [217]. The induced stray capacitance will cause
an error in the measured potential difference Vipc meas, Which is dependent on the
square of the distance and can be given as

A‘/CPD - kd02 (VCPD,real - Vvstray) ) (225>

where Vepp real — Vstray 1S the voltage drop across the stray capacitance and k a
constant [214] with

C’stmy
. 2.2
k Ads (2.26)

Analogous, the correct contact potential difference is given [217] by

2
VCPD,real - kdO ‘/stray

2.27
1+ kdy? (2:27)

VCPC,real =

From Equations 2.25 and 2.26 it is evident that a reduction of stray capacitance is
best achieved by reducing the sample-tip-spacing, hence a higher gradient is favor-
able during measurement. Other optimizations may include avoiding the resonant
frequencies of the tip and minimizing the angle between tip and surface [217]. It is
worth noting that the above equations are only equal for the static plate earthed
configuration. A earthed tip and the potential applied to the sample leads to slightly
different conditions and hence needs a separate discussion of possible errors [214].

Kelvin probe on organic semiconductors

In case of metallic samples, the Fermi level alignment between the metallic sample
holder and the sample surface is guaranteed and a potential difference between both
will induce surface charges to counter the field. The condition of j(t,Vg) = 0,
which will detect the point when no surface charge exists, thus corresponds to Vg =
—Vepp and allows for a determination of the contact potential difference. When
investigating organic and semiconducting samples with potentially poor electrical
conductivity or band bending, charges might not accumulate solely on the surface,
but additionally on the contact to the semiconducting film [212]. Still, the zero-
point detection requires the field in the gap between sample and tip surface to be
zero and the surface charge density of the tip is hence also ¢ = 0 in this case. The
vacuum level again is aligned with that of the sample surface, although band bending
may lead to charges in the semiconductor or in the contact region [212]. Arguably,
the backing potential is applied to the tip in this case. A vibrating plate earthed
setup would have to be treated separately, as the potential would be applied to the
backside of the semiconductor and a specific assumption on the potential drop in the
semiconductor cannot be made.

Any measured contact potential difference will nevertheless include all static sur-
face charges of the organic semiconductor [212]. This fact, that amongst others allows
to measure the giant surface potential of polar organic layers [10], will be utilized in
the scope of this work in Section 3.1.
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2.5. Charge extraction by linearly increasing voltage (CELIV)

2.5. Charge extraction by linearly increasing voltage
(CELIV)

As a method to extract charge carrier densities, mobilities and additionally some
device-related properties like series resistance and (geometric) capacitance, charge
extraction by linearly increasing voltage has gained a lot of attention in the past
years. It has first been published by Juska et al. in 2000 as an alternative method to
time-of-flight for probing the charge carrier mobility in microcrystalline silicon [218]
and was shortly after applied to m-conjugated polymers by the same author [219].
In those publications, it was intended to extract information about the equilibrium
charge carriers in the investigated semiconductors. Since then, the method has been
numerously adapted and altered for probing photogenerated carriers in solar cells
(Photo-CELIV) [220,221]| with variations trying to limit current flow prior to the
extraction [222] to the methodically highly sophisticated “open circuit corrected
charge carrier extraction” (OTRACE) [223], modified specifically for low recom-
bination losses during measurement. From carrier density measurements on solar
cells, conclusions on the recombination dynamics of photo-generated charges can
be drawn [221,224|. Additionally, electrically injected charge carriers can be investi-
gated (i-CELIV) [225], which is a method that can also be applied to metal-insulator-
semiconductor devices [226], hence called MIS-CELIV.

In the scope of this work, the MIS-CELIV technique is applied to polar OLEDs ef-
fectively forming “Polar-CELIV”. The following sections will give a brief introduction
to the basic CELIV experiment, its variations and associated parameter extraction.
Simulations for CELIV transients are given in the experimental section in Chapter 5.
Parts of the following section have been taken from my previous work in reference [50]
and were extended or updated where necessary.

2.5.1. Introduction into CELIV

CELIV originally aims on extracting existing equilibrium charge carriers from the de-
vice by applying an increasing electrical field to the semiconductor. It is well known
for the large number of quantities that can possibly be extracted from one mea-
surement, most notably carrier mobility u, sheet conductivity o and charge carrier
density n. To extract charge carriers present before the beginning of the experiment,
the voltage ramp or slope rising with S = % is applied in reverse direction and the
current flowing through the device is recorded. The current measured at the device
can be divided into two parts, the current caused by the actual extracted charge
carriers Aj also referred to as drift current and the current caused by the capacitive
response of the device named displacement current, jo. The total current j(¢) can

then be expressed as

J(t) =jo+Aj . (2.28)

If @ is the total amount of charges present in the sample, then jj is constant for a
linearly increasing voltage:

1 dQ
PO=4 7~

[ Q

v _c.
A

= . 2.2
= s, (229)

63



2. Materials, sample preparation and characterization

—V(t)

Figure 2.11.: Sketch of the original CELIV method. A linearly increasing voltage ramp
V(t) = S -t is applied to the cell (on the left) in reverse and, e.g. by
using a shunt resistance Rness, the current flowing though the device
Jj(t) = j(0)+ Aj is measured. The experiment involves two ramps (1) and
(), which allows conclusions on charge carrier dynamics and relaxation
mechanisms. Redrawn with modifications after ref. [219].

with the slope of the voltage ramp 5, sample thickness d,¢, area A and the dielectric
constant €. The integral
1353

n o /j(t) _jodt (2.30)
0

can then be used to calculate the charge carrier density extracted from the device
during the ramp time tR.

The two successive ramps seen in the original CELIV technique [218,219], see Fig-
ure 2.11, can be used to distinguish intrinsically present equilibrium charge carriers
from those being caused by non-ideal conditions, e.g. non-blocking contacts [218].
Ideally, when using short delay times ¢4 between both pulses, the second current
measurement should equal jy. By varying tq for real devices relaxations to the
ground-state can be investigated.

To calculate carrier mobilities from CELIV transients, a deeper understanding of
the underlying physics is needed. The measured transient alone can, however, be
used to determine the conductivity of the active layers from the initial slope of the
transient with

d (i®/j(0))

g = €€OT . (231)
t=0

2.5.2. Theoretical models for CELIV

To derive further parameters in more detail, namely mobility p and conductivity o,
a mathematical model for the experiment is required. Further on, the basic idea and
theory as given by Juska et al. for the original CELIV method is given [218].
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Figure 2.12.: a) Sketch of the field distribution in an organic semiconductor diode during
CELIV. The model assumes a sharp-edged extraction zone. Redrawn from
ref. [227] b) Voltage ramp and current response of a diode, tmax marks
the maximum current of extracted charge carriers and t;, denotes the time
when all charges are extracted, /(ty) = d.

The basic dependence of the measured CELIV transient on the combination of
displacement current j(0) and drift current Aj has already been introduced in Sec-
tion 2.5.1. To describe Aj in more detail, a simple model can be found when assuming
that one of the electrodes is completely blocking injection of charge carriers and the
charge in the device p is distributed evenly over the whole thickness d with carrier
density n prior to extracting the charges. Furthermore, the extraction of charge
carriers is considered to be complete and constant up to a specific depth I(¢) (for
an illustration see Figure 2.12), so that at a time ¢ in the region between x = 0
and x = [(t) no charges are left in the device, whereas the density of charges for
I(t) < x < d still is unchanged and equals n [218|. Last but not least, charge trans-
port is required to be unipolar, i.e. the mobility of electrons has to be much higher
than the hole mobility, or vice versa, peZ pun. Both constraints can be quite chal-
lenging to achieve in the scope of organic semiconductor diodes and will be discussed
later on.

Under these assumptions, Juska calculated the current transient in two steps.
Within the said limits, the charge distribution can be defined as

0 for0< It
plz,t) = or0<e<it) (2.32)
ne forl(t) <z<d

To calculate the charges extracted up to the extraction depth [(¢) at a time ¢, one
_p)

has to integrate the Poisson-equation A®(r) = —%-* over the whole thickness of the

organic layer
Q) nel(t)
= =F(0,t) - E(d,1 2.33
=T = B0~ Ed.Y). (2:33)

with the permittivity ¢ and the elementary charge e. FE(0,t) is the field at the
blocking contact, F(d,t) at the opposite electrode.

The continuity equation of electrodynamics is % = —Vj. Integrating this equation
over the distance between the electrodes yields

d
op ., olty .
/(% dz =ne ralke Aj =enuE(d,t) . (2.34)
0
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The electric field itself decreases linearly in the depletion zone, but it is constant
where no extraction has jet occurred:

E0,t) — &£ f < I(t
Ba,t) = { L0~ for0<z<i{t) (2.35)
E(d,t) forl(t) <z <d
For a linearly increasing voltage V' (t) = S - t,
d
/ Bz, 1) dz = St (2.36)
0

applies to the external electrical field and therefore, after integration and combining
with Equation 2.33, it is

E(0,t) — E(d,t)

St =d-E(d,t) +1(t) 2

(2.37)
From combining Equation 2.34 with Equation 2.37 and Equation 2.33 as well as the
definition of the conductivity ¢ = enyu, follows a Riccati-style differential equation
[218] for I(t)
di(t) o
Sdt 2eeod

Deducing the current transient:
The complete current density of the transient (j(0) + Aj) at a position x and time
t1is

uSt
1(t)? = s (2.38)

dE(z,t)

jlz,t) = eeo +p(z, )pE(x,t) . (2.39)

3(0) Aj
To obtain j(t), the average over z € [0,d] can be calculated. The carrier density
within the extraction zone is zero and en otherwise. Thus,

d d d
:l/Aj dz = Cll/p(x,t)uE(a:,t) ar = /E(d,t) dz (2.40)
0 0 1)
and accordingly
d
i(t) = :l/j(l'aw do — asc(l)S N enpE(d, t; [d—1(t)] ' (2.41)
0

By replacing F(d,t) with Equation 2.34 and substituting %(tt) with Equation 2.38,
the equation for the current transient [218] results to

j(t) = 5555 n % (1 - l(;)) (“d‘% - 5;‘0dz<t)2) (2.42)

It is apparent that a solution for this equation requires solving Equation 2.38 (I(t))
first.
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The analytic solution given by Lorrmann et al. [227]

l(t) — ﬁtQ \/gAll(C) + Bi/(C)
¢ V3AI(Q) +Bi(¢)

) enu puS
h ¢=¢/ — 3 2.44
with ¢ 2ecod d t ( )

unfortunately does not allow a direct identification of device parameters like p, since
the argument ¢ of the Airy-function contains both, conductivity and mobility. Nev-
ertheless, it is reportedly possible to fit the parameters in Equation 2.42 to measured
transients [227]. For materials with very high or low conductivity, approximations
can be found and calculated. For low conductivity, when the duration of the extrac-
tion pulse is much longer than the relaxation time of charges, t;, < % = 7,, the
change in the electrical field distribution has no noteworthy impact on the position of
the extraction zone, which in turn is then only determined by the external electrical

field. Then

(2.43)

di(t) o 9 St

— ()" ~ — 2.45
dt 2ee0d ®) d ( )
—0
with its solution )
uSt
low(t) = : 2.4
onlt) = 2 (2.46)
This applied to the equation for the current transient (Equation 2.42) leads to
) eepS o 1 puSt? uSt o 9
t) = —(1—-- — It . 2.47
i == +u( d 2d 4 9ezgd ) (2.47)
—— ~
low (1) 4l () Low ()

Solving the above equation yields

jt) = % [850 + ot <1 - ‘;Zfﬂ . (2.48)

From finding the extremum by taking the derivative follows the relation with the
maximum of the transient ¢yax leading to pow

2 2 d \?
tmax =d ow — =T~ . 2.49
3us HMew T 3g <tmax> (249)

In the same way, the approximation for high conductivity, where ti, > 7., leads to

tmax tmax

Tyd? T d \?
tmax = 4] — oh = ——— ) 2.50
ps o M= g ( ) (2:50)

Both cases are known to describe the conditions in real organic devices not very
well [219,227]. Over time, different numerical approximations were developed for
specific material systems to account for, e.g., the redistribution of the electric field
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during extraction. Some of them result to an extension of the low-conductivity case

of Equation 2.49 to:
2d>

K= 5 A7\
3Stmax (1 + X%)

where Aj in this case refers to the maximum drift current Aj(tyax) and x is a nu-
merical factor varying according to the system. Juska et al. published x = 0.36 to de-
scribe m-conjugated polymers [219], Bange et al. x = 0.18 for M3BEH-PPV:CN-ether-
PPV [228| and Deibel et al. x = 0.21 describing cells based on P3HT:PCgoBM [229].
The validity of these equations, however, is limited to a specific range of relative
extraction currents Aj/jo [227] and material systems. More advanced formulas
to calculate the mobility from CELIV experiments have also been developed e.g.
by Lorrmann et al., who derived a parametric, numeric solution for Equations 2.43
and 2.44 [227]. Still, most of these simple formulas to extract mobility or other
parameters from CELIV transients are tailored to specific device configurations or
material systems. Instead, drift-diffusion simulations can be utilized by fitting CE-
LIV transients to a suitable device model [13,230].

(2.51)

2.5.3. CELIV on metal-insulator-semiconductor devices (MIS-CELIV)

One of the challenges of CELIV in general is the selectivity for one species of charge
carriers. Electrons and holes excited through light irradiation or injected by elec-
trical stimulation of the devices can only be separately probed with conventional
CELIV transients if their mobilities differ by a considerate factor [232], but not or-
ders of magnitude in order to show two distinct extraction peaks in the transients.
Additionally, the extracted mobility is typically dependent on carrier profiles and
recombination rates of extracted species [233].

To address those problems, an insulating layer can be introduced at one contact to
selectively probe either electrons or holes, depending on the position of the insulator
[226, 231]. Based on a metal-insulator-semiconductor device, the so called MIS-
CELIV technique allows to measure injected charge carriers also on devices with non-
ideal conditions for light absorption or film qualities, while providing excellent carrier
selectivity. However, it needs an electrically dense insulating layer that effectively
blocks carriers of the “wrong” species over a wide voltage range.

Figure 2.13 sketches such a two-layer device with insulating layer and the corre-
sponding extraction transients. On the left side, a simple sketch of a MIS device is
given, with the accumulation of holes visible at a non-zero offset voltage. The insulat-
ing layer is processed between the semiconducting layer and the anode contact. When
a negative voltage is applied to the device, holes are injected from the cathode side;
the negative potential at the anode will drive them to the insulator/semiconductor
interface, where they will accumulate. The accumulation regime, where the majority
of injected carriers reside at the interface and bulk carrier density is significantly
lower, is a requirement for the MIS-CELIV technique to be valid and the main dif-
ference to previous CELIV measurements as well. Juska et al. have identified two
conditions that will lead to that accumulation in normal MIS devices [231]. The first
is easily met under ambient conditions and limits the effect of thermal diffusion of
carriers with respect to the electric field by requiring the offset voltage Vg at the
beginning of the experiment to be larger than the thermal voltage, or Vogs > kB/eT .
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Figure 2.13.: a) Sketch of a diode with additional insulating layer (metal-insulator-
semiconductor device) at two different voltages. With the positive contact
at the top, holes as charge carriers cannot penetrate the insulating layer
and will accumulate in the organic and at the interface between organic
and insulator. b) Sketch of the MIS-CELIV measurement (lower graph) us-
ing two different offset voltages for carrier injection (upper graph), drawn
after ref. [231]. The dashed line corresponds to Vg1 with the so-called
small charge extraction, whereas the straight line represents a full MIS-
CELIV transient. c) Charge distribution and accumulation at the interface
as modeled in the original MIS-CELIV framework.

Additionally, in original MIS-CELIV, the insulator capacitance has to be larger than
the semiconductor capacitance (Cipg > Csem ), Which can be achieved in MIS devices
by having a very thin insulation layer with high dielectric constant. Fulfilling these
constraints, the density of holes can be written as [231,234|

Vo \
2kpTd; '

o(z) = o (1 ¥ (2.52)
where d; is the thickness of the insulating layer. Some examples of this distribution
are also given in Figure 2.13 part c¢). During extraction of the accumulated charges
with rising voltage and dependent on the offset voltage at the start of the ramp,
the extraction current ideally shows three different regimes (1) to 3). The regimes
are defined by the current limiting processes at the respective time, starting from
diffusion limited current in region (1), to space charge limited current in (2) to the
displacement-current limit of the device’ insulating layer in (3).

For regime (1) in Figure 2.13b the current is not yet limited by space charge and
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the time is ¢t < ts.. Here, the general equation for the current transient j(x,t) from
standard CELIV (Equation 2.39) is still valid. Because the capacity of the insulator
is required to be larger than that of the semiconductor, the current transient can
be averaged over the whole semiconductor thickness dg to achieve a time dependent
description of the current. Unlike standard CELIV, no extraction zone exists as
charge carriers start already accumulated at the interface, instead of being distributed
over the film. Similar to the Equations 2.40 and 2.41, the transient over the whole
device is then found [231] to be

A _eggS | egogp 2
Jj(t) = i /j(a:,t) dx = o + 24, E (ds,t)” (2.53)
0

where Gauss’ law dg—gf) = @) g applied to substitute the hole density in Equa-

[=50)

tion 2.39. To solve the equation with respect to the electric field, the total one-
dimensional current flow through the device is taken into account [233|, where

dE(z,t)

] t) = J t
Jip(z,1) clz,t) +egg 1

(2.54)
with the conductive current Jo. Considering a perfect insulator, the conduction
current Jo = 0, which leads to the time dependent differential equation for the
electric field in MIS-CELIV by combining Equations 2.53 and 2.54

dFE (ds,t)

E (ds,t)Q = EEOT . (255)

€S gl
ds 2ds

E(ds,t) = ﬁ tan <tf> (2.56)

with the transit time for carriers driven through the semiconductor by the external

ramp
[2 2 (ds\?
tir = ds —_— == — . 2.
¢ 5, or p=g <ttr> (2.57)

The transit time ¢, should not be confused with the space charge time ts., defined
as the time needed for the first carrier in the device to travel the device thickness
dg in the field inside the device. The time ts. can be estimated when calculating dg
by integrating the electric field in Equation 2.56 multiplied with the carrier mobility,
thus

It has an analytic solution

lsc

i _[—odin (cos 2] .
ds_o/uE(t) dt_[ 2d1 ( )] (2.58)

tr 0

Rearranging yields the approximate relation tsc/t,, ~ 0.919. Above tg, the measured
current is limited by space-change [231], with
9ee0S t2 Aj 9 ¢?
j(t) = TS =573
4ds ttr Jo 4ttr

(2.59)
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The transition between the extraction current governed by the aforementioned
equations in region (I) and the space charge limited current transient for times longer
tse (given in Equation 2.59) in region (2) leads to a kink in the extraction transient as
seen in Figure 2.11 around t¢,. This can be used to calculate the carrier mobility from
tse = 0.919 - ti; and Equation 2.57. However, due to the nature of charge transport,
especially in organic semiconductors, this transition is typically not observed [231,
234|. Thus, the transit time is normally not available directly from the measured
transients, with one exception being the so called small-charge extraction [231] with
very low Vyg, when Aj < jo and the space charge limit is not reached.

In case of standard MIS-CELIV, one method is typically more suitable to estimate
the transit time ¢¢,. With a dense insulator, the current through the device will never
exceed the charging current of the insulator capacitance defined by ¢; and d;. Thus,
the saturation current jg in region (3) in Figure 2.11 is given by
eeiS

d;
Instead of trying to observe the transition from drift to space charge region in the
first place, the transient is tuned to suitable parameters in speed and voltage until
a clear saturation is reached. Then, the transient is evaluated at the time ¢;, where
the extraction current equals the displacement current from the semiconductor’s
capacitance, i.e. Aj = jo, or j(t1) = 2jo, respectively [231,234]. In that case, from
Equations 2.53 and 2.56 follows

(2.60)

Jsat =

I and hence —ﬁ s i (2.61)
1=l = 85 \ 1 . :

2.5.4. MIS-CELIV with non-ideal sample parameters

The aforementioned framework is only valid under the circumstances given in the very
beginning of Section 2.5.3, most importantly a dense, i.e. electrically non-conducting
insulator and a specific ratio of insulator and semiconductor capacitance of Ci,s >
Csem- Also, charge transport is considered drift-dominated, whereas diffusion is not
an issue [233].

One correction for non-ideal devices has already been given by Juska et al. to in-
clude the insulator capacitance [231] in the calculation, which has later been further
evaluated by Sandberg et al. [233]. For non-ideal ratios of semiconductor and insula-
tor capacitance and if the value of the latter is in the same range as the one of the
semiconductor, the transient calculation can be adapted to the more general case of

. ds di !
Jo = €05 (8 + 8.> (2.62)

for the displacement current [226,231]. Also the drift current is changed to

i 41!
. . Eslj
j(t) = dS/J (2,1) [1+ Eids:| dz . (2.63)
0

The small signal transit time is then slightly modified to

b = doy /;ﬂ (1+f), (2.64)
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where the correction applied to the transit time is dependent on the field distribution
on the device, with

_&sdi _ Jo
5ids jsat - jO

f (2.65)

where ¢;, €5 and d;, ds are dielectric constant and thickness of the insulator and
semiconductor, respectively. The correction factor is by definition independent of
the applied voltage ramp [231,234], but can again only be evaluated if the device
reaches saturation.

Analogous to Equation 2.61, the mobility can be calculated from t; for a finite

insulator capacitance and if jsy Z 3.3jo [233] by taking the insulator displacement
current into account with

n= 0 (d) (1+1) . (2.66)

where S* = S/(1 + f) is the corrected ramp over the semiconductor. The relation
Jsat 2 3.3Jo also ensures that t; < tg, meaning that the extracted carriers have not
jet reached the opposite electrode. In the high capacitance limit, or when jgsat => jo,
the correction factor will approach zero |233|. As a consequence, Equation 2.66 then
equals Equation 2.61 and thus the initial approach by Juska et al. The same holds
for the transit time in Equations 2.64 and 2.57.

Still, the theory is neglecting carrier diffusion. A more detailed picture on devices
with finite insulator capacitance has been given by Sandberg et al. in 2017 [233]. By
comparing the analytic framework for current transients with drift-diffusion simu-
lation, they find an underestimation of the current transients and in turn an over-
estimation of the extracted mobilities, especially for low voltage ramps [233|. The
difference stems from the neglection of background charge carriers in the semicon-
ductor prior to the extraction. A high carrier density at the insulator-semiconductor
interface promotes carrier diffusion into the bulk and although the density at the in-
terface is still higher by orders of magnitude, bulk carrier density leads to a non-zero
ohmic current through the device. In the framework given by Sandberg etal., the
characteristic diffusion time constant can be calculated to

edy?

=—. 2.67
47r2,u,kBT ( )

tp

For Equation 2.66 to be valid, the condition ¢; < tp has to be met, otherwise Aj(?)
is dominated by diffusion and the calculated mobility can be overestimated by orders
of magnitude in the case of t; > tp. To counter that error, they introduce another
correction factor into the mobility calculation, leading to

(14 f) (ds\* kT "
= —F | — 1 . 2.
H 89* <t1 ) [ + 2€S*t1:| ( 68)

Further evaluation of possible errors and pitfalls of the MIS-CELIV technique will
be given in the experimental part on polar MIS-CELIV in Section 5.1.
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i) Jac cos (wt + ¢) 7]
— Diode j(V) Vac cos (wt)
V(e) 0

— ) ;
Vbc -V Re(2) > Re

Figure 2.14.: a) Schematic illustration of impedance spectroscopy on an arbitrary diode.
The applied AC voltage can be chosen at an arbitrary working point Vpc.
For the calculation of the impedance the amplitude and phase of the AC
response of the device is needed. b) lllustration of the dependence of the
complex space (Re, Im) and its polar representation, draw after ref. [235].

2.6. Impedance spectroscopy

Impedance spectroscopy (IS) aims to measure the dynamics of a sample in the fre-
quency domain by analyzing the characteristics of the complex impedance with re-
spect to external constraints like voltage or frequency. Overall, three different meth-
ods exist to record the frequency response [235]. At first, a step function is applied to
a sample and the resonant response of the device is measured. The detailed frequency
dependence is then gained via a Fourier- or Laplace transformation. Secondly, in-
stead of a step response, a signal consisting of white noise can be applied, the result
has likewise to be post-processed to get single frequency data. The third technique,
which is most commonly found and also utilized in the scope of this work, is to
selectively measure the current response to a constant voltage, superimposed with a
small sinusoidal modulation of constant frequency [235]. Impedance spectroscopy is a
powerful tool to investigate various processes in OSC. In the past, it has been used to
study frequency dependent transport characteristics [236,237| as well as the density
of carriers and traps in organic semiconductors [238-240]. It allows to study degrada-
tion mechanisms in OLEDs [180,241,242] or solar cells [243]. Impedance spectroscopy
can also serve to investigate injection barriers with various techniques [14,244] one
of which has been co-developed within the scope of this work. Applied on organic
diodes with polar layers, IS is one method to determine the magnitude of the giant
surface potential [1,2]. In the following section, the basic mathematical framework
for capacitance-frequency and capacitance-voltage measurements using impedance
spectroscopy is given. For a more detailed look on IS applied on polar diodes refer
to Section 3.2 of the experimental part.

2.6.1. Measurement of complex impedance

To measure complex impedance of a device, a single-frequency, sinusoidal voltage
is applied to the device [235,245] (see Figure 2.14a for a sketch), consisting of a
modulated AC signal with frequency w and amplitude Vg,

V(t) = Vac cos (wt) = Re (VAcei“’t) . (2.69)
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The measured current will follow the cosine with a phase shift of ¢ and amplitude
JAC
J(t) = jac cos (wt + ¢) = Re (jAcei(”t+¢)> . (2.70)

For now, any DC offset to the voltage, as needed for a voltage dependent measure-
ment, is neglected. The phase ¢ is 0° only for an ohmic resistor, it is 90° or 7/2
for an ideal capacitor and —90° or —7/2 for an ideal inductor. To calculate physical
quantities like capacitance or resistance, the transfer functions between V(t) and
j(t) for each device need to be known, which to solve in time domain is complex and
difficult [235]. For example, the transfer functions for an ideal resistor, capacitor and
inductor are

. 1
Jres(t) = R V()
Jeap(t) = C' - d‘gi) and (2.71)

jind(t) :/‘/[(J)dt .

It is evident that a combination of these formulas results in a complex set of dif-
ferential equations. Instead, the problem is transferred into frequency domain via
Fourier transformation and the complex expression is used. At first, the term of the
complex impedance is introduced, where

= Zoe ) (2.72)

and Zy = Vac/jac. Advantageous of this definition is that Z is, as a quantity in
frequency domain, independent of the exact time. The response of the device is now
characterized by the input frequency w and its impedance Z(w) including a frequency
dependent phase ¢(w). Usually, Z is a complex quantity given by

Z=27—iZ"=R-iX, (2.73)

where the real part corresponds to the ohmic resistance of the device. Thus, Z’ = R
and Z" is the resistance of the sample with respect to voltage changes, also referred to
as reactance X [245]. Z can be seen as a vector quantity as sketched in Figure 2.14b,
where besides its planar coordinates (R, X') also polar coordinates [235] with (¢, |Z|),
where

|Z| =V R?>+ X? and (2.74)
¢ = tan~' <)}§> (2.75)

are common. The real and imaginary part of the impedance are then linked with
the so called Kramers-Kronik relation [235]. The imaginary part of Z for example is

given with .
2" (w) = — <2°"> O/M dz (2.76)

T x2 — w?
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which requires a suitable model to describe Z’ to be able to perform integration to
infinity [245]. Still, the Kramers-Konik relation allows to test for the validity of a
measured signal, a set of RC elements in series can mostly serve as an adequate
model [246].

In practical measurement, voltage and current can be measured independently
and by obtaining the phase shift e.g. by applying a sine-fit to both signals, ¢ and |Z]
can be calculated, which requires high-speed wavefunction generators and digitizers.
Alternatively, AC current and voltage can be measured. The above framework up to
now applies to a capacitance-frequency measurement, only. Measuring impedance,
while applying a constant DC offset (capacitance voltage), however, is equally inter-
esting. The AC voltage in Equation 2.69 is combined with a constant DC offset.
The constant DC current will not interfere with the measured AC response, as long
as the AC amplitude is a small signal compared to the DC working point. Typical
values for V¢ are between 70 mV and 100mV.

2.6.2. Impedance of selected circuits

Calculating complex circuits in time domain quickly complicates due to the need of
differential transfer equations presented in Equation 2.71. Instead, they are expressed
in their complex form [245]

Zres = R ’

1
anp = m and (277)
Zind =wl .

Like resistance, impedance follows the laws of Kirchhoff and Ohm, where serial cir-
cuit elements are summed up directly and parallel elements have to be summed over
their reciprocal values. In case of two parallel circuit elements, for example capac-
itance and resistance of an RC element, the individual transfer functions given in
Equation 2.77 calculate to

111 R
=t S ZRe= 2.78
Zno R L TORCTIGCR (2.78)

An organic LED or solar cell, consisting of two stacked layers with individual ca-

pacitance, can be expressed in a very idealized form with two RC circuits in series
(C12 and Rj2). In general, at least an additional series resistance Rge, will exist.
Thus, the total impedance for such a structure is

R1 R2

A4 =R .
OLED ser 1+ iwCi Ry + 1+ iwCoRy

(2.79)

Both, real and imaginary part of Equation 2.79, are shown in Figure 2.15 alongside
with its equivalent circuit. Besides the impedance, it is common to also plot the
capacitance over frequency. It is calculated from the real part of the complex ca-
pacitance C* of the circuit, as if the impedance was measured at a single capacitor.
According to Equation 2.77, Zc,p, = 1/iwC, thus

1 _Z//

C'= iz ™ C=RC)= o
w

= 2.
iw (2 +iZ") (2.80)
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Figure 2.15.: a) Equivalent circuit and respective calculation for a two-RC element with
series resistance. b) Calculated real and imaginary part of the impedance
of a two-RC circuit with series resistance. The capacitance is calculated
with and without series resistance. Shaded areas emphasize which part of
the circuity is the defining element at the position of the graph.

For the OLED, described by Equation 2.79, in Figure 2.15 a transition between the
capacitance dominated by the first RC element and the sum of both can be found at
a characteristic frequency fie]. An extreme value analysis [242] with w = 27 f yields

1 Ri + R»

Jrel = % . RiRs - (01 + CQ) '

(2.81)

The evaluation of this frequency from measured impedance spectra and its temper-
ature dependence allows to draw conclusions on transport and injection activation
energies in the device. This is described in more detail in the experimental section
in Section 5.2.

2.7. Ultraviolet photoelectron spectroscopy

Photoemission spectroscopy is the superordinate concept for detecting the density of
states of a material by spectroscopically examining the kinetic energy of emitted elec-
trons from an illuminated sample. It requires a monochromatic light source of known
energy, which is typically either a X-ray source (X-ray photoemission spectroscopy,
XPS) or an ultraviolet light source (ultraviolet photoemission spectroscopy, UPS) [51].
The technique is widely used to determine the energetic landscape of organic and
inorganic materials [51,72,167,247| and interfaces [67,72,159]. A variation of UPS in-
troduced by Sato et al. [248|, low energy-UPS, aims on detecting sub-bandgap states
and to accurately map the first HOMO level by reducing the excitation energy to
a few electron volt. Photoelectron spectroscopy always probes the valence region
of the device, the HOMO in case of organic semiconductors. Hence, UPS spectra,
among others, allow to determine the energy barrier for hole injection between the
Fermi-level and the HOMO of the semiconductor, as well as its workfunction. The
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Figure 2.16.: Sketch of a UPS setup using the example of the setup available for the
measurements in this work. In this case, it is equipped with two switchable
light sources attached to a double monochromator to reduce stray light.
An additional far-UV light source is connected directly to the measurement
chamber without further filtering. The sample can be rotated in vacuum to
reach optimal refraction angles. The setup comprises a second preparation
chamber for evaporating organic materials, which allows a direct vacuum
transfer of the sensitive organic surfaces. At the sample, usually a negative
bias voltage is applied. Drawn after refs. [167,247].

opposite technique, recording light emission from absorbed electrons, is called in-
verse photoemission spectroscopy (IPES) and allows to study the conduction region.
This, however, was not attempted within this work.

A sketch of the working principle of a UPS experiment is shown in Figure 2.16,
based on the setup made by Sato etal. [247,248]. The sample is illuminated inside
a high vacuum chamber and electrons emitted from the sample by the photoelectric
effect are detected with a spectroscopic electron analyzer able to count electrons with
respect to their kinetic energy. Monochromatic photons of energy hr hit the surface
and excite electrons in the occupied states of the sample. If hv > ®gupp, + Ey,, ie. the
excitation energy being higher than the workfunction and the binding energy of the
sample, electrons are ejected into the vacuum [247|. The energetics of this process
are sketched in Figure 2.17. For any energy higher than ®g.m, + Ey, the surplus
energy is transferred into kinetic energy of the ejected electron, hence

Ekin =hv — q)samp - Eb . (282)

If sample and detector are electrically connected, the Fermi levels of both align.
The difference in workfunction, however, will cause a potential difference between
sample and detector (Psamp — Pdetector) that will accelerate photoelectrons during
their travel from the sample to the detector [247]. Additionally, the detector will
only be able to detect the kinetic energy Ej; with respect to its own workfunction.
The overall energy conservation equation [247] with respect to the binding energy
E, of the electronic state to be observed is thus

Eb =hr — Ekin - <I>sarnp =hv — El;in - (I)detector s (283)
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Figure 2.17.: a) Sketch of energy alignment between sample and detector during an
UPS measurement without additional bias. The Fermi levels are aligned,
apparent E/. and real Ey, kinetic energy differ by the workfunction differ-
ence of sample and detector. b) Situation when measuring with applied
bias of Vjias. Depicted is the case for the secondary electron cutoff, those
electrons leaving the sample after scattering without additional kinetic en-
ergy except the applied bias voltage. Both are drawn after refs. [167,247].

where FEj, is given with respect to the Fermi level of the sample. Equation 2.83
allows to calculate the binding energy of an electronic state in the semiconductor
with respect to the analyzer workfunction and the known photon energy. The onset
of the emission with the smallest difference to the Fermi level is widely accepted as
the hole injection barrier. However, a few limitations arise from that calculation that
complicate the practical use. At first, @getector has to be known precisely and the
Fermi energy has to be leveled throughout the device [247|. Additionally, given that
the detector will not detect the actual kinetic energy but only the apparent Ej, . no
information about the sample workfunction can be gained.

A usual countermeasure and method to determine ®g,p,p, is to apply an additional
bias voltage V}as between sample and detector. Vs is typically negative and chosen
large enough to lift the samples vacuum position considerably above that of the
detector. This condition is sketched on the right in Figure 2.17. With the bias
applied, photoelectrons are also accelerated from the sample towards the detector,
hence even so-called secondary electrons are detected, which leave the sample without
a considerable kinetic energy. In the measured energy diagram, the secondary electron
cutoff (SECO) at Esgco is therefore only dependent on the workfunction difference
and the (negative) applied bias [247] and thus

Eseco = —eVhias — Pdetector + q>samp g (2 84)
q)samp = (I)detector + ESECO - evaias

This still requires the detector workfunction to be known, which is seldom the case
and might also change over time. Instead, the energy scale is calibrated and ®getector
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calculated by obtaining the position of the Fermi-edge of a metallic sample or similar,
one possibility is to measure the substrate just prior to processing the organics. As
the binding energy for secondary electrons emitted directly from the Fermi-edge
should be zero, it is possible to calculate the position of the Fermi-edge from the
observed kinetic energy at a given photon energy. Including eVi;,s in Equation 2.83
and calculating Ey, = 0 for By r,,,; vields

!
! /
0=FEy,=hv— Ekin,Fermi + €Vhias — Pdetector and

evaias - (I)detector = Elltin,Fermi —hv . (285)

The value of EA = eVijas — Pdetector 18 independent of the incident light energy and
therefore valid for all further measurements on the same sample. Equations 2.83 and
2.84 can hence be rewritten to

E, =hv— Ej;, + En and (2.86)
Psamp = Eseco + Ea - (2.87)

This leaves the uniformity of the Fermi level, or energy levels in general, inside
the semiconductor as a problem to discuss. In case of a metal, the condition of
unbent levels is surely fulfilled, whereas a semiconductor might show band bending,
especially under illumination [247] and with hv > FEg,,, which is necessary to detect
photoelectrons from the HOMO levels and beyond. A phenomenological approxi-
mation for the potential drop in a semiconductor during measurement can be given
as

AV =jpd , (2.88)

where j is the current density caused by photoemission, p the resistivity of the semi-
conductor and d its thickness. To minimize that potential and subsequent charging
of the sample only j and d are points of action, p as a material parameter is constant
in this case [247]. Reducing j would mean a reduced photon flux and likewise signal
intensity, which is mostly undesired. For organic materials, the thickness is reduced
instead to a few tens of nano-meters [247].

A more detailed, practical description on how to determine the parameters in
question from UPS spectra is given in the experimental part in Section 6.3.
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3. Giant surface potential of doped
organic systems

As pointed out in Section 1.1.7, upon thermal evaporation of organic films, molecules
can show spontaneous orientation polarization, leading to an overall film polariza-
tion. Recently, this effect has also been reported for doped systems, where the larger
GSP for some diluted films compared to undoped layers was one key result [2]. Ad-
ditionally, the direction of the GSP was found to influence electron injection into
organic semiconductors by Noguchi etal. in 2013 [11]. A possible explanation by
drift-diffusion simulation was given in 2016 by Altazin et al. [3]. Until now, no com-
prehensive study on the influence of the GSP on hole injection exists. One of the
objectives of this work therefore is to study hole injection properties of polar HTLs
in dependence on the magnitude of the GSP. From all polar materials that have been
studied in the past and where literature data exists on the GSP in neat films, most
are mainly electron conducting [6]. Hole conductors like NPB show only very weak
film polarization and dipole moments, if any at all (see Section 2.1.1 for reference).
To achieve hole conducting films with tunable GSP, the concept of dipolar doping
is used instead, where a former unpolar host material is doped with a polar guest
molecule, leading to an overall GSP inside a HTL. The following chapter will fo-
cus on the characterization of the GSP in doped organic films, especially on polar
hole transport layers in OLEDs. Two different techniques, direct measurement via
Kelvin probe and indirect determination by analyzing impedance spectra, are intro-
duced. The material systems include NPB doped with Alq; and CBP doped with
OXD-7 as well as neat polar materials. Additionally, the molecule code-named 1295
is briefly discussed, which shows a GSP with an inverse direction compared to the
other investigated polar species.

3.1. Kelvin probe measurements

The measurement of the giant surface potential via Kelvin probe was, in case of
organic semiconductors, pioneered by Ito et al. in 2003 [10] when the GSP for Alq; was
reported. In this technique, consecutive Kelvin probe measurements are performed to
record the change in surface potential of the organic film over a range of thicknesses.
According to Equation 1.39, the polarization charge of the GSP leads to a potential
drop in the film, which in turn causes a shift in the vacuum level and the Fermi level
of the sample surface. A simple sketch of the band diagram as it is expected for polar
and non-polar metal /organic interfaces and thin-films is drawn in Figure 3.1a and b,
respectively, alongside with an example measurement. In the non-polar case, besides
the interface dipole, additional band-bending can occur and would be measured
with the Kelvin probe via a shift in vacuum levels [212]. With polar materials, the
potential drop induced by the ordered dipoles in the film is much larger and the
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Figure 3.1.: a) Band diagram of a normal contact between metal and organic with-
out GSP but, besides the interface dipole, possible band-bending at the
metal/organic contact. b) Situation with additional GSP. The measured
potential difference upon evaporation includes interface dipole and the po-
tential drop induced by the GSP c) Example of consecutive Kelvin probe
measurements of the contact potential difference and the GSP determined
from the slope. a) and b) redrawn after ref. [10].

vacuum level shift directly resembles the effect of the GSP. In Equation 1.39, the
potential drop is gained by integrating over the complete film polarization. It can
be rewritten as

AVepp 0o
- 3.1
p . (3.1)

where AV%SPD is the field induced by the polarization charge and in the following
termed the GSP with the unit of mVnm™!. In the context of Kelvin probe mea-
surements, it is sometimes also referred to as the GSP slope. From Equation 3.1, the
interface charge density can be calculated with

AVepp
d

eeo (3.2)

the maximum error is given by

Ao = ‘?’ AVepp + ‘AVES() Ad (3.3)

d2

To calculate the GSP from Kelvin probe measurements, the change in contact
potential difference AVopp is measured over thickness. The description of the GSP
in Equation 1.39 and its simplified form in Equation 3.1 does not include a pos-
sible change in GSP over thickness. If the measurement is conducted at multiple
thicknesses the evaluation is therefore only valid, if a straight line fit is possible
with minimal error. In Figure 3.1c, an example is given for Algs. The first data-
point shows the CPD between Kelvin probe tip and the substrate and consecutive
measurements resemble the growing film.

For the discussion of possible errors in the aforementioned measurement, a few
assumptions have to be made. At first, the thickness of the evaporated film is in
most cases only measured in situ using quartz crystal microbalances. Ex situ deter-
mination of the film thickness has been done on selected samples, however, poses its
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own pitfalls. Profilometry requires to wipe or scratch parts of the film to create a
measurable edge, ellipsometry often fails to detect the correct thickness due to the
lack of suitable models and precise knowledge of the refractive index that can also
depend on the preparation conditions of the film. During a multi-stage measurement
of the GSP, it is therefore assumed that the experimentally obtained tooling factor
needed to calculate the film thickness does not change. Fortunately, this requirement
is met in the chamber in question, film thicknesses are reproducible within a range of
2nm for a 50 nm film, leading to a relative error of 4 %. A random error in thickness
and a systematic error induced by invalid thickness measurements have different im-
pact on the overall result. While the first one will cause an increased uncertainty
upon fitting the GSP to multiple measurements and will lose influence with a higher
number of steps, the latter can be traced down to a direct factor in the calculated
GSP. The second requirement is that the properties of the Kelvin probe setup, in-
cluding the workfunction of the tip, do not change during consecutive measurements.
This cannot be ruled out completely, however, repeated measurements of the same
reference material allows to assume this error to be low. Besides, the absolute value
of the tip workfunction is not needed to calculate the GSP slope. All parameters
known to affect the measured CPD are kept constant for all samples of the same
set and especially during consecutive evaporation, the CPD value for each datapoint
in the calculation of the slope is averaged over multiple individual measurements.
The resulting standard deviation, however, is typically very small in the range of a
few mV. To avoid photoexcitation of the polar films, which is known to destroy the
surface potential [10,249], evaporation and measurement is done with all viewports
covered with a dark-red acrylic glass, blocking all light below 600 nm.

In the following sections, the GSP of both, doped and undoped polar organic mate-
rials, as determined via Kelvin probe measurements, is analyzed and discussed. Ad-
ditionally, different substrates and HILs are compared with literature data as a short
benchmark for the Kelvin probe system. Measurements on the materials were, un-
der my supervision, done by my students Vivien Wessels for Alqs and Ir(ppy),(acac)
during her bachelor thesis and Harry Karpenko for the system CBP/OXD-7 during
his master thesis. My third student, Florian Grafsl, was tasked to test and calibrate
the Kelvin probe setup in the scope of his maters’ lab project and he contributed
Kelvin probe data on substrates. In all cases, the Kelvin probe system KP6500
acquired from McAllister Technical services, Berkeley, CA, USA was mounted at a
vacuum chamber with a residual pressure of below 1076 mbar. All data was analyzed
and interpreted by myself.

3.1.1. Workfunction measurements on substrates and HILs

Besides the measurements of organic semiconductors, also different HILs based on
PEDQOT:PSS as well as ITO films have been investigated with respect to their work-
function in vacuum. The data is available partly as a side product from Kelvin
probe series for GSP determination or from specific workfunction measurements. To
calculate an absolute value for the workfunction of a film from the contact voltage
potential difference, a calibration standard is needed. For this purpose, a freshly
prepared layer of HIL1.3 on ITO with a workfunction of 5.7eV proved to be practi-
cal as it reportedly reaches very similar results in different publications [8,117,167].
Also, it is known that HIL1.3 does not change its workfunction over a great variety
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Workfunction (eV)

Name Meas. Lit. Sources
HIL1.3D 570+0.04 | 5.70 [8,117,167]
A14083 497+0.04 | 475+0.05| [117,157]
CH8000 5.07+£0.04 | 5.15 [157]
HIL1.3N 558+0.04 | 585+0.15 [8,158]

ITO (UV/03)? | 454+0.10| 5.2 [250]
ITO (Plasma) | 4.80+0.04 | 555+0.35| [189,210]

Table 3.1.: Measured and literature data for the workfunction of different HILs as well
as differently treated ITO surfaces. 1) HIL1.3 was used as the standard for
all further calculations, the error is the standard deviation of multiple CPD
values from the Kelvin probe measurement. 2) Literature value is given for
the film directly after treatment, whereas the measurement was conducted
after a considerate amount of time. See text for further explanation.

of UPS measurements (personal communication with Andreas Opitz at the Hum-
boldt University of Berlin, September 30, 2019). Therefore, different measurements
of HIL1.3 with otherwise same parameters in the Kelvin probe setup have been aver-
aged to provide the calibration standard and the respective error from the standard
deviation.

The results of all measurements on the PEDOT:PSS formulations A14083, CH8000,
HIL1.3 and HIL1.3N are given in Table 3.1 together with ITO films of different sur-
face treatment. Where multiple literature sources were available, literature data
was averaged. Unfortunately, not all publications state the source or even measure-
ment technique used to obtain the published values, sometimes pre-treatment of the
substrate or post-treatment of the film is different or not thoroughly described.

Detached from the discussion of the GSP in the following, the absolute values of
different HILs do follow the trend given in literature. The PEDOT:PSS derivatives
AT4083 and CH8000 approach the literature values, only HIL1.3N is considerably
lower. Arguably, however, the batch of HIL1.3N available for this work is old and
might already have degraded. For ITO, two different surface treatments can be
compared, either UV /Ozone cleaning or Oxygen plasma treatment. The measured
values for both preparation conditions, however, are relatively small compared to
the literature values. OV /Ozone cleaned samples were usually prepared and cleaned
in advance and stored in an Ny atmosphere for later measurement, whereas the
plasma treated samples were measured directly after cleaning. It has been reported
previously that ITO surfaces relax to lower workfunctions over time [210,250|. The
low workfunction of (4.54 = 0.11) eV observed here should therefore be compared to a
relaxed value. Yamashita et al. reports a loss of 0.5eV to 4.7¢eV for a relaxed, Ozone
treated film 150 min after processing [250|. Depending on the specific stoichiometry
of the ITO film prior to UV/Ogz treatment, a few 100meV of difference can be
assumed to be systematic. The measured value does therefore correspond to what is
expected for a relaxed, Ozone treated I'TO film. The Plasma cleaned surface reaches
around 4.9 eV, which is 0.35 eV higher than the Ozone treated film. In literature, this
difference ranges from (0.35+0.35)eV to (0.85+0.35)eV comparing as-prepared
and relaxed UV /O3 with Plasma treated ITO, respectively [189,210,250]. All over,
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Figure 3.2.: a) Consecutive Kelvin probe measurements on Algs films deposited on ITO
and HIL1.3. The film on ITO shows a plateau of lower GSP in the first
few nanometers fitted independently. b) NPB and Algs measured during
evaporation on the same sample. The inset magnifies the transition from
NPB to Alqs, visualizing the expected interface dipole. Datapoints for both
plots are given with X and Y errors, although the latter is statistical and
comparably small.

the measurements of the workfunctions of different PEDOT:PSS derivatives and I'TO
substrates agree well with literature data. This allows to expect further Kelvin probe
measurements on organic molecules to be accurate, too.

3.1.2. Kelvin probe on undoped organic semiconductors

To study the buildup of the GSP and its dependence on external conditions like the
chosen substrate, Alqs thin films were deposited on ITO, the PEDOT:PSS derivative
HIL1.3 and NPB, of which the latter two were in turn processed on an I'TO substrate.
Experiments identical to these were already published in literature by different au-
thors [10, 12|, except the one with HIL1.3 on the substrate. A comparison should
therefore allow to classify the measurements conducted in this work. Additionally,
the materials Ir(ppy),(acac), OXD-7, NPB and CBP have been investigated in neat
film, with the latter two being usually considered un-polar.

Undoped NPB/Alq;
In Figure 3.2, measurements of the GSP of Alqs on three different surfaces are shown,
two on the usual substrates ITO and HIL1.3 and one, where Alqs; was deposited on
an NPB layer grown beforehand on the same ITO substrate. The error in thickness
as given in the graphs is assumed to be 2nm as stated above and AVgpp is gained
from the standard deviation of multiple measurements at the same point on the same
device. For fitting, linear regression is done as described by York et al. [251,252] to
honor both Ad and AVepp. It is worth a note, however, that the results hardly
differ, when omitting the error in thickness, as the spacing between individual points
is large enough.

The resulting GSP slopes for Alqs are (33.90 £+ 1.72) mV nm~! on HIL1.3, on ITO
(29.50 £ 3.28) mVnm~! and (34.60 & 1.75) mV nm~!, if grown on NPB. In case of
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3. Giant surface potential of doped organic systems

the measurement on ITO, the initial plateau was omitted, which itself has a slope
of only (16.20 =2.98) mV nm~!. Before comparing those to literature data, the
specific behavior of Alqs on different substrates shall be discussed. On ITO, until
the film thickness reaches ~15nm, the GSP of Alqs is roughly half (55%) of its
value at higher thicknesses. Most published Kelvin probe measurements with Alqs
do not show such a pronounced thickness dependence but instead a linearly growing
GSP on ITO [12,212,253,254] as well as Silver [249]. Only in the data of Ito et al.
published in 2002 [10], an inset shows the situation for low film thickness with a
visibly lower slope at the beginning, though the author does not explicitly refer to
that fact and the length scale is different by a factor of 10. In current theories that
exist to explain the mechanism of the SOP, the interaction between molecule and
surface plays a crucial role [7,47|. It is therefore possible that a certain minimum film
thickness is necessary for a successful buildup of the GSP, thus especially the first
few monolayers might show a different polarization. Alqs forms a triclinic crystal
with lattice constants of roughly 10 A, a monolayer of amorphous Alqs should hence
also be around 1nm thick. Though no definitive data exists on the exact growth
conditions for Algs on ITO, 15nm seem to be thick enough to form a closed film
of roughly 15 monolayers. Whereas the small plateau of 2nm width in the data
of Ito et al. might relate to this late buildup of the GSP due to surface effects, the
15nm plateau observed here is more likely to stem from higher surface roughness,
contamination or otherwise unfavorable growth conditions. On HIL1.3, no necessary
minimum film thickness of this order of magnitude is observed. Instead, the GSP
exists for all thicknesses and rises with slightly higher slope than on ITO. Both
measurements are not detailed enough concerning individual steps in thickness to
exactly reflect surface bound effects like interface dipole formation. Still, the SOP
of Alqs yields slightly larger GSP on HIL1.3 compared to ITO, although both agree
within error.

In OLEDs, however, Alqy is not directly deposited on the substrate. A better
representation of the GSP in real devices should therefore be accomplished by a
combined study of subsequently evaporated NPB and Alqs, as published by Noguchi
etal. in 2012 [12]. The respective measurement in our lab is shown in Figure 3.2b,
the thickness is given relative to the NPB/Alqg; interface. NPB as well as Algy
show the expected slopes indicating a GSP for both layers. NPB exhibits a slope
of (1.02 4 0.33) mV nm ™! although considered non-polar in many publications, a de-
tailed discussion is given further down. At 0nm, directly at the interface between
NPB and Alqs, a small interface dipole can be identified as a small step between
the last NPB measurement and the first Alqs layer of only 2nm in thickness. Its
height of about 0.1V is on the lower side of literature data, as Noguchi et al. pub-
lished approximately 0.2V in a similar experiment [12]. For increasing film thickness
Alqs, however, builds up the giant surface potential quite linearly with the already
mentioned (34.60 & 1.75) mV nm !,

In conclusion, a slightly larger GSP of approximately 34 mV nm~! is observed, if
Alqs is evaporated on top of another organic layer, whereas directly on ITO the GSP
is only 29.5mV nm~!. This might be due to a reduced molecular orientation of Alqs,
if evaporated on inorganic ITO instead of an already existing organic layer.
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Figure 3.3.: a) Consecutive Kelvin probe measurements on Ir(ppy),(acac), OXD-7, NPB
and CBP. All films were deposited on ITO. The data is offset-corrected by
the ITO contact voltage difference, hence starting all at a relative CPD of
0V. b) Two Kelvin probe sequences with the Iridium complex 1295, directly
on ITO and with Al4083 in between. c) Comparison of the measurements
shown so far with literature data. The data of different references was

combined and averaged, where possible, resulting in the errors for some of
the materials [6,10-12,87,253].

Further materials and comparison

Besides Alqs, also other materials haven been investigated. The system CBP:OXD-7
has been studied in more detail in neat films as well as in doped configuration (see
the next section). Additionally, the polar dye Ir(ppy),(acac) as well as the Iridium
complex 1295 were measured in neat films. In Figure 3.3a, the respective measure-
ments are plotted offset corrected; the fits are given as straight lines. Series measured
with 1295 are shown in Figure 3.3b on two different substrates. A visual comparison
of different materials, following the form introduced by Osada et al. |6] is shown in
Figure 3.3c with reference data gained from Kelvin probe measurements in literature.
All values of the materials discussed so far are also summarized in Table 3.2, along-
side with available single-molecule dipole moments. Because the obtained value of
the GSP for a polar film depends on method (see discussion in Section 3.4), substrate
and growth conditions, as seen with Alqs, and possibly also purity, a direct compari-
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3. Giant surface potential of doped organic systems

Dipole (D) GSP (mVnm™1)

Name lit. calc. lit. meas. dif. [%]*
Alg, 43 £02 | 455|440 +7.8 327 +2.38 —27
OXD-712) 55 +1.5 | 540 | 68 779 +£25 16
Ir(ppy),(acac)? | 2.5 2.01 | 38 549 +1.1 43
NPB 0.47+0.18 | 06 | 53 +0.1 112+0.15| —79
CBP23) 0 00 | 07 —~1.95+0.16 178
1295°) - - 5.4 N/A —-51.7 £11.0 | N/A

Table 3.2.: Measured and literature data for the GSP and calculated as well as literature
data for the single molecule dipole moment. For literature sources of the
respective values see text or Table 2.1. 1) Dipole moment calculated from
all conformers. 2) Only one reference measurement was found in literature
for those materials, which were given without error. 3) Given is the single-
molecule dipole moment. 4) The difference is calculated as the percentage
of the normalized difference of measured data to literature. 5) No literature
data publicly available

son with a single literature source is difficult. Hence, multiple sources were concerned
and averaged, where feasible [6,10-12,87,253]. Furthermore, only results measured
with the Kelvin probe technique were included. For OXD-7, the value of the dipole
moment is strongly dependent on the conformer [87], different sources therefore vary
in value depending on how the dipole moment was calculated [6,12,87]. Emelyanova
et al. published a comprehensive study on the molecule [87] containing data for all
three conformers. The reference value was averaged over all three conformers as their
relative energy is reported to be similar [87], although the error in dipole moment
is therefore large. The value obtained in house for the same molecule instead could
be calculated from a weighted average yielding a value of (5.40 + 1.35) D, see Sec-
tion 1.1.7 for more information on the calculation. Other molecules showed only one
conformer, the data for the calculated dipole moment of Ir(ppy),(acac) was already
published in [48].

For all five investigated materials, the calculated GSP resembles the general trend
of the literature data. The offset between literature data (open rectangles in Fig-
ure 3.3c) and values obtained from Kelvin probe measurements within this work
(filled rectangles), however, is not consistent over all materials. In the last column
of Table 3.2, the relative difference between measured and reference data is given.
Whereas Ir(ppy),(acac) and OXD-7 exhibit a higher GSP in the measurements, Alqs
is lower by —27 %, as is NPB with a difference of —79 %. Unlike other methods, the
Kelvin probe technique adds only the thickness as an external parameter that is
needed to calculate the GSP. Hence, although the differences can be caused by vary-
ing errors in tooling factor and thickness measurement, it is unlikely that this error
differs from material to material but would be rather systematic to the chamber and
setup. Also, the chosen substrate, though changing the GSP slightly, did not cause
differences high enough to explain the discrepancy. From literature, two publications
also add to the inconsistency, as Noguchi et al. published two distinctive Kelvin probe
experiments with Alqs acquired from the same manufacturer, with 33 mV nm=! [11]
and 48mV nm~! [12], though in this case, on different substrates.
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3.1. Kelvin probe measurements

Two materials deserve special attention, namely CBP and 1295. Both show an
inverse GSP in the measurements conducted for this work (negative slope in Fig-
ure 3.3a and b), with (=1.9540.16)mVnm~! and (—51.74 11.0)mV nm~?, re-
spectively. CBP additionally does not possess a permanent dipole moment in single
molecule DFT. Literature values on experimental results draw an inconsistent picture
for CBP, as the calculated dipole moment on a single molecule is given as 0 D. Calcu-
lated values within this work also lead to 0 D. While Kelvin probe measurements by
Noguchi et al. still lead to a small positive GSP of 0.7mV nm ™!, displacement current
measurements recording the capacitive response of the device similar to impedance
spectroscopy suggest it to be —6.5mV nm~! [12]. Kelvin probe data obtained within
this work also shows an inverse GSP for CBP, suggesting a PDM to be present on the
molecule embedded in a thin film. This is supported by quantum chemical and ki-
netic monte carlo simulations published by Friederich et al. in 2018 [47]. They observe
a polarization charge on simulated CBP films with dipole moment of (0.9 +0.4) D
and a GSP of (11.7£8.1)mV nm~!, though no sign is given, it is assumed to be
positive. As the molecule itself does not have an intrinsic PDM, it must arise during
film formation and might therefore be influenced by the first monolayers’ sponta-
neous orientation. For CBP it is thus possible to observe positive or negative GSP
depending on processing conditions.

In case of 1295, due to a limited amount of material available for experiments,
only very few Kelvin probe measurements could be performed, which does not al-
low for a fine grained investigation of the buildup of the GSP. Respective fits to
calculate the GSP should therefore be taken with caution, especially for AI4083.
The first series was measured on an I'TO substrate and shows a pronounced plateau
for thicknesses until approximately 60nm, after which a strong negative GSP of
(=59.6 & 3.7) mVnm~! developed up to 105nm as the maximum thickness mea-
sured. A second series on AI4083 was attempted, however the material was depleted
before higher thicknesses could be reached. On PEDOT:PSS, the GSP amounts
to only (—43.8 +4.2) mV nm~!, leading to the comparably high error in Table 3.2.
Like Alqs, 1295 thus seems to require a considerate minimum film thickness for a
stable GSP to build up on ITO in this experiment, whereas it seems to start ear-
lier on PEDOT:PSS. Previously, only one material was also reported to show an
inverse GSP. In 2013, Isoshima et al. published Kelvin probe measurements on tris(7-
propyl-8-hydroxyquinolinolato) aluminum(III) (Al(7-Prq),), an Alqs derivative with
propylene groups attached to each ligand, that amounted to —118 mV nm~! [255].

To conclude, the discrepancy observed for all measurements conducted during this
work and literature values are well in range of expectation. From the current point
of view, mostly material quality and processing conditions seem to influence the
measured GSP at most, whereas known errors in thickness and determination of the
CPD are small enough.

3.1.3. Kelvin probe on doped organic layers

Besides neat single and bilayer systems also doped layers have been investigated with
Kelvin probe sequences to calculate the GSP. In the following, measurements of CBP
doped with OXD-7 and NPB doped with Alqs are discussed. Figure 3.4 shows KP
measurements on both series for the doped films in the top portion, whereas the
resulting GSP is plotted against doping concentration in the bottom graphs. Values
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Figure 3.4.: Kelvin probe measurements on doped layers with a) NPB:Alq; and b)
CBP:OXD-7. Please note the different scales for the GSP. Data for neat
films at 100 % of “doping” are taken from the previous section, the value is
also drawn with a horizontal line over the whole diagram as a guide to the
eye.

for pure Alqs and OXD-7 have been taken from the measurements of the previous
section and all data is summarized also in Table 3.3.

For series on doped layers, besides the sources for errors discussed in the scope
of undoped films, a possible change in doping ratio during and between layers adds
to the sources of errors. The concentration of both materials evaporated in the
chamber must not change over a considerable amount of time, or has to be constantly
monitored and adjusted to maintain a stable ratio over all films. Doping ratios
given in Figure 3.4 are calculated using the average of all layers, whereas values for
individual layers are obtained from the partial thickness of both host and dopant.
This corresponds to the volume rate percentage that has also been used in the past
[2,48], a discussion of possible ways to define the doping ratio has been given in
Section 2.2.1. Unfortunately, the change in doping rate over time was not recorded
for the thickness dependence of Alqs, for which the ratio of evaporation rates is used
instead. Both ratios, however, are usually the same within their respective errors,
as in the software, the rate is calculated from a derivative of the thickness. For all
series, the doping rate during evaporation could be controlled very well, only the
series for 12 % of Alqs shows higher error in doping rate.

A second difference to the neat-film series is that for doped materials, a broader
spacing for individual thicknesses was chosen, mainly to reduce the material through-

92
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Algz in NPB: OXD-7 in CBP:

Doping (%) | GSP (mV nm~1) Doping (%) | GSP (mV nm~1)
122436 18.58 +1.25 27+0.4 13.32 +0.49
323+1.38 24.93 £0.50 6.8 £ 0.5 27.63 +£0.61
493+1.1 34.234+1.32 10.1£+0.5 40.88 £ 1.51

100 32.65 £ 2.76 23.0£0.6 80.78 £2.99

30.4+£0.6 90.38 +4.71
100 76.39 +4.80

Table 3.3.: Data from KP series on NPB:Alg; and CBP:OXD-7. 100 % of doping cor-
responds to the polar species only for which measurements are given in
Section 3.1.2.

put and likewise the risk to contaminate the Kelvin probe chamber. Also, this leads
to a more uniform doping concentration profile within the film without breaks, which
might be important especially for low doping ratios. As a result, the existence of
possible interface dipoles could not be checked, the substrate measurement and its
CPD is hence excluded from the fits.

In both series, the GSP rises steadily and almost linearly with rising doping con-
centration. Furthermore, a common and probably most important feature from both
series, as seen in the two lower graphs in Figure 3.4 is, that the highest GSP is not
observed for a pure Algs or OXD-7 film, but at a lower concentration between 30 %
and 50 %. This has also been reported in the past for Alqs measured in OLEDs
with doped ETL, also comprising NPB as host and Alqs as dopant [2]. In this pub-
lication, the maximum has been found at 50 % of doping, where the GSP decreases
again for higher ratios until settling at the neat film value. Unfortunately, no doping
concentrations higher than 50 % for Alqs and 30 % for OXD-7 had been investigated
with Kelvin probe. The respective concentrations can therefore not be confirmed
as the global maximum. Still, the general trend of observing a GSP higher than
the neat film value as seen for both NPB and OXD-7 is surprising. In contrast,
for Ir(ppy),(acac) doped into CBP we observed only an increase in GSP with the
maximum residing at the neat film [48|. Unfortunately, no further systematic study
of the GSP in doped organic systems is known. The results will be compared and
discussed further in Section 3.4, also with regard to the amount of orientation in the
film, together with data obtained from impedance spectroscopy.

3.2. Determination of the GSP by impedance
spectroscopy

Impedance spectroscopy was one of the first methods to observe the giant surface
potential or, more precisely, the change in field distribution in the device induced by
the GSP and its accompanying interface charges [1,90]. An OLED with polar organic
materials in at least one layer shares properties of a classic diode and that of a MIS
device described in Section 1.2.3. This combination will also play a crucial role for
further investigation of the carrier dynamics and barriers in dipolar doped systems in
Part IV and is also the reason why the magnitude of the GSP can be determined by
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impedance spectroscopy. In this experiment, the capacitance is measured at constant
frequency but varying voltage. Changes in capacitance or the phase of the measured
response of the device usually relate to carrier injection or movement in the organic
layers. A two layer device of polar organic semiconductors can show a transition
between two regimes, the first governed by the capacitance of both layers and the
second by the capacitance of only one layer. Without a direct change in capacitance
of at least one layer, however, no transition or change in signal is expected at constant
frequency, as the capacitance of a capacitor is usually voltage independent. The GSP,
or rather the spontaneous orientation polarization and the resulting interface charges,
induces a field gradient between two layers of different polarization. This results in
a voltage dependent accumulation of charges that can be detected in the capacitive
response of the device.

Measurements for this section were conducted either with the Paios measurement
system from Fluxim AG, Winterthur, Switzerland or the Solartron Impedance Ana-
lyzer by Solartron Analytical, now Ametek Scientific Instruments in Hampshire, UK.
The samples were mounted to a probe station in a glove box with No atmosphere.

3.2.1. Correlating impedance transition voltage and GSP

In Figure 3.5, the basic principle behind the measurement of the GSP via impedance
spectroscopy is sketched, where the drawing assumes a positive GSP for the ETL
as it is observed for most polar materials. The HTL on the left is non-polar in this
case. It will be shown, however, that the following description is valid as long as any
GSP of the HTL is sufficiently lower than that of the ETL.

Beginning at the top left diagram in Figure 3.5, where the applied voltage is V' <
Vir, charge carriers at both, anode and cathode, might already penetrate the metal-
organic interface of HTL or ETL, respectively, depending on the type of contact.
However, because the field gradient through the device forbids their drift towards
the interface, all carriers will eventually recombine at the contact, thus no effective
injection is possible. A capacitance-voltage measurement of such a device, as long as
leakage and other parasitic currents are kept low, will see the combined capacitance
of Ciot ' = Cpr, "t + C’HTL_I, where both semiconductors act as dielectric between
the contacts of two capacitors. The phase of the signal is near 90°, indicating an
almost capacitive response. When the external voltage approaches the transition
voltage Vi, the additional field gradient caused by the GSP will allow the HTL
to reach flat-band condition, despite the ETL being still reversely biased. At this
point, holes can be injected successfully into the bulk of the HTL and their drift to
the interface is favored by the field gradient, if V' > V4. By further increasing the
external voltage to between Vi, < V < Vj,j, injected holes will accumulate in the
HTL and at the interface [13]. As a direct result, the charge carrier density in the
hole transport layer is high enough to lower its impedance considerably, the measured
overall capacitance of the device is now governed by the ETL only, Ciot =~ Crrr,. In
the phase signal, a small peak towards lower phase indicates a finite ohmic resistance
during carrier injection. Usually, the phase does not return to the initial value in
the accumulated regime, indicating persisting carrier movement and resistance in the
HTL also in accumulation. Up to now, only hole injection governed the measured
response of the device. Electrons will be successfully injected into the OLED at and
above the injection voltage Vin; and their drift to the interface for V' > Vi; allows
for radiative recombination.
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Figure 3.5.: Exemplary capacitance-voltage data of two prototypical materials (HTL and
ETL), where in this case only the ETL is polar with positive GSP, along-
side with schematic band diagrams illustrating the device's energetic status
at specific voltage regions (regions in the plot and sketches match left to
right and clockwise, respectively). Plotted is the capacitance (blue) and
phase (green). Above the transition voltage V4, the capacitance gradually
increases from the total geometric capacitance Gyt eventually reaching its
maximum value of CgrL at a plateau between V4, and Vinj. The device is
injected with holes above Vi, electrons follow above Viy;. The transition
voltage is usually gained from the onset of the raise in impedance, as in-
dicated by the red lines. The insets show two basic equivalent circuits for
both the total capacitance (left) and in the case, where only Cgty is visible

(right).

In a polar device, the HTL is already positively biased and beyond flat-band, when
the ETL field allows electron injection at V' ~ Vj,;. At this point, the impedance
signal can again show a small increase in capacitance, as injected electrons at the
cathode/organic interface lower the local resistance and effectively decrease the ap-
parent thickness of the ETL. Directly above Vi,;, however, increasing recombination
and carrier density in the whole device will diminish the dielectric features of the
semiconductors until, in impedance, ohmic behavior prevails. The measured capac-
itance will show a steep decrease and can even result to values Cio¢ < 0, while the
phase quickly approaches zero.

For an ideal non-polar device, flat-band conditions are met simultaneously for all
layers at the so-called built-in voltage V},; that with eV = @ n0de — Peathode cOunters
the built-in field defined by the contact potential difference of anode and cathode.
Therefore, effective carrier injection, recombination at the interface and hence light
emission will begin for voltages above V4,; for non-polar OLEDs. The difference in
the hole-injection field indicated by Vi, and the normal built-in field set by W, is
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defined by the GSP field gradient applied over the thickness of the ETL, hence

Gsp = AR = Yu Vi (3.4)
dgTrL
Analogous, the interface charge density [1] can be calculated with
C
Oint = AE - epr60 = 20 (Vi — Vi) = —o2 (V= Vi) (3.5)
dETL AgTI

where Agry, egTr, and dgr, are area, dielectric constant and thickness of the polar
ETL. The GSP and ¢ are then linked to each other by the dielectric constant, only.
In both equations, the key to calculate interface charge density or the magnitude
of the GSP is the knowledge of the built-in voltage V};. Previously, it has been
assigned to the peak position of electron injection in the impedance data, or Vi,; = Viy;
[241]. However, it is not a priori known, if the peak observed in capacitance-voltage
measurements and the internal field always coincide. A more detailed discussion
is given in Section 3.3.1. An alternative method to gain the built-in field is to
extrapolate the thickness dependence of the transition voltage, Vi, (dgrr,) against
dgrr, — 0nm, which will allow to estimate V},; according to

Vie = AE - dgrp + Vi = 2T 4 g (3.6)

where Vi is the vertical intersect and the slope equals the GSP.

Determination of the transition voltage

The definition of the transition voltage Vi, above aims on the electric field distri-
bution in the polar device. The change in capacitance is linked to the accumulated
carrier density in the HTL. Different definitions and methods for determining the
transition voltage can be discussed. Besides the point of the steepest slope dur-
ing the transition, or the voltage needed to complete accumulation indicated by the
point, where the measured capacitance equals Cgrr,, one possibility is to extract
the onset of the capacitance rise, when the transition occurs. This method has also
been used previously by Jager et al. |2], whereas Berleb et al. focused on the inflection
point [90]. In a different approach besides impedance spectroscopy, when measuring
the displacement current in dependence of the applied voltage, Noguchi et al. has
defined the transition voltage by the accumulation voltage, which is the point where
Crrr, is reached in impedance [12].

Within this work, the onset of the accumulation is defined to resemble Vi, it is
therefore related to the beginning of the process of charge carrier accumulation. In
contrast to the inflection point or the finished accumulation, the onset is typically
well pronounced in the measured data. However, the slope of the C'(V') curve during
accumulation was found to be dependent on various factors, including the measure-
ment frequency and hole injection barrier. Additionally, for low film thicknesses or
low difference in GSP between HTL and ETL, the rise in capacitance can be overlain
by beginning electron injection from the cathode. The onset of the transition can be
obtained by fitting the sectionally defined function

Chot for V. < Vir

C(V) - { Ciot +m (V - ‘/tr) for V> Vi, (37)
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3.2. Determination of the GSP by impedance spectroscopy

Here, Clt is the total, geometrical capacitance observed for both HTL and ETL and
m the slope of the transition in a linear approximation, which is only valid shortly
after the onset of the transition. An example of the determination of V4. with both
methods is given in Section 3.2.3.

Best practice to calculate the GSP

With Equation 3.4 and Equation 3.5, two different ways exist to calculate the nom-
inally same parameter, the magnitude of the GSP or sheet charge density of a polar
ETL. However, both require different additional measurement quantities besides V;,
and Vi, to calculate either the GSP in mVnm™' or the sheet charge density in
mCm~2. All parameters have different errors attached, which can be briefly sum-
marized as follows. In general, the biggest error is expected to be in the chosen
dielectric constant e, which is usually assumed to be around ¢ = 3, where values
between 2 to 5 have been found and the measurement is challenging [256]. For Algs,
e = 3.5 has been used in the past [2]|. Still, it is preferred to avoid the need of
a dielectric constant. Another error-prone quantity is the original position of the
built-in voltage Vi;. This quantity cannot accurately be determined from impedance
measurements on devices with only one thickness. Rather, a thickness variation is
necessary, a discussion of this finding follows in Section 3.3. Usually, the area of
the sample A can be determined ex-situ with considerable accuracy using optical
microscopy, considering a sharp edge of the metal contact and assuming uniform
resistance and injection over the whole contact area. The error in the fit of the tran-
sition voltage Vi, is dependent on multiple factors, including measurement accuracy
and frequency dependence. For example, if the slope of the transition is low, a little
change in the slope can cause a huge change in the extracted transition voltage.

If the impedance measurement could be conducted at full accumulation, that is,
if a lowering of the measurement frequency does not increase the extracted ETL
capacitance, the suggested method is to determine the interface charge density using
Equation 3.5, as this does not require to know the dielectric constant. When the
magnitude of the GSP is to be calculated, besides the built-in voltage, only the
thickness is needed as an additional measured quantity, which, however, is not easily
determined in some cases. Still, the GSP is best calculated using Equation 3.4.

3.2.2. Measurement and simulation of polar organic layers

The basic idea of simulating polar organic layers is presented in Section 1.3.2. In the
following, devices with nominally un-polar HTL and various polar electron transport
materials (Alqs, OXD-7 and Ir(ppy),(acac)) are measured and the attempt is made
to reproduce the devices in simulation. Also, different routes to extract GSP or
interface charge density from impedance spectra will be discussed. In devices with
OXD-7 and Ir(ppy),(acac) CBP is used as HTL, whereas Alqs was deposited on
NPB. Note that an in-depth study of simulating polar OLEDs is not part of this
work, but was published by Altazin et al. in 2016 [3].

The simple devices provide a good benchmark and starting point to describe the
methods for parameter extraction. Three devices with the same nominal ETL thick-
ness of 50nm (53 nm for Alqs) are selected for the example, the C(V') measurements
are shown in Figure 3.6a. Whereas the transition for Alq; and OXD-7 occurs with
only 0.5V of difference at —1.03V and —1.57, respectively, for Ir(ppy),(acac), it is
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Figure 3.6.: a) Measurements of NPB/Alqs, CBP/OXD-7 and CBP/Ir(ppy),(acac), all
with approximately 50 nm of ETL thickness. Measurements were taken at
13 Hz, each. b) Simulations to replicate the observed experimental data.

c requency:
P 10 Hz
g 1.0 100 Hz
g s 1 kHz
a U 10 kHz
~ 0.6
2 0 2 2 0 2
Offset voltage (V) Offset voltage (V)

Figure 3.7.: Comparison of simulated C(V) measurements on devices with different
hole injection barriers as given in the graph. The high barrier device will
need far lower measurement frequencies for successful extraction of the
real ETL capacitance Cet. The values for Cgri and Ciot are shown with
dashed lines, their positions were calculated using the same parameters for
thickness, area and dielectric constant.

—3.84V. The peak in impedance, indicating the injection of electrons in the device at
Vinj and ideally also the onset of light emission, though, occurs at the same position
for Ir(ppy),(acac) and Algs, whereas OXD-7 requires a 1.5V higher applied voltage
for turn-on. This inequality already indicates a difference in the built-in voltage Vi,
in the OXD-7 device at least, which, besides V4, needs to be determined in order to
calculate the GSP of the layers according to Equation 3.4. However, a few general
considerations will be discussed beforehand.

To extract the transition voltage, voltage dependent capacitance measurements
have to be conducted at a suitable frequency, as transition and accumulation are
additionally frequency dependent. The frequency dependence is linked to the in-
jection barrier at the anode [13] and will play a major role in determining carrier
injection activation energies and barriers in Chapter 6. For extracting the GSP, one
requirement is to reach high accumulation and therefore to adopt the frequency to a
reasonably low value. An example emphasizing this effect is shown with two simu-
lated polar OLEDs in Figure 3.7. Here, a polar device was simulated with non-polar
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3.2. Determination of the GSP by impedance spectroscopy

HTL and an interface charge density for the ETL of equivalent 1.8mCm™2. To
simulate two different injection barriers at the anode side, the offset between anode
workfunction and HTL HOMO was varied between 0.4eV to 0.6eV. The high bar-
rier device as shown on the right in Figure 3.7, needs low frequencies of about 10 Hz
to reach the full accumulation regime, because its relaxation frequency is much lower
than in the case for the low barrier device. There, in turn, the actual value of Cgrr,
is observed in average for all frequencies. Unfortunately, in the low frequency range,
any parasitic conductance caused by conduction paths or lateral conductance of the
layers will cause an additional signal in the low frequency range [241|, which would
overlay with the measured ETL capacitance. Last but not least, low frequency mea-
surements need to drive the device at a certain DC offset voltage for a long time,
which might increase electrical and thermal stress to the sample. Within this work,
it was found to be most practical to extract the transition voltage from C(V') mea-
surements conducted at 5Hz to 20 Hz, where odd values like 13 Hz are preferred to
minimize the effect of harmonics of line-noise.

For the measurements shown in Figure 3.6a, the giant surface potential for Alqgs
can be calculated to a quite high value of approximately 56 mV nm™!, although
the global average over multiple other Algs samples prepared in this work is at
(472 +1.3)mVnm~'. Values for OXD-7 and Ir(ppy),(acac) are (98.3 £ 16.1) and
(124.3 4+ 34.3) mV nm ™!, respectively. The simulations shown in Figure 3.6b are
calculated to fit the measured spectra as good as possible. As pointed out in Sec-
tion 1.3.2, the polar nature of the ETL is replicated by introducing two doped layers
alongside the ETL layer. A potential gradient arises from the doping and leads to
the shift in hole injection voltage and the accumulation of holes above V;,. This shift,
however, is also dependent on the dielectric constant and the thickness of the layer,
both directly correlate to V;;. The simultaneous influence of thickness d, dielectric
constant ¢ and the GSP or sheet charge density o as well as the area of the de-
vice complicate a global high quality fit on the devices to a high extend. Numerical
constraints add to the complexity, as high doping ratios in the sheet charge layers
above ~2mCm™? often hinder convergence or would require different thicknesses or
material parameters.

While the model is not accurate enough to allow for an exact replica of the mea-
sured values in simulations, it still allows to emphasize the major differences between
the three devices. At first, the GSP in the simulations is set to roughly the measured
values of 56.5mV nm~! for Algy, 98.3mVnm~! for OXD-7 and 121 mV nm~! for
Ir(ppy),(acac), while the dielectric constant is € = 2.7 in all cases. The simulations
tend to underestimate the influence of the sheet charge, which can be compensated
e.g. by alternating the thickness or dielectric constant. In the example, a larger
error in simulated device thickness was therefore accepted for two devices, where
dalg, = 60nm, doxp.7 = 47nm and dlr(ppy)Q(acac) = 57nm. Of course, this also has
a direct influence on Cgry,, which does not align as well as in measurement and the
correction could as well have been done by accepting different GSP for simulation.
Besides the problematic in reproducing the exact giant surface potential, the position
of the Vinj peak in the spectra can be replicated qualitatively by large-gap semicon-
ductors in simulation. This is in line with the situation of the CBP/OXD-7 device,
in which both layers show high optical gaps. A more detailed study on that feature
of the spectra is presented in Section 3.3. As a summary of the above investigation,
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3. Giant surface potential of doped organic systems

the simulations allow to reproduce most of the parameters gained by the experiment.
The exact value of the giant surface potential or sheet charge density in simulation,
however, seems to systematically differ from the measured or calculated values.

3.2.3. Calculation of the interface charge for multiple polar layers

Up to now, investigations specifically on the GSP have been done mostly on systems
with only one polar layer, typically with a polar ETL and a non-polar HTL [1,2].
Herein, both layers are polar, and both layers’ polarity and orientation has to be con-
sidered independently. To extend the formalism introduced in the previous section
to systems with two polar layers of different net dipole moment, two assumptions
are made:

a) both layers’ GSP are independent of each other to the extent that both polar
layers’ charge does not affect the magnitude of the giant surface potential of
the other layer

b) the charge density or GSP of the top layer (ETL) is larger than the GSP of
the bottom layer (HTL).

If those assumptions apply to the device, the change in electrical field at the interface
between polar HTL and ETL can be treated as the sum of both individual contri-
butions [12| and it is possible to relate the measured transition voltage of the device
with two polar layers to the surface charge densities of both layers with

oHTLAHTI,  OETLAETL
Vie = + + Vi - (3.8)
E0EHTL E0EETL

Note that the surface potential of the HTL is defined positive at the interface of
HTL and ETL. Also, the second requirement, |oprr| < |ogTL| is visible as an exper-
imental constraint from this equation. If |ogrr| > |ogTL|, the transition voltage is
expected to be higher than the built-in voltage V4,; and it would therefore be invisible
and superimposed by increasing injection in the device. An example with four mea-
surements on OLEDs with varied GSP in the HTL is shown in Figure 3.8. In this
case, the HTL doping was changed from 0% or pure NPB to 20 % of Alqs in NPB
with pure Alqs on top. Here, the benefit of extracting the transition from the onset
is also visible: For the highest doping ratio, the transition voltage is already positive
but still more than 1V away from Vi,;. The inflection point would be affected by
the electron injection, if it shifts by only 0.5 V.

If the surface potential of the top layer (ETL) is known as ogrr,, the bottom layer’s
GSP is given by

(3.9)

B OETLAETL E0EHTL
optL = ( Vir — ———— — Wi :

E0EETL duTr,

Again, the knowledge of the dielectric constants and exact thicknesses of the layers
can be avoided, if area and capacitance are known. According to Equation 3.4, it is

OHTL = <Vtr - (3.10)
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Figure 3.8.: A series of CV-measurements on doped NPB/Alq diodes. The transition
voltages scales with the doping ratio and hence the GSP, where it is the
lowest for no HTL doping. The top part shows the evaluation of the onset
of C(V) for V4, the bottom part is the 15t derivative evaluated with a
Gaussian peak-fit to get the inflection point. Vertical lines exist as a guide
to the eye to show the position of the extracted points, where red is linked
to the onset and gray relates to the inflection point.

Unfortunately, no direct relationship of doping density and GSP exists to date for
any material combination. Hence, o1, cannot be calculated without the knowledge
of ogrr,. However, if in a series of samples with doped HTL, a sample with non-polar
HTL is produced with the same processing conditions, ogrr, and hence the GSP of
the doped layer can be gained by combining Equation 3.9 and Equation 3.5 to

CHTL
A

OHTL = (Vtr,X - Vtr,o%) SHTLZ0 _ (Vtr,X - Vtr,O%)

3.11
durr (3:11)

Here, Vi, x is the transition voltage for the doped samples and Vi, g, the value in
case of undoped HTL. Of course, assumption a) at the beginning of the section —
the absence of any interference between the two potentials — is mandatory for this
calculation. Most importantly, however, the built-in field does not have to be known.

3.2.4. Impedance of OLEDs with dipolar doped HTL

The extraction of the GSP of doped ETL OLEDs via impedance spectroscopy has
already been published elsewhere [2|. Also, pure and doped single-layers can be
investigated via Kelvin probe. However, no attempt was so far made to measure the
GSP of both HTL and ETL in an OLED with two polar layers. With the framework
given in Section 3.2.3, the magnitude of the giant surface potential and the amount
of interface charges will be calculated from bilayer, double-polar OLEDs. Measured
data and results on the system NPB:Alq; will be discussed in Section 3.2.5.

Similar to the case of unpolar HTL like already suggested in Section 3.2.3, different
routes exist to calculate the GSP or interface charge density of the HTL from C(V)
measurements. Here, both layers equally affect the position of the transition voltage
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Figure 3.9.: a) Simulated impedance for an OLED with polar HTL, where the GSP of
the HTL was varied up to a point larger than that of the ETL. Shown are
the spectra itself, as well as their first derivative (bottom). b) Top Devia-
tion from the average extracted interface charge depending on the method
used to determine V4. b) Bottom Absolute, calculated interface charge
with respect to the input charge density. Dark purple triangles indicate
calculations made with Cyt| extracted from the spectra, in contrast to the
(known) value put into simulation. The gray line indicates the one-to-one
relation for exact extraction. The red vertical line shows the value of og1..

and to directly calculate the interface charge of one layer, the value of the other needs
to be known. Again, either dielectric constants and thickness, or capacitance and
area also have to be determined. The capacitance of both layers can be extracted
from the total geometric capacitance and Crry, when measured accurately. However,
the error in determining both adds up to the calculation of Cyryr. In the end, the
determination of the sheet charge density of the HTL requires known capacitance
and dielectric constants following Equation 3.9 or Equation 3.10. For calculating the
GSP of the doped HTL alone, however, a different route exists, if the same set of
samples includes one without a polarity in the HTL with otherwise same properties
of the ETL. Then, the HTL GSP is given by the difference of V4, for doped and
undoped cases, with the only additional parameter being the HTL thickness.

To assess the possible error of those routes for calculating the HTL sheet charge
density, simulated data with varied HTL giant surface potential can be evaluated. For
this purpose, the same device structure as used in Section 3.2.2 to show the frequency
dependence has been calculated with oprr, = 1.8mCm™2 and oy, varied from
0.0mCm~2 to 2.0mCm™2. A selection of the simulated spectra and the extracted
data is shown in Figure 3.9a. In the graph, also the first derivative is given to compare
different methods to determine the transition voltage, alongside with the evaluation
of different errors. The calculated values of o all show a constant overestimation by a
factor of approximately 1.3, which can either be an error in the model or a systematic
error in the method to extract the magnitude of the GSP or interface charge density.
This question and the validity of the parameter extraction will also be tested on
measured data in Section 3.2.5. For the sake of comparing possible sources for errors,
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Figure 3.10.: a) GSP of the doped HTL in NPB:Alq;/Algq; OLEDs calculated from
C(V) measurements. The coloring additionally illustrates the doping ra-
tio. The data was calculated using the transition voltage difference ap-
proach, as described in the previous section. Note that, strictly speaking,
a HTL with 100 % of Alq; doping is not possible, the value of an undoped
Algs ETL in a standard NPB/Alqg; OLEDs is given as a guide to the eye
in light blue. b) Three example C(V') measurements normalized to both
GCiot and Cet to emphasize the difference observed in V4, upon doping.

The extraction of the onset is done with the linear fits shown in dashed
black.

the relative error from the average extracted interface charge density is considered,
which differs only slightly. For both methods of determining V;,, the largest difference
from the average is observed for small input charge densities. The onset approach
expectantly yields larger values, considering the inflection point always follows the
onset in voltage. Both methods, however, seem to produce similar results for higher
GSP. When all necessary parameters are precisely known and only Vi has to be
determined from the capacitance-voltage characteristics, the HTL GSP can thus be
calculated up to the point where oygtr, = 0gTL, as indicated in Figure 3.9b with a red
dashed line. In real world conditions, however, the calculation will fail much earlier.
Also in simulated data, the determination of Cgry, for example is not possible with
opTL > 1.1mCm™2, because neither Vi, nor the plateau for Crrr, can be determined
successfully in this case. The respective datapoints therefore end at this value in
Figure 3.9b.

3.2.5. Impedance spectroscopy on polar HTL NPB:Alq; devices

To experimentally investigate a polar HTL device, samples were fabricated with
a stack of ITO/NPB:Alqs(x)/Alg;/Ca/Al. The ITO substrates had to be either
plasma-cleaned or treated with UV /Ogs for about one hour to yield samples without
short circuits. The doping ratio was varied between 2% and 20% with the ratio
being given in volume percent as calculated during evaporation. Most samples were
cross-checked ex-situ with profilometry and while the exact thickness varies with an
error of 2nm to 5nm, the doping ratio matches well with the individual thicknesses
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Figure 3.11.: Extracted interface charge density of the hole transport layer in dipolar
doped OLEDs. The coloring additionally follows the doping ratio. For
comparison, the densities for doped ETL obtained from ref. [2] is plotted
in the same graph. The value of a pure Alg; ETL is given as a guide
to the eye in light blue. On the right, the same plot is enlarged up to a
maximum doping ratio of 40 %.

of NPB and Alqs. However, not all samples allowed to independently distinguish the
amount of evaporated NPB and Alqs as required to re-calculate the doping ratio,
the ratio given is therefore always the nominal value.

In Figure 3.10, the extracted magnitudes of the GSP for doped HTL are shown,
alongside with three exemplary impedance spectra. The data is calculated using the
transition-voltage difference approach with the value of Vi, of an undoped HTL as
reference. Thus, only the thickness of the hole transport layer is needed as additional
parameter. For comparison, the equivalent GSP of the ETL extracted from a device
with pure NPB HTL is shown in blue as the imaginary value of 100 % of doping.
Of course, a device with both HTL and ETL made from neat-film Alqgs cannot be
measured, the term “100 %” doping can therefore be misleading. The extracted data
follows the expected form, similar to what is seen in Kelvin probe measurements,
where the GSP rises very fast for low to moderate doping ratios, almost approaching
the neat-film value with only 20 % of doping. Unfortunately, as elaborated in the
previous section, this also marks the approximate highest possible doping ratio suit-
able for investigation with impedance spectroscopy, since Vi, will be hidden by Vi,
and no accumulation is experimentally observable. One possible way to remediate
this issue would be to combine doped NPB:Alq; HTL with an ETL of even higher
GSP, like observed for OXD-7. This, however, was not attempted within the scope
of this work.

Besides the magnitude of the GSP, the amount of interface charges can be calcu-
lated using different measurement quantities. The result of this calculation is drawn
in Figure 3.11, this time in direct comparison to the interface charge density for
doped ETL. The reference taken from Jéger et al. [2] is plotted with a dashed line,
the measurement error being underlain with a gray area. Except the measurement at
20 %, which differs slightly, the calculated densities for doped HTL match the values
for doped ETL within error. In case of high doping, however, the transition voltage
is already close to Vi,; and therefore also close to the limit of maximum possible
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interface charge to be determined. It is likely, that the relative error calculated from
the quality of the fit to determine V4, underestimates the actual error.

The good agreement of both datasets also allows to answer the open question of
Section 3.2.4, on whether the observed multiplicative error in the extracted interface
charge density is due to the simulation parameters or the method of calculating o
itself. Because no simple multiplicative error is visible here, the observed deviation in
simulated impedance spectra seems to stem from erroneous parameters in the drift-
diffusion model. The physical theory on the additive nature of the GSP is proven to
be valid.

Further discussion of the data presented, in conjunction with the Kelvin probe
results, follows in Section 3.4.2.

3.3. On the built-in voltage in polar OLEDs

In order to calculate the magnitude of the GSP from impedance measurements, the
built-in field or voltage has to be known. As shortly noted already in Section 3.2.1,
the onset of electron injection is visible from the measured capacitance-voltage graph.
Previously, the position of this peak and hence Vi,; was set equal to the built-in
voltage Vi; [13,90]. Besides the extraction from the injection peak, the thickness
dependence of the transition voltage can be used to extract the built-in voltage by
fitting Equation 3.6 to the measured data. In this section, the visibility of the built-
in field in the signal will be evaluated by comparing all available experimental data,
followed by simulations of impedance spectra.

3.3.1. Experimental methods to extract the built-in voltage from
impedance

To compare both methods, namely extracting V4; from the injection peak (Vinj) or
fitting a ETL-thickness variation, three sets of samples with different hole injection
layers can be taken into consideration. All samples were manufactured for various
purposes over a time span of 4 years, measurements took place right after manufac-
turing but were re-evaluated again to extract the necessary information. All selected
samples had the stack of ITO/<HIL>/NPB/Alqs(x)/Ca/Al, where the thickness
of Alqgs is the thickness to be varied to extract V;;. The NPB thickness is not im-
portant in this case as the GSP of NPB is considered small enough not to change
the transition voltage outside the normal range of error, which has also been re-
ported previously [90]. The HIL layer for the series is chosen to be either HIL1.3
or AI4083, whereas the third set of samples is processed directly on ITO. Single
measurements are also available with the low-resistance PEDOT:PSS CH8000. ITO
had to be plasma treated or left in UV/Og cleaning for more than one hour in
order to reduce defects at the I'TO edge to a minimum. Otherwise, no successful
electrical measurement is possible due to high leakage currents or short circuits.
This is the case throughout all samples processed directly on ITO and is especially
important for the expected workfunction of the anode. See Section 3.1.1 for a dis-
cussion on different anode workfunctions. The transition voltage Vi, is extracted
from capacitance-voltage measurements conducted at different frequencies. As the
transition from non-accumulated to the accumulated regime is also frequency depen-

105



3. Giant surface potential of doped organic systems

o]
~—

2l 196V ITO[ 4 g7y Al4083 Yz.zw HIL1.3

14 N DN
2 S \
3 .

0 20 40 60 80 1001200 20 40 60 80 1001200 20 40 60 80 100120

Transition voltage (V)
o =

ETL thickness (nm) ETL thickness (nm) ETL thickness (nm)

b) c)

o~ [ty — HIL1.3 35 [ 1/ CV-Peak

€ 60— Al4083 < 3.0 / line fit
ESO_—ITO \;25_/‘1){‘1)(:

= —— CH8000 >

‘é’ 40— fits § 2.0

@ o

'§ 30 - K———"”_’_/__—/—/\ 3 154

S 20 8 1.0

@] =T

10 L — LA B T

T T T 05 T T T T T
-4 -3 -2 -1 0 1 2 3 ITO AI4083 HIL1.3
Offset voltage (V)

Figure 3.12.: Comparison of two methods for evaluation of the built-in field. a) Linear
extrapolation of multiple individual measurements of V4, from NPB/Alq;
OLEDs with varying ETL thickness on three different anode materials.
The error in thickness is obtained analogous to the Kelvin probe experi-
ments, the voltage error is gained from averaging over all available diodes.
b) Example C(V) measurements to show the extraction of Vi,j and V4,
for different anode materials. c) Extracted built-in voltages from onset
(line-fit, a)) and peak-position (CV-peak, b)) in comparison with an esti-
mate of possible built-in fields calculated from the electrode workfunctions
(®, — &.). For the latter, the reference for ITO covers a large range, as
its workfunction varies strongly with processing conditions. All values are
also summarized in Table 3.4.

dent, this is expected to add to the overall systematic error. Also, the Alqs thickness
was not always checked ex-situ by dedicated profilometry measurements, the error
in thickness is hence also to be considered.

Values for V4, are gained from the onset of the transition by the fit already described
in Section 3.2.1. Subsequently, samples of same nominal thickness for the Alqs layer
are averaged. The second method, extracting the peak position just before bipolar
injection into the device, is not possible in an automated manner and is hence done
graphically. For all three anode materials, available data and respective fits are shown
in Figure 3.12a. Because of the huge timespan between the different samples, many
systematic errors are expected to be seen that are otherwise hidden, if a set of samples
is manufactured in short succession. Especially, any change in material quality or
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Built-in voltage (V)

Anode (Da Vbi Vinj d’a — d)c
HIL1.3 | 5704+0.04 | 2.274+0.27 | 2.154+0.06 2.88
Al4083 | 497+0.04 | 197+£051| 217+0.04 2.15
ITOV 4984+0.04 | 196+023 | 215+0.14 2.07

Table 3.4.: Results in calculating the built-in voltage from fitting V;,(d), the peak-fit in
Vinj or the nominal, calculated built-in from the electrode workfunctions. 1)
The ITO value refers to the plasma-cleaned surface. In case of a non-plasma
cleaned surface, the workfunction is lower.

likewise degradation would increase the error when averaging over multiple samples
of the same thickness, as would changing processing conditions or the accuracy of
the thickness itself. Still, individual datapoints align very well at a straight line and
the relative error gained from averaging multiple measurements is also small. The
results of the evaluation are drawn in Figure 3.12c in the series labeled line-fit.

In Figure 3.12b, an example C(V') measurement is shown, with the evaluation for
Vir and Viyj illustrated. The transition voltage differs by almost 500 mV between dif-
ferent anode materials. As the organic layers for all four samples have been processed
simultaneously, the difference in Vi, can stem from either erroneous thicknesses or
different built-in voltages. In fact, the characteristics are offset in vertical direction,
which could indicate an error in thickness and thus dgpr,. However, because the
usual uncertainty for simultaneously processed organic layers amounts to roughly
5% in the evaporation chamber used to manufacture the devices, the vertical offsets
observed here between different hole injection layers are unlikely to stem from the
thickness error. Instead, both samples with an anode of high lateral resistance, i.e.
the additionally shown CH8000 PEDOT:PSS derivative and I'TO with no additional
conducting polymer layer stretching between anode and cathode, show a much lower
capacitance compared to HIL1.3 and AI4083. A high lateral conductance, however,
can affect the impedance measurement and lead to higher measured capacitances by
effectively increasing the measured sample area [241]. It can therefore be concluded
that the high difference in transition voltage as seen in Figure 3.12b is also not rooted
in a strong difference in thickness, but must be dependent on the built-in field.

In comparison, the peak-positions for Vj,; are invariant of the anode material,
which already indicates that Vi,; is probably not directly linked to V4; alone. The
assumption is confirmed by comparing V;; obtained from the line-fit according to
Equation 3.6 and the peak position of Vi, as seen in Figure 3.12c. For further
comparison, the measured workfunctions for each substrate given in Table 3.1 are
combined with the workfunction of Calcium of 2.87eV [257] to calculate the respec-
tive nominal built-in voltages. This calculation, alongside with the measured values,
is given in Table 3.4. Although the built-in field cannot directly be inferred from
the simple workfunction difference, some correlation would be expected. Consider-
ing that I'TO was plasma treated, its workfunction is very similar to that of AI4083
PEDOT:PSS. HIL1.3, however, is higher by ~0.7eV, and is therefore expected to
yield a higher built-in voltage than the other two. Indeed, V4 extracted from Equa-
tion 3.6 for both ITO and AI4083 is similar, whereas the value for HIL1.3 is higher
by 300meV. In contrast, Vi,; is almost constant for all anode materials with an
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3. Giant surface potential of doped organic systems

average value of 2.16 V. The chosen method to obtain V;; from C(V') measurements
thus has a direct effect on the calculated GSP as it affects the GSP linearly (see e.g.
Equation 3.4).

3.3.2. Simulated impedance spectra to extract the built-in field

To allow for a better understanding of the processes in the device, a set of impedance
spectra is simulated in which the built-in field is swept by varying either the cathode
or the anode workfunction. Additionally, the internal hole and electron barriers
are varied by alternating HOMO and LUMO levels of Alqs; and NPB, respectively.
Preset parameters for the simulation are the sheet charge density of 1.9 mC m™2, the
HOMO level of the HTL of 5.51eV and the LUMO level of the ETL with 2.55eV.
The electrode workfunctions are calculated relative to these values, where the default
anode barrier is 400 meV, resulting in an anode workfunction of 5.11eV. For the
cathode, it is 350 meV with ®. = 2.9eV. The results are summarized in Figure 3.13.
In the third simulation the ETL gap is varied, while the other parameters are adjusted
in a way that the injection barriers are not affected by the change of the ETL gap.

Directly visible from comparing varied anode and cathode barriers is that the
change of the anode barrier does affect the position of the transition voltage shown
in Figure 3.13a. The change in cathode barrier has no direct influence on V4, see
Figure 3.13b. The peak position of maximum capacitance at Vin;, however, is mostly
influenced by the position of the cathode workfunction or electron barrier, which is
seen in Figure 3.13b. Note, that solving the drift-diffusion equations for voltages high
above the injection is difficult, if not performed in steady state but in the impedance
small perturbation regime. The large numerical error results in erroneous calculation
of capacitances, leading to the high visible “noise” in the simulated spectra. Addi-
tionally, all barriers simulated here have to be kept within the outer-most energy
levels of the organic layers, that is, the constellation of a nominal workfunction of
5.7eV as observed for HIL1.3 and an HTL HOMO-level of 5.5eV is impossible in
simulation. It is known, that those “negative” barriers neither exist in real devices,
but the barrier will approach a minimum of a few 100meV instead [72|. Still, the
built-in field influenced by the contact workfunctions can be altered even though no
reduction in anode barrier is possible.

If the evaluation is restricted to the workfunctions of the contacts, the electron
barrier on the ETL side is the only parameter affecting Viy;. It is worth noting,
however, that the position of the peak of Vj,; in simulation could also be shifted by
altering the overall gap of the ETL, as seen in Figure 3.13c. The shift, however, was
restricted to a certain range of parameters. An ETL gap resulting in a ‘“negative”
internal barrier between HTL and ETL HOMO, where the ETL HOMO is lower than
the HTL counterpart, did not result in any visual accumulation and a very weak peak
at Vipj, only. On the other hand, gaps leading to internal barriers greater than 0.5eV
did not cause any change in Vj,; but instead kept it at a constant value. Besides, the
peak at Vipj, from a simulation point of view, seems to resemble the point of flat-band
conditions of the ETL rather than the built-in field alone. This can be depicted by
plotting the simulated potential profile throughout the device for different external
voltages, as seen in Figure 3.13d. The plot contains data for the minimum and
maximum values for the gap as seen in impedance in Figure 3.13c, with 3.0eV and
3.3eV, respectively. In the first case, at the peak in C(V) Viyj = 2.45V, however,
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Figure 3.13.: Sets of simulated impedance spectra with different varied parameters for
a device with a sheet charge density of nominally 1.9mCm~=2. The HTL
has a thickness of 70 nm, the ETL is 60 nm in total, including 5 nm sheet
charge layers. Varied parameters are a) the anode barrier, by altering
the anode workfunction, b) the cathode barrier, by varying the cathode
workfunction, please note the different y-scale in this plot and c) the ETL
gap, while keeping other parameters, especially the cathode workfunction,
the same. d) Shows the position of HOMO and LUMO in the device
for an ETL with different gap below and above its injection voltage Viy;.
HTL and ETL are color-coded yellow and green, respectively; the shaded
area depicts the presence of the interface charges in simulation. Here,
Vinj &= 2.45V for the device with an ETL gap of 3.0eV (left), and approx.
2.7V for the other (right).
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3. Giant surface potential of doped organic systems

for a gap of 3.3eV, it is at around 2.7 V. The dark yellow lines in Figure 3.13d show
the position of HOMO and LUMO throughout the device at this voltage and in both
cases, this means flat-band for the ETL layer. Further profiles at applied voltages
of =4V, 0V and 3V are given for reference. These flat band conditions also should
be dependent on the field induced by the interface charges and indeed, though not
shown here, a dependence of Vj,; on the GSP can be simulated for high gap devices.

In an ideal single layer device without GSP, interface dipoles or any pinning in
effect, the flat band condition should occur at V4,; = ®, — ®.. For a multilayer device
with a giant surface potential, however, the situation is different to the extent that
the accessible transition voltage at V4, is affected by the contact potential difference,
whereas the visible peak at ETL flatband does not resemble that change. Unless a
definition of V4, independent of the anode workfunction is possible, e.g. by fitting the
point where the device reaches Cgrr, in measurement, the relation Vi; := Vinj should
be treated with caution. Extracting V;; from the slope of a thickness variation of the
ETL is more realistic.

3.4. Conclusive evaluation of different methods

In the following sections, both, data obtained via Kelvin probe and Impedance Spec-
troscopy will be evaluated and compared. For further evaluation of the transport
properties in doped hole transport layers, special focus is lain on the reproducibil-
ity and stability of extracted parameters and methods. Additionally, the degree of
orientation polarization is calculated for all measured systems.

3.4.1. Undoped polar organic semiconductors

The giant surface potentials for the polar species Alqs, OXD-7 and Ir(ppy),(acac)
could be measured with both Kelvin probe and impedance spectroscopy. Addition-
ally, the nominally unpolar materials NPB and CBP as well as the polar 1295 have
been investigated by Kelvin probe, only. A summary of all measured GSP with
both methods is given in Table 3.5, together with literature data, where available.
A graphical summary is presented in Figure 3.14. Measured data is given with the
PDMs calculated in-house, reference data with dipoles from literature, the litera-
ture values of the dipole moments can be found in Table 3.2. Specific features of
the Kelvin probe measurements alone, including the existence of an inverse GSP
for 1295 and CBP, have already been discussed in Section 3.1.2. When comparing
data obtained by Kelvin probe and impedance spectroscopy to literature data, both
values of Alqy lie within the error, although the error especially for KP data is con-
siderably high. For OXD-7, the KP result lies between the two literature values, but
is larger than the literature value for the same method. However, literature data
exist for a different measurement method than KP as well. Noguchi et al. published
87mVnm~! for displacement current measurements (DCM) [12]. This technique
also relies on the change in capacitive response upon carrier accumulation and might
be better suited to compare to impedance spectroscopy. The published sheet charge
density is still lower than what has been obtained in the scope of this work, but
lies within the large error for impedance measurements on OXD-7. In contrast, the
same reference lists a GSP of 34 mV nm™! for Alqs obtained by DCM, which is lower
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GSP (mVnm™1)
Name lit. KP lit. DCM KP IS
Algs 440 +7.8 34 327 £28 | 474 +14
OXD-7 68 87 779 £25 ]983 +£16.0
Ir(ppy),(acac) | 38 - 549 +11 [124 +34
NPB 53 £0.1 - - 1.12+£0.15 - -
CBP 0.7 —6.5 —1.95+0.16 - -
1295 - = - - —51.7 +£11.0 - -

Table 3.5.: Measured an literature data for the GSP and calculated data for the single
molecule dipole moment. For sources of the respective values see text or
Table 2.1. Data for displacement current measurements (DCM) comparable
to IS from ref. [12].
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E 901 % o literature (DCM)
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Figure 3.14.: Comparison of the measurements shown so far with literature data in
the plotting scheme from ref. [6]. For sources of the literature data, see
Section 3.1.2. Literature data is given in hollow symbols, data obtained
by Kelvin probe series with filled squares and the data calculated from
impedance spectroscopy in filled circles. In the graph, some error bars
were omitted for increased readability.

than the data obtained by KP in the same publication [12]. For Ir(ppy),(acac), both
measurement methods presented exceed the literature data considerably, which is
emphasized in Figure 3.14, where measurements and reference data of all materials
but Ir(ppy),(acac) lie in close vicinity to each other. Also, all values for the GSP
obtained by IS are larger than the Kelvin probe counterparts.

Considering the various sources for measurement errors in both techniques and
DCM as well, differences of 5mVnm~' to 10mV nm~! between different methods
and laboratories are to be expected. A systematic over- or underestimation of the
value by one or the other technique is also very well possible — the huge difference seen
for Ir(ppy),(acac), however, is not. It rather has to be considered that the processing
parameters for both experiments are different, in fact, samples for Kelvin probe
or impedance spectroscopy had to be manufactured in different vacuum chambers.
To date, no single defining factor could be identified, however, a few additional
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3. Giant surface potential of doped organic systems

experiments allow to shed some light on the topic. At first, complete OLEDs were
manufactured in both chambers, where the active layers processed in the Kelvin
probe chamber had to be transferred to a different one to complete the cathode layers.
This was replicated also for the second chamber, normally used for IS samples, that
could in theory process the cathode without vacuum break. The extracted GSP of
these samples resembles the same difference like the data presented here, albeit being
measured with IS, only. From this point of view, the processing conditions in the
KP-chamber are identified as the culprit, whereas the measurement technique does
not play a role.

Additionally, it is known that light irradiation can destroy the GSP, as does ionic
emission from the ion gauges needed for vacuum pressure monitoring [10, 253, 258].
These influences have been checked without avail. Blocking light shining into the
chamber through the view ports did not change the GSP. Also, direct illumination
with a blue LED could not change the GSP considerably, although the illuminated
samples do show a slightly lower interface charge. Additionally, switching off any
ion gauges did not change V4, at all in impedance. At last, the temperature in
the chamber used for IS has been monitored by applying a thermocouple to the
device during evaporation. It has been found that the sample heats up by almost
10 °C during processing with the biggest heat input being the handling of the sample
itself, chamber illumination and in the end the evaporation of the cathode metal layer.
The evaporation of the organic layers did not provoke a big change in temperature.
However, the thermocouple was applied to the backside of the sample and thus the
thermal input to the layer itself could have been higher without being detected.

A temperature variation was then attempted in the Kelvin probe chamber, too,
where the sample temperature can be precisely controlled via LNy cooling and elec-
trical heating. The experiment was done with doped layers of 30 % OXD-7 in CBP,
which, when processed at a temperature of —80 °C, exhibit a GSP of 111.8 mV nm ™!
compared to 90.4mV nm~! when prepared at room temperature. The series along-
side with data is available in the appendix in Section A.3. To fully elucidate the rea-
son for the different GSP in both chambers more data and experiments are needed.
Understanding the difference in preparation conditions between the two vacuum
chambers would also help to further understand the mechanisms behind the orien-
tation polarization.

3.4.2. GSP and degree of orientation polarization of dipolar doped
hole transport layers

A short preview on the comparison between doped ETL and HTL GSP was already
given in Section 3.2.5, where values of the interface charges of both, doped HTL
and ETL, were comparable. This emphasizes the additive nature of the two layers’
GSP that has also been predicted by Noguchi et al. in 2012 [12] and is the foundation
for the theory behind the measurements. In simulation, however, a multiplicative
error was found for the extracted GSP in comparison to the input interface charge
density, see Section 3.2.4. So far, this has not been investigated further and remains
an open issue. It could indicate, though, that the modeling of the GSP in simulation
is not invariant to the adjacent charges between HTL and ETL. Also, the built-in
voltage V4, used to extract the GSP, has been determined only once for an undoped
HTL. It is known that the GSP can change the injection behavior of carriers into the
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Figure 3.15.: Obtained interfacial charge density for doped NPB:Alq; HTL via IS (red),
calculated equivalent values for the GSP obtained from KP (blue) and the
data published by Jageretal. in ref. [2] for doped ETL (dashed line). The
top scale is given in the molar doping ratio calculated fiir an NPB:Alq;

mixture as described in Section 2.2.1.

semiconductor [3,11], which will also be discussed in detail in Chapter 6. Although
no implicit influence of the GSP on the barrier has been included in the model, it
is possible that the effective built-in field changes, which would lead to a falsely
extracted giant surface potential.

For further discussion, experimentally obtained values of the GSP obtained using
Kelvin probe are converted into sheet charge densities. To transfer the measured
sheet charge density to a GSP in units of the electrical field and vice versa, the di-
electric constant of the semiconductor has to be known. For Alqs, the calculation of
the interface charge density and the GSP can be done independently, as both nec-
essary measurements are available with suitable accuracy. From the combination of
both, the dielectric constant of neat Alqs can be calculated to e19gy = 3.240 £ 0.147.
The same is possible for each doping concentration, which in average also amounts
to e = 3.2 £ 1.0. With exceptions, the individual dielectric constants rise with dop-
ing ratio, starting from (2.1 £ 1.1) for 3% reaching (3.240 4 0.147) % for neat Alqs
in this case. Although a calculation of the dielectric constant for mixtures should
be possible with an effective medium or similar approach [259], the dielectric for
neat NPB was not determined within this work and thus no comparison is possible.
Additionally, it has already been shown that the GSP in both measurements is dif-
ferent, the calculated dielectric constant will also resemble this error. Noguchi et al.
published values of 3.3 and 3.2 for NPB and Alqs, respectively [12], which is still
in very good agreement of the general average. However, lower dielectric constants
for low doping ratios would not be expected, but could be a result of the mismatch
between the two preparation chambers for the samples for KP and IS. The inter-
face charge density in Figure 3.15 was hence calculated using the average value of
EAlgy = 3.2 £ 1.0.

113



3. Giant surface potential of doped organic systems

Both datasets, interface charge density obtained from impedance spectroscopy
on doped NPB:Alg; HTL and calculated data from the GSP measured by Kelvin
probe on doped single layers are combined in Figure 3.15. The comparably high
error for the data calculated from Kelvin probe mainly stems from the error in the
dielectric constant of roughly 30 %. Similar to the situation for neat Alqs films, the
charge densities for doped layers are also considerably lower in KP measurements
and the absolute difference is larger for ratios approaching the 1:1 mixture. Also,
the maximum usually observed for around 50 % of doping is less pronounced for
KP data, although it might be more distinctively visible, if the dielectric constant
for different doping ratios could have been determined accurately. Nevertheless, the
principal trend is the same: The highest GSP or sheet charge density is observed for
almost 1:1 mixtures, at least, if the volume percentage of doping is concerned, which
is the case until now.

In order to further evaluate the orientation mechanism behind the maximum in the
polarization the second material system CBP:OXD-7 was studied in details as well.
To allow for a better comparison of the material systems concerning their normalized
electrical alignment parameter A [2,48|, a transfer to molar doping ratio is needed
to allow for comparison between NPB:Alq; and CBP:OXD-7 mixtures as described
in Section 2.2.1. Parameters necessary for the conversion for Alqs are Mayg, =
459.43 g/mol and palq, = 1.31g/cm [201], for NPB it is Mypp = 588.74 g/mol and
pnp = 1.19g/cm? [201]. For the CBP:OXD-7 mixture, the values to calculate
the molar ratio are Mcpp = 484.59 g/mol and pcpp = 1.18 g/cm?® [201], as well as
Moxp.7 = 478.58 g/mol and poxp.7 = 1.13g/cm? [87]. The top scale in Figure 3.15
is already given in molar ratio. In this scale, the maximum in interface charge
density for the NPB:Alq; mixture shifts to almost 60 %. To calculate the alignment
parameter as described in Section 1.1.7, both, density p and molar mass M of the
dopant molecule are required, alongside its dipole moment p. Then,

. ppN
A= D% _ Txn POA (3.12)

b
Omax M

where 0,9 is the measured sheet charge density and opax the maximum possible value
assuming perfect alignment. The dipole moments are palq, = 4.6 D and poxp.7 =
(5.40 = 1.35) D. In the latter case, three energetically very similar conformations
exist, the weighted average based on a Boltzmann statistic yields the given average
and standard deviation. Calculated alignment parameters for both mixtures are
shown in Figure 3.17, Alqs on the left and OXD-7 on the right. Additionally, for
Alqs, the alignment parameter calculated from the interface charge density published
by Jager etal. [2]| is included in the graph. The resulting alignment hence differs
from what has been published in the article, as the parameters and the route to
calculate the maximum alignment is different: Jaeger et al. have not used density
and molar mass to calculate the molecular volume, it was instead estimated from
crystallographic single crystal data. For Alqs, the alignment of molecules in the
doped HTL obtained from impedance spectroscopy coincides very well with that of
the ETL, which is expected as both were calculated the same way and the sheet
charge densities were comparable. Kelvin probe data is again lower and differs by a
rough factor of two, whereas the general trend is similar.

In case of OXD-7, despite a larger GSP, the orientation measured with Kelvin
probe seems to perfectly resemble the Alqs counterpart measured with IS, with only
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Figure 3.16.: Alignment factors in both linear and logarithmic scale. a) Alignment
factor A for NPB:Alg; HTL obtained from impedance spectroscopy (light
green, round), calculated of the GSP measured via Kelvin probe (dark
green, squares) and the data published by Jager etal. in ref. [2] for doped
ETL. The latter has been calculated with the same parameters as the
measurements conducted for this work, only the interface charge density
is taken from the reference. b) Data for CBP:OXD-7 measured with
Kelvin probe series (blue, round). Alqs-data are included as a guide to
the eye (dashed lines), as well as estimated OXD-7 dataset with the same
difference as Algsz KP to IS (gray, squares).

a small offset. Note that, however, the calculated alignment of OXD-7 is based on
a measured dielectric constant of 2.9 [12] to transfer the GSP to an interface charge
density. Together with the uncertainty gained from averaging the dipole moment over
all three conformations, the overall error in alignment factor is large for small doping
ratios. To put the apparently equal trend in alignment between Alqs and OXD-7
in perspective, it has to be considered that OXD-7 data was only available in detail
from samples produced in one chamber, the one, where Alqs shows considerably
lower orientation. Assuming that the alignment of OXD-7 for different processing
conditions, e.g. in the chamber used for samples tailored for impedance spectroscopy,
would exhibit the same difference as observed for Alqskp and Alqgsrg, the OXD-7
alignment would have to be scaled by a factor of approximately 2.2. The calculated
datapoints are included in Figure 3.17 with a dashed line. For low doping ratios, the
values exceed 100 %. As this is impossible, the disadvantageous conditions leading
to lower alignment in the chamber used for Kelvin probe measurements appear to
be different for each molecule. Although the overall dynamic range is small, both
materials seem to follow the same trend that can be described with an exponential
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p P M € Ocalc Omax A

Material (D) | (8/mol) | (mol/m?) (mC/m2) | (mC/m2) | (%)
CBP 0.0 1.18 | 48459 |27 | —0.05 —4.40 1.1
NPB 0.6 1.19 | 588.74 | 3.3 0.03 2.44 1.3
Algs 4.55 1.31 | 459.444 | 3.2 0.93 26.06 3.6
OXD-7 5.40 1.1 478.599 | 2.9 2.00 24.93 8.0
1295 5.4 1.324 | 934 3 —1.37 | —15.38 8.9
Ir(ppy),(acac) | 2.01 1.508 | 599.7 3 1.46 10.10 14.4

Table 3.6.: Alignment factors (far right column) calculated for all neat film Kelvin probe
series measured during this work. All parameters except the measured GSP
(see Table 3.5) are given. Errors are omitted here, as the range is far too
large due to the uncertainties in dielectric constant, dipole moment and
measured GSP.

law. From this point of view, exponential growth kinetics seem to overrule dipole-
dipole interactions that scale with the inverse distance of dopant molecules and thus
the concentration.

Although no further doping variation has been attempted, the alignment factor can
also be calculated for those molecules measured in neat film. As those measurements
have been conducted with Kelvin probe only, the dielectric constant is needed to
calculate the alignment parameters. They have been taken from literature where
available and for Ir(ppy), (acac) and 1295 it was assumed to be ¢ = 3. The calculated
alignment factors together with all necessary parameters are given in Table 3.6, the
GSP is taken from Kelvin probe measurements with data available in Table 3.5. In
this table, data is sorted with ascending alignment and the alignment parameter A
is given in percent for convenience. The Iridium complex Ir(ppy),(acac) is the by far
highest oriented molecule, although the alignment calculated here from Kelvin probe
is still far lower than the reference measured with impedance spectroscopy, which we
have published earlier in ref. [48]. However, the samples measured for this publication
were manufactured in the chamber normally used for IS experiments, resulting into
an interface charge of approximately 3.3 mC m™2, with almost 30 % of alignment in
neat film. The same fact has already been identified as the reason for lower alignment
for Alqs also seen in this work. As briefly noted in Section 2.1.2, the batch of 1295
available for KP series was a mixture with above 95 % of the meridional isomer with
a dipole moment of the given 5.4D. The exact composition of the remaining 5% is
not known, however. Facial 1295 has a dipole moment of 8.6 D [91], other variants
of the molecule with different ligands also differ in magnitude and direction of the
PDM on the molecule, the calculated alignment factor therefore might contain a
larger error.

When grouped by the hypothetical maximum in sheet charge density opyax, three
sets of molecules can be identified. One group is populated by the two iridium
complexes 1295 and Ir(ppy),(acac) with a maximum interface charge of 10 mCm™2
to 15 mCm™2, albeit of course 1295 is oriented in reverse. The second consists of
Alqs and OXD-7, both with the almost doubled maximum sheet charge density,
though their alignment differs significantly in this experiment. Usually non-polar
materials CBP and NPB form the third group, with hypothetical charge densities
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Figure 3.17.: Correlation matrix calculated for Table 3.6. Higher positive values mean
direct linear, negative indirect linear correlation.

below 5mCm~2, both having an almost identical alignment of roughly 1%. The
first two groups all show alignment factors of 4 % to 14 %, which is in range of what
was reported so far [2,48]. Also, the two Iridium complexes are highest oriented
in this study, which is not surprising as both also show high orientation of their
transition dipole moments [48,91]. In comparison, judging from the refractive indices
published e.g. by Mayr et al. in 2015 [260], none of the other molecules investigated
show considerable optical orientation, as this would lead to birefringence in the thin
film [261]. This emphasizes a unique feature of the two electrical methods compared
to optical investigation, as a preferred molecular orientation is detectable for all
materials.

From this dataset, a Pearson correlation matrix was calculated, visible in Fig-
ure 3.17. Although the dataset does not include all measurements available and any
measurement error was omitted for simplicity, the alignment coefficient seems to cor-
relate with only two parameters significantly. Also, processing parameters such as
vacuum pressure, purity and temperature were not included. Hereby, higher align-
ment seems to be reached with high density and, less surprisingly, high measured
interface charge. Both correlations can be a hint to missing parameters as both
parameters directly affect the calculation of A itself in a linear manor. Still, the
dipole moment p does not seem to correlate with the alignment factor, which is in
line with simulations by Friederich et al. [47] and Moon et al. [262]. In short, a high
dipole moment and the resulting strong dipole-dipole interaction counteract a high
parallel alignment of the PDMs.
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4. The effect of interface charges on
photoluminescence quenching

The following chapter deals with the observation of interface charges in a polar OLED
by studying their effect on photoluminescence (PL) quenching. All data was already
published elsewhere [263|. Samples were produced and PL quenching measurements
conducted by Thomas Ferschke from the University of Wiirzburg. Impedance data
and drift-diffusion simulations were measured and calculated by me. The experi-
ment nicely demonstrates the validity of the model to simulate polar organic devices
and allows a direct correlation of simulated and measured data besides the electrical
quantities studied before. With this technique, charge carrier densities and the pres-
ence of a sheet charge at the NPB/Alqs interface could be probed at a working device
by utilizing the fluorescent dye dibenzo-tetraphenyl-periflanthene (DBP) [264, 265]
as absorber and sensing layer, which has also been successfully applied as donor in
organic photovoltaic cells [50,171,266]. In the following, the initial experiment and
findings by our colleagues in Wiirzburg will be shortly summarized. Afterwards, my
impedance measurements on the same devices, as well as the drift-diffusion simula-
tions will be discussed. Note that, besides the simulated data and electrical mea-
surements, also measured PL quenching data is sometimes re-evaluated and fitted
by myself, some of the values presented below can therefore differ slightly from the
figures given in the publication.

4.1. Initial problem description

The sample structure consists of a standard NPB/Alq; OLED, where a thin layer
with a thickness in the range of a few nanometers within the Alqs layer is doped
with DBP in concentrations below 0.1% in volume. A schematic layer stack is
shown in Figure 4.1. The doping concentration is chosen as such that the signal
to noise ratio in PL is large enough, but no change in bulk properties of the Alqs
host is expected. After all, it is at least a factor of ten lower than what was used
for dipolar doping in the previous sections. DBP features a broad absorption in
the red to green wavelength range [171] and can hence be selectively excited with
a 532nm pump laser, where the Alq; and NPB extinction coefficients are already
low [263]|. Additionally, DBP PL emission is mostly orange with a tail to the far-red
regime, whereas Alqs emits in the green with a peak at around 530 nm. This spectral
separation allows to distinguish the guest luminescence from the host emission. An
overlap of host emission and guest absorption, however, allows for a so-called Forster
resonant energy transfer (FRET) and will have to be considered for high electric
driving voltages [263]. In order to discuss and simulate the effect of the sheet charge
on the PL quenching at low to moderate voltages, however, it might be neglected for
now.
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Figure 4.1.: Observation of photoluminescence quenching for NPB:Alq; devices with a
thin layer doped with the fluorescent dye DBP. At low external bias (e.g.
Vext = 0V), the red PL intensity pumped with a 532nm laser is high
compared to the green Alqs electroluminescence. At high external bias, the
PL vanishes, whereas EL is observed. The experiment at the University of
Wiirzburg that led to these findings is sketched on the right, as well as the
Lewis structure of dibenzo-tetraphenyl-periflanthene (DBP).

In the said devices, the DBP dye acts as a molecular sensor or sensing layer, which
stems from the fact that the dynamics of photo-active materials are influenced by
local variations of charge carrier density or electric field [267]. Accordingly, variations
in the photoluminescence of the guest molecule can be a measure for changes in,
e.g., local current or charge carrier density. Interesting in conjunction with the
phenomenon of SOP or the existence of any GSP in polar organic layers, is the
possibility to vary the position of the sensing layer within the Alqs host. Here,
this position is indicated by the distance x relative to the NPB/Alqy interface, thus
higher values move the layer towards the cathode. To allow for comparison between
different positions and driving voltages Veyt, a quenching parameter () is introduced
to describe the change in photoluminescence as

Ipt, (Vext, )

ext :177)
Q(V t SU) IPL (OV,:L')

(4.1)
where Ipy, (Vext, ) is the PL intensity with applied external voltage at a sensing layer
position z. @ is calculated with respect to the PL intensity with otherwise same
parameters but at zero external bias, Ipy, (0V,z). With that definition, a positive
(@ corresponds to a decrease in photoluminescence and thus increasing quenching,
whereas negative values indicate impaired quenching. PL intensities are calculated
by integrating over the spectral range of DBP between 2.12eV and 1.81eV (585 nm
and 685nm) [263|. Unfortunately, a small overlap exists in Alqs and DBP emission,
which is compensated for by subtracting a reference measurement performed without
optically pumping and hence without optical excitation of the DBP guest [263].
Figure 4.2 plots the measurements made by Thomas Ferschke at the University
of Wiirzburg, showing the quenching parameter for different positions of the sensing
layer (z = [0,5,45,85|nm) for reverse and forward bias. In this device, the Alqgs
layer was 100nm in total, with 40nm of NPB underneath. Overall, devices with
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Figure 4.2.: Calculated PL quenching parameters for a) reverse and b) forward bias.
Note the different scales in both graphs. While the reverse bias quenching
stays within +10 %, forward bias quenching spans two orders of magnitude.
In forward bias, it is positive except for values at 0 nm below 2V, which are
thus not visible in the logarithmic scale. The possible positions of the two
characteristic voltages for a polar OLED, V4, and its turn-on voltage Vi,
are marked with a vertical line. Relative errors are calculated by averaging
forward and backward sweep of the measurement. The device shown has a
NPB layer thickness of 40 nm and a total thickness of Alq; of 100 nm.

three different Alqs thicknesses have been measured by our colleagues [263], where
those with 80 nm and 120 nm are not shown here. Even without the gray eye guides
in the figures, similarities in the voltage characteristics of the quenching parameter in
Figure 4.2 and the electrical measurement shown later on in Figure 4.3 become clear.
In forward bias shown in Figure 4.2b, the most pronounced feature for configurations
with = [0,5,45] nm appears at the same position at roughly 2.0V to 2.2V, where
@ rises steeply afterwards. However, also below that voltage, the signal is subject to
some change, especially if the DBP layer is located away from the interfaces within
the Algs layer. In case of a sensing layer directly at the cathode interface (blue curve),
only a change in slope is observed. Still the overall PL is already reduced by more
than 10 % below the turn-on voltage V;,, which indicates a high electron density close
to the cathode. With the sensing layer directly at the NPB/Alq; interface, small
negative quenching parameters are gained for voltages below 2V, they are thus not
visible in the logarithmic scale. As the signal is extremely weak, it cannot be ruled
out that the negative sign is caused by a measurement error. Thus, no conclusions
on the physical meaning will be drawn.

In reverse bias, only the device with the sensing layer directly at the NPB/Alqs
interface but still in Alqs (red line) exhibits a change in slope of the PL quenching
parameter. All other samples are only subject to reduced quenching with increas-
ingly negative external bias, while the slope is roughly the same for all measurements,
including the case with x = Onm for voltages smaller than V;;. It appears, though,
that the process below —2.2V is the same for all devices, whereas the increasing
quenching above is linked to the vicinity of the sensing layer to the NPB/Alq; inter-
face.

For further elaboration of the findings and different quenching mechanisms, imped-
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Figure 4.3.: a) Capacitance-voltage data for all three Alqs thicknesses investigated. Ca-
pacitances were normalized to the total capacitance for ease of comparison.
Linear fits to extract V4, are also shown. b) Current-voltage characteristics
of the same devices and pixels. EL data is not shown in this case. In both
graphs, characteristic quantities are marked with dashed lines.

ance spectroscopy and characteristics measured by myself in our laboratory shall be
concerned. These devices do not include the sensing layer, but are otherwise identi-
cal in stack and architecture. Measurements of impedance (capacitance-voltage) and
standard device characteristics are shown in Figure 4.3 for all three different Alqs
thicknesses investigated. The big difference in thickness complicates direct compar-
ison because of large differences in capacitance, the data was hence normalized on
the total geometric capacitance. Characteristics shown here miss the EL data, as
a measurement of the electroluminescence was not possible in our lab because of
large differences in sample design. Two features of both, the impedance spectra
and the characteristics are striking. At first, the accumulation transition voltage
Vir at around —2.2V for the 100 nm device corresponds nicely to the reduction in
PL quenching at the NPB/Alq; interface in reverse bias. Secondly, in forward bias,
the large increase in quenching appears at roughly 2 V. In the characteristics, this
corresponds to the turn-on voltage Vi,. It is thus evident that the PL quenching of
DBP is strongly linked to the charge carrier concentrations in the device.

At the beginning of the study, discussions lead to four quenching mechanisms that
could be considered for the DBP doped NPB:Alqs device. A detailed evaluation is
found in our publication in ref. [263|, a brief summary can be given as follows:

1) The DBP radical anion can exhibit a shift in absorption when capturing
quasi-free carriers from the Algs host, which would reduce the PL intensity as
the excitation wavelength stays the same.

2) A spin-exchange singlet to triplet conversion [268] would reduce the PL of
the S; excited state, as the triplet T is a only weakly phosphorescent state
with long lifetime. The singlet state in turn is short lived with 7 ~ 1079 s [263].

3) So-called field-assisted exciton dissociation could be discussed as it has
been previously reported for dye doped Alqs layers [269]. Due to the high
exciton binding energy seen in organic semiconductors (see Section 1.1.2), the
fields required for dissociation are in the range of 105 Vem™! to 107 Vem™! or
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Figure 4.4.: a) Measured and b) simulated impedance spectra, both again normalized
to the geometric capacitance. The difference in relative ETL capacitance
can stem from errors in ETL thickness or discrepancies in € and 0. The
important fit parameters here, however, are the transition voltages and the
injection peak.

10°mV nm~! to 103 mV nm~!. Thus, it will only play a role for higher external
biases.

4) As a potential fourth process, a Forster resonant energy transfer from
exited DBP to the Alqs anion might be possible. Although very weak, the
negative Alqs ion does show absorption at around 2eV [270].

To disentangle different contributions to quenching in forward and reverse bias,
the devices were therefore re-created in-silico and drift-diffusion simulations were
performed to calculate the carrier densities at various external parameters.

4.2. Drift-diffusion simulation of carrier densities

In simulation, the devices are calculated without any representation of the DBP
dopants. This is, in fact, a valid assumption, as a doping density of 0.1 % is chosen
deliberately to minimize effects on carrier transport in the device. An as small as
possible impact on the overall device performance is also an important requirement
for the molecular sensing approach [263].

Simulations were performed in steady state to mimic conditions during quenching
measurements as well as in AC mode to calculate impedance spectra. The simulated
capacitance voltage data for all three Alqs thicknesses is given in Figure 4.4 in
direct comparison to the measured data. Main parameters for the simulation were
the energy levels to represent Vi,j, as well as the combination of change in relative
thickness and Vi;. The discrepancy of Cgrr, in relation to Cgeo can be rooted in
sub-optimal choice of the dielectric constant or errors in HTL thickness. However,
transition voltages and Vj,; match nicely, which should allow to inspect calculated
charge carrier densities for the same simulated devices. Another attempt to further
optimize the simulations was thus not made. Figure 4.5 shows calculated carrier
density maps through the device at varied external bias for electrons and holes, as well
as selected profiles in correlation with the measured photoluminescence quenching.
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Figure 4.5.: a) False color maps of the density of holes and b) electrons given in cm™

3

each in dependence on position and external bias. Horizontal lines mark
Vir and Vo, vertical lines the position of evaluation for the single thickness
profiles (colors indicated in symbols match to the graphs below). c) left
plots the PL quenching measured on the diode with 100 nm Algs in relation
to extracted profiles of hole density in the middle of the sensing layer.
Additionally, hole densities for a hypothetical non-polar Alg; are given in
purple (same for all positions). Forward bias quenching is given in c) right
with electron density profiles.
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4.2. Drift-diffusion simulation of carrier densities

The line profiles were examined in the middle of the virtual sensing layer with a
width of 10 nm, a position of x = O nm is thus extracted at 5nm in the density map.
The respective positions are marked in the density map with vertical lines.

At first, the case of positive bias will be discussed, shown in Figure 4.5 on the
right. The major change observed in the PL. quenching experiments, which occurs at
roughly Vi, = 2.2V, coincides with the onset of electron injection into the Alqs layer,
quickly flooding the device with electrons to reasonable densities above 105 cm™3.
For a moderate voltage range between 2V to 5V, the change in PL. quenching then
correlates with the change in electron density. This is also true for the relative
amplitudes of electron density and PL quenching in this voltage range, suggesting
the reduction in PL intensity to be directly related to the carrier density. In case
of devices with = = [0, 5,45 nm, the electron density in simulation is extremely low
with 10'° cm ™3, at least below the turn on voltage. To put that into perspective, the
density of states in the device in simulation was set to Ny = 1.5 x 102! cm™3; areas
with densities of around 10'°cm™3 and below can therefore be considered almost
electron free. Still, devices with sensing layers at x = 5nm and x = 45nm show a
clear signal in PL quenching even below V;,, indicating the presence of mobile charges
in the device [263|. This demonstrates the sensitivity of the molecular sensing in this
configuration, where the PL intensity can detect changes in carrier density eight
orders of magnitude below normal device operation.

Close to the cathode located at 100nm, the electron density is more than two
orders of magnitude higher than in the bulk of the device, especially below the nom-
inal turn on voltage, partly because of the good injection properties of polar organic
layers [3,11]. The PL of the DBP probe directly at the cathode therefore suffers
from significant loss of more than 10 % at Voy < Vio. Above a voltage of ~5.5V, the
initially neglected direct energy transfer from the excited Alqs matrix molecules to
the DBP dopant has increasing influence on the density of DBP exited states besides
the absorption of the optical pump laser. This will lead to an overestimation of
the electroluminescent contribution to the spectra and thus the intensity correction
mentioned earlier is no longer valid. In the end, the quenching in presence of higher
current densities is probably over estimated [263], a correlation with pure carrier
densities is thus not possible in this case. Overall, it can be concluded that the lumi-
nescence quenching in forward bias at moderate voltages is caused by an interaction
between the negatively charged species of Alqs and the DBP exciton.

On the left of Figure 4.5¢, the reverse bias PL. quenching is shown in relation to
the hole density in the device. In this voltage regime, the electron densities are far
below the detection range to allow for a similar explanation. All quenching processes
related to injected charge carriers can therefore be ruled out. This is especially true
for devices with x = [5,45, 85| nm, where in contrast to quenching an increase in PL
intensity (negative @) is observed. The effect can be attributed to detrapping from
shallow trap states, which is caused by the applied field gradient, a discussion can be
found in our publication [263]. Also, this finding is in theory expected to be present
for all devices in reverse bias. In case of x = 0 nm, however, with the sensing layer
in direct contact with the NPB/Alqs interface, PL quenching is still observed with a
maximum of almost 5 %, before the expected increase in photoluminescent intensity
is again visible at V < —2.2V with the same slope. This effect can be explained
by the existence of an interface charge only present in polar organic layers like Alqs.
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Figure 4.6.: Top: Measured impedance spectra for all three thicknesses together with
PL quenching measurements on the same device configuration. Fits are
done by a piecewise defined function, the transition voltages from imped-
ance spectra are emphasized with vertical lines. Bottom: Fit parameters
for V4, from impedance and photoluminescence data

The negative sheet charges at the NPB/Alqs interface lead to Algy radical anions
that in turn will accept a FRET-like energy transfer [270] as proposed earlier as
fourth quenching mechanism. Above the transition voltage V;;, however, holes will
accumulate at the NPB/Alqs interface and the hole density starts to rise also in Alqs,
leading to a partial compensation of the negative interface charges. Consequently,
the accumulation of positive charges at the NPB/Alqs interface correlates with the
diminishing of PL quenching above the transition voltage Vi, when PL quenching
starts to decrease and reaches almost zero at approximately 0V. For comparison,
the graph in Figure 4.5c, bottom left, includes the hole density calculated for a
hypothetical device with non-polar Alqs as ETL. It is the same for all positions of
the sensing layer and no rise in density is visible, emphasizing the link to the GSP.

To further test this hypothesis, impedance spectra of samples with 80 nm and
120 nm of Alqgs thickness can also be compared to the respective PL quenching mea-
surements. The measurements are shown in Figure 4.6, together with fit results to
extract the transitions voltages. Note that the evaluation of the PL data here was
done using a fit of a piecewise defined function, whereas a graphical approach was
taken in the previous publication [263|. The absolute values therefore differ slightly.
Although the data for transition voltages from PL and impedance is not equal for
all measurements and no simple dependence of the deviation of measured data is
visible, it is still a strong evidence that the compensation of the interface charges is
responsible for the change in Q.
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4.3. Summary of the PL quenching experiment

In summary, the photoluminescence quenching experiment can be widely explained
with the help of simulated carrier density profiles using the framework created to
simulate polar OLEDs. At least two regimes with different quenching mechanisms
can be determined. Mechanisms dependent on electron density dominate in for-
ward bias with moderate applied voltages, corresponding to the usual working point
of an OLED. Hence, from the aforementioned processes, numbers 1, 2 and 4 can
contribute to the loss in PL intensity of DBP for positive voltages. Features seen
in reverse bias could be directly related to the existence of negative sheet charges
present at the NPB/Alqy interface. This finding is remarkable, because it provides
an additional direct proof for the existence of interface charges and their effect on
the heterojunction.

Thus, the successful description of the observations made using the molecular
sensing approach demonstrates that the model for polar OLEDs is able to describe
even specific properties like carrier densities in the bulk and at the interface in good
agreement with experimental data. So far, only electrical data in transient and
steady state have successfully been described [3,13].

Apart from this, the approach nicely demonstrates the proof-of-concept of a molec-
ular sensing approach with high local sensitivity for OLEDs under operation. In
conjunction with simulations, which lack any possible carrier trapping on the fluo-
rescent dye, it is shown that the small amount of dopant molecules do not disturb
device operation in any measurable way. The concept should therefore be adaptable
to many different device types.
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5. Transfer of the MIS-concept to
polar OLEDs

Charge carrier mobility and injection properties are important figures of merit for
organic semiconductors and manifold experimental techniques exist to measure both
parameters. The charge carrier mobility can be determined from devices exhibiting
space charge limited current [271| by fitting the corresponding equations given in Sec-
tion 1.1.5. Furthermore, to name a few, the time-of-flight technique (TOF'), which
is briefly explained in Section 6.2, or the evaluation of organic field effect transis-
tors [272] allows to determine charge carrier mobilities. In case of solar cells, photo-
CELIV has been successfully applied to measure the mobilities of photo-induced
carriers. A similar technique is possible with injection-CELIV on MIS diodes. How-
ever, none of these techniques allows to study the exact samples as employed for
standard OLED characteristics, because they require device structures tailored to
the specific experiment.

The same holds true for examining charge injection barriers. Here, mostly pho-
toelectron spectroscopy as described in Section 2.7 or also the wet-chemical cyclic
voltametry [273| are used to determine the energy levels of OSC. These can later
provide an estimate to the contact barrier e.g. by comparing these values to the elec-
trode workfunction. Again, those measurements cannot be conducted on the actual
device.

In this chapter, two complementary methods are introduced that allow to mea-
sure charge injection barriers and charge carrier mobilities on actual OLEDs, given
that the ETL exhibits a GSP larger than the HTL. For this purpose, tempera-
ture dependent MIS-CELIV and IS measurements are required. Both methods have
been developed together with Simon Ziifle from Fluxim AG in Winterthur, Switzer-
land, the Ziircher Hochschule fiir Angewandte Wissenschaften (ZHAW) located in
the same city and our University. In this bilateral project funded by DFG and SNF
called “CarDyn”, the experimental part comprising device fabrication, measurement
and testing of the developed models was assigned to our University, where I was
working on the project. These techniques and the insight gained during the work on
the project played a crucial role in the investigation of the phenomena studied in the
scope of this work, which will be discussed in the next chapter.

5.1. Polar MIS-CELIV

It has already been briefly mentioned in Section 1.2.3 that polar OLEDs and MIS-
diodes share some important properties. This section will describe how the CELIV
technique can be applied to polar OLEDs. In a MIS device, the insulating layer
hinders charge transport through the whole device and will lead to accumulation of
charge carriers at the semiconductor/insulator interface. This not only allows for
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charge extraction experiments that are summarized in Section 2.5.3, it also provides
excellent carrier selectivity compared to traditional CELIV, where electrons and holes
are difficult to distinguish. Although OLEDs do allow the injection of both carrier
species by design, the GSP in polar OLEDs promotes carrier injection into the HTL
at much lower voltages. Thus, in a specific voltage range, carrier selectivity is still
given. Regarding most known polar organic materials that also exhibit SOP, how-
ever, a negative sheet charge density at the HTL/ETL interface exists, favoring the
measurement of hole properties. In this section, the validity of the MIS-CELIV ap-
proach on polar OLEDs will be discussed with the help of drift-diffusion simulations,
followed by selected examples of extraction transients.

This section is based on the paper published together with Simon Ziifle [13]. All
simulations here were recalculated and evaluated by myself. Additional measure-
ments shown here were previously not published.

5.1.1. Charge accumulation and distribution in polar organic diodes

In Section 2.5.3, two requirements for an ideal MIS-CELIV experiment have been
elaborated based on the initial work by Juska etal. [218,231| and others. To sum-
marize, charge carriers have to be effectively driven to the semiconductor/insulator
interface by the applied electric field, with thermal (backward) diffusion kept at a
minimum. Additionally, the insulating capacitance was originally required to be
larger than the semiconductor capacitance, which will additionally foster hole accu-
mulation at the interface due to a larger field gradient and allows for approximations
in the analytic solution. Both constraints have been discussed by various authors.
A short summary of this discussion for devices not fulfilling the requirements is pre-
sented in Section 2.5.4. For polar OLEDs, the previous requirements will have to be
relaxed.

A successful MIS-CELIV experiment on a standard MIS-diode requires the de-
vice to be pre-charged at a voltage above the built-in field to drive carriers to the
semiconductor/insulator interface. On the left of Figure 5.1, a simulated CELIV
experiment on a MIS device is shown with transient currents and hole densities,
capacitance-voltage characteristic, energy bands and density profiles. An NPB layer
with a thickness of 70 nm is interfaced to an insulating layer of 100 nm, the dielectric
constant of this layer is set to ¢ = 3.5 to be equal to that of Alqs in simulation.
Note, that this thickness will not directly lead to an insulating capacitance larger
than the semiconducting capacitance, but will allow a better comparison with the
simulated OLED with the same film thicknesses. The insulator energy gap is 5eV
and positioned with a LUMO at 2eV resulting in an intrinsic hole barrier of 1.5eV
to the NPB HOMO level at 5.5eV. The contact workfunctions of 5.1eV for the an-
ode at a position of —70nm and 2.9eV for the cathode at 100 nm lead to a built-in
voltage of Vi,; = 2.2V, which corresponds to the beginning of hole accumulation in
the capacitance-voltage graph in Figure 5.1c. To pre-charge the device with holes
for the extraction transient, a voltage of 4V is used, as indicated by the dashed
arrow in this figure. The energy levels of both, the organic and insulating layer at
Vext = 4V at a transient time of ¢ = 0 us is given in Figure 5.1d, alongside with the
charge carrier densities of electrons and holes at the same initial condition. While
the electron density is considerably low throughout the whole device, the density of
holes peaks at the interface and quickly diminishes by an order of magnitude within
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5. Transfer of the MIS-concept to polar OLEDs

10nm. In further simulations, which are not shown here, the hole density at the
interface could be increased by approximately one order of magnitude by using an
insulating layer of only 30 nm thickness.

The extraction current transient, the applied external voltage and the hole density
transient are given in Figure 5.1a and b, respectively. A 5 us delay time at equilib-
rium conditions with Vet = 4V is followed by a linearly decreasing voltage slope
of S =25kVs~!. Shortly after the beginning of the ramp, the charge carrier cloud
reaches the anode at —70nm, with carrier densities near —70nm rising by more
than two orders of magnitude. At around 10 us after the start of the extraction,
all carriers are extracted, indicated by an extreme decrease in carrier density in the
whole semiconducting layer by more than eight orders of magnitude. In the CELIV
transient itself, the beginning and end of the ramp is indicated by a step towards
and back from the displacement current governed by the device capacitance. The
drift current from extracted charge carriers adds to that current, which could be used
to calculate e.g. the carrier mobility. When integrating over the drift current only,
the total extracted charge resembles the equilibrium carrier density at the applied
voltage prior to the start of the ramp [13].

These results can now be compared to the case of a polar OLED given on the
right in Figure 5.1, with the same graphs. The polarity of the Alqs layer is again
introduced by mimicking the interface charges through doping, which was set to
resemble a sheet charge density of 1.8mCm~2. Additionally, HOMO (5.8eV) and
LUMO (2.55€eV) have been adjusted to describe Alqs instead of an insulator, all
other parameters remain unchanged. It has already been elaborated that the GSP
in Alqs causes a shift in potential in the device, leading to a hole injection voltage
far below the built-in field. This is seen in Figure 5.1g in the C'(V) plot, where
the transition voltage is at Vi, ~ —3.5V and the energy levels in sub-figure h),
where a strong downward shift of the HOMO level in Alqs is observed at ¢ = 0 ps
at an external bias of —3.2V. However, the gradient in NPB is positive at this
voltage, provoking a carrier drift of injected holes towards the interface, similar to
a positively biased MIS diode. Similar to the classic MIS device, the OLED needs
to be pre-charged at a voltage above the accumulation voltage V;.. In this case, it
was set to Vext(t = 0) = —3.2V, just above the transition voltage, followed by a
downward ramp of the same slope of S = 25kVs~!. The particular choice of this
voltage will be elaborated in the next section, it does, however, affect the total hole
density in the device. In Figure 5.1h, again the hole density throughout the device
is given. Although the profile is broader in shape, it still peaks at the interface to
the ETL.

The extraction transient in Figure 5.1e and the transient carrier profile in Fig-
ure 5.1f are comparable to the MIS case. A big difference, though, is the peak height
of the drift current, which directly resembles the lower overall charge carrier density
at the interface that can be extracted within about 3 us compared to 10 us in the
MIS case. Additionally, a finite hole density is observed in Alqs in the vicinity of
the interface, possibly trapped by the negative interface charge of the GSP. As this
density is constant in time and voltage, it is not expected to influence the experiment.

After all, the polar nature of the ETL and its GSP that leads to a strong shift
in energy levels allows for an accumulation of holes at the HTL/ETL interface that
mimics the case in a classic MIS diode. The extracted charge density is solely deter-
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5.1. Polar MIS-CELIV

mined by the hole density in the device, which can be confirmed by separating the
individual contributions of electron and hole current (not shown here), where the
electron drift current at the cathode is found to be almost nonexistent. Addition-
ally, the current is not influenced by recombination losses, further tests on possible
influences can be found in the publication [13].

5.1.2. Charge extraction in polar MIS-CELIV

An open issue that has to be discussed is the choice of the injection voltage applied
before starting the CELIV experiment. To allow for carrier accumulation, it has to
be above Vi, but it should not exceed the injection voltage Viyj to preserve carrier se-
lectivity and avoid the injection of electrons. For MIS-CELIV, two different analytic
solutions with specific boundary conditions exist to relate a measurable quantity to
the carrier transit time ¢y, which in turn can be used to calculate the mobility, both
were discussed in Section 2.5.3. To summarize, a simple calculation of charge carrier
mobility is possible, if the density of injected charge carriers is small and the observed
current maximum thus roughly equals the transit time, ty, = tmax. Alternatively,
the transit time can be determined from the time t1, where the current reaches two
times its displacement current (2jy) and if the transient reaches the total saturation
current during measurement and is hence governed largely by space charge.

In the light of polar MIS-CELIV, it can be argued, which of the two regimes is
possible to achieve. Three example measurements on different device architectures
are shown in Figure 5.2. The device in Figure 5.2a is made with thicknesses of
NPB and Algs of 85 nm and 120 nm, respectively. In b), the HTL thickness is with
120 nm 4.8 times thicker than the ETL with 25 nm. The third device adds a dedicated
electron blocking layer to a device similar to the one on b) and will be discussed later
on. Capacitance-voltage characteristics for all three devices are shown in Figure 5.2d.

At first, the two standard OLED stacks will be discussed. In the device shown
in Figure 5.2a, the saturation current is jsat =~ 1.7 - jo. Thus, a point in time
t1, where j(t1) = 2ty cannot be determined. The mobility therefore will only be
available through tpax. Also, Sandberg et al. have discussed a limit of jeat < 3.3 - Jo
to minimize errors in mobility extraction using ¢, see Section 2.5.4. This condition
could theoretically be met in the second device, where

js.at _ €idsg +1~58.
Jo 5sdi

However, when looking closely to the transients seen in Figure 5.2b, in the region
magnified in the inset, the current is already pulled below the initial value of jy by
the onset of electron injection at the start of the ramp. Thus, the saturation current
cannot be reached with this device without injecting the opposite charge carrier and
an evaluation of the position of ¢; is probably invalid.

For both OLEDs, the technique relying on ¢;, which is the most convenient in
case of classic MIS devices [231,233], is thus not suitable. Instead, the transient can
be evaluated at a position just above Vi;, which fulfills the small-charge injection
limit [13,231] and should be possible with both device stacks.

Then, ty, = tmax and the mobility can be calculated using a theory for a small
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Figure 5.2.: Measurements of polar MIS-CELIV on three different devices a) — c). The
stack layout is given in the figure titles, colored underlines match to the
C(V) characteristics in sub-figure d). In b), the inset shows the highlighted
region of the current transient, where injection of electrons is already ex-
pected. The offset voltage at the beginning of the transient is color coded
and different for each of the three samples.

insulator capacitance, as discussed in Section 2.5.4. Rearranging Equation 2.64 yields

2, esd;
= 1+ 5.1
H Stgr < 5ids ( )
for the small charge limit, where again
5sdi o jO

5ids jsat - jO '

Calculating the correction factor using this small charge limit is, however, not pos-
sible, if no saturation is seen and the layer thicknesses and dielectric constants are
needed instead. For OSC, the latter is often not known and set to a constant value
of €is ~ 3.5, thus leaving the sample thickness ratio as defining parameter in the
correction.

For the small charge injection method, the peak time can be determined by various
methods, but the signal might have to be filtered or smoothed to improve the signal
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Figure 5.3.: Extracted peak maximum times tmnax, calculated mobilities and the C(V)

characteristics for comparison for all three devices. The time scale for all

graphs is on the left, the mobility scale on the right in 107%cm? V1571,

Sample Mobility from t, Mobility from t;

85/120 | (1.0240.06) x 10~* -—

120/25 | (1.1240.03) x 10~* - -
120/25(40) | (1.26 +0.08) x 10~* | (8.62 +0.42) x 1075

Table 5.1.: Results calculated from both methods for all three samples and statistical
errors from all datapoints. The small charge injection method produces
comparable results for all three sample geometries, the evaluation of t; is
only possible for one sample.

to noise ratio. This was done by applying a suitable digital low-pass filter to the data
directly in the Paios software suite, or by applying e.g. a moving average filter in
post processing. In both cases, a cut-off frequency or equivalent window size in the
order of 1 MHz was found to be suitable for the setup available during this work and
for CELIV ramps of an order of magnitude of 10° Vs~!. The peak maximum can
then either be determined by hand, or e.g. by examining the first derivative of the
signal; both methods were found to produce comparable results. For both standard
OLEDs shown in Figure 5.2, the mobility is calculated using the transient maximum
approach and the results are shown in Table 5.1. Raw data is available in Figure 5.3
with peak times and calculated mobilities for all transients, where an evaluation
was possible. In none of the MIS-CELIV formulas to calculate the mobility, any
dependence on the offset voltage at the beginning of the ramp is found. The linear
rising of t; = tmax accompanied by a linear decrease of the calculated mobility is
thus a clear hint for a deviation from the small charge injection regime. Hence, to
calculate the average given in Table 5.1, only the values where no voltage dependence
is observed are considered, which are plotted in darker colors in Figure 5.3. This
voltage independent regime is also in close vicinity to or completely enveloped by the
transition region for charge accumulation obtained from the C(V') data, indicated
by the shaded areas. As flat band conditions for the NPB layer are known to occur
around V4, this is expected.
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5. Transfer of the MIS-concept to polar OLEDs

To test the extraction of the mobility using the t; approach, an attempt was made
to inhibit electron injection and move Vi,; to higher voltages by adding an electron
blocking layer of 40nm Spiro2-CBP (2,7-bis(carbazol-9-y1)-9,9-spirobifluorene) on
top of the ETL. The material exhibits a considerably low LUMO level of 1.7 eV [274]
leading to a high electron injection barrier. In Figure 5.2d, the shift of the injection
voltage by approximately 5V is visible in the C'(V') characteristic. The CELIV tran-
sients in Figure 5.2c show a saturation at jei ~ —10mA cm™2, suggesting effective
blocking. However, the OLED is now a three-layer device, with only the middle layer
being polar. The transition voltage of both devices with the same Alqs thickness is
almost similar, with Vi, = 0.98 V without and V4, = 1.22V including the additional
blocking layer. As Spiro2-CBP is non-polar, the change in field gradient is rooted in
the Algs GSP only and the difference is probably caused by an error in thickness —
it was not possible to check the Alqs thickness of the three-layer device after depo-
sition. For calculating the CELIV mobilities, the Algs/Spiro2-CBP combination is
considered the insulator with a combined thickness of 65 nm. This allows to calculate
the ratio of jp and jsat to Jsat/jo &~ 2.86 using the thickness-based formula. However,
with the measurement quantities of jo ~ —3.12mA cm™2 and jgur ~ —10mA cm™2,
the ratio is Jsat/j, &~ 3.26. Considering the thickness of the semiconductor of 120 nm
being accurate, the insulating thickness would then calculate to 37nm instead of
65 nm, which is very low compared to the usual variation expected in the vacuum
chamber in question. Obviously, the physics behind the saturation of the current
during extraction with a combined polar and non-polar layer is not well described by
the simple linear combination assumed above. Nevertheless, the blocking approach
can be used to change the injection voltage into a regime, where polar OLEDs reach
a saturation current in CELIV transients. With current ratios near the minimum
required for a successful calculation using the t; approach, the results are included in
Table 5.1. Tt is worth noting, however, that this value is only obtained by applying
the diffusion corrected model published by Sandberg et al. [233], as discussed in Sec-
tion 2.5.4. The resulting value of (8.62 & 0.42) x 107° cm? V~1 s~ is lower, but close
to the result gained with the small charge injection method. Instead, if the standard
approach for classic MIS-CELIV is applied, where the transit time is related to t;
with 4t; = mt;;, the mobility is over-estimated to (5.04 £ 0.08) x 1074 em? V—1s~,
as expected [233].

As a side note, also other materials have been investigated in the scope of this
work using the presented polar MIS-CELIV approach. One example is the amor-
phous OPVC donor material DBP, which replaced the NPB HTL. Spectra of the
electroluminescence of those devices (not shown here) suggest that the DBP layer
solely acts as charge transport layer and charge recombination is taking place in Alqs,
just as in standard NPB/Algq; OLEDs. Measurements conducted on a device with
70nm of DBP and 60nm of Alqs are shown in Figure 5.4. Again, no saturation is
observed or at all expected from the device structure and the small-charge approach
is used accordingly. The resulting hole mobility of (2.57 & 0.05) x 1076 cm? V—1s~!
is two orders of magnitude lower than the previously reported value in the order of
10~*em? V-1~ [275]. While it is possible that the material exhibits different mo-
bilities depending on purity, measurement type or also electric field, the most likely
cause in this case is something different. With DBP, no clear accumulation was ob-
served in the C(V) characteristic shown in Figure 5.4b, despite of the 60 nm thick
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Offset voltage (V)

Figure 5.4.: Measurements on the OPV donor material DBP. a) CELIV transients. Off-
set voltages above 1V start to show electron injection. b) C(V) charac-
teristic and extracted peak times with calculated mobilities.

Alqs layer that should lead to a clear transition a few volts below V4,;. Consequently,
high bias voltages at the beginning of the ramp were needed, where the peak of the
transient is shifted towards higher values in time. Additionally, electron injection
in the device is already possible, indicated by a shift of the transient towards zero,
which might allow carrier recombination.

From this, a definitive requirement can be affirmed that was already visible from
Section 5.1.1. For a successful polar MIS-CELIV experiment, high accumulation of
the charge carrier species to be investigated is necessary. If the material features
high parasitic recombination, low charge transport or also low shunt resistance, the
evaluation of the transients is increasingly challenging.

5.1.3. Summary on polar MIS-CELIV

It has been shown that the MIS concept can be successfully applied to polar OLEDs
in combination with the CELIV technique. The GSP of a polar layer with SOP
provokes a charge carrier accumulation at the non-polar/polar layer interface, leading
to a carrier distribution similar to the case of a MIS device with high forward bias. As
most available polar materials, which exhibit a PDM, orient as such that a negative
sheet charge density arises at the interface, the technique is most suited to probe hole
transport properties in a subjacent layer. Besides, different device configurations or
layers with reversed GSP can be discussed that would allow to study e.g. electron
transport in the ETL. However, only hole transport in the HTL was successfully
measured so far, for a more detailed discussion on alternative device configurations
please refer to our publication in reference [13].

In the previous section the hole mobility for NPB was calculated to a global
average over all three devices of (1.13£0.12) x 107%*cm? V~!'s~! using the rec-
ommended technique of small charge injection. This is in very good agreement
to typical values published in literature, which are usually also given with an or-
der of magnitude of 1074 cm? V~1s~! [13]. Examples are 2 x 1074 cm? V157! to
3 x 10*cm? V157! obtained by admittance spectroscopy [276,277] or, measured
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5. Transfer of the MIS-concept to polar OLEDs

by time-of-flight, 3 x 107*ecm? V~'s™! to 5 x 107*ecm? V1571 [277-279]. Lower
values down to 2 x 107 cm? V~!s~! are reportedly gained using purely electrical
measurements like examining space charge limited currents [71]. Later on in this
work, time-of-flight measurements will be presented on undoped NPB that result to
mobilities of roughly 5 x 10™%cm? V1571

However, also limiting factors could be identified. With the OPVC donor DBP, no
successful CELIV experiment could be performed. Although charges can be injected
into the device and DBP can replace NPB as HTL in an Alqs based OLED, no clear
or only little charge accumulation is found. The CELIV transient is thus only visible
for high offset voltages at the start of the ramp, which allow electron injection and
falsify the extracted transit time. For a successful polar MIS-CELIV measurement,
impedance spectra therefore must show clear accumulation, while electron injection
has to be avoided.

5.2. Correlating impedance spectroscopy and injection
barriers

With a versatile tool to extract the charge carrier mobility of holes in real OLEDs at
hand, it is now possible to investigate carrier injection into the HTL on full working
OLEDs as well. In this section, a combination of the aforementioned polar MIS-
CELIV technique and impedance spectroscopy, both performed at varied sample
temperatures, is used to calculate the hole injection barrier into the HTL. At first, a
short theoretical introduction is given to sketch the idea of the experiment, followed
by the results of drift-diffusion simulations to check the validity of the method.

This section is based on the paper published together with Simon Ziifle [14], the
simulation results have already been presented there. All example measurements,
however, are previously unpublished.

5.2.1. Combining mobility and impedance activation energies

The transition between the accumulated and non-accumulated regimes in polar
OLEDs has been thoroughly investigated in terms of its voltage dependence. Addi-
tionally, the accumulation occurs at a temperature dependent relaxation frequency
fre1. C(f,T) measurements have in the past been successfully used to study the ther-
mal activation of the hole current in OSCs [280-282]. Usually, an Arrhenius-type
activation is found, which is also the case for f,e, where

E
Jrel X €xp <k]:;t“> . (5.2)

The frequency dependence of the capacitance in a device with two serial capacitors
is described in Section 2.6.2 in Equation 2.81 with

1 R+ Ro

frel:?-ﬂ"RlRQ-(Cl—i—Cg) .

In accumulation, the HTL resistance is Ryrr, < RgTL, leading to the expression

1
Rurr - (Curr, + Cerr)

Jrel o (5.3)
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5.2. Correlating impedance spectroscopy and injection barriers

A temperature dependence of the individual capacitances is unlikely. Instead, the
dependence on the HTL resistance, or in turn on the conductance, can be identified
as the reason for the Arrhenius activation of the relaxation frequency.

The conductance Gyrr, of the NPB layer in an NPB/Alqs polar OLED can be

written as )

Ry

GarL, = =€ PHTL * Mh,HTL - (5.4)

Here, pprr, is the density of holes in the HTL and gy, prr, the hole mobility. Note,
that only the hole conductance is of interest in the accumulated regime and below an
external bias of Vi,; as no electrons are present in the HTL. Both, the hole density
and the mobility, are temperature activated. The density of holes in the HTL can
be described with

p (Einj, T') = po - exp ( kf;”) : (5.5)
This assumes the anode/HTL contact to be ohmic, i.e. with Fermi level alignment
in place. The same assumption is also usually made in simulation, see Section 1.3.
However, in simulation, the hole density is not constant in the whole layer as given
in Equation 5.5, but calculated self-consistently using drift- and diffusion equations
[14]. Additionally, the mobility can be temperature dependent. Depending on the
underlying mobility model, the temperature dependence will be described differently.
A very simple temperature activation found in some organic semiconductors [283,284]
is given by

—F
H(ET) = e (k) (5.6)

similar to the barrier or hole density activation. Combining Equations 5.5 and 5.6
yields the temperature dependent HTL conductance with

Einj + Eﬂ>

L7 (5.7)

GurL (Ey, Einj, T') = epopo - €xp (—

Thus, the total activation energy of the relaxation frequency in Equation 5.2 is
Eact = Einj + EN . (58)

It is evident that in order to disentangle the influence of injection barriers and mobil-
ity activation on the relaxation frequency, at least one of the two has to be determined
independently. Therefore, temperature dependent polar MIS-CELIV transients can
serve to get the mobility activation. Because the CELIV method can be applied to
actual OLEDs, measurements can be conducted on the same samples and in direct
succession to impedance spectroscopy, thus minimizing systematic errors otherwise
existent between different samples.

Simulated CELIV transients and impedance spectra have been evaluated with
varied input hole barrier FEj,jin, hole mobility activation E,;, and temperature.
Values for Ejyjin were changed from close to 0.0eV to 0.6eV in 50 meV steps, I, in
was swept from 0.1eV to 0.5eV in 0.1eV steps. CELIV transients obtained from
simulation were evaluated using the small-charge injection method, where ti, = tax.
The evaluation of impedance spectra is shown in Section 5.2.2. For each set of Fiyjin
and E,, ;,, a temperature sweep is then fitted with the Arrhenius-type activation of
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Figure 5.5.: Comparison of input parameters and determined quantities on simulated
OLEDs. a) Extracted mobility activation energies (E,, top) and frequency
activation (E, + Einj, bottom). Ideal values are given in dashed lines, input
barriers Ejn; are given on the X-axis, input mobility activation E,, is coded
in colors given in the legend. b) Difference between ideal (input) value and
extracted quantities. Top to bottom is the difference between extracted
and actual E,, Eset = E,, + Einj and Eyj.

Equations 5.2 and 5.6 to extract the relaxation frequency and the mobility activation
from simulations. The resulting data is plotted in Figure 5.5a, where the injection
barrier programmed in the simulation is given on the abscissa and the input mobility
activation is color coded and described in the legend.

At first, the results from the CELIV transients will be discussed. In the simulated
experiment, it is assumed that the mobility in the HTL is not influenced by the
electric field, but only by thermal activation. Also, in general no charge extraction
barrier is present, the temperature activation is thus only dependent on the mobility
activation £, [14]. The calculated values are given in the top portion of Figure 5.5a,
together with ideal values plotted with dashed lines. The deviation of the calculated
value and the input into the simulation is larger for high mobility activation energies
and barriers, A(EH) is also plotted in Figure 5.5b. Below injection barriers of Fiyjin =
250 meV, the difference in mobility activation from the ideal, programmed value is
nearly constant and below 100meV. In total, the lowest errors are obtained with
either low mobility activation or low injection barriers. As most organic materials
observe mobility activation energies between 0.1eV and 0.3 eV [14,285], the CELIV
technique should be able to determine E), with suitable accuracy for low to moderate
injection barriers.

A similar plot can be made for the extracted frequency activation energy, which is
seen in the bottom part of Figure 5.5a. The extracted value from fi(T") is almost
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5.2. Correlating impedance spectroscopy and injection barriers

constant and resembles the temperature dependence of the mobility until an input
barrier of about Eiyjin = 250meV. Thus, for low injection barriers, the mobility
activation might also be determined from C' — f — T graphs [14]. The deviation
from the presumed input data of F,, i, 4+ Finj in is given in Figure 5.5b, middle graph.
Again, the error is largest with 200 meV at about Eipjin = 250meV, but decreasing
for higher input barriers down to 50 meV. Because the impedance measurement is
simulated at thermodynamic equilibrium, the choice of mobility activation does not
influence the error in E,q [14]. In the bottom of Figure 5.5b, the extracted barrier
with Eiyj = Fat — E), is also given. Following the errors for E, and Ej,; discussed
before, the extracted barrier is getting more accurate for higher barriers and low
mobility activation energies, or very low barriers. It is worth noting that the error in
both, mobility and the frequency activation energy is mostly positive. Any extracted
value for E,, and E, will therefore always give the lower limits, only. This is not
generally true for the calculated injection barrier, which can be overestimated for high
mobility activation, but is likely to be underestimated for low injection barriers.

The main reason for this deviation for low barriers is the charge carrier density at
the anode. For low barriers, simulations show that a considerable amount of holes
is not accumulated at the HTL/ETL interface, but resides in the HTL close to the
anode [14]. Thus, the simple assumption of a homogenous distribution of holes in
Equation 5.5 does not hold.

5.2.2. Parameter extraction from temperature variation in C(f)

Both, CELIV and C(f) measurements have to be evaluated with varied temperature.
The determination of the CELIV mobility has been discussed in Section 5.1.2, which
is still valid also for temperature dependent transients. For C'(f) spectra, the exact
choice of the offset voltage has been found to play a minor role in ideal devices [14].
However, it has to be well above the transition voltage V;, and below Vi,;. Also,
the decision on the DC offset can be important, if the device exhibits high leakage
currents or other temperature dependent features in its conductance.

To extract fre from the C(f) measurements, different methods can be discussed.
Basically, the position of the inflection point is well defined in a device with two
semiconducting layers only and the analytic solution [242] is given in Equation 2.81
as

1 Ri+ Rs
2-m RlRQ'(Cl+CQ) '

frel =

However, depending on the signal quality, other methods exist, some of which are
shown in Figure 5.6 and are summarized as follows

a) Figure 5.6a) shows the fit of the capacitance calculated for a two-RC circuit to
the measured data. The fit yields the capacitance and the parallel resistance
of both RC oscillators and the transition frequency is then calculated with
Equation 2.81. The model can be extended e.g. with a series resistance affecting
the high frequency range (not shown in the graph), which can improve the
convergence for samples with higher relaxation frequencies. For a well-behaving
device without leakage currents or low parallel resistance, this method is most
accurate. Otherwise, the simple fits are often not possible.
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Figure 5.6.: Four different methods to determine the relaxation frequencies on an exem-
plary measurement with NPB/Alq; directly on ITO. The different methods
are: a) A direct fit of a 2RC-model to the measured data, b) peak-search
without model on the dielectric loss, c) a graphical method to determine the
inflection point and d) a peak-search on the first derivative of the measured

capacitance.

b) Figure 5.6b) shows an example for evaluating the dielectric loss or the conduc-
tance divided by the angular frequency w with a simple peak-search. Alter-
natively, the RC-model can also be fitted to the loss term. Depending on the
fitting algorithm, this method provides better convergence compared to the

step-like function in a).

Figure 5.6¢) depicts an example of determining the inflection point with a

graphical method. Maximum and minimum capacitance, reflecting Cgry, and
Chot, respectively, are determined and the frequency, where the capacitance
equals the mid-point of both is chosen to be fiq.

d)

ing a peak-fit on the slope, is shown in Figure 5.6d).

a fourth method, taking the derivative of the C(f) measurement and perform-

The extracted relaxation frequencies for different methods are shown in Figure 5.7
including an additional fifth method, where a 2RC-model is fitted on the loss term,
which was not shown in Figure 5.6. It is worth a note that the actual transition,
either the position of the inflection point in C'(f) or the maximum in the loss term,
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Figure 5.7.: Comparison of different methods to determine the relaxation frequency, the
values given in brackets are the extracted activation energies. The slopes
are all similar except for the peak-fit on the loss term. To increase lucidity,
the same graphs and fits as repeated individually on the right.

have not been measured for temperatures below 270 K. The extraction is hence based
on a prediction by the underlain 2RC model and this kind of evaluation is thus only
possible for a device that is well described by this model.

Both methods fitting an RC equivalent circuit, either to the dielectric loss (“Loss
fit”) with E,t = (0.55+0.02)eV or the C(f) measurement directly (“C(f) fit”)
with Facet = (0.55 £0.03) eV), lead to perfectly exponential behavior with almost no
difference visible (red and green). They also allow to extract the transition voltage
for spectra at low temperatures, where only a small portion of the transition was
actually measured. The intersect method seems to be very accurate on this device as
well. Only the point of lowest frequency, where the relaxation frequency is close to the
minimum frequency measured, is way off the general trend and was therefore excluded
from the fit. The calculated activation energy for the intersect method is similar to
the two model fits with F,cy = (0.54 £0.04) eV. A peak-search on the dielectric loss
(purple) shows a deviation from the exponential ideal for low temperatures, which
causes a different slope (Fact = (0.59+0.03)eV). This is somewhat expected, as
the simple logarithmic Gaussian that seems to describe the peak well for higher
temperatures, is not able to accurately predict the position of the maximum for
missing data points. Interestingly, the peak-search on the derivative dC'/df yields
overall lower frequencies by half an order of magnitude, although the slope fits well
with F,et = (0.55 £0.05) eV. Again, spectra where the transition is not fully covered
in the chosen frequency range cannot be evaluated.

In general, it was tried to use the method of fitting a 2RC equivalent circuit on
the measurements first. This method only fails, if the stray capacitance caused by
the lateral conductance of a possible HIL gets large for low frequencies, or the series
resistance changes significantly with decreasing temperature. However, it might allow
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5. Transfer of the MIS-concept to polar OLEDs

to evaluate also those measurements, where the complete transition is not visible in
the chosen frequency range. In this case, the “Loss fit” method can still see a possible
transition below the HIL signal. The fitting of a model on the dielectric loss is less
error prone in that case, as the peak in loss during the transition is still a distinct
feature, where the change in capacitance might not be visible.

5.3. Summary on the extraction of injection barriers in
polar OLEDs

By using a combination of polar MIS-CELIV and impedance spectroscopy, it is pos-
sible to decouple the influence of the mobility activation energy £, and the injection
barrier Ei,j on both measurements. With temperature dependent CELIV transients,
the mobility activation energy FE, for most organic materials is accessible, with errors
in the range of 50meV or below, if both F,, and the injection barrier are not larger
than 0.3eV. The frequency activation energy F,q extracted from C(f,T") measure-
ments, however, is more affected by the injection barrier. Extracted values for Fg
and F,, differ from the input value by up to 0.2eV as seen in Figure 5.5, mainly
caused by the inhomogeneous charge carrier profile in the HTL leading to a non-
constant conductivity throughout the layer. This error becomes less pronounced for
higher injection barriers, where the disentanglement of £, and Ej,; is very well pos-
sible. As a side effect from the investigation, one benefit of the CELIV technique in
investigating carrier mobilities has come to attention. Where methods relying on the
overall sample current, like evaluating space charge limited currents on monopolar
devices, will always measure a combination of barriers and mobility activation, CE-
LIV was proven not to be dependent on the injection barrier. Then, by rearranging
Equation 5.8 to
Einj = Ligct + E,u )

the injection barrier Ej,; can be calculated. The approach presented here can thus be
applied to materials to extract the injection barrier and the temperature dependence
of the mobility.

As pointed out in Section 5.1, CELIV transients are best evaluated using the small-
charge injection approach. Care has to be taken, when choosing the offset voltage,
however, as the minimum required offset for a visible peak in the transient will be
higher for lower temperatures due to decreasing mobility and lower carrier injection.
Note, that the evaluation of the simple Arrhenius model compared to impedance
spectroscopy and CELIV transients was done using a drift-diffusion approach. The
possibility to simulate impedance spectra of polar OLEDs with the model utilized
here, however, has already been shown in this work as well as in literature [3]. Also,
CELIV transients are successfully reproduced in drift-diffusion [13, 230, 286] In a
combined experiment, the technique will be tested and compared to the injection
barrier and mobilities gained from ultraviolet photoelectron spectroscopy or time-of-
flight in Section 6.1.2.
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6. Properties of dipolar doped layers

This chapter deals with the manifold consequences of dipolar doping on the OLED
device performance, mainly concerning carrier injection and transport. Big parts of
this chapter have already been published previously [49], some passages are taken
literally from this publication.

In this chapter, the focus is set on the effect of SOP on device performance in
polar OLEDs, especially on carrier injection into the active layers. One of the most
important effects of the dipolar nature of the respective layer is that it induces a
change in electric field distribution provoked by the buildup of interface charges.
The electric field would otherwise be determined mostly by the contact potentials
and the applied voltage [1]. Previously, the effect of dipole-induced interface charges
on electron injection from the cathode into the electron transport layer (ETL) of such
a polar OLED has been investigated by Noguchi et al. They compared devices with
Alqz and Al(7-Prq), (tris(7-propyl-8-hydroxyquinolinato aluminum) as ETL [11],
where electron injection was improved or hindered, respectively. The main difference
between those two materials is the sign of their overall orientation polarization and
hence the sign of the interface charge at the ETL-cathode interface [11]. Al(7-Prq),
is one of the very few known materials that, like 1295, exhibit an inverse GSP.
This difference was later on successfully described using drift-diffusion simulation
by Altazin etal. [3], a possible microscopic explanation for the effect was given by
Kinjo et al. [287].

To study the influence of a surface potential on hole injection at the anode side,
OLEDs incorporating a polar HTL with preferably tunable magnitude of the GSP
are needed. While many common electron transporting materials are indeed polar
with a non-zero permanent dipole moment and also show a giant surface potential in
vacuum-evaporated organic films due to SOP [6,12], most available hole conducting
materials are either non-polar or show isotropic orientation.

Therefore, the concept of dipolar doping, that was introduced in Chapter 3, is now
studied with a focus on carrier dynamics and injection. For this purpose, the injection
barrier is investigated by impedance spectroscopy, whereas the impact on hole mobil-
ity is studied using polar MIS-CELIV. Further investigations include complementary
measurements with ultraviolet photo-electron spectroscopy (UPS), conducted during
my stay at Chiba University, Japan, during the JSPS Summer Program 2017, as well
as time-of-flight measurements of my samples contributed by Motiur Raman Kahn,
then at the University of Potsdam, Germany.

6.1. Investigating carrier injection into dipolar doped
HTL

In the following sections, all different device configurations initially introduced in Sec-
tion 1.2, including solar cells for time-of-flight experiments, will subsequently be dis-
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Figure 6.1.: Sketch of the energy levels for both device types under investigation. The
top and bottom electrodes (cathode and anode, respectively) are marked.
The substrate workfunction was changed between ~4.6eV and 5.7eV. En-
ergy levels are taken from refs. [117] and [1] or measured with UPS and
IPES. Schematic stack layouts for both types of samples are drawn on the
right of each energy diagram.

cussed. The layer stack for monopolar devices is ITO/(HIL)/NPB:Alq;/HATCN /-
Au, where the use of HILs at both electrodes leads to mostly hole current dominated
characteristics. For impedance and CELIV measurements the stack design is ITO/-
(HIL)/NPB:Alqgs/Alqg;/Ca/Al, as has been used before when discussing the GSP of
doped layers. A sketched energy level diagram with layer structure is given in Fig-
ure 6.1 for these two sample types, the stack for TOF samples is given in Section 6.2.
For both, monopolar and bipolar devices, the bottom contact or anode can either
be bare ITO, or ITO covered with the commercially available PEDOT:PSS formu-
lation Clevios HIL1.3. Furthermore, for some devices, additional workfunctions are
available with Clevios CH8000 and AI4083, also PEDOT:PSS formulations. It was
shown in Section 3.1.1 that these substrates all exhibit different workfunctions, which
should consequently lead to different hole injection barriers in the devices.

6.1.1. Barrier dependent |-V characteristics on monopolar devices

In single carrier devices, when electron injection is effectively blocked from both con-
tacts, the current through the device is dependent on the bulk transport properties
as well as the injection of holes only. If one contact is held constant, while injection
properties are altered at the other one by changing the anode material and work-
function, the difference in current can be a measure for the hole injection barrier
from the latter.

Nominal workfunctions as determined in Section 3.1.1 are 4.5eV, 5.0eV, 5.1eV
and 5.7eV for the different bottom contacts ITO, AI4083, CH8000 and HIL1.3,
respectively. For the top contact, a sequence of HATCN and Gold is evaporated
on the device, which is reported to show very low barriers [159] and might hence
serve as a reference for hole injection compared to the bottom contact. On top of
all different HILs at the bottom contact, varying doping ratios for Alq; in NPB are
processed and measured, with an interface charge density ranging from 0mC m™2
for neat NPB to roughly 0.9 mCm~2 with 11% of Alqy doped into NPB. Note, that
the sheet charge densities cannot be measured directly at the monopolar devices,
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Figure 6.2.: Measurements on NPB/Alq; mixtures in hole-only devices. The contacts
are as such that the current on the left side or with negative voltage resem-
bles injection through the HATCN/Gold interface, whereas the positive volt-
age range / right side shows injection over the bottom contact/NPB:Alq3
interface. The bottom contact materials used for each device are noted in
the graph. Vertical lines denote the voltage used to extract the injection
quality discussed below.

the given values are instead taken from reference measurements discussed earlier in
Section 3.4.

The current-voltage characteristics for all four bottom contact materials are shown
in Figure 6.2, where in this graph, only the forward sweep is given. However, only
those measurements are included for investigation, where forward and backward
sweep are equal within errors. The normal, undoped NPB hole-only device with no
GSP is given in red, which will be discussed first. Here, the hole current is almost
one order of magnitude higher with HIL1.3 on the bottom contact compared to bare
ITO, which can be related to the high substrate workfunction of HIL1.3 and the cor-
responding low hole injection barrier. Also, for both HIL1.3 and bare ITO, currents
injected through the bottom contact are higher than those, when HATCN/Au is the
injection contact, which is not the case for CH8000 and AI4083. When comparing
the neat NPB HTL with different doping ratios, a similar trend is visible for all
bottom contacts, but HIL1.3. For HIL1.3, rising doping ratios lead to a steady de-
crease of the current by almost one order of magnitude. In case of low workfunction
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Figure 6.3.: Logarithm of the forward to reverse current ratio evaluated at 4.65V.
Higher values therefore represent an improved contact at the anode, as
does a rising trend indicate improved injection.

or high-barrier hole injection through ITO on the bottom/NPB:Algy side, however,
moderate doping of roughly 5 % leads to the highest currents in the device. Likewise,
also bottom electrodes with AI4083 and CH8000, whose workfunctions appear to be
similar and in the range of 5.0eV to 5.1eV, show a maximum current for doping
ratios greater than 0% but below the maximum of 11 %. Still, the investigation is
limited to the extreme cases of HIL1.3 and bare ITO, which should result in the
smallest and highest barrier, respectively. AI4083 and CH8000 do show the same
trend, but the current through the bottom contact is still exceptionally low, which
is unexpected especially for AI14083 — CH8000, however, is known to have very low
conductance. Additionally, the top contact side is subject to more change compared
to ITO and HIL1.3. It is therefore assumed that additional limits exist for those two
PEDOT:PSS formulations that for now will not be discussed further.

For better comparison and to further investigate those findings, a figure of merit
describing the “injection quality” of the bottom contact is introduced. In the de-
scribed devices, the contact through HATCN/Au is reproducibly good with only
little influence on the current and this side is therefore taken as a reference. The
injection quality @i, is then calculated by logarithm of the ratio of the current
injected through the HATCN/Au top contact and that through the ITO/(HIL) bot-
tom contact taken at a high injection voltage above the usual driving voltage of an
NPB:Algs OLED of Vgt = £4.65 V. Note, that the exact choice of this voltage will
not influence the result as measured curves do not intersect. Thus,

Qinj _ 10g <]bc.>ttom>

Jtop

(6.1)

V=£4.65V

The position of this evaluation is marked in Figure 6.2 with gray vertical lines and
the result is shown in Figure 6.3. Positive values of Q)in; indicate a higher current and
hence better hole injection though the bottom contact, while negative values state
the opposite. Likewise, a positive slope of the plot in Figure 6.3 indicates improving
and a negative slope impaired injection through the ITO/(HIL)-side interface. As
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6.1. Investigating carrier injection into dipolar doped HTL

a side effect, by division, effects of changes in bulk charge transport alone due to
changed mobility are minimized as they appear on both sides equally. In turn, of
course, mobility dependent effects at the contacts like space charge or diffusion-
limited injection [75] will still be visible. Please note, that the description of carrier
injection through this HATCN layer is non-trivial [288] and the influence of the polar
nature of the active layer on carrier injection through HATCN is also unknown and
not subject of this work.

At first, the case of pure ITO as bottom, hole injecting contact is considered. For
low doping of up to 5% to 7%, the measurement shows higher current or better
injection for rising Algs concentration, leading to a positive trend in the injection-
quality plot. With further increasing doping ratio the graph does not show any
saturation, instead the injected current decreases again, as indicated by a negative
trend in the injection quality graph. The second case, with HIL1.3 at the bottom
contact, shows a negative trend over all different doping ratios. Interestingly, the
current injected through HIL1.3 is clearly higher by approximately one order of
magnitude compared to the HATCN/Au contact, directly evident due to positive
values in the plot. The HIL1.3 samples also outperform the ITO stack at 0% and
10 % doping, but not at the optimal doping ratio around 5 %.

When the presumed barrier into NPB is already low, which is the case for HIL1.3
with ®pr13 ~ 5.7eV [117], the effective barrier is subject to Fermi-level pinning:
Greiner et al. have shown that the resulting injection barrier saturates at a finite,
non-zero value, even if the substrate workfunction is near or larger than the ion-
ization potential (IP) of the organic material [72]. It is therefore unlikely that any
improvement of injection due to GSP is possible, considering the ionization potential
of NPB at 5.3eV. Instead, the measurement in Figure 6.3 shows a small negative
trend, indicating impaired injection through the HIL/HTL interface. By contrast,
with an ITO workfunction of roughly 4.6eV, a nominal injection barrier of up to
1eV can be expected in the first case, which gives room for improvement. Up to
roughly 5% the current is indeed positively influenced. This is in good agreement
with previous observations of the effect of the GSP on electron injection from the
cathode to the ETL in polar OLEDs [3,11|. The decreasing current through the
ITO/NPB:Alqs interface for higher doping ratios, however, is surprising, not only
because it differs by more than two orders of magnitude from the undoped case.
From the calculation of the aforementioned figure of merit one can conclude that a
change in bulk carrier transport of the NPB:Alg; mixture alone cannot be the root
cause for the observed optimum, as its influence would affect both the forward and
reverse side of the current-voltage characteristic equally. Hence, interface-bound ef-
fects such as changes in barrier e.g. by altered energy levels of NPB and/or mobility
limited carrier injection have to be accounted for.

6.1.2. Mobility determination by MIS-CELIV

A changed doping ratio of Alqs in NPB might change the mobility in the device by
increasing the length of individual percolation paths [277] or by changing the disorder
in the material. NPB is reported to show signs for correlated disorder in charge
transport [129], added dipolar disorder might thus influence the charge transport. In
Section 5.1, the application of the MIS-CELIV technique on polar OLEDs has been
successfully described, which will now be used to extract the charge carrier mobility
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Figure 6.4.: Three example temperature series on ITO (0%) and HIL1.3 (0% and 7 %).
Both the extracted mobilities and example CELIV transients are shown,
although not all temperatures are included in the CELIV series to enhance
lucidity of the individual graphs. Fits to obtain E, are given individually
to emphasize the difference between individual devices (gray line) and the
average (black line).

and activation energy for doped NPB:Alqs/Alq; OLEDs.

CELIV transients are evaluated using the small-charge injection technique and
the mobility is calculated using the analytic formulas discussed in Section 5.1. The
measurements are conducted in a LNs cryostat from 330 K down to 230 K. However,
in most cases, measurements below 270 K are dominated by lateral conductance of
the hole injection layer, if present. Peak-search and calculating the mobility is done
with the Paios software suite with a 1 MHz low pass filter applied to remove residual
noise. Two datasets can be extracted from the measurements, the doping-dependent
mobility at room temperature to be compared e.g. with time-of-flight measurements
discussed later on in Section 6.2 and the change in mobility activation energy.

In Figure 6.4, three examples of CELIV transients and the extracted mobilities are
shown. For each combination of doping ratio and anode layer, ITO or HIL1.3 in this
case, multiple devices are available. For some parameter sets, the individual devices
differ more than for others — in the graph, individual fits of the activation energy are
thus shown in light gray, whereas the average fit is given in black to emphasize the
difference. This effect is especially large for ITO based samples, where the signal-
to-noise ratio is weak because samples directly on ITO are manufactured with four
times smaller sample area to avoid short circuits. All transients were recorded with
a ramp rate of 200 Vms~! and the ramp time is adapted for low mobility devices.
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on ITO on HIL1.3
Doping E, o E, o
(%) (meV) (meV) (meV) (meV)
0 211+ 16 111+ 4 310+ 60 | 134+13
33 197 £ 25 107+7 338+ 68 | 140+ 14
5.3 253 £ 47 121+11 | 338+35| 140+7
7 279 £106 | 127+24 | 328+47 | 138+10
11.3 - - - = 254 +31 | 122+7

Table 6.1.: Extracted mobility activation energies E,, and disorder parameters o for all
doping ratios and with anode materials being ITO or HIL1.3. For 11.3%
of doping, no successful CELIV transient was possible with bare ITO, so no
data is available here.

At first, the change in activation energy with respect to the doping ratio is dis-
cussed. The results for all doping ratios and the two anode materials ['TO and HIL1.3
are given in Table 6.1 and noted in Figure 6.4. A graphical representation of all val-
ues obtained from CELIV transients is given in Figure 6.7 in Section 6.1.3 together
with data from impedance spectroscopy.

Directly visible from the data is that the extracted activation energy is different
for samples with HIL1.3 and ITO. This is in line with the findings discussed in
Section 5.2, where a higher systematic error is expected and the extracted mobility
activation energy is by trend under-estimated for higher barriers, which is the case for
ITO. Thus, absolute values extracted here should be treated with care, a comparison
of the trends and relative changes is, however, still valid. Although the lateral
conductance of samples directly on ITO is very low and measured j(V') characteristics
or impedance spectroscopy usually produces good results, CELIV suffers from overall
low sample current due to the small sample area. A possible remedy would have
been to increase the CELIV ramp speed, however, the setup in question involved
several meters of coaxial cable, partly immersed into the cryostat, which makes
higher frequencies or faster transients difficult to handle.

Nevertheless, the resulting activation energies are in the range of what is expected
and has been seen in the past for different devices, see e.g. our publication in ref-
erence [14]. For NPB, the correlated disorder model for the mobility has been sug-
gested in the past [129]. A direct fit of the model equation for the mobility given in
Equation 1.13 on the measured data is challenging because of missing parameters.
However, a simple transfer to the width of the DOS in the simpler Gaussian disorder
model can be attempted with the relation

2
B _ ( 20 ) , (6.2)
kgT 3kpgT
the resulting values for o are given in Table 6.1 alongside to E,. With increased
doping, a clear rise of o or E,, could have been expected. Instead, it is rising for
devices with ITO at the anode and lowering in the case of HIL1.3. From this point
of view, the width of the DOS of NPB does not seem to be widened significantly by
dipolar doping of Alqs.
Still, the absolute mobility changes by almost one order of magnitude, as seen
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Figure 6.5.: a) Extracted absolute mobilities for both HIL1.3 and ITO at the anode. No
measurement was possible on ITO with 11.3% of doping. The values are
taken from the temperature series measured on all samples, it is thus mea-
sured exactly at 300K and not at room temperature. Straight lines show
the fits using a trap-affected mobility. b) Fits on temperature dependent
series on HIL1.3 only.

in Figure 6.5. In contrast to the activation energies, where E, 1o is always lower
than for the HIL1.3-based samples, only a small systematic difference in absolute
mobilities at 300 K is observed, where in addition pr1.3 > prro. Given the HOMO
level of Algs being approximately 0.3 eV higher than the NPB HOMO, classic charge
trapping is unexpected for holes in Alqs-doped NPB. However, as both transport
levels are subjected to disorder and a Gaussian shape, the difference between both
levels can be in fact smaller. Assisted by the ordered dipoles in possible Alqs ag-
glomerates, carriers might be held at Alqs dopants, even if the activation energy
for leaving the captured state is very small. Additionally, charge transport through
doped NPB is hindered by extended percolation paths, if Alqs is not considered a
transport site for holes in the system [277].

Still, in case of trap limited mobility, a relation to the trap-free mobility is given
in Equation 1.14 with

B\
1= fin) [1 + cexp (kBTﬂ , (6.3)

where the concentration of traps ¢ affects the trap-free mobility uy and requires the
additional activation energy Fy for de-trapping. The fits of Equation 6.3 to the data
of the CELIV mobility at 300 K are presented in Figure 6.5a, which indeed describe
the decay of the mobility reasonably well with Ey = (91 £+ 5) meV. The model holds
true also for temperature dependent data, as seen in Figure 6.5b for HIL1.3 based
measurements. However, a simple exponential decay would also fit the change in
mobility resembling a straight line in a semi-logarithmic plot. Furthermore, only
one order of magnitude of dynamic range is available to fit the exponential on the
measured mobility, which leaves a large amount of uncertainty also when fitting is
done with weighted input data. Even if trapping is not a factor in the device, the
additional energy needed for charge carriers to travel through the bulk with a larger
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number of hopping sites due to the increased path length might be modeled similar
to an activation energy. A deeper investigation of the change in mobility with doping
due to changed percolation paths, however, would require microscopic simulations
such as kinetic Monte Carlo modeling that has not been done in the scope of this
work.

6.1.3. Impedance on bi-layer MIS structures

To investigate injection barriers between anode and NPB, temperature dependent
impedance spectra are recorded on bilayer devices with doping ratios between 0 %
and 11% of Alqs in NPB. Again, the anode material was varied, in this case bare
ITO and HIL1.3 is compared. Example measurements of two devices and fits against
the 2RC model to determine relaxation frequencies are shown in Figure 6.6a. The
fits converge with very low error over the whole frequency range for ITO and the
2RC model thus describes those devices very well. In case of HIL1.3, a divergence
from the model is visible for low frequencies below 1kHz. This is due to the lateral
conductance of PEDOT:PSS or HIL1.3 leading to an effective increase of the active
area of the device for low frequencies [241]. The error in the extracted relaxation
frequency is still low, as the relevant portion of the spectra is in good agreement with
the model. The extracted absolute relaxation frequencies for all devices are shown
in an Arrhenius plot alongside with fits used to determine the activation energies in
Figure 6.6b.

From the raw relaxation frequencies, without extracting activation energies or bar-
riers, the difference in nominal barrier is already visible. On bare ITO (dashed lines
in Figure 6.6b), the larger energetic offset leads to considerably higher resistivity
and hence orders of magnitude lower relaxation frequencies compared to samples
with HIL1.3 (solid lines) as hole injection layer. Also, for ITO, highest relaxation
frequencies are observed for moderate doping ratios, whereas samples with HIL1.3
on the anode follow a steady decay in relaxation frequency with doping ratio. Ad-
ditionally, it is already visible by bare eye that the fits to the data for the ITO
based samples vary stronger in slope, with the 5% mixture showing the smallest
slope alongside with the highest relaxation frequency among this series. Likewise,
the high temperature relaxation frequency of I'TO based samples exhibit a spread of
2.5 orders of magnitude, whereas samples with HIL1.3 on the anode all reside within
one order of magnitude. This is consistent with the findings from current-voltage
characteristics, where the highest current in case of ITO was observed for 5% of
doping alongside with larger differences for higher doping, too, while HIL1.3 only
changes by one order or magnitude to lower currents.

From the slopes of the temperature dependent measurements, the activation en-
ergies for charge carrier injection can be obtained. Figure 6.7 shows the extracted
activation energies calculated by fitting the exponentially activated injection as de-
scribed in Section 5.2 on temperature dependent C'(f) measurements. Additionally,
the mobility activation obtained from temperature dependent CELIV mobilities in
Section 6.1.2 is included. Subtracting mobility activation from the measured overall
frequency activation calculates to the injection barrier given by Einj = Eact — B,
which is depicted in the bottom part of the graph. In case of a high-workfunction
substrate like HIL1.3 with ®yy,1.3 & 5.7 eV, the presumed effective barrier for hole in-
jection into NPB is already low and additionally affected by Fermi-level pinning [72],
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Figure 6.6.: a) Examples for C-f measurements on ITO and HIL1.3 with 5% of doping.
The ITO based sample degraded above 310K and the measurements at
320K and 330K are hence not shown. Straight lines connecting the data-
points are fits based on a simple 2RC model. b) Results of the temperature
dependence of the relaxation frequency determined by the fits for different
doping ratios. Shown are results with ITO (dashed line fits) and HIL1.3
(straight line fits) based devices. Points and squares denote the measure-
ments at various temperatures averaged over different pixels, lines are the
fits. Temperature is varied between 330K and 250K, depending on the
stability of the respective samples and contacting.
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Figure 6.7.: Extracted parameters from impedance spectroscopy and MIS-CELIV for
different doping and barriers. Samples with the same anode material are
connected with a spline as a guide to the eye. The top portion shows
the measurement quantities, solid lines belong to the frequency activation,

dashed lines to the mobility activation. The bottom portion shows the
calculated injection barrier.

as seen in current-voltage characteristics, too. However, as seen in Section 5.2, the
method used to determine the barriers can underestimate the extracted value for
injection barriers below 300 meV, which can also be seen here with values around
zero. Still, the overall picture shows a very small barrier that is not further lowered
by the increasing interfacial charge density introduced with doping.

For bare I'TO with ®170 ~ 4.6 eV, however, a lowering of the barrier with increas-
ing interfacial charge density is possible and indeed observed for moderate doping of
up to 5%. Given that the subtraction of the mobility activation already accounted
for the mobility effect at the interface in the case of impedance spectroscopy, the
rise in barrier for higher dilutions must be attributed to different processes at the
ITO/NPB:Alqgs interface or in the bulk of the doped NPB. Furthermore, although
CELIV is well established to extract carrier mobilities, different pitfalls for deter-
mining the exact value are known [13,233], see also Chapter 5. To get another view
on the change in charge carrier mobility due to dipolar doping, time-of-flight mea-
surements are conducted on four different samples with doping ratios ranging again
from 0% to 10 %.

6.2. Time-of-flight measurements of dipolar doped NPB
Time-of-flight (TOF) is a well-established method to determine the carrier mobility

of (photo-)excited carriers in semiconductors. It was probably first used by Spear
etal. to measure carrier mobilities in Selenium [289]. At that time, however, an
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Figure 6.8.: a) Extinction coefficients (k) of NPB, Alqs and Cyq in relation to the
excitation wavelength at 532nm. Data available from refs. [124,168] b)
Schematic sketch of the TOF experiment on solar cells with charge gen-
eration layer (CGL). The external field drives the charge carriers to the
respective electrode, the majority of the time is needed for the hole-drift
through NPB.

electron gun was used to excite charge carriers. The experiment was since adopted
to optical excitation and for organic samples [290] and has evolved to one of the
most prominent techniques to determine charge carrier mobilities [222]. All TOF
measurements were conducted by Motiur Rahman Kahn, then employed at the Soft
Matter Physics Group at the University of Potsdam, Germany, on samples that I
specifically manufactured for TOF experiments. Evaluation and comparison of the
measurement results is done by myself.

A detailed discussion of the TOF experiment would leave the scope of this work,
thus a brief introduction is given in the following. For explanation, the basic principle
is sketched in Figure 6.8 alongside with the absorption spectra of the materials in
question. TOF measures the transit time of photogenerated carriers by evaluating
the measured current transient in dependence of time. The applied electric field
can additionally be varied to study field dependent mobilities. For this purpose, the
material (mixture) in question has to be incorporated in a solar cell stack allowing
effective light absorption and carrier generation. In traditional TOF experiments,
light absorption can theoretically take place in the whole sample area. The layer
thickness and optical density at the excitation wavelength, however, should ensure
that the light is absorbed in a region much thinner than the sample thickness [290].
In the case of doped NPB:Alqs, this approach would pose two major problems. At
first, NPB as well as Alqs absorb mostly in the deep-blue to near-UV wavelength
range and thus only a small window is available for excitation wavelength until
the substrate with ITO on standard borosilicate glass starts to become opaque.
Additionally, absorption of NPB and Alqs is weak and both overlap considerably, a
strong laser intensity or thick films would be required for a suitable signal. However,
hole transport in electrical devices is most likely taking place in NPB only, as Alqs
has a very low hole mobility [63] and direct hole injection is difficult [291]. The
overlapping absorption of NPB and Alq; would not allow to restrict carrier generation
to NPB only and a different charge generation layer is therefore needed [222].
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To accomplish this, solar cells are built with the (doped) NPB layer as donor and
Cro as acceptor. The acceptor layer is acting as a charge generation layer [222],
injecting holes into NPB. Its thickness needs to be small enough not to overlay the
electron extraction current with any measured hole transient. Though no reference
data is available for NPB in solar cells, its sister-molecule a-NPD that was briefly
introduced in Section 2.1.1, has successfully been used in this cell design in the
past [167]. Furthermore, Cry features high absorption in the visible wavelength
range, where almost no overlap is existent with NPB or Alqs absorption.

The cells used for this work feature a 200nm thick transport or donor layer of
doped NPB on unstructured ITO topped with a thin (~20nm) charge generation
or acceptor layer of C7p. An exciton blocking layer of 5nm bathocuproine (BCP)
topped with Aluminum comprise the cathode. Measurements are carried out by
exciting the samples with a wavelength-tunable, diode pumped, Q-switched Nd:YAG
laser (NT242, EKSPLA) with 8 ns pulse duration time at an excitation wavelength
of 532nm and 500 Hz repetition frequency. A 50 Q resistor is used to measure the
current, which is recorded with an Agilent Infinilum DSO9054H oscilloscope.

Four transients of the cells measured are shown in Figure 6.9a for pure NPB and
doped with 2%, 5% and 10 % of Algs, all in double-logarithmic plot. Ideally, a TOF
transient would feature a plateau after the initial current spike induced by the laser
pulse, followed by a decrease starting at the transit time t;., which relates to the
carrier mobility with [222]

d2
K ‘/extttr .

The transit time is usually obtained by fitting a triangular shape or two straight
lines and calculating the intersect. At the end of the transient, prior to the decrease
in photocurrent, a peak or cusp is sometimes observed. This was the case for pure
NPB measured at higher excitation energies (not shown here) and can be a hint to
an inhomogeneous electric field in the layer, which arises from a space charge effect
at high carrier density [292]. In case of dispersive transport, no plateau is observed.
Instead, the photocurrent decays steadily after excitation in linear space, though
sometimes a kink or change in slope can be observed in a double-logarithmic plot
that is also dependent on t, [222,290,292].

Although no qualitative investigation of the dispersive nature of the transport was
made, the increasing downward slope of the asymptote at the plateau region (before
tiy) is already visible by bare eye for all doped devices. Similar observations for doped
NPB have been reported in literate by Fleissner et al. [293|, although in this case,
the dopant did introduce hole traps into NPB. In case of Alqs the HOMO is lower
than in NPB and Alqs doping will thus not introduce hole traps. Instead, scattering
and extended pathways for holes through NPB are expected to cause the dispersive
nature of transport. A comparative study by Tong et al. addressed the influence of
dopants introducing traps or scattering sites [277| with one doping concentration
only, nevertheless it supports the finding of this work. Thus, although no hole traps
are expected to be found, the increasingly “blocked” pathways for carriers through
NPB provoke dispersive transport.

(6.4)

The extracted mobilities for different doping ratios are given in Figure 6.9b. Before
referring to the absolute values, the field dependence of the results is discussed.
According to the Poole-Frenkel law of field dependent mobility (see Section 1.1.3,
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a) Time-of-flight transients with different applied fields for neat and doped

NPB. Pure NPB transients feature only a small upward slope in the plateau
region before t;,. In contrast, the doped NPB film shows a strong downward
slope indicating dispersive transport. b) Measured mobilities in dependence
of applied field with fits of the Poole-Frenkel mobility shown. c) Absolute
mobilities extracted from CELIV and TOF measurements. Averaging took
place over different samples of the same ratio for CELIV and different fields
ranging from 300 (V/cm)*/2 to 400 (V/cm)'/2 for TOF.



6.2. Time-of-flight measurements of dipolar doped NPB

Equation 1.11) p o exp (B\/E) The characterization of the field dependence is
thus done by fitting a simplified version of the Poole-Frenkel law with

[t = jig €xp (6\@) :

where 3 is a constant describing the slope of the semi-log plot. It is thus common
practice to plot the mobility semi-logarithmic in dependence of the square root of
the applied field. If the field dependence of the mobility follows the Poole-Frenkel
law, it will yield a straight line, which is the case for all doping ratios.

The measurement of undoped NPB does not show a pronounced slope with in-
creasing field, indicating almost no field dependence of charge transport in this NPB
layer. This can point to a thin film of high purity, though no clear picture exists
in literature. Multiple authors found a field dependence of pure NPB [277,294],
whereas others state NPB mobility to be mostly field-independent [1,293]. The
B-parameter for field dependence in undoped NPB is 5.83 x 10~° (cm/V)'/2? and
therefore two orders of magnitude lower compared to the doped films, which all
exhibit 8 ~ 3.2 x 1072 (cm/V)Y/2 without considerable difference. For Alqs doped
NPB, the field dependence is thus independent of the doping ratio, only the zero-field
mobility is subject to change. A more detailed analysis of the doping effect on field
dependence or disorder would require temperature dependent measurements, which
were not available with the measurement setup used here. Fits to more sophisticated
mobility models like Gaussian or correlated disorder are thus not attempted.

The absolute values of the obtained mobilities match nicely to previously re-
ported literature data. For undoped NPB, Fleissner et al. published values that
average to 5.5 x 107*em? V~1s~! [293] in the same range of fields investigated
in this work. Tong etal. published 3.9 x 107 ecm? V=1s=! [277] and Chen et al.
5.3 x 107*em? V15! [294], again averaged over fields between 200 (V/cm)'/? to
400 (V/em)'/2. No literature data is available for higher doping ratios. Tong et al.,
however, published TOF measurements doped with 1.5 % of Alqs [277]. The absolute
values and field dependence in their work match the measurements made here with
2% of doping almost quantitatively.

It can therefore be assumed that the calculated mobilities are correct also for
higher doping ratios, which allows to compare the results with CELIV. Figure 6.9¢
shows the absolute mobilities extracted from CELIV and TOF dependent on the
doping ratio. It is apparent that TOF, compared to CELIV, yields mobilities higher
by approximately one order of magnitude. The field present in the device during
CELIV transients is usually calculated at the point in time, where the mobility is
calculated [13] and amounts to 400 (V/cm)'/2 to 600 (V/cm)'/2, which is the same
range as in case of TOF and thus cannot be the reason. However, the mobility can
depend on the carrier density besides the electric field, which was determined neither
from TOF nor CELIV transients. Especially for very high charge carrier densities
possible in TOF, holes can occupy lower energetic states and will not fully relax to
the usual transport level, if the layer thickness is not large enough, which will lead to
higher mobilities [51]. This difference has also been found previously [13|, where it
was found that the CELIV mobilities calculated with the standard formulas can yield
lower values in comparison to e.g. fitting using drift-diffusion. This was, however,
not done here.
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6. Properties of dipolar doped layers

In general, the effect of doping concentration on the mobility is systematic from
both CELIV and TOF and follows an exponential decay (straight line in semi-log
plot). Similar to the case with CELIV in Section 6.1.2 and despite trapping of
charges is unlikely in the NPB:Alqs system, a fit according to the trapped charge
mobility estimation presented in Equation 1.14 results to an activation energy of
(108 + 7) meV for TOF only and (95 + 4) meV in average for CELIV and TOF.

6.3. Investigation of the injection barrier using UPS

In this section, the ultraviolet photoelectron spectroscopy measurements conducted
at Chiba University, Japan, will be discussed. The principal setup design and theory
of parameter extraction is described in Section 2.7. These samples feature an incom-
plete layer stack of ITO/NPB:Alq; to measure the contact barrier between ITO and
the HTL with a maximum thickness of 10 nm, measured in steps of 1 nm, 2 nm, 3nm
and 10 nm. In evaporation, doping concentrations of 2%, 5% and 10 % were realized
alongside with pure NPB. No measurement of pure Alqs was attempted and thus
existing data had do be used instead. Measurements are conducted using low-energy
UPS [248] with excitation energies between 4.4eV and 21.22eV to accurately map
the HOMO region of the samples and determine the barriers. Excitation energies are
tuned by a monochromator (Bunkoukeiki M25GTM-DZ) from 4eV to 5eV using a
Xe lamp. The range up to 8eV was available with a Dy lamp, where the standard
excitation wavelength of 7.7eV corresponds to the emission peak of the Dy lamp
in the UV. For wide range scans of the levels HOMO!*™", a He discharge lamp was
available, with a principal transition at 21.22eV. Photoelectron analysis is done with
a model RESOLVE120 hemispherical analyzer from PSP Vacuum Technology.

6.3.1. Pure NPB spectra and ITO workfunction

At first, different UPS measurements on pure NPB are evaluated according to the
barrier. Additionally, the ITO workfunctions can be determined from UPS spectra
and put into comparison with existing data. This allows to compare the results gained
within this work with literature data for NPB on ITO and serves as a benchmark
for data extraction. All spectra obtained for pure NPB films at 10 nm thickness are
visible in Figure 6.10a.

From the spectra, the HOMO onset and secondary electron cutoff (SECO) is ex-
tracted in linear scale with a sectionally defined line fit. As described in Section 2.7,
the injection barrier is gained from the distance of the HOMO onset to the Fermi
level, which in the graph has already been set to 0 eV of binding energy. The position
of the Fermi edge with respect to the detector’s energy scale is determined from the
spectra recorded to measure the substrate workfunction for each new substrate by
fitting a Fermi-Dirac statistic. Respective data and fits are depicted in Section A.2
of the appendix. To determine the ionization potential (IP) of the NPB layers, the
difference between HOMO onset and SECO is calculated. The dataset contains five
measurements of which the first two are measured on the same sample created as part
of the series to vary the doping concentration. These measurements differ only in the
width of the detector energy window, the higher intensity spectrum is recorded with
a greater window. Both extracted values should yield the same result and indeed
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Figure 6.10.: a) UPS spectra in linear scale for different neat NPB layers. Measurements

number one and two are made on the same NPB layer grown in the
series of doping ratio variation, but with a different detector window in
energy. Other spectra have been recorded with the same instrument at
different times. b) lonization potential (IP, top) and barrier (HOMO
onset, bottom) versus substrate workfunction. In this regime, the barrier
still scales linearly with the workfunction. The IP is constant. Literature
data for various substrate treatments is given with hollow datapoints,
measurements from this work are filled. The datapoints marked with the
arrow are those taken from the series of doping ratios. For sources of
literature data see the text.

differ only slightly in IP or HOMO onset by approximately 30 meV each. The three
additional measurements were conducted at the same setup but at different times
prior to my own measurement, the date is given in the legend. These measurements
are otherwise unpublished and were supplied to me for comparison to allow for a
greater spread of substrate workfunctions.

Extracted IP and barriers are given in Figure 6.10b alongside with literature data.
It is directly evident that the data obtained within the scope of this work (given with
filled datapoints) fits well into the general trend defined by literature (hollow points).
Different references have been evaluated for this plot [159,295-302], where the HOMO
onset or barrier and the substrate workfunction was usually taken directly from the
publication. To obtain data for the ionization potential, some of the data had to be
re-evaluated based on published measurements. Not all publications provided data
on a possible vacuum-level shift or interface dipole. Where this information was
available, however, it was considered for calculating the HOMO onset.

The ITO workfunction calculated from the SECO position amounts to 4.8 eV
roughly for the samples investigated in the doping series. This is approximately
0.2 eV higher compared to the I'TO substrates used for electrical measurements and
can be attributed to different manufacturers and sample processing for the sub-
strates, as plasma treatment was not available in the UPS workflow. The additional
samples evaluated also showed a workfunction of about that value, only one sample
amounted to only 4.5eV. In theory, all samples had been treated and cleaned the
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same way, the difference is therefore unexpected.

The ionization potential of NPB is found to be (5.33 £0.11)eV in average from
our data, which matches with the average from literature data of (5.53 +£0.16) eV,
the total average over both data sources is at (5.46 £ 0.18) eV. In case of the barrier,
our measurements also fit well to the general slope obtained from all datapoints, see
Figure 6.10b. The characteristic dependence of the barrier on substrate workfunction
has been observed before by different authors |72,303| and indicates vacuum level
alignment (with a slope of ~ 1). Greiner et al. and others have demonstrated also
for different materials [72,303-305] that no vacuum level alignment is possible any
more, if the substrate workfunction is equal to or higher than the IP of the organic.
Instead, Fermi level alignment or pinning is expected with a, then workfunction
independent, minimum barrier observed. In the case of the samples measured within
this work with UPS this is however not the case, as the substrate workfunction is
low enough and no plateau in the slope is visible nor expected until a workfunction
of approximately 5.4eV. With this comparison, the validity of parameter extraction
using UPS measurements can be assumed. It can be noted that this is also true for
the one sample with very low workfunction, which leads to the conclusion that the
low value is indeed a device property and not a measurement error.

6.3.2. Deducing the band diagram from UPS

Low-energy ultraviolet photoelectron spectroscopy (LE-UPS) is measured for sam-
ples with 0%, 2%, 5% and 10 % of doping processed on ITO. The excitation energies
range from 4.4eV to 21.22eV to accurately map energies in the region of the highest
occupied molecular orbitals (HOMO) of the mixtures for different film thicknesses in
1nm steps. To extract the barriers from UPS, however, a high dynamic range mea-
surement is usually not needed and thus only data obtained at 7.7eV photon energy
is evaluated in this section. For complete LE-UPS spectra, refer to Section 6.3.4.
Figure 6.11a shows the UPS measurements for all measured thicknesses on ITO
obtained with 7.7eV excitation energy. The injection barriers are determined from
the difference between the HOMO onset as indicated by the gray fits and the Fermi
energy at 0eV, the same holds for the workfunction by fitting the SECO at the
high binding energy side. In Figure 6.11b, the extracted barriers taken from these
measurements for all thicknesses and doping ratios are plotted in a simple band
diagram, as well as in Figure 6.11c against doping ratio. They seem to follow the
trend seen in the activation energies extracted from electrical measurements, with a
minimum for low to moderate doping concentrations. However, this minimum moves
to higher ratios with increasing film thickness, while its relative depth is further
lowered. The grey arrow in Figure 6.11c indicates this change as a guide to the eye.
Additionally, the dashed horizontal line resembles the value for neat NPB at 1nm.
A minimum is observed for 2% in case of a 1 nm film, shifting to approximately 5 %
at 10nm. In case of low thicknesses, the minimum is about 200 meV deep, whereas
the difference amounts to only 50 meV when the samples gets thicker. The exact
reason for this barrier lowering is yet to be determined. Because the HOMO level of
Alqs is deeper by approximately 300 meV, however, a simple superposition of the two
materials’ signals can be excluded, as no lowering would be expected at all. Instead, a
superposition would thus rather lead to an increasing barrier with increasing doping
concentration. When compared to the initial value without any Alqs doping, the
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Figure 6.11.: a) All UPS spectra measured at 7.7 eV normalized to the HOMO shoulder.
Fits are shown on the left for the SECO (workfunction calculation) and
on the right for the HOMO onset (barrier). b) Band diagram extracted
from UPS. VL, IP and the HOMO-onset are gained from UPS spectra,
the LUMO is calculated by offsetting the optical gap as a reference. The
energy scale is chosen to be the binding energy relative to the Fermi-level
at 0eV. c) Barriers per doping ratio for all thickness steps, the gray
line indicates the value at 1 nm and no doping for comparison. d) The
interface dipole with respect to the doping ratio.

barriers appear to be lower for higher doping ratios, with exceptions being the 10 nm
and 2nm sample, although for the latter the first datapoint appears out of line.
In most cases, the barrier is also higher for higher doping ratios in samples of the
same thickness. However, to put the UPS data into perspective, the complete band
structure should be analyzed.

Besides the HOMO onset, also the ionization potential and the workfunction of the
layers can be extracted from UPS, all included in Figure 6.11b. For all films, an IP
of approximately 5.3 eV is gained for all four doping ratios, which is shown as dashed
line in Figure 6.11b. Note, that this value is the same also for neat NPB only, thus no
change in IP is observed for increasing doping concentration. This is already a hint
that the spectra measured here mainly show NPB features and no contribution of
Alqs is directly visible, because the Alqs IP amounts to approximately 5.7 eV [306].
Also, the barrier is thus expected to be un-pinned in all cases [72], considering an
ITO workfunction of 4.8eV.
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6. Properties of dipolar doped layers

From the change in vacuum level observed through a workfunction shift when
going from ITO at Onm to 1 nm of organic film, the formation of an interface dipole
at the metal-organic interface upon evaporation of the organic layer is visible. This
is common to metal-organic interfaces and reported for NPB [307] as well als Alqs
[10] and will be discussed in the next paragraph. A second apparent feature is
the slight, but steadily shifting HOMO onset observed without further pronounced
features for increasing film thickness. Both, HOMO onset and vacuum level or
effective workfunction (solid lines), are shifting towards higher binding energies with
increasing thickness, while the ionization potential (dashed line) is almost constant
(??b). This band bending can be a result of the dipolar surrounding of NPB when
doped with Algs. A similar dependence has been directly observed and related to
the giant surface potential for neat Alqs layers [10] and has also been seen in kinetic
Monte Carlo simulations for neat polar layers by Friederich et al [47]. With this
assumption, the change in vacuum level for the doped layers should be related to the
ordered Alqs dipoles, also leading to the GSP measured e.g. with Kelvin probe. See
the next section for a discussion of the GSP observed by UPS.

While the interface dipole leads to a strong shift in vacuum level for neat NPB,
for Alqs doped in NPB the magnitude of A is lowered with increased doping, as
seen in Figure 6.11d. In fact the change in interface dipole is almost linear with
doping concentration with a downward slope of (14.9 £ 1.2) meV/%. Unfortunately,
no higher doping concentrations were measured to see, if A can be reversed to positive
values, which, at this slope, would already happen at 14 % of Alqs. The modification
of the interface dipole using dipolar layers is a known concept to tune the substrate
workfunction, though usually undoped layers of e.g. self-assembled monolayers of
dipolar molecules are used [308,309]|. The potential difference induced by the dipole
layer [309] can be estimated to

*

p* o
AV = — =——d 6.5
gepA €eo (6:5)

where P"/A in this case is the dipole moment per unit area connected to a fictive
sheet charge density ¢* similar to Equation 1.37 discussed in Section 1.1.7. In the
case observed here, the initial interface dipole is lowered, the additional polar species
therefore induce a relative interface dipole change dA that in theory should follow the
same rules as the GSP, see Equation 3.1. Unfortunately, however, an interface dipole
at a metal-organic interface is not solely governed by the PDM of the molecule and the
relative change of A is thus not directly linked to the GSP. Still, the relative change
in interface dipole can be calculated to approximately —0.150 eV for 10 % of doping.
With a triclinic unit cell of almost rectangular shape and a volume of 2.224 nm3
containing four molecules [310], the height of one monolayer Alqs can be estimated
to be around 0.8 nm. A GSP in film would thus need to reach 180 mV nm~! at 10 % of
doping to allow for the change in interface dipole without additional effects. Besides
the effect of dipoles directly on the interface, the interface charge density introduced
with the giant surface potential can have an effect on the interface dipole, refer to
Section 6.4.3 for a discussion.

As aresult, at least two processes determine the extracted UPS barrier: the lowered
interface dipole with Alqs at the ITO/organic interface and the shift to higher binding
energy of the overall HOMO level with increased density of Alqs dipoles in NPB.
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6.3. Investigation of the injection barrier using UPS

Although the change in A and the HOMO energy cannot be investigated completely
independent from each other, it is possible that both effects influence the barrier
into the opposite direction, eventually forming a barrier minimum. As the interface
dipole lowering is an effect bound to the first few monolayers of NPB:Algs on ITO,
this effect subsequently looses influence on the observed barrier for thicker layers.

To conclude, low film thickness measurements of up to 10 nm on the anode com-
prising only a few monolayers, all exhibit a HOMO onset closer to the Fermi level
compared to neat NPB. The lowered barrier will enhance carrier injection into the
device, but cannot explain the minimum observed in electrical measurement alone
(see Section 6.1.3 or Section 6.1.1).

6.3.3. Visibility of the GSP in UPS spectra

Although the giant surface potential as a macroscopic quantity is typically measured
only for thicker layers for example via Kelvin probe [6,10], the same shift in energy
levels could be present also on a molecular level. Friederich et al. have shown by sim-
ulation that the change in workfunction is continuous through the film and applies to
all energy levels equally. Thus, also the HOMO and LUMO levels are subject to band
bending due to the GSP. With Kelvin probe, the substrate workfunction is measured
for increasing thickness of the organic layer and the slope then determines the GSP
as seen in Section 3.1. The same calculation should be possible with the slope of the
vacuum level change obtained by UPS as a change in effective workfunction.

Usually, Kelvin probe series are measured on samples of a few 10nm to 100 nm.
Depending on the substrate and the amount of molecule orientation in the first mono-
layers, the overall layer thickness of only 10 nm with four points of measurement is
ambitious to use to calculate the GSP. Also, in many cases, a clear change in work-
function is seen after only a few nanometer have been deposited, see Section 3.1.2.
Still, the giant surface potential ranges between (5 + 3)mV nm~! for neat NPB to
(25+4)mVnm~! for 10% of doping. With Kelvin probe, the GSP of NPB was
determined to be (1.12 & 0.15) mV nm~! within this work, whereas Noguchi et al. re-
ported 5mVnm~! [12]. When extrapolating the KP-data in Section 3.2.5 towards
0% doping, a similar value of (5.1 +2.2) mV nm~! is gained.

For a 10 % mixture, the UPS workfunction slope amounts to (18 +2)mV nm~1.
This is similar to the value gained with Kelvin probe at 12% of doping, which
amounts to (18.58 4= 1.25) mV nm ™!, which is, however, smaller than approximately
30mV nm™" for 10 % of doping obtained via impedance spectroscopy.

Still, it is reasonable to assume that the increased band-shift for higher doping
ratios and the thickness dependence of the extracted barrier is a result of the SOP
and thus the giant surface potential.

6.3.4. Investigation of the energy landscape of NPB:Alq;

For each sample from the set of four different doping ratios, low-energy UPS (LE-
UPS) spectra were recorded at a thickness of 1nm and 10nm. Intermediate steps
with 2nm and 3 nm were measured only with 7.7 eV photon energy to reduce damage
induced to the sample and to limit the required time to approximately one day per
sample. At the end of each series of thicknesses, one high energy UPS spectrum with
21.2 eV of excitation energy was recorded, which will be discussed at the end of this
section.
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Figure 6.12.: Stacked LE-UPS spectra for excitation energies between 5.5eV to 7.7 eV.

Stacking was done manually. Although a exponential tail seems to be ex-
istent for all doping ratios, only neat NPB exhibits a low noise exponential
tail. Fitted HOMO Gaussians are drawn in red with center energy E., an
exponential fit to the bandgap region is given in black except for 10 %,
where no convergence was reasonably achievable.

Spectra of low energy UPS for 1nm thick samples of all four doping ratios are
given in Figure 6.12, the coloring reflects the excitation energy used to measure
the individual portions. To create these combined graphs, different methods have
evolved over time. Ideally, the intensity of the incident light in the UPS chamber is
known precisely. If this is the case, the spectra could be combined using the so-called
constant final state approach, where individual measurements are scaled based on
the light intensity and evaluated at a constant kinetic energy larger than the SECO
cutoff. This approach is known in the field of inorganic semiconductors [311,312]
and was transferred to OSCs by Ishii et al., although yet unpublished (Presentation
given by Prof. Hisao Ishii at a seminar held at the University of Augsburg, November
12, 2019). The spectra here, however, had to be converted with the second approach
published earlier by Sato etal. [248], which is also applied to spectra in different
works from our group [116,167] because they lack exact information on the incident
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6.3. Investigation of the injection barrier using UPS

light intensity. Therefore, they were stacked by overlapping areas of equal binding
energy through scaling of each recorded spectrum.

The main objective behind the LE-UPS measurement, in contrast to much faster
single-energy spectra needed to extract the HOMO onset, was to study the existence
of possible mid-bandgap states. These states can act as traps and recombination
centers [248] and play a major role in charge injection and the energetic position of
the HOMO level [313]. Secondly, the shape and width of the HOMO area can be
a measure for energetic disorder as well as the exact material of the film. Thus, it
should be possible to distinguish, if the measured spectra originate from NPB or a
mixture of NPB and Alqs, which would complicate the calculation of an injection
barrier into NPB. This question has also been addressed with high-energy spectra,
which will be discussed later.

HOMO region and gap states

In Figure 6.12, the first HOMO peak is fitted with a Gaussian function given in
red, with the fitting parameters noted in the graph. Additionally, the position of
the HOMO-onset as evaluated in linear scale is given with a dashed vertical line,
as well as an exponential fit to the tail besides the HOMO Gaussian. The center
of the Gaussian largely follows the trend of the extracted linear energy barrier with
the highest distance from the Fermi level observed for neat NPB and an increasing
distance afterwards. For the width of the Gaussian, which resembled the width of the
density of states (DOS) at the HOMO, no clear trend is observed. Instead, except
the 2%, it is equal within error. As already observed in the mobility measurements
in Table 6.1 this indicates that the addition of the polar species of Alqs in NPB does
not increase the disorder in the DOS, but instead only provokes a shift in energy.

The width of the DOS itself is in average (298 & 10) meV, which is high but similar
to what is reported for other organic semiconductors. Sato et al. published a FWHM
of the DOS-Gaussian for the donor polymer PTB7 of 0.59 eV, resulting to oprp7 &
250 meV [248]. In a recent publication, we found opgp = 251 meV for the amorphous
donor DBP [116], Horowitz et al. listed a mean value of 280 meV for pentacene [314].
In case of NPB, two adjacent molecular orbitals HOMO-1 and HOMO-2 are reported,
both observe a width of o ~ 0.2eV [315]. In fact, a similar shape is seen in high
energy UPS spectra shown further on in this section. For simulations of the HOMO
region with individual molecular orbitals visible please refer to Section A.4 in the
appendix. Surprisingly, the two peaks are only very faintly visible in the LE-UPS
spectra and best seen in the 2 % mixture, where a second step exists roughly 0.5eV
apart to higher binding energies. It is thus indeed possible that the single Gaussian
fit presented here does not accurately describe the system. A convolution of two
Gaussians would lead to a broadening of the extracted DOS width.

A value of 0 =~ 0.2eV for NPB, however, is still larger than the result gained
from CELIV transients when investigating the mobility activation energy, which
resulted to a global average of (127 4+ 12) meV. One possibility for that difference
has only recently been discussed by Mutioz et al. on PEDOT:PSS films. The observed
intensity in the UPS measurement does not only depend on the DOS of the HOMO
region alone, but also on the DOS of the vacuum level at the semiconductor/vacuum
interface [316]. Depending on the film surface, this might lead to a broadening of
the DOS.
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Figure 6.13.: a) Hel spectra recorded at hv = 21.22eV of all four samples with low
intensity and high energy resolution. b) Logarithmic plot of high intensity
resolution spectra. The spectra are shifted and normalized to the point
indicated with an arrow.

Concerning the gap states, no clear picture could be obtained. The exponential
decay usually termed Urbach tail is fitted with a single exponential decay with either
an Urbach slope [ [248] or the Urbach energy Ey [317] as fitting parameter, where

N(E) = Noexp (—B[Eo — E]) = Noexp (E;UEO) | (6.6)

Ejy is the energy at the beginning of the Urbach tail and Ny the initial density of
states or intensity. Both versions of the function are mutually equal with 8 = 1/k,.
The Urbach energy allows to draw conclusions on the energetic depth of the tail
state.

For 0% of doping, the tail above the HOMO onset appears to be clearly visible
with only low noise. However, noise levels rise for higher doping concentrations, up
to the extent that no good fit was possible for 10 % of doping. This might indicate
an increased influence of the Alqs species on the UPS signal. Unfortunately, though,
LE-UPS spectra of pure Alqs could not be obtained up to now, a comparison is
thus not directly possible. The obtained Urbach slopes are given in the graph, the
Urbach energies calculate to 309 meV for neat NPB, 269meV for a 2% mixture
and 315meV in case of 5%. These values appear considerably large, although no
literature data for NPB is available. The Urbach energy for Alqs is reported to
be 134 meV [318], other small molecular systems range from 50 meV for the highly
ordered donor Diindenoperylene to 30 meV for DBP [116], however determined by
optical measurements instead of UPS. Sato et al. published 5 = 8.3 /eV for the poly-
mer PTB7, which amounts to roughly 120 meV [248|. Thus, assuming deep level tail
states of 0.3eV in NPB is probably erroneous. A single systematic source of error
could, however, not be identified.
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High-energy spectra on NPB:Alq; mixtures

A further hint to the assumption that the extracted barrier is indeed the position
of the NPB HOMO onset can be seen in high-energy UPS spectra covering a larger
range of binding energies. In Figure 6.13 these measurements are shown for all four
samples at 10nm thickness. On the left side, in Figure 6.13a, the spectra were
recorded over a broad range of binding energies with short integration time, whereas
in Figure 6.13b a higher accuracy in measurements was applied to a smaller range of
binding energies. The spectra are aligned and normalized to the first minimum seen
from the Fermi level for easier comparison. Both in linear and logarithmic scale, no
change in shape of the HOMO peak is observed and the form of the spectra stays
the same. Excluding the 10 % measurement, the spectra all are of similar shape and
only small changes in relative peak heights are visible in the logarithmic scale. At
10 %, the intensity is much lower compared to the other three, although they were
all aligned to the same minimum, which is similar in depth compared to the first
HOMO peak. It is therefore assumed that the huge difference in intensity is rooted
in an erroneous measurement, though no definitive answer can be given.

Although NPB and Alqs are reported to be not distinguishable in standard UPS
measurements [306], a closer look to the first HOMO peak in low and high energy
UPS, however, suggests that the observed shift in HOMO onset discussed in Sec-
tion 6.3.2 and visible in Figure 6.11 is rooted on a change in NPB HOMO level. To
the best of my knowledge, measured UPS HOMO onsets hence correlate to the NPB
injection barrier.

6.4. Possible descriptions of the GSP effect on carrier
injection

In this section, possible models to describe the observed effect of dipolar doping
on carrier injection are discussed. At first, carrier injection into disordered films as
proposed by Scott and Malliaras [75] is evaluated in the light of the barriers mea-
sured with UPS and the change in mobility observed for doped layers. Parts of this
section have already been published in ref. [49] and are reproduced literally. Then,
current-voltage characteristics of hole only devices as well as impedance spectra and
CELIV transients for bi-layers are calculated using drift-diffusion simulations on po-
lar OLEDs. In these simulations, different effects of the GSP can be considered
separately.

6.4.1. Scott and Malliaras model

The basic physics governing charge carrier injection into OSCs have been elaborated
in Section 1.1.4. In the Schottky model, which is based on thermionic emission,
the effect of image charge barrier lowering is a central property. As a result, the
relevant barrier for carrier injection is not directly at the interface, but rather a few
nanometers away. The maximum in potential corresponding to the effective barrier
Ey, o is dependent on the applied electric field, including the GSP by the dipolar
dopants as well as the barrier at the interface in the absence of the field £y o, i.e.
the difference between Fermi level of the anode and organic HOMO energy. At first,
in the Schottky model, the external electric field causes an effective barrier lowering
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AFE)}, derived in Equation 1.21, with
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where Fiy is the external field. The injected current is then proportional to

Eyno— AEy
kpT '

j o< T? exp < (6.7)
with the device temperature T and the injection barrier represented by the differ-
ence of organic HOMO level and contact workfunction, Ey, o = ®, — Egomo. For
amorphous organic materials surface recombination and hopping across the effective
potential barrier a few nanometers away from the interface are also heavily depen-
dent on the carrier mobility. To describe injection of carriers from a metallic contact
into an amorphous organic material, Scott and Malliaras have introduced an exten-
sion of the classic Schottky model, taking the diffusive motion of carriers within the
finite width of the potential barrier into account [75]. The injection current for such
a device as shown in Equation 1.25 is

j = 49(f)*NoepF exp (—f;j?) exp (ﬁ) , (6.8)

where f = Fe?/ (4meeo(kgT)?) is the reduced electric field, Ny is the carrier density
at the interface, p the carrier mobility and ¥ is a polynomial factor depending
on f alone with no order higher than 1. It is worth noting that the individual
quantities’ errors have significantly different impact on the overall injected current.
For example, while the mobility has linear influence on the current, the barrier
multiplies exponentially to the result. A small error or change in barrier can hence
have a huge impact on the calculated current.

To estimate the injection current for the devices presented in this chapter by using
the Scott and Malliaras model, carrier mobility and the injection barrier have to be
known for different doping concentrations. The mobility has been determined by CE-
LIV and TOF as seen in Section 6.2. Both exhibit a very similar doping dependence,
thus only the results of the latter method will be used here. From UPS, the injection
barrier can be gained from the HOMO onset, however, the distance to the electrode
has to be taken into account, see Section 1.1.4. That is, the HOMO onset should
not be evaluated directly at the ITO/NPB:Alqs interface, but at a distance x a few
nanometers away. The maximum in potential and hence the energetic minimum for
carrier injection is field dependent and given by Equation 1.20 with

/ e
= 6.9
. 16meeg (6.9)

For € = 3 it calculates to roughly 3nm for reasonable fields. Note that, in UPS, the
electrostatic influence of the ordered dipoles forming the GSP on the NPB molecules
is already present, the external field, however, is zero.

Figure 6.14 shows the results of the calculated current from Equation 6.8 for
different doping ratios for the barriers gained from UPS measurements directly at
the interface with 1nm of evaporated film, 3nm away and at 10 nm in the film. For
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Figure 6.14.: Calculated injection current based on the model by Scott and Malliaras
[75]. Sources for parameters are the UPS barriers at various thicknesses
and TOF mobility on the left side of the graph. The right portion
shows the extension of the curves calculated with a constant mobility
of 5 x 10~*cm2V~1s™1 for all ratios, which is the TOF result for neat
NPB. Note the individual scales of each set of graphs. In the 10 nm case,
the currents for 2% and 5% are almost equal.

1nm and 3nm, the injection current for 2% doping is highest, whereas in both cases
the 10 % mixture is lower by more than 2 orders of magnitude. As expected from
the results of Equation 6.9, the injection current calculated with the barriers at 3nm
distance resembles the experimental data best, with the optimum being at moderate
doping ratios and higher ratios falling behind even the undoped case.

For comparison, on the right side of the dashed line in Figure 6.14 also currents cal-
culated with the mobility held constant at the value for pure NPB as measured with
TOF (5 x 107*em? V=1s71) are included. The currents then resemble the change
in barrier alone and, although the moderately doped devices are still dominating in
most cases, the difference is not as pronounced. Note, that the maximum in current
for 3nm of thickness is at 2% and not at 5%, as it is the case for current-voltage
characteristics discussed in Section 6.1.1. A mixture below 5% was not measured in
single-carrier devices, in case of impedance spectroscopy a 3 % mixture is available
but does not differ much from undoped NPB, see Section 6.1.3. This difference is
most likely stemming from small inaccuracies in calculating the exact doping ratio as
well as differing processing conditions for UPS and electric measurements in different
labs. As stated above, a small error on extracted barriers could shift the optimum
calculated here by a few percent in doping ratio.

Concerning charge injection, it is therefore reasonable to assume that neither the
change in barrier, nor the change in mobility alone can explain the observed optimum
in current discussed in Section 6.1.1. Instead, a superposition of both processes is
needed to describe the behavior. However, two facts about the calculations presented
here are worth a note. Firstly, the currents resemble only the injection current
alone. Further processes governing overall device current, like space charge and
bulk conductivity are not included. Secondly, the thermionic emission model that is
underlain both the basic Schottky formula and the Scott and Malliaras addition is
accused of not to be accurate for low barriers [14], though a discussion of the relative
differences should still be feasible.
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Figure 6.15.: Simulated current-voltage characteristics for different parameter sets
gained from experiments. a) With only the GSP included, b) with GSP
and mobility, ¢) with GSP and changed barriers and d) with GSP, barriers
and mobility affected by doping.

6.4.2. Drift-diffusion simulations

In Section 3.2.4 and following, simulations of capacitance-voltage characteristics have
been introduced. Despite some minor differences, the model could describe the trends
observed in measurements very well, at least concerning impedance spectra and
capacitance-voltage characteristics. The same model will now be used to simulate
impedance spectra and CELIV transients, but also current-voltage characteristics
on monopolar devices with only the polar HTL present. Additionally, the model
describing the mobility can be extended to include correlated disorder.

At first, current-voltage characteristics are calculated for simple hole-only devices.
The simulated device structure simplifies the monopolar devices to bottom contact,
polar organic layer of 70 nm thickness and top contact; the HATCN hole injection
layer is omitted. Both contacts are set to resemble carrier densities defined by the
barriers with a Boltzmann statistic, refer to Section 1.3 for further information. Input
parameters in the simulation are the mobility as measured by TOF, the injection
barriers measured with UPS and the magnitude of the GSP gained from Kelvin probe
measurements for the same doping ratios. Other parameters for the NPB layer are
unchanged compared to the bilayer-devices simulated in the previous sections. In
simulation, individual parameters can be excluded e.g. by using a constant mobility
instead of a gradually decreasing mobility observed with increased doping. Thus,
individual influences of the different parameters can be elucidated.

The graph in Figure 6.15a includes four different current-voltage characteristics
with varied GSP, while the mobility and barrier at the anode are kept the same at
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measured tailored
Doping w (TOF) o (KP) | Einj (UPS) o
(%) (cm?V~1s71) | (mCm~2) (eV) (cm?V~1s71) | (mCm~2)
0 5.0 x 10* 0.0 0.61 5.0 x 10* 0.0
2 2.0 x 10* 0.3 0.43 3.5 x 10* 0.33
5 0.8 x 10* 0.54 0.49 2.0 x 10* 1.0
10 0.4 x 10* 1.22 0.55 0.4 x 10* 1.33

Table 6.2.: Important input parameters for the simulations shown in Figure 6.15 and
Figure 6.16. The left portion is based on measured parameters from the
previous chapter, the right portion was fitted manually to resemble the mea-
sured characteristics.

5x107*em? V~!1s~! and 0.6V, respectively. A field dependence of the mobility is
included in the simulation, but is set independent of the doping ratio. This mimics
a device with ITO at the bottom contact and compared with the measurements in
Figure 6.2, an optimum in current at moderate doing concentrations near 5% is
expected. The workfunction of the top contact resembling the HATCN/Au com-
bination is chosen to resemble a hole-barrier of 0.2eV. At first it is evident that
the GSP does indeed have a pronounced effect on the current injected through the
bottom contact (positive voltages), while the top contact side remains largely unaf-
fected (negative voltages). To achieve this effect that is also seen in measurements,
the barrier at the top contact has to be comparably small. Otherwise hole injection
from Gold to the HOMO of NPB would be suppressed through the GSP, which has
been seen for electron injection into Al(7-Prq), [3,11]. Note, that carrier injection
through the HATCN layer is non-trivial and best described using a hopping model
not included in these simple simulations [288|. Still, by varying the barrier at the
NPB:Alq; /HATCN/Au interface in simulation, it can be concluded that the value
is indeed at least below 0.4eV. However, no decrease in current occurs for higher
doping or GSP as it is the case in experiment.

Figure 6.15b includes the change in mobility similar to what is observed with
CELIV or TOF into the simulation, see Table 6.2 for a list of input parameters.
Now, the positive influence of the sheet charge density on the current is diminished,
although the difference is not as pronounced as in the measurement. Additionally,
the changed mobility also affects the current through the top contact in the negative
voltage range and the simulation without any GSP or mobility change at 0% still
shows the highest current for rising voltages.

The two graphs at the bottom of Figure 6.15 include the barriers measured with
UPS, where Figure 6.15¢ omits the change in mobility and Figure 6.15d was calcu-
lated with GSP, mobility and barriers set to the measured values. In simulation, the
HOMO level of the NPB layer was changed to resemble the modified barrier observed
in UPS with values of 0.61eV for pure NPB and 0.43¢V, 0.49¢V and 0.55¢eV for
doped layers from 2% to 10 %, respectively. Note, that this resembles the situa-
tion directly at the interface in contrast to the previous section, where the barrier
was evaluated a few nanometers away from the interface. However, in drift-diffusion
changes in local potentials and carrier densities are part of the simulation and would
otherwise be included twice. To keep the hole barrier at the top contact constant,
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Figure 6.16.: a) Carrier density profiles for holes corresponding to the graphs in Fig-
ure 6.15a (top) and c) (bottom) at 2% of doping. The change in barrier
by 0.2eV provokes a change in hole density by four orders of magnitude.
b) Current-voltage characteristics of devices with parameters set to re-
semble the trend seen in measurements.

the workfunction has to be changed accordingly. As a result, the 2% device exhibits
the by far highest current, which is a direct result of the lowest barrier, followed by
5%, 10% and 0%, as seen in Figure 6.15c. This trend is preserved, if the change in
mobility is included in Figure 6.15d. In conclusion, the change in barrier in simula-
tion has the largest effect on the device current in comparison to the GSP and the
mobility. An explanation can be given by investigating the charge carrier densities of
holes in the diode. Simulated carrier density profiles for the devices in Figure 6.15a
and Figure 6.15¢, i.e. without the change in mobility, at 2% of doping are shown
in Figure 6.16a. While the carrier density is equally high in both cases at the top
contact with = 70nm and for negative voltage due to the small barrier, the bulk
density in the positive voltage regime is largely influenced by the bottom contact
barrier. The change of roughly 200 meV in barrier provokes a change in charge car-
rier density by four orders of magnitude. For comparison, the GSP alone changes
the bulk carrier density by a factor of two (not shown).

So far, all parameters in the simulations are based on measured quantities that
are gained by various experimental methods. Depending on the accuracy of the
theoretical models behind the calculations, the exact effect of a specific change of
one parameter can be different in simulation and the real device. Thus, a cross
check is performed to adapt the simulation parameters to resemble the observed
trend in measurement, most importantly, the maximum at 5% of doping density.
The simulated current-voltage characteristics are shown in Figure 6.16b, the values
for the GSP and the mobility required for the simulation are given in the right
portion of Table 6.2. The maximum at 5% doping ratio is achieved by drastically
increasing the sheet charge density by a factor of two compared to the measured
value. Additionally, the change of the mobility has to be reduced, which would
otherwise cancel the effect of the high GSP. As a result, in simulation, it is possible
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6.4. Possible descriptions of the GSP effect on carrier injection

to achieve a maximum at 5 % with a change in GSP and mobility, only. However, the
differences between measured and required parameters is in part large. Also, unlike
in experiment, the lowered bulk mobility is visible in the negative voltage regime,
although this could again be rooted in the insufficiently accurate description of the
HATCN/Gold interface.

Possible effects of correlated disorder

Until now, all simulations were calculated using first-generation models for the mobil-
ity, which lack the influence of Gaussian or correlated disorder. In theory, increasing
dipolar surrounding could lead to increased disorder in the film. Friederich et al.
also stated that a strong GSP and high mobility is thus contradictory in organic
films [47]. When discussing the charge carrier mobility measured with CELIV in
Section 6.1.2 and TOF in Section 6.2, the impact of doping NPB with Alqs on the
electronic disorder was briefly addressed. Remarkably, no strong evidence for a rise
in disorder was found. Instead, it seemed to stay mostly constant. Therefore, the
mobility model is now changed to the so-called extended correlated disorder model
(ECDM) to allow for a systematic screening of the disorder parameter o. From
simulated current-voltage characteristics, the injection quality is extracted using the
same method that was applied to the experimental data discussed in Section 6.1.1
to assess a possible influence on the characteristic that was previously undetected.
ECDM extends the correlated disorder model briefly introduced in Section 1.1.3 by
a dependence on the charge carrier density in the device [319]. It is worth a note,
that the description of the boundary conditions and coupling equations given in Sec-
tion 1.3 are complicated by the introduction of carrier density dependent mobilities.
A direct correlation between injection barriers, built-in field and the corresponding
input parameters like electrode workfunction is thus not directly possible between
models including and excluding disorder.

The simulated characteristics for two different workfunctions with the mobility
described by the ECDM are presented in Figure 6.17a. ogis describes the disorder
parameter and is set to 100meV as published by van Mensfoort et al. [129] as a
default value, if not otherwise noted. oy, denotes the sheet charge density, which
is swept from 0.0mCm™2 to 2.0mCm~2. Additionally, different workfunctions for
the bottom contact are included in the simulations. As visible in Figure 6.17a, lower
pane, no positive effect of the GSP is seen for a contact with high workfunction.
Note, that this is not a distinctive feature of the ECDM model, but is also seen
with models excluding disorder. Furthermore, likewise to the simple first generation
mobility model used above, the current injected through the bottom contact or HIL
side will never exceed the ohmic boundary set by the low barrier at the top contact.
The injection quality in Figure 6.17b, given for different GSP and workfunctions, is
thus always less or equal zero for all simulations. This fact could be addressed in
further simulations by improving the model for the HATCN contact and investigating
the effect of the GSP to non-ohmic contacts. However, it should not interfere with
the discussion on the effect of the disorder parameter. As expected, because ogis is
constant at first, also the experimentally observed worsening of injection for higher
doping ratios and the maximum for moderate doping concentrations or interfacial
charge densities are not reproduced in the simulation shown in Figure 6.17a.

For further investigation, the disorder parameter og;s is thus varied to see, if a
possibly undetected rise of sigma would cause such a feature. A minimum in ex-
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Figure 6.17.: a) Simulated current-voltage characteristics for low top and varied bottom
contact barriers and different interfacial charge densities. b) Extracted
injection quality for the plots of a), again with varied HIL-side barrier. In
simulation, the current will not exceed the ohmic boundary set by the top
contact, therefore no negative values are seen. c) Injection quality plots
with varied ECDM disorder parameter, the sheet charge density is fixed at
1.0mC/m?.

tracted barrier or maximum in injection quality requires a change of the shape of the
current-voltage characteristic and og;s is known to be a crucial parameter capable
of affecting the shape [129]. Figure 6.17c shows simulated injection quality for a
fixed sheet charge density of 1.0mCm™2 and og4js swept from 50meV to 150meV,
with the default value of 100meV of the former calculation in the middle. Such
a large variation of the disorder parameter would probably have been detected in
the CELIV experiment. Moreover, og;s would have to be lowered for higher doping
ratios to lead to a lower injection quality. As a lowered disorder with increasing
doping concentration is unlikely to occur, this will also not lead to a maximum in
current for moderate doping concentrations. From these simulations it becomes clear
that a change of the film disorder plays a minor role for the observed effects. Only
very low barriers, higher disorder can lead to impaired currents (red datapoints in
Figure 6.17c¢).

Impedance spectra and CELIV transients

In simulated current-voltage characteristics, the positive effect of the GSP on hole
injection is reproduced. Similar to the case with the injection model proposed by
Scott and Malliaras discussed in Section 6.4.1, a decrease in mobility due to doping
of NPB with Alqs could explain the existence of the optimum. With a model device
stack with two polar layers and temperature dependent mobility, a combination of
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6.4. Possible descriptions of the GSP effect on carrier injection

C(f) and CELIV simulations can be used to investigate the change on effective
injection barrier similar to the experiment.

Input parameters are the mobility activation energy set to £/, = 0.3 eV and the en-
ergy difference between bottom contact and HTL HOMO level, Ein; = [0.3,0.4,0.5] eV.
Furthermore, the HTL thickness is set to 70 nm, whereas the simulated Alqs layer is
100 nm thick. The temperature and field dependent mobility model implemented in
the Setfos software suite can be described with the equation

E, 1 1
- /TR ¥ (. F 6.10
I uoeXp[ ot <kBT kBTg) \F] : (6.10)

where pg is the zero field, high temperature mobility, Ty the characteristic temper-
ature and B the field parameter [126]. Both B and T are empirical parameters
that would have to be determined with temperature and field dependent mobility
measurements. Unfortunately, the CELIV experiment is conducted on only one
ramp rate and therefore electric field, whereas TOF is available only at room tem-
perature. The parameters were therefore adapted to exhibit the observed room
temperature mobility with the measured activation energy of E, = 0.3eV and to
reproduce the impedance spectra with respect to the transition frequency of the
temperature-independent simulations. Thus, the required parameters are set to
po=12em?>V-1s71 B =56 x107° (cm/V)/? and Ty = 600 K. These parameters
are similar to what has been reported for the polymer PVK by Gill et al. [284]. Note,
that the field dependence could have been disabled by setting B = 0, which would
require changing o to again reproduce the impedance spectra calculated without a
temperature dependence of the mobility. Either way, as an exact reproduction of the
measurement is not attempted, the parameters should describe the semiconductor
reasonably well.

In Figure 6.18a, example CELIV transients simulated with a ramp rate of 0.5 MV /s,
all starting at the same offset voltage, are shown for various temperatures. The de-
vice has the injection barrier set to 0.5 eV and the sheet charge density is 0.5 mCm™2.
Evaluation of the peak time is done by investigating the first derivative. The results
from temperature dependent simulations are shown in the left graph of Figure 6.18c,
where the color coding corresponds to Ejiyj. All calculated activation energies are
lower by approximately 0.2eV compared to the input parameter of 0.3eV (dashed
line) with an average value of (93 + 10) meV. Also, no distinctive relationship of E,,
and the programmed sheet charge density is found that would be systematic to all
injection barriers. Instead, the mobility activation energy appears to be unchanged.
The underestimation of the extracted mobility activation energy is expected from pre-
vious investigations presented in Section 5.2, although the magnitude of the change
is a little larger in the simulations presented here compared to those in Section 5.2.
Note, that, unlike the measurements, the lowest temperature transient observes the
highest injected carrier density in the example shown in Figure 6.18a. This is due
to the fact that low relaxation frequencies result in a slight change in transition
voltage, which in turn causes a higher accumulation at the chosen offset voltage.
However, the small charge injection requirement to extract the transit time from the
peak time should still be valid, though a small systematic error cannot be ruled out.
To counter that error, more detailed simulations with each transient offset voltage
chosen according to the temperature, in order to achieve roughly the same amount
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with dashed lines, error bars are included in the graph, although hardly
visible.

of injected charge carriers could be conducted, as it was done in measurement. This,
however, would require a considerable amount of additional simulation time.

Capacitance-frequency calculations for the same device are shown in Figure 6.18b.
Evaluation of the simulated spectra is done by fitting a 2RC-model to the data,
the fits are shown with straight lines and the positions of the relaxation frequency
with vertical stripes. The extracted frequency activation energy is shown in the
middle portion of Figure 6.18c for all three injection barriers; ideal values with
Eact = By in + Einjin are given with horizontal, dashed lines. Again, the extracted
frequency activation energy is underestimated considerably, although the difference
at 0.0mCm™2 is similar for all input barriers. For higher GSP, only simulated de-
vices with barriers greater than 0.3 eV show a reduction in activation energy, the low
barrier device with Ej,; = 0.3eV is largely unaffected.

From both, E, and E,, the injection barrier is calculated with Ei,j = Eact — E),
and plotted in Figure 6.18c, right graph. The mobility activation in that calculation
is set to the average of £, = 93meV, as no definitive trend in dependence of the
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sheet charge density can be seen in the extracted data. The zero-GSP values for Eiy;
correspond well with the ideal values and the error is below 50 meV, which is again
in good agreement with the general observation in Section 5.2. In case of a low input
barrier, an average of (273 £ 11) meV is extracted with no significant dependence
on the GSP, compared to the ideal value of 0.3eV. For higher barriers, however, a
linear dependence of the extracted barrier on the interface charge density is observed,
with a slope of roughly 0.1eV/(mC/m?). This agrees with the experiment, where no
positive effect of the GSP on the extracted barrier could be found for HIL1.3, while
the ITO sample showed a reduction in Ej,; up to 5% of doping or approximately
0.4mCm~2. The slope in measurement, however, is with about 0.35eV /(mC/m?)
much larger.

In total, the change in activation energy induced by the GSP is reproduced in sim-
ulation also with transient and impedance calculations. Additionally, a low initial
injection barrier will not allow any positive effect, which is in line with the measure-
ment. However, because no model exists in the simulation for a percolation theory
of charge transport, the effect of the Alqs; dopants on the NPB mobility can only be
estimated or included directly through simulation. Furthermore, the exact effect of
the GSP on the injection barrier is probably only partly reproduced in simulation.
While a change in carrier density and local electric field will provoke a change in the
potential of the simulated organic semiconductors, a change in interface dipole or
HOMO level due to the existence of polar species at the interface cannot be modeled
intrinsically and also needs to be included externally into the simulation parameters.

6.4.3. Electrostatic effect of Alg; on the injection

The barrier between organic semiconductors and various substrates is usually subject
to Fermi level pinning, leading to an effective minimum barrier in the range of a few
100meV, even if the nominal energy difference between workfunction and organic
HOMO level is smaller. A comprehensive report on the energy alignment has been
published by Greiner etal. in 2012 [72|, though the effect itself has been studied
before [303-305]. In 2013, Ley et al. published an analytic, theoretical description of
the barrier reduction and pinning based on the image charge effect and the arising
interface dipole [73|. In his approach, the potential drop A® across an oxide layer
at the interface is defined by the negative image charge per unit area () in the
metal layer, that arises by the positive charges in the HOMO level of the organic
semiconductor. A sketch of the effect is given in Figure 6.19a with Fermi level pinning
in effect. Note, that in the same publication, the effect is proven to be also valid for
interfaces without an intermediate oxide layer like on PEDOT:PSS. However, as the
calculation is more complicated, the simplified equation with a finite oxide thickness
is used instead. It is
Q

9
Cox

AD =c (6.11)

where Coy is the capacity of the oxide layer. The positive charge density in the
organic layer, which equals @), is given by a Fermi-Dirac statistic with

Ic — Pgupst + kBTlng + A<I>):| -

Q =en {1 + exp < T (6.12)
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Figure 6.19.: a) Sketch of the energy levels with an insulating layer in the pinning
regime. Negative image charges in the anode arise from positive charges
in the HOMO level of the organic, causing a potential drop A® in the
oxide. This interface dipole will then limit the effective barrier to a finite
minimum. b) With a GSP, an additional negative sheet charge density
(Ggsp) exists at the organic interface, causing positive image charges in
the metal counteracting the effect. It is only possible in case of large
differences between substrate workfunction ®,, and organic ionization
potential Ic, i.e. without Fermi-level pinning in effect.

where n is the density of molecules at the interface, I¢ is the ionization potential of
the organic layer and ®g,pet the substrate workfunction. ¢ is termed the degeneracy
factor and describes the weak temperature dependence of the energy difference I —
Dgubst [73]. The injection barrier can be calculated with

AE = I — P = I — Pgupst + AP (6.13)

because the effective substrate workfunction is reduced by the potential drop caused
by the image charges, with ®og = Pgupst — AP. Note, that in this calculation, the
sign-convention is different from the usual definition of the interface dipole. Ley
et al. defined an interface dipole that is leading to an increased barrier to be positive,
thus the subtraction from the substrate workfunction. To allow comparison with the
original paper, it is left unchanged here.

For devices exhibiting a GSP, this framework can be extended to include the
usually negative interface charge density at the substrate/organic interface. The
image charge density caused by the positive charges in the HOMO level is then
reduced by the image charge of the negative sheet charges. Thus, Equation 6.11 is
changed to
o~ Qasp

Cox
where Q@gp is the density of positive interface charges in the metal layer caused by

the interface charges of the GSP. With Equations 6.12 and 6.14, a relation for the
potential drop can be found with

AD = (6.14)

I — @yt + kpT'l AP\
AD = o2 n |:1+eXp< C subst + KBl Ing + >:| _eQGSP

1
C'ox kBT Cox ’ (6 5)
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Figure 6.20.: a) Effective injection barrier calculated from Equation 6.13 by solving
Equation 6.15. b) The interface dipole arising from image charges. With
lowered input barrier (Ic — ®gupst, color coded), an interface dipole arises
that limits the minimum barrier. Only high barriers with low induced inter-
face dipoles can be affected by the GSP. Note the described difference in
sign-convention: The interface dipole measured with UPS is given positive
here to conform with the definition of Ley et al..

which in the unmodified form without the GSP has been solved analytically with spe-
cific boundaries [73|. In this work, the solution is gained numerically by finding the
zero-point of Equation 6.15 with a least-square fit. The simulated effective barriers
AF calculated with Equation 6.13 are given in Figure 6.20a and the accompanying
interface dipole A® in Figure 6.20b. In the calculation, the ionization potential is set
to Ic = 5.3 eV, the surface coverage or number density of NPB at the interface is as-
sumed to be n = 2.5 x 10" cm ™2 as used by Ley et al. [73] and the oxide capacitance
Cox = 0.89 uF cm~2. In short, for a high input barrier, a rising GSP leads to a de-
creasing effective barrier by inducing a negative interface dipole. Still, the minimum
barrier is limited by the rise of the image-charge dipole A®, if the nominal difference
of the ionization potential and the anode workfunction Ic — @gupst is decreasing or
inverses, indicated with negative initial barriers (color-coded in Figure 6.20). The
effect of Fermi-level pinning initially described by Ley et al. [73| or Greiner et al. [72]
is thus not affected by the GSP, which is also observed in experiment. However, if
the difference is high enough, the effect of the GSP on the interface dipole is almost
linear.

With UPS, a barrier of AE =~ 0.5eV was obtained in this work alongside with
an almost linear decrease of the interface dipole with an initial value of A =~ 0.2eV.
If A = Ad is assumed, the difference between ionization potential and substrate
workfunction would amount to Ic — Pgupst ~ 0.3 €V, which is still high enough for
the GSP to cause a considerable difference. The data obtained from UPS for the
interface dipole A is also given in Figure 6.20b with single points. Although the
measured data is shifted towards higher energies by the initial value of 0.22eV, the
relative change is also linear with the sheet charge density. A direct comparison of a
slope-fit, however, is not feasible as the exact values for the interfacial charge density
in UPS are not known and were therefore taken from a comparison of doped layers
with the same doping ratio measured with impedance spectroscopy. Furthermore,
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the slope of the simulated interface dipole depends on the chosen parameters of the
oxide layer, which is not existent in the devices investigated in this work.

Note, that the calculation presented here does only refer to the induced interface
dipole by injected holes and the negative sheet charge density due to the GSP.
Any other surface bound effect leading to a dipole formation is not included. In
fact, observations published by de Boer et al. show an increased interface dipole and
barrier with self-assembled monolayers that point the negative end of the dipole
towards the surface [308|, just as Alqs. A decrease in the interface dipole was in
turn achieved with the fluorinated version of the molecule hexadecanethiol, with the
dipole pointing in the opposite direction. The decrease in interface dipole seen here
is thus unlikely to be the effect by ordered Alqs dipoles at the surface, which could
actually lead to an increase in A and thus AFE, but is rather caused by the negative
net sheet charge density of the GSP in the film.

Additionally, in the simple picture provided above, the change in charge density
in the HOMO of NPB:Alqs due to the negative sheet charge that is observed in
simulation, is not included. These charges could act as a third term in Equation 6.14
partially lowering the effect of the negative interface charges, though no model ex-
ists for their density. Also, the doping of NPB with Alqs will introduce species of
different ionization potential in the vicinity of the interface. For NPB, the ionization
potential was determined to be Ic npp = (5.33 £0.11) eV, for Alqs a larger value of
Ic alg, =~ 5.7€V is reported [306]. Assuming the coverage of the surface with NPB
in Equation 6.12 is reduced to ngnpp = (1 — ¢) - n with a doping concentration ¢
and the total amount of molecules at the interface n, the remaining sites would be
occupied with Alqs, thus nq alq, = ¢-n. Equation 6.14 is then changed to

QnpeB + Qalg,) — Qasp
COX ’

Aq):e(

where @npp and Qalq, correspond to Equation 6.12 calculated with the ionization
potential and coverage of NPB and Alqs, respectively. The effect on the interface
dipole, however, is small and amounts to an order of magnitude of 10 meV for 10 %
to 20 % of doping concentration.

In conclusion it could be shown that the effect of the negative interface charges
of the GSP might be described on the basis of image charges induced in the metal
contact. However, as the above calculation is based on an oxide contact, further
research is needed to see if the assumptions are correct for all types of contacts.
Furthermore, the change in carrier density in the semiconductor seen in simulation
as well as possible influences of the dipolar species themselves are not included.

6.5. Summary and discussion

In the previous sections, different aspects of the influence of Alg; dopants in NPB
have been presented. At the beginning in Section 6.1.1, measurements on monopolar
devices show an increased current through the bottom contact of ITO with rising
doping ratio until roughly 5% of Alg; in NPB. Higher doping ratios, however, show
the opposite effect, as well as devices with low nominal hole injection barriers, where
no positive effect of the doping is found. This is supported by extracting the injection
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barriers by impedance spectroscopy combined with CELIV transients that also lead
to an optimum at 5% of doping for a high barrier device only, see Section 6.1.3.

Sections 6.1.2 and 6.2 deal with the change in charge carrier mobility, where a
decrease by one order of magnitude is found for the hole mobility in doped NPB:Alqs
layers at 10% of doping in both CELIV and TOF measurements. Additionally,
temperature dependent CELIV transients reveal a large but mostly constant mobility
activation energy and energetic disorder. This leads to the conclusion that neither the
Alqs dopants alone, nor their dipoles have a strong effect on the energetic disorder of
NPB. Instead extended percolation paths for holes in NPB seem to be the cause for
the decreased mobility due to spatial disorder, if Alqs is not considered a transport
site. Additionally, weak charge trapping or capturing at NPB:Alqs boundaries might
occur.

To get a more detailed view on the energetics at the ITO /organic interface, UPS
measurements at NPB:Alqs deposited on ITO are discussed in Section 6.3. From low-
energy UPS spectra, no change in shape or width of the first HOMO Gaussian can be
found as seen in Section 6.3.4. This supports the findings in Section 6.1.2, where the
disorder parameter extracted from temperature dependent mobility measurements
also shows no systematic dependence on the doping density. Furthermore, it allows to
assume that any further data obtained from the UPS spectra refers to the NPB levels
and is not superimposed by an Alqs signal. From the spectra, the ionization potential
of the material, its workfunction and HOMO level are calculated for different doping
ratios and film thicknesses. The injection barrier is defined by the difference between
substrate Fermi level and the linear onset of the HOMO level of NPB. A subsequent
decrease of the interface dipole at the ITO/NPB:Alqs interface is found with rising
doping ratio. Additionally, the injection barrier is lowered considerably from neat
NPB to 2% of doping, but is rising again for higher ratios. Last, but not least,
the giant surface potential in the doped layers causes a shift in the potential of the
film, leading to a linear decrease in workfunction and HOMO level with rising film
thickness that agrees with the GSP slope observed in Kelvin probe measurements,
see Sections 6.3.3 and 3.1.3.

In drift-diffusion simulations, the current-voltage characteristics reproduced mea-
sured data, but only if the changed barrier is included directly as an input parameter
to the calculation. Modeling of the charge transport in doped NPB is also only pos-
sible by combining NPB and Alqs to one mixed virtual material with respective
combined properties. The positive effect of the giant surface potential on carrier
injection is also described well in simulation, however, no worsening of the current
through the device is seen without manually reducing the mobility for doped lay-
ers to values seen in measurement. By consulting the theoretical description of the
injected current in disordered systems in Section 6.4.1, it is possible to reproduce
the trend observed in measurement by including the change in barrier and mobility.
Furthermore, the effect of the GSP on Fermi level pinning in Section 6.4.3 and a
resulting change in interface dipole are described.

The overall scenario in those devices can therefore be summed up to multiple
competing factors (see also Figure 6.21b):

a) Barrier lowering due to a lowered interface dipole. The initial value of the
dipole with pure NPB on ITO is A = 0.22eV as observed in this work and it is
reduced down to only 70meV at 10 % of doping. One possible explanation for
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6. Properties of dipolar doped layers
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Figure 6.21.: a) Sketch of energy levels in doped and undoped cases. Dipolar doping
leads to a change in the interface dipole. However, the polar species also
cause shift and bending of the HOMO in NPB counteracting the field,
leading to different injection conditions for both cases. Note, that the
energy is increasing downwards. The magnification shows the levels and
electrostatic potentials according to a Richardson—Schottky type injection
with applied external field. b) Single-carrier j(V') characteristics with low
and high workfunction substrates. Relevant processes are marked with a

—d, corresponding to the list in this section.

the lowering is given in Section 6.4.3 and relates to the existence of negative
sheet charges in NPB:Alq;.

A shift of the HOMO level of NPB towards higher binding energies, thus leading
to an increasing barrier with higher doping ratio. This is most likely caused
by the electrostatic potential generated by the ordered dipoles of Alqs. With
rising film thickness, the same effect also leads to the observed giant surface
potential, which is additionally visible in bent energy levels in UPS.

Increasing injection due to changing local charge carrier densities, which are
also reproduced in drift-diffusion simulations for holes in this work and else-
where for electrons [3].

Decreasing mobility due to spatial disorder or trapping, leading to dispersive
transport in doped NPB. Because of the mobility dependence of charge carrier
injection in disordered systems, a reduced mobility will inevitably also reduce
the injection current.

Processes a) and b) affect the barrier between NPB HOMO and the substrate
Fermi level. Depending on the workfunction of the bottom contact, or the zero-
GSP barrier, two different regimes can be distinguished. For devices, where the
workfunction is near the ionization potential of the organic (e.g. with HIL1.3), the
effective injection barrier for a simple two-layer interface will not reach below a
few 100meV due to Fermi-level pinning [72]. In this case, a rising doping density
and hence interface charge in NPB is not expected to lower the barrier for hole
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6.5. Summary and discussion

injection, which is indeed not observed. For low-workfunction substrates like ITO,
however, process a) lowers the interface dipole at the ITO/NPB:Alqs interface. Upon
rising doping concentration, however, the injection barrier into NPB increases as
the HOMO onset again shifts to higher binding energies with process b), leading
to the observed minimum in the UPS barrier. In theory, the change of HOMO
levels is expected to occur independent of the substrate workfunction. As no UPS
measurements are available for NPB:Alqs on HIL1.3, however, the high-workfunction
case is not available with measurements within this work. In Figure 6.21b, these
processes hence can be assigned to rising or falling currents through the bottom or
HIL-side contact.

Because the negative interface charges are residing on the anode/organic interface,
the potential change in the film caused by the GSP at first is expected to have a neg-
ative influence on carrier injection. Regarding mobility dependent charge injection,
Figure 6.21a sketches the situation at the interface, both with and without a GSP
or doped and undoped, respectively. As described by the Schottky model, later ex-
tended by Scott and Malliaras (see Section 6.4.1), the potential for a charge carrier to
be injected into a semiconductor is highest a few nanometers away from the interface.
For amorphous organic materials, hopping across the effective potential barrier and
thus surface recombination are also heavily dependent on the carrier mobility. With
the potential change due to the GSP and worsening transport because of lowered
mobility, charge injecting is hence impaired for higher doping ratios independent of
the injection barrier. The magnification in Figure 6.21a sketches this dependence in
more detail. The GSP causes a band-bending, leading to a larger injection distance
and the hopping mobility additionally affects carrier injection. In Figure 6.21b, the
process d) is therefore assigned to lowered currents.

It is thus reasonable to assume that neither the change in barrier, nor the change in
mobility alone will explain the observed optimum in current seen in Section 6.1.1 and
Figure 6.21b, but a superposition of both processes is needed to describe the observed
behavior. Most importantly, dipolar doping allows to add a tunable GSP to originally
unpolar layers in the device stack. Besides an impact on the carrier mobility, it
directly influences the charge injection of holes into the device, if applied to the
HTL. Additionally to conductivity doping, dipolar doping can hence be a versatile
tool with which to tune device performance. Furthermore, the doping concentrations
of below 10 % that cause a huge impact here, are well in the range of what is used
in case of dye doping in current OLED stacks, where many of the emitter molecules
can be polar [6].
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Summary

The focus of this work lies on the investigation of possible effects of dipolar doping
on the performance of organic semiconducting devices. In this regard, dipolar doping
describes the dilution of a non-polar host material, such as NPB or CBP, by a polar
guest molecule like Algy or OXD-7. If, upon film growth by vacuum deposition, the
permanent dipole moment of these polar molecules orients with a certain amount
of order perpendicular to the film surface, the permanent dipole moment of polar
species leads to the buildup of a giant surface potential. Using this doping approach,
the overall GSP of the organic mixed layer can be tuned to a specific magnitude.

Until now, the effect of dipolar doping has only been investigated with respect
to the electron transport layer (ETL) of a polar OLED [2]. Furthermore, Noguchi
et al. have shown by comparing two molecules of opposite GSP, that the direction
or polarity of the surface potential can effectively enhance or hinder carrier injection
[11]. However, the effect was only shown for electrons and no systematic study
regarding the influence of the magnitude of GSP was performed. A later publication
reproduced the findings by Noguchi et al. in drift-diffusion simulations, but again
only for two different materials [3].

Dipolar doping of organic semiconductors

In this work, the concept of dipolar doping is utilized to systematically investigate
the GSP effect on carrier transport and injection of holes in organic semiconductors.
Additionally, a model for drift-diffusion simulations on polar OLEDs is extended and
tested. The first experimental part therefore focuses on the exact measurement and
evaluation of the GSP with two available methods, Kelvin probe (Section 3.1) and
impedance spectroscopy (Section 3.2). The influence of the doping concentration on
the magnitude of the GSP is measured on two exemplary doped systems, NPB:Alqs
and CBP:OXD-7. Moreover, undoped polar and non-polar neat-films are measured
and compared using Kelvin probe in Section 3.1.2, including a particularly interesting
Iridium complex with reversed GSP. With impedance spectroscopy full OLED stacks
with dipolar doped hole transport layer (HTL) are investigated. In Sections 3.2.1
and 3.2.3 the transition voltage V4, in C'(V') measurements as characteristic quantity
for the sheet charge density is discussed for non-polar and polar HTLs, respectively.
This framework is applied to standard OLEDs with non-polar HTL and different
polar ETL first, where especially the validity of the simulation model is tested. The
results of this investigation are presented in Section 3.2.2, where the simulations are
found to reproduce the experimental results well. Also, some requirements on the
chosen measurement conditions and available sample parameters like thickness or
area are elaborated with respect to different routes to calculate the magnitude of
the GSP from impedance data. For OLEDs with two polar layers, i.e. doped HTL,
simulations presented in Section 3.2.4 also coincide with experimental results and
provide an estimate of possible errors. In Section 3.2.5, measurements of OLEDs
with polar HTL are compared to those with diluted ETL published earlier by Jéger
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etal. [2]. As expected, both device types show a comparable GSP for the same
doping ratio of either the HTL or ETL.

To calculate the GSP form impedance spectra, the transition voltage and the
value of the built-in field is required. However, especially the transition voltage is
found to depend on the workfunction of the anode material at the interface to the
HTL. Previous methods to determine the built-in field from impedance spectroscopy
proved to be independent of the choice of anode workfunction, which is a priory not
expected. In Section 3.3, possible influences of that discrepancy are evaluated using
drift-diffusion simulations. It was found that the alternative method to determine
Vi from a fit on V4, determined from multiple samples with different ETL layer
thickness, is more reliable.

In Section 3.4, both Kelvin probe and impedance spectroscopy measurements avail-
able for various material combinations are compared and discussed. At first, a strong
dependence on the preparation conditions was found, leading to a much lower GSP
in one evaporation chamber. Despite multiple efforts, a single determining factor for
the deviation could not be identified. However, preliminary results show a strong
temperature dependence of the GSP that was not previously seen or investigated
and might lead to different results in both chambers.

For dipolar doped NPB, as well as neat films comprising only polar species, the
alignment factor is calculated and presented in Section 3.4.2. This dimensionless
value is a figure of merit for the amount of oriented molecules in the film and is
calculated from the measured sheet charge density and a hypothetical maximum
value of perfectly oriented dipoles |7,48|. For both NPB:Alq; and CBP:OXD-7, a
maximum in interface charge is found for an approximate 1:1 mixture. The alignment
factor, however, steadily decreases with rising doping, both is in agreement with
previous results [2]. In fact, an exponential dependence of the alignment factor on
doping concentration with almost equal slopes in a semi-logarithmic plot is found,
indicating similar growth kinetics as decisive factor for the GSP in both materials.

In Chapter 3, the sheet charge density and underlying orientation polarization
is investigated only electrically. With a photoluminescence-quenching experiment
presented in Chapter 4, an optical method adds to the list. The chapter is based
on a joint project with the University of Wiirzburg and is also published in refer-
ence [263|. Basically, the red luminescence of the fluorescent dye DBP is quenched, if
doped in Alqs with strong dependence on the externally applied voltage and the spa-
tial position of the DBP molecules in the Alqgs film. A combination of drift-diffusion
simulation of the charge carrier densities present in the device at specific driving volt-
ages with measured and simulated impedance spectra reveals two distinct quenching
mechanisms. In forward bias, negatively charged Alqs molecules at the cathode side
lead to a reduction of the DBP PL signal. For negative voltages, the negative sheet
charge density of the GSP at the NPB/Alqs interface leads to a similar observation.
With this experiment, not only the presence of a negative interface charge is again
demonstrated, but also the validity of the simulation model is proven.

Influence of dipolar doping on barriers and carrier dynamics

With many individual aspects of the GSP in doped organic layers known and acces-
sible, Part IV focuses on the effect of a dipolar doped HTL in fully working OLEDs
on carrier dynamics and injection. Therefor, two new measurement techniques are
introduced in Chapter 5. In this chapter, which is based on a joint project with
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Fluxim AG and the ZHAW Winterthur in Switzerland, the concept of MIS-diodes
is transferred to polar OLEDs. Both sections in this chapter were already published
elsewhere in references [13| and [14].

Section 5.1 begins with the application of MIS-CELIV on OLEDs with polar ETL.
In simulations, the hole density in a NPB/Alq; OLED is compared with a “real”
MIS device utilizing a wide band-gap insulator instead of Alqs. It is found that both
devices exhibit a comparably high charge accumulation at the internal interface,
whereas the bulk density is low. This qualifies the polar OLED for a CELIV charge
extraction experiment, if electron injection into the device is effectively suppressed.
The offset or injection voltage for the CELIV transient is therefore chosen just above
the transition voltage obtained from C(V') characteristics and well below the injection
voltage Vinj. With this initial condition, the device fulfills the so-called small charge
injection requirement for a simple evaluation of the charge carrier mobility from the
transient peak time. A second approach, which is recommended for classic MIS
diodes [231], requires the device to reach a space charge regime during measurement.
It is thus not feasible for OLEDs, mainly because the required offset voltage would be
to high to block electron injection. Still, it is shown that by adding a third, electron
blocking layer, this second method is also possible with polar OLEDs, without the
need for a classic insulating layer.

The second section in this chapter, Section 5.2, aims to provide a framework to
extract hole injection barriers and mobility activation energies from the same device.
Traditionally, these quantities are measured on different device stacks, e.g. by pho-
toelectron spectroscopy and time-of-flight experiments. In this work, a combination
of polar MIS-CELIV and impedance spectroscopy on OLEDs is shown to provide
a good estimate of both, the barrier and the mobility activation energy. For this
purpose, simulated, temperature dependent CELIV transients and C(f) spectra are
evaluated the same way as done with measurements. From the temperature depen-
dence of the mobility extracted from CELIV, the mobility activation energy is gained
from an Arrhenius analysis. Likewise, the relaxation frequency of the charge carrier
accumulation in the polar OLED is modeled also with a temperature activated ex-
ponential law. As a hypothesis, a linear combination of both, mobility activation
and injection barrier is expected to be responsible for the temperature dependence
of the relaxation frequency, where the mobility is only dependent on its activation.
From simulations, this could be verified. Also, depending on the nominal barrier at
the anode and the mobility activation energy, the error is found to be very low. Of
course, the investigations in this chapter are based on simulations and the validity
of the parameter extraction using the simple analytic model is proven for the sim-
ulated devices, only. However, in the following chapter, it is applied to real devices
and compared to complementary UPS and TOF measurements, suggesting it to be
legitimate also for measured data.

In Chapter 6, the lessons learned in the previous chapters are finally put into use to
study the effect of dipolar doping on real devices. Two major stack designs are used:
monopolar devices with only the doped NPB:Alqs layer and full OLED stacks, where
the ETL is comprised of neat Alqs. Additionally, the TOF measurement requires the
doped HTL to be incorporated into a different stack with a charge generation layer
and UPS measurements limit the samples to ITO/NPB:Alqs. With the different
device stacks, the two main quantities possibly affected by dipolar doping, hole
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mobility and the injection barrier, are investigated.

At first, measurements on monopolar devices are presented in Section 6.1.1. There,
an increased current through the bottom contact of ITO is observed with rising dop-
ing ratio until roughly 5% of Alqs in NPB. Higher doping ratios show the opposite
effect, as well as devices with low nominal hole injection barriers, where no posi-
tive effect of the doping is found. Measurements on dipolar doped OLEDs with the
techniques introduced in Chapter 5 support this finding by extracting the injection
barriers by impedance spectroscopy combined with CELIV transients. Again, the
effect of barrier lowering with an optimum at 5% of doping is observed for devices
with high difference of substrate workfunction and organic ionization potential. At
the same time, however, a decrease in hole mobility is seen in both, CELIV (Sec-
tion 6.1.2) and time-of-flight (Section 6.2). Remarkably, this comes without a signif-
icant change in mobility activation energy found in temperature dependent CELIV
experiments, which suggests no significant increase in energetic disorder in NPB,
despite the doping with Alqs.

A more detailed investigation of the energetics at the ITO/organic interface is
gained by UPS measurements on NPB:Alqs deposited on ITO in Section 6.3. Again,
an optimum is observed with a minimum barrier measured for 2 % of doping, along-
side with a gradual decrease of the magnitude of the interface dipole (see Sec-
tion 6.3.2). Following the minimum in barrier, higher doping ratios, however, provoke
a shift of the NPB HOMO level to higher binding energies suggesting a negative ef-
fect of the Alqy species on the NPB barrier. Additionally, low-energy UPS spectra
in Section 6.3.4 also reveal no change in shape or width of the first HOMO Gaussian,
which also suggests that no relevant increase in disorder is present in NPB:Alqs.
Although no UPS spectra with dipolar doped NPB on high-workfunction substrates
like HIL1.3 are available, the observations made with an ITO-substrate are in good
consistency with the combined findings from CELIV and IS introduced in Chapter 5.

With data on mobility and barrier dependence on the doping ratio, simulations
can be performed to reproduce and explain the experimental data in both mono-
and bipolar devices. At first, a simple calculation of the injection current using the
disorder enhanced thermionic injection model by Scott and Malliaras allows to elu-
cidate the role of the mobility change in charge carrier injection. As explained in
Section 6.4.1, especially the highly doped samples with 5% or more suffer from low
mobility, which shifts the optimum away from the minimum in barrier of 2%. In
Section 6.4.2 drift-diffusion simulations serve to disentangle the role of the barrier
and the carrier density affected by the GSP itself. The simulated current-voltage
characteristics reproduce the measured data, but only if the changed barrier is in-
cluded directly as an input parameter to the calculation. Additionally, a possible
influence of increased disorder is discussed. Last but not least, a possible description
of the GSP effect on Fermi level pinning and the resulting interface dipole due to
image charges is given in Section 6.4.3, which is provided for further discussion.

Overall, the observed increase in current and device performance for low doping
ratios can be ascribed to a decrease in interface dipole caused by the sheet charge
density of the GSP. The dipolar species, however, shift the NPB HOMO level away
from the Fermi level. This increases the barrier, which, assisted by the decrease in
mobility, counteracts the positive effect of the GSP on charge injection. Still, one
order of magnitude higher injection current is reached in monopolar devices with 5 %
of doping, promoting dipolar doping as a versatile tool to tune device performance.

194



Outlook

In this work, the basic foundations are laid to understand positive and negative
effects of a GSP introduced by dipolar doping. This can enable different devices,
besides OLEDs, to benefit from a giant surface potential, especially where non-
polar molecules are usually found, as in OPV. However, further research is needed
to elucidate the exact mechanisms of orientation and the interplay with processing
conditions and doping concentration. In the following, possible continuative work is
briefly summarized:

e In Section 3.4, the impact of processing conditions on the magnitude of the
SOP is already visible. Previously, a dependence on the glass transition tem-
perature has been reported for the orientation of the transition dipole and thus
the molecule [199], as well as the disappearance of the GSP, if polar molecules
are processed from solution [88]. In this work, a dependence of the GSP on
substrate temperature is observed, which should be investigated further.
For this purpose, liquid nitrogen cooling and resistive heating is already in-
stalled at the sample holder for the Kelvin probe experiment. A re-design of
the sample geometry could allow to study the change in GSP also with im-
pedance spectroscopy, if suitable contacts can be applied. More details on the
growth conditions and the difference in both evaporation chambers briefly dis-
cussed in Section 3.4.1 can also lead to a deeper understanding of the alignment
mechanisms.

e The exponential growth of the alignment factor with decreased doping is
striking. Arguably, a pure dipole-dipole interaction governing the alignment
should lead to a growth proportional to the inverse square of the distance and
thus doping ratio. Besides the mixtures of NPB:Alqs and CBP:OXD-7, also
CBP doped with Ir(ppy),(acac) has been studied in our lab, although not as
part of this work. A similar trend is visible for the alignment factor of this
material combination in Figure V.la, though with a different growth constant
or slope in the semi-logarithmic plot. Further investigations should include a
systematic study of the impact of various material parameters on the increase in
alignment, as well as a higher dynamic range concerning doping concentration
and alignment factor in order to distinguish different growth kinetics.

e Promising progress made with dipolar doping of OLEDs suggests the effect
to be studied on polar solar cells as well. At the moment, most materials
tailored for the use in OPV are non-polar. Despite many top performing cells
are processed from solution with no GSP expected upon dipolar doping, also
vacuum evaporated small molecule solar cells are still under investigation. In
Figure V.1b, the current-voltage characteristics of three hypothetical organic
planar heterojunction cells are shown. A GSP is added to both donor and
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Figure V.1.: a) In the present work, mixtures of NPB:Alq; and CBP:OXD-7 are dis-

cussed. A previously published set of CBP doped with Ir(ppy),(acac) shows
a similar trend but with different slope; more devices with different host and
guest molecules could shed light on the governing parameters. b) Drift-
diffusion simulations of a solar cell with the donor copper-phthalocyanine
(CuPc) and Cgq as acceptor show an increased open circuit voltage and fill
factor, if a GSP is present and constant throughout the while device. An
inverted GSP would decrease device performance.

acceptor with the same direction and sheet charge density or doping concen-
tration, which leads to an increased open circuit voltage in simulation.
Reversing the GSP will introduce S-shapes and reduce the fill factor, which
is in line with increased barriers reported elsewhere [117]. However, the solar
cells simulated here lack the influence of the mobility as well as possible effects
on charge separation or exciton dissociation.

e Up to now, NPB performed best in polar MIS-CELIV experiments, whereas

the solar cell donor DBP proved difficult to measure. Molecules with very
high or low mobility should be investigated in CELIV transients to further
narrow down possible limits of the technique. Ideally, samples with real in-
sulators or alternatively with wide-bandgap organic semiconductors will com-
plement the measurements. Additionally, a reversed GSP in the Iridium
complex 1295 might allow to study electron transport via polar MIS-CELIV.

e While conducting temperature dependent impedance spectra, j(V') or C(V)
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characteristics and CELIV transients, the need for a fast and reliable tem-
perature control during measurement became evident. During this work,
a small, thermoelectrically controlled cryostat, which is integrated into the
glovebox in Ny atmosphere has been developed. The system also includes a
thermographic camera capable of recording changes in the sample temperature
during measurement with a 786-pixel thermal image. A short description of
the device is given in Appendix B. Careful design of suitable non-reflecting
over-layers could allow to study self-heating of devices during measurement.



A. Appendix

A.1. List of suppliers for organic materials

Material Supplier Code Notes
Alqgs Sensient Imaging ST 10955 used as received
Algs (PL) Aldrich 697737 2x gradient sub.
OXD-7 Lumtec LT-N855 used as received
NPB Lumtec LT-E101 used as received
NPB (PL) Aldrich 556696 2x gradient sub.
CBP Lumtec LT-E409 used as received
Cro Lumtec LT-S967 used as received
DBP (PL) Lumtec LT-N4003C | used as received
BCP IAJi(jE;ZE L(STQ_%??S 4 used as received
BPhen Aldrich 133159 used as received
ITO Thin Film Devices, N/A different batches,
& substrate Inc., Anaheim, CA. factory patterned
Spiro-2CBP Lumtec LT-N420 used as received
Ir(ppy), (acac) Lumtec LT-E505 used as received
PEDOT:PSS Heraeus various used as received

A.2. Determination of ITO workfunction and Fermi edge

Referring to Section 6.3.1, the graphs in Figure A.1 show UPS data of the ITO
substrates measured before depositing the organic layers. The data was recorded at
7.7eV excitation energy to determine the position of the Fermi edge within in the
Kinetic-energy scale. By fitting a Fermi-Dirac statistic, the position of the Fermi
edge can be determined precisely, where

1

E—EF> ’
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WE) = — =

(A.1)

However, because of the width of the detection window and resulting broadening
of the spectra, the substrate temperature does not match the temperature gained
by fitting. Three different calculated Fermi statistics are given: the first (colored,
straight lines) are fits with the temperature being a free parameter, these fits are
later used to get the position of the Fermi edge. Colored, dashed lines give results of
a fit with fixed temperature of 300 K, while gray lines show the calculated statistic
with 7" = 300 K and the fixed energy gained from the free fit. Further elaboration of
the UPS experiment is found in Section 2.7.
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A. Appendix

With the energy scale calibrated to Ep L0 eV, the binding energy plot can now be
used to determine the secondary electron cutoff of ITO, leading to the workfunction
of the substrate — see Figure A.1, bottom part.
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Figure A.1.: top: UPS data of the Fermi-edge for four ITO substrates. The doping
ratios of the films that were later deposited on these substrates is given in
the legend. bottom: After calibration at the Fermi edge, the SECO of the
ITO substrates can be used to determine the substrate workfunction. All
spectra are measured at 7.7 eV excitation energy.
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A.3. Cooled KP measurement on CBP:OXD-7

A.3. Cooled KP measurement on CBP:OXD-7

To check the orientation of CBP:OXD-7 at below room temperature (RT), the sample
was cooled to —80°C during evaporation and measurement. The initial contact
potential difference does not differ between RT and cooled KP on ITO, which means
that the workfunction of ITO is not changed much when cooled. A change in doping
concentration or growth kinetics cannot be excluded completely and unfortunately
no further evaluation regarding that topic was possible. However, the sample was
continuously monitored during warm-up for about 24 hours. No change was observed
in the CPD after warm-up, which is still at about 97 % of the initial value after
deposition (light green star in Figure A.2). The film is thus stable from the Kelvin
probe point of view and no metastable low-temperature phase is observed.

120
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100 1 ‘ RT to -80°c
8- — '
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> 07 > b
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a - ~
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Figure A.2.: left: Kelvin probe series with 30 % of nominal doping, cooled and at room
temperature. right: The measurement combined with the RT series of
different doping ratios.
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A. Appendix

A.4. Comparison of measured and simulated UPS
spectra for NPB

A comparison of simulated NPB UPS spectra with measured spectra was attempted.
Simulations were made by calculating the position of the single-molecule molecular
orbitals in vacuum with the Gaussian09 software using the B3LYP functional and the
diffusive 6-31G basis set. The resulting, discrete positions of the molecular orbitals
were then overlain using a simple Gaussian with a FWHM of 0.6eV. No direct
connection between the thin-film binding energies and the single-molecule molecular
orbital energies exist. The energetic positioning of both measured and simulated
spectra is thus done by offsetting the simulated spectra by hand. However, it was
not possible to compare any mixtures to the measured spectra, as the simulation
could not include the influence of the two species to each other. In the case of neat
NPB, however, simulations and measured spectra match considerably well; most
importantly, the two HOMO levels close to the HOMO-onset, HOMO-1 and -2, are
in good agreement.

10° 3
10° 4

N

10"y
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:
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104 | | NPB MO B3LYP/6-31g(d) monomer L
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Figure A.3.: Measured and simulated DOS. Although the absolute height is not repro-
duced perfectly, the relative positions of the molecular orbitals are largly
retained in thin film. The first two HOMO levels with lowest binding energy
are matched to the measured spectra by gray vertical lines.
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B. Design of a glovebox Peltier
cryostat

Reliable and fast temperature control is a requirement for extracting activation ener-
gies and barriers via CELIV and impedance spectroscopy as described in Section 5.2.
Previously, this was accomplished with a LNy bath cryostat. Unfortunately, the time
taken for the sample to reach a stable temperature can be as long as 30 min per set-
point. Additionally, being a separate setup, it requires the sample to be transferred
from the inert glovebox atmosphere to the cryostat using a evacuated transfer rod,
which bares the risk of exposure to ambient conditions. To speed up measurement
and keep the sample in the glovebox, a thermoelectrically cooled, fast cryostat was
built and fitted to the glove box. Requirements for the design of the system are a
temperature range of —30°C to 40°C, a small footprint and no risk of water con-
tamination of the box from coolant. Additionally, a temperature measurement of
the sample surface was preferred over e.g. measuring the sample seating tempera-
ture, only. The goals were accomplished by the system shown in Figure B.1. Main,
features of the setup are:

e Steel housing compatible to ISO-K with 63 mm nominal width. A screw-on,
sealed feed-through is attached to a hole drilled in the glovebox bottom plate.
The copper heat-exchanger block is attached, electrically insulated, to a steel
tube that is affixed to the feed-through. Water piping is welded to the heat-
exchanger from the bottom, inner side of the steel tubing, which is open to
the atmosphere. Any leaking water from the building coolant supply will thus
never built up pressure against the sealing to the glove box, preventing water
contamination of the N9 atmosphere.

e Temperature regulated using two cascaded Peltier elements with a maximum
combined electrical power of 120 W reaching a temperature difference of roughly
50°C in operation. Regulation is provided by a dedicated Peltier temperature
controller model TC2812 from CoolTronic. Two platinum wire temperature
sensors attached to the sample seating and copper heat-exchanger allow ac-
curate temperature control and monitoring. The sample stage is electrically
and thermally isolated against the cryo table and glovebox as good as possible.
A plastic shielding covered with a copper foil provides thermal and electrical
shielding. The system is calibrated to a thermocouple glued to a glass slide
using thermal compound.

e Round, 20 cm diameter magnetic table to attach the probe station. Probes are
positioned to contact the six contact-pads of the standard sample layout; all
four pixels can be addressed individually.

e 768 pixel far infrared camera (Melexis MLX90640) capable of capturing at up
to 64 fps. Currently, two frames per second are transferred to the software
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B. Design of a glovebox Peltier cryostat

Shielding

Far-IR camera
and multiplexing probe

Magnetic holder plate
Sample
Peltier cascade

Heat exchanger
Coolant supply
Glovebox

Coloring:
outside inside

[ coolant

Figure B.1.: 3D rendering of a split section of the cryo assembly, without cabling. Green
coloring in the background depicts the part within the glovebox, red is
outside. Coolant paths through the copper heat-exchanger are sealed in
the outside part preventing leakage into the box. Further parts are marked
in the graph.

to provide monitoring and control temperature feedback. Camera control is
provided by a network server running on a Raspberry Pi microcomputer.

e The software is designed as an add-on to the Paios software suite, but can also
be run stand alone. Thermal images of the sample are recorded and stored, as
no such feature is available with Paios.

Optimizing temperature control and imaging

To capture all pixels equally, the camera is mounted directly above the sample,
between the spring-loaded contact pins. With a field of view of 110° wide and 75°
deep, this includes the sample itself, probes and parts of the sample copper seat
at operational distance. Like in visible imaging, the camera captures emitted and
reflected light, which has to be accounted for. Additionally, far infrared emission at
a specific object temperature is affected by the materials’ emissivity. It is defined
as a dimension-less quantity from 0 to 1 stating the amount of emitted light with
respect to the ideal black-body radiation at the specific temperature and therefore
is, strictly speaking, wavelength dependent [320]. For highly smooth metals like
a freshly evaporated aluminum cathode or polished copper, the emissivity is given
below 0.05 [320]. In contrast, glass or plastics emit close to the black-body spectrum.
The temperature calculated from the far infrared light detected at the aluminum
cathode will thus mainly resemble the reflected temperature of the sensor itself,
being mounted exactly opposite to the mirror plane. With an emissivity near unity,
the substrate (glass) and also the organic semiconducting materials are thus less
prone to show reflected images. Additionally, the sensor is designed to correct the
reflected portion of the light, if the object emissivity and reflected temperature is
known, which in turn can be assumed to be the ambient temperature of the camera
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Figure B.2.: a) Example images of a sample at 270K after cooling (left) and at 300 K
after heating. The temperature read out at the POI (green) resembles the
expected and calibrated result, whereas the metal layer and ITO appears
at a higher temperature after cooling or a lower one after heating. b) Ren-
dered image in the direction of the far infrared camera (left) and combined
with the thermal data from the 300 K image.

when mounted directly above the mirror plane.

Two example images are shown in Figure B.2a alongside with a rendered view of
the sample from the direction of the thermal camera. In the left image, the cryostat
was set to a target temperature of 270 K, the image is taken a few seconds after the
setpoint was reached. A calibration factor of AT = —1.92 K is applied to the cryostat
setpoint that was determined prior to the measurement using a thermocouple glued
to a glass plate with a thermal compound. The point of interest (POI) is set to
sample a point in the image, where the camera films glass or organic. As intended, it
equals the expected (calibrated) value. Reflective parts of the sample, however, show
a by roughly 10 K higher temperature as the surrounding of the sample. Especially
the sensor and contact assembly, are still warm. The opposite effect is observed when
heating the sample from cooled state. Although the sample itself quickly reaches a
temperature near to the setpoint, all reflecting and surrounding parts are still cold,
effectively inverting the recorded picture.

As an intermediate summary, the system allows to control the sample temperature
fast and reproducibly. Because of the reflections in thermal imaging, the exact
pixel temperature is not accessible at the moment, but can possibly be measured
by applying an insulating layer on top of the sample with a thermal emissivity near
unity. Further modifications will include a light-mixing rod or Y-fiber to allow also
optical excitation and detection of electroluminescence.
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