Ohmic contacts for organic
optoelectronic devices

Zur Erlangung des akademischen Grades eines
DOKTOR-INGENIEURS (Dr.-Ing.)

von der KIT-Fakultat fir

Elektrotechnik und Informationstechnik
des Karlsruher Instituts fur Technologie (KIT)

genehmigte

DISSERTATION

Von

Naresh Kotadiya

geb. In: Gujarat, Indien

Tag der mundlichen Prufung: 31.01.2020
Hauptreferent: Prof. Dr. Uli Lemmer
Korreferent: Prof. Dr. Paul W. M. Blom



Hauptreferent: Prof. Dr. Uli Lemmer
LTI, KIT, Karlsruhe, Germany

Korreferent: Prof. Dr. Paul W. M. Blom
Max Planck Institut fur Polymerforschung und
Johannes Gutenberg Universitat, Mainz

Vorsitzender: Prof. Dr.-Ing. Sebastian Randel
IPQ, KIT, Karlsruhe, Germany

Weiterer Prufer:  Prof. Dr. rer. nat. Olaf Dossel
IBT, KIT, Karlsruhe, Germany

Weitere Pruferin: Prof. Dr. Tabea Arndt
ITEP, KIT, Karlsruhe, Germany



To,
Bhagwan Swaminarayan and my Gurus
for inspiring my dreams and blessing me.

In the joy of others, lies our own
by H.D.H. Pramukh Swami Maharay.



Abstract

In last three decades, great progress has been made in the field of organic electronics.
Researchers have put tremendous efforts to make new materials and device architec-
tures, which has resulted in a great commercial success of organic light emitting diodes
in mobile phone and television display screens. Despite that, still today it is challenging
to make organic electronic devices that are efficient in performance, stable in operation
and are economical in production at the same time. The objective of this thesis is to
understand fundamental charge transport properties of small molecules based organic
semiconductors and to develop novel organic electronic device architectures.

One of the prime requirements for efficient organic optoelectronic devices is to have
ohmic charge injection contacts. Therefore, first a charge injection strategy for making
ohmic hole contacts is developed. Using this strategy, ohmic hole contacts are achieved
on organic semiconductors with an ionization energy up to 6 eV. As a result, the hole
transport in a wide range of organic small molecules with ionization energy between
5 to 6 eV could be investigated. Despite the difference in their chemical structures,
similar bulk hole mobilities in the range of 1 x 10™* ecm?V~!s~! were observed for all
molecules. The hole transport was also investigated using molecular multiscale simu-
lations, an excellent agreement was obtained with the experimental results. Despite
fullerene derivatives being known as electron conductors, It was found that the fullerene
derivative ICBA has a very good hole mobility of 1.4x 1073 cm?V~!s~! which is the same
as bulk electron mobility, demonstrating the intrinsic bipolar charge-trasnport character
of organic semiconductors. It is found that charge trapping is causing the frequently
observed unipolarity in organic semiconductors, causing preferential conduction of either
holes or electrons. This limits the efficiencies and stabilities of the organic optoelectronic
devices. By investigating charge trapping in a wide range of organic semiconductors, we
have identified that when the electron affinity is lower than 3.6 eV, electron transport
becomes trap limited and when ionization energy is higher than 6 eV hole transport
becomes trap limited. As a result, within this energy window of about 2.4 eV trap-free
charge transport is observed. Combining this energy window for trap-free transport with
our developed charge injection strategy, an efficient and stable single layer OLED based
on a neat thermally activated delayed fluorescence emitter is demonstrated. The OLED
has a maximum external quantum efficiency of 19% at a luminance of 500 cdm—2and a
lifetime to 50% of initial luminance of 1000 cdm™2 of 1,880 h. It has an exceptionally
low operating voltage of 2.9 V at a luminance of 10,000 cdm™2, which resulted in a
maximum power efficiency of 87 ImW 1.



Kurzfassung

In den letzten drei Jahrzehnten wurden auf dem Gebiet der organischen Elektronik
grofle Fortschritte erzielt. Die Forscher haben enorme Anstrengungen unternommen,
um neue Materialien und Bauelementarchitekturen zu entwickeln, was zu einem groflen
kommerziellen Erfolg von organischen Leuchtdioden in Mobiltelefonen und Fernsehbild-
schirmen gefiihrt hat. Trotzdem ist es bis heute eine Herausforderung, organische
elektronische Gerate herzustellen, welche effizient arbeiten, stabil im Betrieb und gle-
ichzeitig wirtschaftlich in der Produktion sind. Ziel dieser Arbeit ist es, grundlegende
Ladungstransporteigenschaften von organischen Halbleitern auf der Basis kleiner Molekiile
zu verstehen und neuartige Architekturen fiir organische elektronische Bauelemente zu
entwickeln.

Eine der Hauptanforderungen fiir effiziente organische optoelektronische Bauelemente
besteht darin, ohmsche Ladungsinjektionskontakte zu haben. Daher wird zunachst
eine Ladungsinjektionsstrategie zur Herstellung ohmscher Lochkontakte entwickelt. Mit
dieser Strategie werden ohmsche Lochkontakte auf organischen Halbleitern mit einer
[onisierungsenergie von bis zu 6 eV erzielt. Infolgedessen konnte der Lochtransport in
einem breiten Spektrum von organischen kleinen Molekiilen mit einer lonisierungsen-
ergie zwischen 5 und 6 eV untersucht werden. Trotz der unterschiedlichen chemischen
Strukturen wurden fiir alle Molekiile ahnliche Bulk-Loch-Beweglichkeiten im Bereich von
1x107* em?V~!s~! beobachtet. Der Lochtransport wurde ebenfalls mittels molekularer
Multiskalensimulationen untersucht, wobei eine hervorragende Ubereinstimmung mit
den experimentellen Ergebnissen erzielt wurde. Obwohl Fullerenderivate als Elektro-
nenleiter bekannt sind, wurde festgestellt, dass das Fullerenderivat ICBA eine sehr gute
Lochbeweglichkeit von 1,4 x 1072 cm?V~1s™! aufweist, was der Beweglichkeit von Bulk-
Elektronen entspricht und damit den intrinsischen bipolaren Ladungtransportcharak-
ter organischer Halbleiter aufweist. Es wurde festgestellt, dass das Einfangen von
Ladungstragern die haufig beobachtete Unipolaritat in organischen Halbleitern verur-
sacht, die eine bevorzugte Leitung von Lochern oder Elektronen bewirkt. Dies begrenzt
die Wirkungsgrade und Stabilitdten der organischen optoelektronischen Bauelemente.
Durch die Untersuchung des Ladungstragerdefekte in einer Vielzahl organischer Hal-
bleiter haben wir festgestellt, dass bei einer Elektronenaffinitat von weniger als 3,6 eV
der Elektronentransport begrenzt wird und bei einer Ionisierungsenergie von mehr als 6
eV der Lochtransport begrenzt wird. Infolgedessen wird innerhalb dieses Energiefensters
ein Ladungstransport von etwa 2,4 eV beobachtet. In Kombination dieses Energiefen-
sters fiir den defektfreien Transport mit unserer entwickelten Ladungsinjektionsstrategie
wird eine effiziente und stabile einschichtige OLED auf der Basis eines Emitters mit
thermisch aktivierter verzogerter Fluoreszenz (TADF) demonstriert. Die OLED be-
sitzt einen maximalen externen Wirkungsgrad von 19% bei einer Leuchtdichte von 500
cdm ™2 und weist eine Lebensdauer von 1.880 h unter Reduktion zu 50% der anfianglichen
Leuchtdichte von 1000 cdm~2 auf. Sie weist eine auflergewohnlich niedrige Betriebs-
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spannung von 2,9 V bei einer Leuchtdichte von 10.000 cdm=2 auf, was zu einer maxi-
malen Energieeffizienz von 87 ImW ™! fiihrt.
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1. Introduction

Organic electronic devices such as organic light emitting diodes (OLEDs), organic so-
lar cells or photovoltaic cells (OPVs) and organics field-effect transistors (OTFTs) are
based on organic semiconductors (small molecules or polymers). They offer comple-
mentary functionalities compared to conventional inorganic semiconductor based de-
vices. Organic semiconductor based devices are light in weight, consume less energy,
and in addition they can be made transparent, flexible and disposable, ideally suited

for use in wearable electronics, bio electronics and augmented reality based applications
1, 2,3, 4, 5].

Since the first demonstration of efficient electroluminescence at low voltages by Tang
and VanSlyke in 1987 [6], OLEDs have evolved significantly. Today, OLEDs are widely
commercialized in displays for mobile phones and televisions. In OLED displays, indi-
vidual pixels can be turned ON or OFF which offers high color purity and contrast, in
addition they can have a 180° wide viewing angle [7, 8, 9, 10]. OLEDs also has a great
potential for lighting applications, however their commercial success is hindered by the
cost, efficiency and lifetime compared to conventional lighting sources [11, 12, 13]. OPVs
can be fabricated on transparent substrates, such as polyethylene terephthalate, which
can be fixed on the windows or walls of a high rise building as energy harvesting curtains.
Efforts are being made for their commercialization, however their present efficiency and
stability are much lower than their inorganic counterparts [14, 15, 16, 17, 18]. For the
commercial applications of OTFTs, much work is needed to improve the charge carrier
mobilities and operational stability [19, 20].

Commercial OLED displays and OPVs are based on vacuum-deposited small molecule
semiconductors and uses complex multilayer device architectures. Still today, it is a big
challenge to make devices that are efficient, have a long lifetime and are economical at
the same time. Researchers have made great efforts to solve this issue by developing
new materials such as phosphorescent [21, 22| and thermally assisted delayed fluores-
cence (TADF) emitters [23, 24], new device architectures such as p-i-n type based on
doped charge injection and transport layers [12, 25], and new fabrication methods. How-
ever, relatively much less work is done to understand charge transport in small molecule
based organic electronic devices. Understanding the charge transport mechanisms in
the organic semiconductors can play a vital role in identifying the factors that limits
the device performance and stability. Once identified, such factors can be eliminated to
make improved materials and subsequently better devices.

In this thesis, a thorough study of the charge transport in a wide range of organic small
molecules is performed. These molecules are commonly used for hole transport, electron
transport, and light emission. Devices were fabricated using both high vacuum-based
thermal evaporation methods, as well as low cost solution processing techniques. Novel



device architectures were developed for single carrier devices and OLEDs, the device
performance is investigated using rigorous experimental work and theoretical models.

Theoretical concepts of the charge transport in organic semiconductors are presented
in chapter 2. Initially, the basic properties of organic semiconductors are described,
followed by the theoretical description of charge transport and charge trapping models
for organic semiconductors. Subsequently, the device architectures and current-voltage
characteristics of single carrier devices and OLEDs are discussed. In chapter 3, a novel
hole injection method for making ohmic contacts in organic semiconductor devices is
presented. In chapter 4, detailed experimental and theoretical studies of routinely used
hole transport materials is presented. In chapter 5, hole and electron transport proper-
ties of the fullerene derivative indene-Cgy bisadduct (ICBA) are presented. In chapter
6, charge trapping in a wide range of organic semiconducting materials is investigated.
Traps were identified both theoretically and experimentally and key considerations to
make trap free materials are also discussed. In chapter 7, a highly efficient and stable
single layer OLED developed in this thesis is presented, marking the end of the thesis.



2. Theoretical Background

2.1. Organic semiconductors

Organic semiconductors are carbon based conjugated materials, which are classified into
two types, small molecules and polymers. They are significantly different compared to
inorganic semiconductors. In solid form, they are bonded by weaker van der Waals forces.
This leads to a de-localization of the electron wave functions between adjacent molecules
or polymer chains, such that the electronic structure of organic semiconductors preserves
that of a single molecule or a polymer chain. In contrast, in inorganic semiconductors,
atoms are covalently bonded, which leads to de-localization of electron wave functions
over the entire lattice. So, electrons can move easily resulting in better conductivity
compared to organic semiconductors [26, 27, 28].

2.1.1. sp? hybridization and conjugation

Both molecular and polymeric organic semiconductors mainly consist of carbon and hy-
drogen. In addition, some low atomic weight elements such as nitrogen, oxygen and
sulfur are often present in them. Their semiconducting property originates from carbon
atoms connected by alternating single and double bonds, which is known as conjugation.
The carbon atom has six electrons and its ground state electronic configuration is C: 1s,
25, 2py, 2p,, 2pY. Since 2s and 2p orbitals lies energetically very close to each other,
one electron from the 2s orbital can be easily promoted to the empty 2p, orbital. It
gives an excited state electronic configuration of the carbon atom as C*: 1s?, 2s!, 2pl,
Qp;, 2p! as shown in Figure 2.1.

P T Qg Uy

T T T 3 qp Hybridized
T l $ sp® Hybridized Orbitals
% Otbitals
Is
a)Ground State Excited State After hybridization b)

Figure 2.1.: sp? Hybridization process. (a) Ground state and excited state electronic
configuration and (b) formation of sp? hybridized orbitals in carbon atom.

The sp? hybridization process results from an intermixing of 2s, p, and p,, orbitals of



2.1 Organic semiconductors

the excited carbon atom, producing three sp? hybrid orbitals of equal energy. These three
sp? hybrid orbitals organize themselves in triangular planar geometry around the carbon
atom, at an angle of 120° with respect to each other. The remaining un-hybridized p, or-
bital lies perpendicular to the triangular plane of the hybrid orbitals as shown in Figure
2.1. As an example, let us consider the simple structure of the ethene (CoHy) molecule.

A — 0 - orbital

LUMO T orbital

E

8

1t- orbital

b) H( @ ‘H . —H—o— orbital

Figure 2.2.: Formation of energy levels in ethene molecule. (a) Formation of o and 7
bonds and (b) delocalization of 7 electron cloud over it. (¢) Energy levels corresponding
to bonding and antibonding molecular orbitals [26].

Three sp? hybrid orbitals from each carbon atom interact to form five o-bonds. One
C-C bond between carbon atoms (by an interaction of two sp? hybrid orbitals: one from
each carbon atom) and four C-H bonds between carbon and hydrogen atoms (by an
interaction of the sp? hybrid orbital of a carbon atom with the s orbital of the hydrogen
atom). The unhybridized p, orbitals of both carbon atoms overlap sideways to form
another C-C bond called 7-bond. Due to a strong interaction and overlapping of the sp?
hybrid orbitals in the molecular plane, o-bonds are very strong and forms the backbone
of the molecule. On the other hand, the p, orbitals form considerably weaker m-bonds
due to a much lower overlap between them.

According to the molecular orbital theory, both o-bonds and 7-bonds can form bond-
ing and anti-bonding molecular orbitals. Bonding orbitals will stabilize the molecule
and have lower energy than the participating single orbitals, while anti-bonding orbitals
will destabilize the molecule and have a higher energy than the participating single or-
bitals [29, 26]. Figure 2.2 shows the energy levels of the molecular orbitals in ethene,
where electrons are placed in the orbitals with increasing energy using Pauli’s exclusion
principle. In the ground state, all bonding orbitals in ethene are filled and all anti-
bonding orbitals are empty. As m-orbitals have a higher energy than o-orbitals, they
form the Highest Occupied Molecular Orbitals (HOMO). Due to the weak bonding of
m-orbitals, the lowest electronic excitation possible is from the bonding m-orbital to the



2.1 Organic semiconductors

anti-bonding 7*-orbital. Thus, the 7*-orbital represents the Lowest Unoccupied Molec-
ular Orbital (LUMO). The HOMO can be roughly compared to the valence band and
the LUMO to the conduction band of inorganic semiconductors. The energy difference
between HOMO and LUMO corresponds to the band gap (denoted as E;) of inorganic
semiconductors.

E _ \/\\ \' \ 2\ n
LUMO —
LUMO
LUMO LUMO
E
: E
g
Homo_ HOMO
/
HOMO_H_ /
HOMO_'I.FL ;
‘
"; /
/
. /
Ethylene Butadiene Octatetraene Polyacetylene

Figure 2.3.: Control of the band gap in organic semiconductors. As the degree of
conjugation increases from ethylene to polyacetylene, the HOMO energy value increases
(gets shallower) and the LUMO energy value decreases (gets deeper). So eventually the
band gap decreases as conjugation increases [30].

The band gap of organic semiconductors (either small molecules or polymers) can be
easily tuned by changing the degree of conjugation. As shown in Figure 2.3, as we move
from ethylene to polyacetylene the amount of available 7 and 7* orbitals increases and
also the degree of conjugation increases. Correspondingly, this leads to the increase of
HOMO value in energy (gets shallower) and decrease of LUMO values in energy (gets
deeper). As a result, the band gap decreases from ethylene to polyacetylene. In this way,
the band gap can be easily controlled between 1.5 to 3 eV, allowing the light emission
from such semiconductors in the entire visible region.

In solid films, each molecule or polymer chain will have slightly different orientation or
surroundings, this leads to local variations in the polarization energies [26, 29, 31]. As a
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2.2 Charge Transport Models

EA,
LUMO lpe CB
EA L Ve e - — - - - - - -N(E)

IE_ } - S -N(E)

Gas Phase Crystalline solid Amorphous solid

Figure 2.4.: Density of states of the molecules in the gas phase, molecular solids in a
crystalline and amorphous state. IE, is the ionization energy and E'A, is the electron
affinity in gas phase, [E. and F'A. represents quantities in the crystalline state. Due
to the polarization energies P, (positive polaron or hole) and P. (negative polaron or
electron) charged states are stabilized in the crystal. E, is the energy band gap [26].

result, the energy distribution of localized states in organic semiconductors is described
by a Gaussian distribution, the details will be discussed in the next section. Figure 2.4
shows the density of states in crystalline and amorphous molecular semiconductors.

2.2. Charge Transport Models
2.2.1. Gaussian Disorder Model (GDM)

Knowledge of the charge transport mechanisms in organic semiconductors can help to
relate microscopic parameters such as disorder and charge transport to physically deter-
minable quantities such as the charge carrier mobility [32, 28]. A charge transport model
was proposed by Béssler et al, which is known as the Gaussian Disorder Model (GDM)
[33]. It assumes that hopping sites are localized and the energies of the adjacent sites are
uncorrelated (independent of each other). The charge transporting sites are randomly
distributed in energy and the energetic distribution is given by Gaussian distribution

(0) = ——exp [—% (5)2] 2.1)
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2.2 Charge Transport Models

where N represents total density of charge transport sites, opos the width of the
Gaussian distribution and € represents the energy relative to the center of the DOS.

A
E

A
EOe\ LUMO |= — -

i _— - m -
E 252 /18K,T 4 — ol T > T
Ea,e GZ/ZKBT B A}_ _ _ _
eq,e a2/KgT e — — T —

Y o - — —
Eg
Ep [~
s - _ T -
o2/KsT o — - _
Feq G2/2K,T ===
Ean < 0/18GT | oMo | == = N
> - >
N(E) Distance

Figure 2.5.: The Gaussian disorder model. Left: shows the Gaussian distribution of
LUMO and HOMO energy levels. Ey. and Ejj, are the center of DOS for electron and
holes respectively. E.,. and E,; are the equilibrium energy levels for electron and
holes respectively. E,, e and E,, h are the transport energy levels for electron and holes
respectively. The energy values of these levels with respect to the center of DOS are also
indicated. Right: Distribution of charge transport sites in LUMO and HOMO and the
hopping motion of charge carriers from one site to another.

When charges hop (move) from one site to the other, the energy difference between
two sites is compensated by the absorption or emission of a phonon. In this phonon
assisted hopping (or tunneling) process, the probability for a charge carrier located at
the site 7, to move to the unoccupied j site is given by the Miller and Abrahams hopping

12



2.2 Charge Transport Models

rates v;;
Vij = Vg ex [—2 a@]xex Sy fore; > ¢ (2.2)
ij — Y0 P Y N p k’BT j = & .
Vij = Vo €xp [—2%1@} x 1 fore; <eg (2.3)
a

where, the prefactor 14 is the phonon vibration frequency, represent the attempts to
escape (or hop) rate, v is the inverse localization radius which depends on the electronic
coupling between adjacent sites, a is the average lattice distance (for the assumed cubic
cell), r;; represents the relative distance between sites i and j, and ¢;, €; represents the
energy of the sites i and j respectively [34].

The mobility p of the charge carriers depends on how fast they hop between the Gaus-
sianly distributed transport sites from one site to other. Which in turn depends on the
energetic difference and spatial distance between hopping sites.

Figure 2.5 schematically describes the Gaussian disorder model, important energy
levels for electrons and holes are marked by suffix e and h, respectively. Bassler et al
developed the GDM using Monte Carlo (MC) simulation methods and found that under
thermal equilibrium, charges present in the material relax to the so-called equilibrium
energy level E, ., situated at :-STQT below the center of the DOS Eg .. At E.q., very few
transport sites are present, so that charges need to be excited to the so-called transport
energy level E, .. At E, . charges have a sufficient amount of transport sites to hop form
one site to the other. Theoretical calculations predicted that E, . is located close to the

center of the DOS at ﬁ, and an activation energy of o

4
9I€BT 5
hop to the transport level. This means that charge carriers located around 2:BT jump to
the transport energy level and mainly contribute to the charge transport [33, 35]. The

temperature-dependent activation energy gives rise to the temperature dependence of .

is required for charges to

When an external electric field is applied the site energies get modified by the elec-
trostatic energy term. As a result, the energetic gap between sites decreases under an
applied electric field. So, for electrons, the probability to jump upward to a site higher
in energy increases while the downward jump to the lower energy site remains unaffected
(36, 37, 38]. Hence, the p also depends on the applied electric field. In short, u depends
on temperatures (7') and the applied electric field (E) due to the energetic disorder
of transport sites. The results from MC simulations can be summarized into following
empirical relations constituting the GDM, which directly connects the physically mea-
surable quantity mobility g to the microscopic disorder parameter o.

20\’ o\’ 9
pep T i [_ (07) O((kg_T) _E>\@

20 \? o \?
UGDM = Moo €XP [— <3k’BT> C ((kB_T) - 2.25) VE
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X exp for ¥ >1.5 (2.4)

X exp for X < 1.5 (2.5)




2.2 Charge Transport Models

where, [ is a mobility prefactor in the limit of T — oo, C' = 3 x 1074 cm2 V=2 is
a site spacing dependent constant and Y represents the degree of positional disorder of
hopping sites.

The GDM model for the calculation of i takes into account the temperature (7") and
the electric field (F) dependence of p. However, it was found that p also depends on
the charge carrier concentration (n for electrons or p for holes). Tanase et al observed
that the mobility of OC;C1g—PPV measured in a transistor configuration is around 3
orders of magnitudes higher than measured in a diode configuration [39]. Such a huge
difference in mobility was explained by the strong dependence of the mobility p on the
charge carrier concentration n for electrons (or p for holes). In a field-effect transistor,
the charge concentration is much higher than in a diode. This is a result of the gate-
induced charge-carriers in the channel of a field-effect transistor. Because of the higher
charge-carrier density and the density dependence of the mobility, a higher mobility is
observed in a field-effect transistor.

2.2.2. Extended Gaussian Disorder Model (EGDM)

By taking into account the charge carrier density (p) dependence of the mobility into
the original Gaussian disorder model, Pasveer et al, developed a new charge transport
model. This model is often termed as the extended Gaussian disorder model (EGDM).
In the EGDM it was found that at room temperature p dependence dominates the
mobility, while at lower temperature and high applied electric fields the E dependence
plays a major role [40]. The results of the EGDM can be summarized in the following
parameterized equations for the mobility .

(T, p, E) = pp(T,p) x f(T, E) (2.6)

The first term in the above expression describes the carrier concentration (p) and
temperature (7') dependence, which is given by

< (ei) () -G ] e

. 2ln ((kﬁf B <IW;LT2>> —1In(In4)
(=)

The second term in equation 2.6 describes the electric field (E) dependence, which is
given by

(T, p) = poCh exp

where the ¢ is given by

(2.8)
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2.3 Physics of trap limited currents

f(T,E) =exp |0.44 ((k;LTf - 22) X \/1 +0.8 (?)2 —1 (2.9)

In the limit of zero charge carrier concentration and zero field (p — o and E — o) the
equation 2.6 gives a simplified temperature dependence of the mobility.

2 2
o a*vpe
to(T) = poCh exp <—C’2 (kB_T> ) where o = UO (2.10)

In the above equations, pg is a mobility prefactor, vy is the attempt to hop fre-
quency from the MA model, e is electronic charge, o the width of the Gaussian disorder.
C; = 1.8 x 107 and Oy = 0.42 are constants. kg is Boltzmann’s constant, 7" is the
temperature and a is the lattice constant.

The EGDM has been widely used to investigate charge transport properties of solu-
tion processed polymer based organic semiconductors and excellent agreement has been
obtained with experimental results [41, 42, 39, 43, 44]. However, not much is known
about the applicability of the EGDM to organic small molecules, within this thesis we
have investigated the EGDM for thermally evaporated and solution processed organic
small molecules. As shown in chapter 4 and chapter 5, the EGDM is equally applicable
to organic small molecules.

2.3. Physics of trap limited currents

The EGDM model explained in last section, is suitable to describe the charge trans-
port in materials where trapping of charge carriers is absent. However, the majority of
organic semiconductors shows trapping behavior for one of the charge carriers, either
electrons or holes. To understand trap limited charge transport, additional knowledge
about trap limited currents is required, which will be discussed in this section.

An early description of trap limited currents, in organic semiconductors was derived
by Mark and Helfrich [45]. They considered trapping sites that were exponentially
distributed below the conduction band edge, given by

N,(E) = <k]§;t) exp [Ek;T?} (2.11)

Here, Ny(FE) is the density of traps (trapping sites) at energy E, N, is the total number
of traps and E¢ the energy of the conduction band edge. T; is a characteristic temper-
ature, which defines the characteristics energy of the trap distribution E;, = kgT;.

Charge carriers that are trapped do not contribute to the current. As a result, the
drift current in such a device will remain much lower than the current in a trap-free
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2.3 Physics of trap limited currents

insulator, until all traps are filled. The current in this regime is called trapped-charge
limited current or trap-limited current (TCLC or TLC). Mark and Helfrich derived an
expression for the trap limited current-voltage characteristics given by

() ()

where N, is the total density of states in the conduction band having values in the
range of 10*® — 102! cm=3. e is the elementary charge and u the charge carrier mobility.
€ = go&, is the dielectric constant of the semiconductors and L is the thickness of the
organic layer. r = T;/T is a constant that depends on the trap distribution and can
be directly determined from the log(J) vs log(V') and thickness dependence of the trap
limited currents.

VrJrl
L2r+1

(2.12)

E T
J = N,
TCLC cep (eNt)
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Figure 2.6.: Electron traps in organic semiconductors. Left: shows the Gaussian dis-
tributed LUMO, and the Gaussian distributed traps. FEy and Ej. are the center of
LUMO and traps respectively. FE, is a transport energy level and Er is Fermi energy
level. Right: shows the LUMO and exponentially distributed traps.

Equation 2.12, was able to describe trap-limited currents in PPV based organic poly-
mers at room temperature. However, it predicts much stronger temperature dependence
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2.3 Physics of trap limited currents

than experimentally observed [46]. The reason for that is the organic semiconductors
frequently have a Gaussian distribution of states in the LUMO (or HOMO) as opposed
to the sharp conduction band edge in inorganic semiconductors, as shown in Figure 2.6.
The charge transport occurs via hopping in those Gaussianly distributed states. The
energetic distribution of hopping sites results in an effective conduction band edge lo-
cated at an energy FE, below the center (E,) of the Gaussian DOS. The result is that the
trap depth is no longer measured with respect to the center of the distribution of LUMO
states, but is reduced by a term F,. Therefore, equation 2.12 needs to be modified as

following
o+ 1\ r "
r+1 (r+1)

where Fj. is the trap depth w.r.t (below) the center Ey of the Gaussian distributed
LUMO. E, = 0?/2kgT serves as the energy of the effective conduction band edge, and
is dependent on the energetic disorder and the temperature. It lies below center Ej of
the LUMO, can be regarded as a conduction band edge, as shown in Figure 2.6.

r
Vr+1
L27"+1

€
eN; exp [—(E“_E“)}

JTC’LC == NCe,ue (213)

kpT:

An effective density of trap states Ny.ss) can be defined as

(2.14)

By —F,
Nt(eff) = Nt exXp [M}

kgTi

which depends on the trap depth E,. Since E, depends on temperature, also the
effective trap density becomes temperature dependent. In the equation 2.14, the total
density of trapping sites N; has constant value, however in order to determine it, one
needs to find out the trap depth E;. and vice versa. Incorporating this additional tem-
perature dependence term, the modified Mark-Helfrich equation 2.13, now successfully
describes the (experimentally observed), weaker temperature dependence in PPV based
organic semiconductors.

For materials with trap limited currents, one of the important quantities to determine
the effect or severity of traps is the ratio of number of trapped n, and number of free n
charge carriers, which is given by

n ne O\ T,
No (Nt(em) T (2.15)

Where Nj is total density of the hopping or charge transport sites and N, is total density
of trapping sites.
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2.3 Physics of trap limited currents

The value r = T;/T is a constant which depends on the trap distribution. From
equation 2.13, the current density has a power-law dependence on voltage and layer
thickness according to J oc (V" *1/L**1). So, by plotting log(J) vs log(V) for different
thicknesses we can directly determine the value of r. For r = 1, J oc V2, this will give
a slope of 2 (same as Mott-Gurney law), which corresponds to trap free transport. For
r>1,J oc V™ where m > 2 this will give a slope higher than 2 and corresponds to
trap limited charge transport. Once r is known, using equation 2.15 the ratio of trapped
and free charge carriers can be easily determined.

Generally the density of trapping sites is several orders of magnitude lower than the
density of charge transport sites. As mentioned in last section, for efficient transport,
the charge transport sites should be located closely in energy and distance. For an elec-
tron hopping or moving in the LUMO, it is energetically favorable to go to trap sites as
they are located at lower energy. Once a charge reaches a trap site, it can not move to
neighboring trapping sites as they are energetically and spatially far apart as shown in
Figure 2.6. So, charges that are trapped do not contribute to the current. As a result
the currents in materials with traps are often few orders of magnitudes lower than in
materials without traps [47].

The assumption in the previous equations was that the traps are exponentially dis-
tributed in energy. This is not necessarily the case in organic semiconductors. For
instance, trapping sites could also have a Gaussian distribution in energy, just like the
HOMO and LUMO states [48, 49]. In such a case distribution of trapping sites is given
by

N,
Nt(gauss)(E):( ! )exp (2.16)

o 21

where Ny(gauss)(E) is the density of traps (trapping sites) at energy £, N, the total trap
density, o, is the width of the trap distribution, Fj. is the trap depth w.r.t (below) the
center F of the Gaussianly distributed LUMO. And E, — E}. is the effective trap depth,
which becomes temperature dependent in the case of disordered semiconductors.

While the trap-limited current for Gaussianly distributed traps cannot be described

easily with analytical equations, an approximation can be obtained by modifying the
Mark-Helfrich equation 2.13. Here the trap exponent r is modified by 7 as following

2
’ O¢
=4/14+2 2.1
r \/—i- W(4kBT) (2.17)

and the effective density of trap is modified by

/ Ny E;
Nt(eff) = 76Xp [m} (218)
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2.3 Physics of trap limited currents

Figure 2.6, shows the cases of Gaussian and exponential traps and the process of trap-
ping of charge carriers. Nicolai et al investigated a numerical Gaussian trap model for
the electron traps in PPV based organic semiconductors. They found that traps can be
described equally well by the Gausssian trap model and the exponential trap model [48].
Later, the Gaussian trap model was applied to a wide range of organic semiconducting
polymers, which resulted in the identification of a common trap depth around 3.6 eV
for electron transport in conjugated polymers [50].
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Traps \ -

Etc<
Ea =~ =~
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Figure 2.7.: Hole traps in organic semiconductors. Left: shows the Gaussian distributed
HOMO, and the Gaussian distributed traps. Ey and E}. are the center of HOMO and
traps respectively. F, is a transport energy level and Er is Fermi energy level. Right:
shows the HOMO and exponentially distributed traps.

In the present thesis, we investigate the electron and hole traps in a large number of
organic small molecules. Similar to organic polymers, a common trap depth for electron
transport at 3.6 eV was observed for thermally deposited small molecules. In addition, a
common trap depth for hole transport was found at around 6.0 eV. This leads to a small
energy window of about 2.4 eV for trap free charge transport in organic semiconduc-
tors. Figure 2.7, shows the HOMO, Gaussian and exponential distributed traps. Unlike
electrons, for holes it is easy to go higher in energy, so hole traps are located above the
HOMO. Similar to electron trapping explained earlier, holes that move to a trap site
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2.4 Charge carrier injection

can not move to neighboring trap sites or the HOMO as shown in Figure 2.7, reducing
hole currents by several orders of magnitude. A detailed discussion about origin of hole
traps is presented in chapter 6.

2.4. Charge carrier injection

Since organic semiconductors have a low amount of free charge carriers, in organic op-
toelectronic devices such as OLEDs, OPVs or OTFTs they need to be injected from
the contacts. This process of charge injection thus plays a critical role in the perfor-
mance of optoelectronic devices. When metal and organic semiconductors are brought
into contact, at their interface a barrier for charge injection from the metal into the or-
ganic semiconductor is generated. Figure 2.8(a) shows the energy band diagram at the
metal/organic semiconductor interface. @, denotes the original charge injection barrier,
which is formed due to the energetic difference between the Fermi energy Er of the metal
and the LUMO of the organic semiconductor. When an electron is injected from the
metal into the organic semiconductor, it induces an equal positive charge called image
charge on the metal surface. For an electron with charge ¢ at distance x from the metal
surface, the image potential is given by ®; = —¢/(16mex). When an external field F is
applied to the device, the barrier at the interface will be lowered by A® = \/(¢F)/(4me)
due to the combined effect of the applied field and the image potential. This phenomenon
is known as Image-force barrier lowering [51, 52].

Metal ~ Organic semiconductor Metal  Organic semiconductor Metal Organic semiconductor
A 7 O
E A(I) : Image potential
Thermionic emission
™ L 4= Band tilt due to applied filed
(o7
(Del Tunneling
N _O0—
Er Er
a) b) c)

Figure 2.8.: Energy band diagram at the metal/organic semiconductor interface. (a)
The band tilt due to the applied field is shown by the straight line (red). Due to the
image potential (green curve), the barrier height at the interface will be lowered, the blue
curve shows the net band bending near the interface. The maximum barrier is lowered
by A® at the interface. (b) Charge injection via thermionic emission. In low mobility
organic semiconductors, charge carriers will be accumulated at the interface, and can flow
back into the metal contact. (c) At high fields, charge injection via Fowler-Nordheim
tunneling at a triangular barrier is shown [51].

The charge injection at the metal/semiconductor interface can occur via thermionic
emission or tunneling. The thermionic injection process is based on the mechanism that,
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2.4 Charge carrier injection

if electrons in the metal get enough thermal energy, they can jump over the injection
barrier and move into the semiconductor as shown in Figure 2.8(b) [53]. The injected
current is described by the Richardson-Schottky equation

2.
J = A*T? exp (—qkﬂff) (2.19)

where A* = (4mgm*k?)/(h?) is the Richardson constant (which depends on the effective
mass m* of charge carriers), T" is the temperature, ¢ is the elementary charge, and @,
is the effective barrier height which is given by

qF(0)
Are

Depr =Dy — AP = &, — (2.20)
Here, F'(0) is the electric field at the contact, ¢ is the dielectric constant of the organic
semiconductor, @, is the original injection barrier at the interface, A @ is the reduction
in barrier height due to the image potential and applied field. As can be see from above
equations, the effective barrier height plays a critical role for the thermionic emission of
charge carriers.

The above explanation is suitable for inorganic semiconductors, which have high
charge mobilities. In organic semiconductors, charge carrier mobilities are a few or-
der of magnitude lower than the inorganic semiconductors, so a large number of injected
charge carriers will be accumulated at the interface and they may flow back to the metal
contact as shown in Figure 2.8(b) [52, 54, 55]. In this case, diffusion effects are important
and the thermionic emission equation needs to be modified to

P,

J = qN.uF(0) exp 4%t (2.21)
kT

where N, is effective density of states in the LUMO. and pq is the charge carrier mobility

in the semiconductor.

At low temperatures, charge carriers will not have enough thermal energy to surmount
the injection barrier as descried by thermionic emission. In such a case, if applied voltage
is very high (or semiconductor layer is very thin) charge carriers can tunnel through the
injection barrier [56, 57]. This process is known as Fowler-Nordheim tunneling, the
injected current mainly depends on the applied electric field and is given by

3
q 2 K
- F = 2.9
J <8whq3b) e””p( F) (2.22)

where K is a parameter that depends on the shape of the barrier. For a triangular

barrier, K is given by
- (87?\/2m*(qq5b)3/2>

2.23
3ah (2.23)
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2.4 Charge carrier injection

Here, m* is the effective mass of charge carriers. Figure 2.8(c) shows charge carrier
tunneling across a triangular barrier. Also in this case, the injection barrier @, plays a
critical role. Experimentally, the injection barrier can be determined by plotting ln(%)
Vs F~! plot known as F-N plot.

2.4.1. Ohmic charge injection contacts

At metal /organic semiconductor contacts, when the metal is able to supply more charges
than the organic semiconductor can transport the contact is said to be ohmic. Analyti-
cally, if the current in a single carrier device is space-charge limited then the contact is
ohmic. For organic semiconductor based devices, if contacts are not ohmic, the current
in the device can be significantly lower upto an order of magnitude as shown in chapter
3. So, ohmic contacts are significantly important in organic semiconductor based opto-
electronic devices.

LUMO

p-type doping
LUMO / —L—
== HOMO

1
= |

_ﬁ n-type doping
HOMO

Host Dopant Host Dopant

——
-1

HOMOH 4 ——| wmo

Figure 2.9.: Left: p-type doping in organic semiconductors, an organic dopant with a
LUMO deeper than the HOMO of the host can accept an electron from the host. This
creates a hole in the host, resulting in p-type doping. Right: n-type doping in organic
semiconductors, an organic dopant with a HOMO lower than the LUMO of the host
can donate an electron to the host. This creates an extra electron in host, resulting in
n-type doping [58].

At present, electrical doping of the organic semiconductor is predominantly used to
obtain ohmic contacts. In this method, a p-doped layer of organic semiconductor is
deposited on metal contacts for hole injection (or n-doped layer for electron injection).
The doping is achieved by adding an electron acceptor that captures an electron from
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2.4 Charge carrier injection

the HOMO, leaving a hole behind, resulting in p-type doping. For n-type doping, an
electron donor with a high HOMO is used to donate an electron to the LUMO, as shown
in Figure 2.9. This results in a shift of the Fermi level towards the HOMO (or LUMO).
Such shift of energy levels creates a strong band bending at the metal doped layer in-
terface forming a depletion region, resulting in effective lowering of the charge injection
barriers as shown in Figure 2.10 [59, 60].

E
LUMQ LUMO
no doping with p-doping
XeTe) t o0 o? ' "" o me=esmamanas e
HOMO
Metal HOMO Metal

Figure 2.10.: Left: Metal/un-doped organic semiconductor contact, there is a high
barrier for hole injection. Right: Metal/p-doped organic semiconductor contact, by
doping the organic layer, a strong band bending is created, resulting in the significant
reduction of the injection barrier [58]

Apart form lowering the injection barriers, doping also increases the conductivity of
organic semiconductors, allowing the flexibility to use thicker injection layers, which can
improve the device yield while maintaining low operating voltages [61]. However, doping
can only be effective when the LUMO of the dopant (or acceptor) is deeper than the
HOMO of the host material for p-type doping or the HOMO of the dopant (or donor)
is lower than the LUMO of the host material for n-type doping. Currently, it is chal-
lenging to achieve p-type doping in host with a HOMO deeper than —5.5 eV. To inject
charges in organic semiconductors having a HOMO of, for instance —6.0 eV, one needs
a very strong dopant with a LUMO lower than —6.0 eV. From a synthesis point of view,
creating materials with a LUMO deeper than —6.0 eV is extremely challenging. Hence,
p-doping is not suitable for charge injection into materials with a deep HOMO. In ad-
dition, a single dopant can not be used for all host materials.

In order to overcome this challenge, we have developed a novel charge injection method

as shown in chapter 3. Our method can be used for materials with HOMO deeper than
—6.0 eV, as described in chapter 3.
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2.5 Single carrier devices

2.5. Single carrier devices

2.5.1. Single carrier device architecture

Experimentally, the charge carrier mobilities of organic semiconductors can be obtained
by fabricating single carrier hole only (HO) or electron only (EO) devices and sub-
sequently measuring their current-voltage characteristics. For HO (or EO) devices the
organic semiconductor is sandwiched between two high (or low) work function electrodes
as shown in Figure 2.11. This creates a high barrier for electron (or hole) injection, under
the applied voltage only holes (or electrons) will be injected. As a result, the current
in the device is only due to holes (or electrons) [62]. If one of the contacts is ohmic,
the current in the device will reach the space charge limit from which mobility can be
extracted using the Mott-Gurney equation or by numerical modeling.

Ba/Al

Al Electron
Transport
layer
(HTL)

Gold
MoO,

/
/

Asymmetric (HO) Symmetric (HO) Asymmetric (EQO)

Figure 2.11.: Single carrier device architecture. The top row shows the device structure
of symmetric and asymmetric single carrier hole only and electron only devices. The
corresponding band diagrams attained after reaching thermal equilibrium are shown in
the bottom row.

When the device is fabricated, in order to attain the thermal equilibrium, the fermi
level of the electrodes of both sides align with each other. As a result, a built in voltage
(Vi) will be established in an asymmetric device (which has electrodes of different work
function). For analysis, the voltage scale needs to be corrected by subtracting the built
in voltage from the applied voltage. A built in voltage will be absent in the symmetric
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2.5 Single carrier devices

device (which has same work function of electrodes), hence no voltage correction will be
required in that case.

2.5.2. Single carrier device current-voltage characteristics

The current-voltage characteristic of a symmetric hole only device of Spiro-TAD (a ma-
terial mainly used as a hole transport layer or host in OLEDs) is shown in the Figure
2.12. It can be divided into two regimes, at low voltages the current is mainly due to
charge carriers diffused from the contacts or present intrinsically due to unintentional
doping [63, 64]. This charge concentration is independent of the applied voltage, re-
sulting in a current that increases linearly with the applied voltage and is described by
Ohm’s law as following ,

J = nap (2.24)
where n is the diffused charge carrier density, ;1 the mobility, ¢ is the elementary charge
and L is the thickness of the organic layer (or the distance between two electrodes). This
regime is called as ohmic regime, as marked by red line with slope of 1 in Figure 2.12.
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Figure 2.12.: Hole only device characteristics. The current density vs voltage charac-
teristics of a symmetric hole only device of Spiro-TAD are shown here. The red line is
a fit with the slope of 1, which corresponds to the ohmic regime, while the green line is
a fit with slope of 2 and corresponds to the space charge limited regime.

As the applied voltage increases further, charge carriers are injected from the contact
and the current starts to grow rapidly. For an asymmetric device this occurs at the
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built-in voltage. The current eventually reaches a slope of 2, which corresponds to the
space charge limited current and is described by the Mott-Gurney law [65] as following
9 (V—Vy)?

JSCLC = g&HT (225)

where, ¢ is the dielectric constant of the organic semiconductor. This current is mainly
due to the drift of injected charge carriers under the influence of the applied voltage
(electric field), and is known as drift current. This space charge limited current regime
is marked by the green line with a slope of 2 in Figure 2.12.
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Figure 2.13.: Electron only device characteristics. Current density—voltage character-
istics of symmetric electron only device of ICBA and asymmetric electron only device of
TPBi are shown here. The ICBA current has a quadratic dependence on voltage, typical
behavior for trap free transport. While TPBi current has a stronger voltage dependence,
meaning it has trap limited electron transport.

Figure 2.13 shows the electron transport of ICBA and TPBi which are typically used
as electron acceptor in organic solar cells and electron transport layer in OLEDs, re-
spectively. For ICBA a space-charge-limited current is measured and shows quadratic
dependence on the voltage, a typical signature of trap free transport. The behavior is
marked by a fit using a black line with slope of 2 corresponding to the Mott-Gurney law.
However, at the same applied voltages, the TPBi current is 5 to 6 orders of magnitude
lower than the ICBA current. The TPBi current has stronger voltage dependence as
marked by the fit using the red line with slope of 5. This is a signature of trap limited
electron transport in TPBi as described by the Mark Helfrich equation explained earlier.
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When materials with traps are used as active layers or charge transport layers in or-
ganic electronic devices, higher driving voltages will be required and device stability will
be reduced. Obtaining trap free and balanced transport in a single material is still a
huge challenge. In chapter 6 charge transport in a large number of organic semiconduc-
tors is investigated and trap originating factors based on water complexes are discussed
in details.

2.6. Excitons

In the performance of organic semiconductor devices, bound electron-hole pairs known
as excitons play crucial role. They are formed when charges are injected (e.g. in OLED)
or when photons are absorbed (e.g. in solar cells and photo-detectors). In organic semi-
conductors, excitons are mainly of the Frenkel type, in which the electrons and holes are
located on the same molecule as shown in Figure 2.14(a). Frenkel excitons have a strong
binding energy of around 0.5 eV, have a small radius of ~1 nm and well defined spin
states such as singlet or triplet. As excitons are charge neutral, they move via diffusion
and their motion can be described by Dexter or Forster energy transfer models [29].

Excited Singlet States Vibration energy levels
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2 2 Internal Conversion
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Figure 2.14.: Exciton and excitonic processes. (a) Frenkel exciton localised on a
molecule. (b) Radiative decay of Frenkel exciton. (c¢) Jablonski diagram showing energy
levels of singlet and triplet states and different processes [66, 67].

Since both the electron and hole have spins, when they form an exciton four different
spin combinations are possible. According to quantum mechanical spin coupling rules,
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the total spin of the exciton can either be S = 0 or S = 1. There is one possible spin
state with S = 0, which is why this state is called singlet exciton. In contrast, there are
three different spin states with S = 1, namely S3 = 1, S3 = 0 and S3 = -1. Therefore,
excitons with total spin of S = 1 are called triplet excitons. Accordingly, the statisti-
cal probability for forming singlet excitons is 25% and for triplet excitons is 75% [68, 69].

Singlet excitons have a lifetime in the nanoseconds (ns) range, as they can radiatively
decay via dipole transitions. In contrast, a decay via dipole transitions is forbidden for
triplet excitons by quantum mechanical selection rules. Thus they usually decay non-
radiatively, generate heat and have a lifetime in the range of microseconds ps. This limits
the internal quantum efficiency (IQE) of polymeric or small molecule OLEDs based on
fluorescent (singlet) emitters to 25%. Figure 2.14(c) shows triplet and singlet energy
levels along with fluorescence and phosphorescence processes.

Efforts have been made to improve the IQE up to a maximum of 100%. In the first
approach, Forrest and co-workers introduced heavy transition metal atoms (e.g. Pt or
Ir) into organic molecules, This increases spin-orbit coupling and dipole transitions from
the triplet to the ground state become possible [21, 22]. Then, triplet excitons can de-
cay radiatively, via a process called phosphorescence. OLEDs based on phosphorescence
are known as PhOLEDs, as both singlet and triplet excitons decay radiatively they can
reach IQEs upto 100%. Although PhOLEDs have been widely commercialized, the use
of rare heavy metals makes them toxic, expensive, and limits their stability in particular
for the blue PhOLEDs.
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Figure 2.15.: Exciton based classification of organic semiconductors. Energy diagram
showing energy levels and excitonic process in fluoroscence, phosphorescence and TADF

OLEDs [70].

In conventional fluorescent materials, the energy gap between singlet and triplet en-
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ergy levels AE is around 0.5—1.0 eV. So, reverse intersystem crossing (transition of
triplet exciton to singlet) RISC is not possible at room temperature. For effective RISC,
AFE, needs to be lower than 100 meV. In the second approach to obtain a higher IQE
in OLEDs Adachi and co workers used molecular design methods to lower the AE,; by
spatial separation of the HOMO and LUMO distributions within the molecule [23, 24].
Separation of HOMO and LUMO decreases the transition dipole moment g for the ra-
diative decay from singlet states S; — Sy. However, a sufficient HOMO and LUMO
overlap is possible in the region away from the electrons in the HOMO or LUMO. So,
the simultaneous requirement of a low AFE for RISC and a high dipole moment g for
the radiative singlet emission is possible. With such a design of low AFE, at room
temperature triplet excitons can be converted into singlet excitons, which decay radia-
tively achieving IQEs upto 100% as shown in Figure 2.15. Such materials are commonly
known as TADF (thermally assisted delayed fluorescent) materials. Since TADF ma-
terials are free of toxic and unstable metal complexes, presently they are investigated
intensively for the use in commercial display and lightning panels [70, 71]. Figure 2.15
shows a comparison between excitonic processes in fluoroscence, phosphorescence and
TADF materials.

2.7. Organic light emitting diodes (OLEDs)
2.7.1. Single layer OLED

The simplest OLED structure is obtained by sandwiching a semiconducting electro-
luminescent small molecule or polymer (emitter) between two metal electrodes. One
electrode needs to have a high workfunction (@) which serves as anode and the other
electrode needs to have a low workfunction which serves as cathode. When the elec-
trodes are contacted to the emitter, their Fermi energy (Er) levels align. Due to the
difference in work function of the anode and cathode a built-in potential &,; = &4 — @¢
is established across the OLED. In order to inject charge carriers a voltage greater than
Vii = (P4 — ®¢)/e must be applied [72]. Figure 2.16 shows the band diagram of OLED
at different applied voltages (Vey).

The operation of an OLED depends on some important energy levels. Work function
(@) of the metal, which is given by the energy distance of the Fermi energy (Er) level
from the vacuum level, ionization energy (I E), which is given by the energy distance of
HOMO from the vacuum level, and electron affinity (F'A), which is given by the energy
distance of the LUMO level from the vacuum level.

Due to the energetic difference between the anode workfunction and the ionization
energy of the emitter, an injection barrier for holes (@) exists at the anode/emitter
interface and can be approximated by @, = ®,4 — I. Similarly, due to the difference
between the cathode workfunction and the electron affinity of the emitter, an injection
barrier for electrons (@) exists at the cathode/emitter interface and can be approxi-
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Figure 2.16.: Energy band diagram of OLED at different biased voltages. Ionization
energy (IE), electron affinity (EA), work functions of anode (@4) and cathode (&¢),
Injection barriers for hole (@) and electron (®,) are also shown.

mated by @, = & — A.

In OLEDs, one of the electrodes needs to be transparent, such that the generated
light can leave the OLED. Indium tin oxide (ITO) coated on glass is commonly used as
transparent anode. The light emitting small molecule or polymer layer, usually with a
thickness of around 70-100 nm, is either thermally deposited (for small molecule emit-
ters) or coated from solution (for polymer emitters) on ITO. Following that, a metal
cathode is deposited on the emitter by thermal evaporation. The resulting structure
consists of ITO(anode)/Emitter/Metal(cathode) as shown in Figure 2.17(a). When an
external voltage (V') is applied across such an OLED, charge carriers are injected after
surmounting the barriers. Electrons are injected from the cathode into the LUMO of the
emitter and holes are injected from the anode into the HOMO. Under the influence of
the applied electric field, electrons and holes move in opposite directions via a hopping
processes. If they encounter each-other, they recombine to form an exciton and trans-
fer the released binding energy to the lattice. Being charge neutral, excitons are not
influenced or drifted by the electric field and thus diffuse in a random direction. When
excitons decay (i.e. electron and hole recombine) photons are emitted at a wavelength
corresponding to the bandgap of the light emitting small molecule or polymer. Figure
2.17 (b) shows the formation of a singlet exciton and the subsequent photon emission
when the exciton decays.

2.7.2. Limitations and ways to improve the performance of OLEDs

For an efficient device operation, one needs to have low injection barriers and a good
balance of charge carriers in the emitting material. If the transport of one of the charge
carriers dominates in a single layer OLED, excitons will be formed close to one of the
electrode interfaces, as shown in Figure 2.18. In such a case, the formed excitons will
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Figure 2.17.: Single layer OLED (a) Simple OLED device structure consisting of
ITO(anode)/Emitter/Cathode. (b) Band diagram of an OLED in forward biased con-
dition with applied voltage V. Anode and cathode workfunctions are represented by @4
and @¢, respectively. Charge injection, singlet exciton formation and photon emission
is also shown [73]

transfer their energy non radiatively to the electrode. This process is called exciton
quenching, which severely reduces the device efficiency [74, 75, 76]. In case of single
layer devices, one would like to have the recombination zone in the center of the emitting
layer.

Most light emitting organic semiconductors (small molecules or polymers) have su-
perior hole transport compared to electron transport, as they commonly exhibit severe
electron trapping. In such emitters, hole transport dominates over electron transport
and the recombination zone lies close to the emitter/cathode interface. This leads to
quenching of excitons at the metal cathode [47, 50, 77]. In addition, charge injection
barriers are often present at the electrode. To resolve this issue, multilayer device archi-
tectures have been developed.

A typical multilayer OLED device architecture consist of an emitter, charge injection
(EIL and HIL) layers, charge transport layers (ETL and HTL) and charge blocking lay-
ers (EBL and HBL) as shown in Figure 2.19. In order to avoid quenching of excitons
due to emitter molecules being to close to each other, the emitter is diluted by doping it
into a host matrix, constituting the emissive layer. Each layers has a distinct role, the
EIL and HIL lower the charge injection barriers for efficient injection of electrons and
holes from the metal contacts. The ETL and HTL transport injected electrons and holes
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Figure 2.18.: Exciton quenching at electrodes due to unbalanced conduction of electron
and holes in the emitter is shown. An efficient OLED requires similar mobilities for
electrons and holes.

to the emissive layer. The EBL has LUMO higher than the emitter and the HBL has
HOMO deeper than the emitter so they confine the electron and holes in the emissive
layer as shown in Figure 2.19. When an external bias is applied, all the excitons will be
exclusively formed in the emissive layer and far away from the electrodes, resulting in
a very high efficiency [78, 79, 80]. It is often possible to combine charge transport and
charge blocking functionalities in one layer (for eg. HTL and EBL), in such case the
number of layers can be reduced to five to six compared to seven as shown in Figure 2.19.

Multilayer device architectures exhibit far superior efficiency and stability compared
to single layer device architectures, which resulted in their wide commercialization in
present days. However, they are expensive as often seven to nine different organic ma-
terials are required. In addition, several manufacturing steps are needed to deposit
the consecutive layers, which also involves co deposition of two or three materials [12].
In addition, to achieve the best performance, every device layer has to be optimized.
Moreover, due to the complexity of the multilayer architecture, it is extremely difficult
to identify the factors limiting the operational stability.

An ideal OLED would be efficient, stable and can be produced economically. We have
resolved this issue in chapter 7, where by using our charge injection method described
in chapter 3 and the knowledge about charge trapping from chapter 6, a novel undoped
single layer OLED is designed and fabricated. The device shows good efficiency, im-
proved stability and in addition has a much simpler device structure compared to the
commercial multilayer architectures.
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Figure 2.19.: Left: Device architecture of a multilayer OLED, HIL and EIL are hole
and electron injection layers respectively, HTL and ETL are hole and electron transport
layers respectively, HBL and EBL are hole and electron blocking layers respectively.
Right: Energy level diagram of a multilayer OLED, the direction of the motion of
electrons, holes and the formation of excitons in the device are shown. Light exits the
device through the transparent electrode, for which typically ITO is used. (For simplicity
a flat band diagram is shown.)

2.8. Current-Voltage Characteristics of OLEDs

Figure 2.20 shows the current density-voltage characteristics of three different single layer
OLEDs represented by red, green and blue curves. The curve shown in red represents
an OLED with trap free transport for electron and holes, while those shown in green
and blue have trap limited charge transport. The different current regimes are marked
by points 1-2 and 3, which will be explained subsequently in the following sections.

At low voltages until point 1 in Figure 2.20 the current in the device is very low and is
called the leakage current. The current in this regime increases linearly with the applied
voltage. In the case of a device that has a microscopic shorts, the magnitude of the
leakage current will be much higher than shown in the Figure 2.20 [81].

Although, the intrinsic charge carrier concentration in the device is low, some charge
carriers diffuse from the metal contact into the active layer of the device (in the single
layer OLED structure) [64]. As the applied voltage increases beyond point 1 in the Figure
2.20, the contribution of these diffused charge carriers starts to appear. The current in
this regime is mainly due to diffusion of charge carriers (motion due to concentration
gradient) under the influence of the applied voltage. This regime is called diffusion
regime, and occurs until the applied voltage is less than the built in voltage (V' < Vi),
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Figure 2.20.: Current density-voltage characteristics of single layer OLEDs. The curve
in red is from an OLED having trap free transport of electrons and holes. The green
and blue curves are from OLEDs having both electron and hole traps. The OLED in
blue curve has a comparatively higher number of traps than the OLED represented by
the green curve. The different charge transport regimes are marked by the numbers in
the figure. Until point 1, the current increases linearly with the applied voltage and is
called leakage current, from point 1 to 2 it increases exponentially and is called diffusion
regime. Point 2 markes the built-in voltage, at which a transition from the diffusion-
dominated to the drift-dominated current occurs. From point 2 to 3 the current is in
the drift regime and is characterized by a space-charge-limited current (SCLC) for the
free case (red curve). For an OLED with traps (green and blue curves), at low voltages
the current is much lower in magnitude compared to the the trap free case (red). As the
voltage increases, traps are filled by charge carriers and the current starts to increase
rapidly, so the current in this case is known as the trap limited current (TLC) which
has stronger dependence on the applied voltage.

marked by point 2 in the Figure 2.20. In this regime, the current flows against the
direction of the built-in electric field, and is therefore dominated by diffusion [82]. The
current increases exponentially in this regime with the applied voltage and is described

by Shockley equation
eV
J = J —1 2.26
" [exp (UkBT) } (2:26)
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where, Jy is the saturation current density, can be determined by extrapolating to
zero voltage, 7 is ideality factor, whose value ranges between 1 to 2, kg is Boltzmann
constant and 7' is the temperature.

The ideality factor n in the above equation can be used as a measure of the OLED
quality. In the case of an ideal trap free OLED, electron and holes mainly recombine
radiatively and n has a value 1. While in the case of OLEDs in which either electron or

hole traps are present, the trap assisted recombination process will be dominant, and n
has a value 2 [83].

As the applied voltage increases above the built in voltage (V' > V4;), the current
flows in the direction of the electric field inside the device. Now, the current in the
device is dominated by the charge carriers injected from the contacts. The current, is
mainly due to drift of the charge carriers under the influence of the applied voltage (or
electric field). So, this is called as drift-regime occurring between points 2 and 3 in the
Figure 2.20. The current in this regime increases quadratically with the applied voltage
and is limited by the buildup of space charge. Therefore, the current is referred to as a
space-charge-limited current (SCLC).

The above description is valid for an ideal OLED in which there is no significant
trapping of charge carriers, as show by red curve in Figure 2.20. However, in reality
majority of OLED materials show trapping of charge carriers, while electron trapping
is more common, trapping of both electron and holes are often observed. The green
and red curves shown in Figure 2.20 are from OLED having both electron and hole
traps, the OLED shown in the blue has a higher number of traps compared to the one
shown in green. In such case, we have to include the contribution from trapping, which
can be determined for the single carrier electron or hole only devices, as described earlier.

At low voltages, the currents in the trap limited OLEDs can be a few order of magni-
tudes lower than trap free OLEDs as shown by the green and blue curves in the Figure
2.20. As the applied voltage increases, the traps are filled by charge carriers and the
current increases rapidly. The current is known as a trap limited current (TLC), which
has stronger voltage dependence compared to the trap free case. If only small a number
of traps is present, at higher voltages they will be filled by charge carriers and current
will eventually reach the space charge limit. However, if a significantly large number of
traps is present, even at higher voltages the traps may still not be filled as shown by the
blue curve in the Figure 2.20. The charge trapping severely reduces the efficiency of an
OLED and still today is a major scientific challenge to be solved.
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3. Ohmic Hole Injection in Organic
Semiconductors

In this chapter, we discuss the hole injection strategy developed for organic semiconduc-
tor based optoelectronic devices. Barrier-free (Ohmic) contacts are a key requirement
for efficient organic optoelectronic devices, such as organic light-emitting diodes, solar
cells, and field-effect transistors. Here, we propose a simple and robust way of forming
an Ohmic hole contact on organic semiconductors with a high ionization energy (IE).
The injected hole current from high-work-function metal-oxide electrodes is improved by
more than an order of magnitude by using an interlayer for which the sole requirement
is that it has a higher IE than the organic semiconductor. Insertion of the interlayer
results in electrostatic decoupling of the electrode from the semiconductor and realign-
ment of the Fermi level with the IE of the organic semiconductor. The Ohmic-contact
formation is illustrated for a number of material combinations and solves the problem
of hole injection into organic semiconductors with a high IE of up to 6 eV. !

3.1. Introduction and Background

One of the most important requirements for efficient organic-semiconductor devices is
the establishment of Ohmic contacts for holes and electrons. To create an Ohmic con-
tact for holes, the electrode work function should match the ionization energy (IE) of
the organic semiconductor. In organic light-emitting diodes (OLEDs), materials with
an IE as high as 6 eV are commonly used as hosts and emitters [84, 85]. However,
typical electrodes used in organic devices, such as indium-tin oxide (ITO) and poly(3,4-
ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS) have work functions close
to 5.0 eV [86, 87], which give rise to large injection barriers. Since the injected current
depends exponentially on the injection barrier [53], it is vital to find hole-injecting elec-
trodes with a considerably higher work function. For example, chlorinated ITO can
reach work functions of up to 6.1 eV [87]. However, a sizable contact barrier of about
0.5 eV was still observed when the electrode was put in contact with the popular 4, 4'-
bis(N-carbazolyl)-1, 1'-biphenyl (CBP) organic host material, which has an IE of 6.0 eV
87].

An alternative method to obtain Ohmic contacts is the use of a p-type doped hole-
injection layer. The resulting strong band bending in the doped layer then allows for
injection via tunnelling. However, a typical p-type dopant such as F6TCNNQ has an

I This chapter is published as Universal strategy for Ohmic hole injection into organic semiconductors
with high ionization energies. Naresh B. Kotadiya, Hao Lu, Anirban Mondal, Yutaka Ie, Denis
Andrienko, Paul W.M. Blom, and Gert-Jan A.H. Wetzelaer. Nature materials, 17(4):329, 2018.
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electron affinity of ~5.6 ¢V [88], such that doping will not be effective for semiconduc-
tors with an IE larger than 5.6 eV. Very recently, a strategy was reported to achieve
doped organic-semiconductor films with work functions up to 5.8 eV [89]. Using a doped
polymer film as a hole-injection layer, it was shown that hole injection into a conjugated
polymer with an IE of 5.8 eV was almost as efficient as the injection from a thermally
evaporated MoQOj3 reference.

MoQOj is widely used as a hole contact in organic solar cells and OLEDs, owing to its
extremely high work function of 6.9 eV [90]. MoOj is an n-type semiconductor, with an
electron affinity of 6.7 eV and an ionization energy of 9.7 eV [90]. Because of its high elec-
tron affinity, MoOj3 can be used as a p-type dopant in CBP [91]. Since transition-metal
oxides like MoOg, VoO5 and WO3 possess the combined quality of optical transparency
and a very high work function of 6.7—7.0 eV, they seem to be ideal hole contacts, and
are frequently applied in organic-semiconductor devices [92].

Here, we demonstrate that despite their high work function, transition-metal oxides
give rise to a considerable injection barrier when put into contact with organic semi-
conductors. We present a strategy to completely eliminate this injection barrier by
electrostatically decoupling the electrode from the organic semiconductor, enabling the
formation of an Ohmic contact with organic semiconductors with an IE as high as 6 eV.

3.2. Results and Discussion

A direct way to investigate the hole-injection capability of an electrode into an organic
semiconductor is to fabricate so-called hole-only devices. In such a device, an organic-
semiconductor layer is sandwiched between two high-work-function electrodes, to pre-
vent the injection of electrons. When applying a voltage across the device, the measured
current is carried exclusively by holes, and the magnitude of the current is a measure
of the hole-injection capabilities of one of the two electrodes, depending on the sign of
the applied voltage. Since the current depends exponentially on the injection barrier
[53], the measured current is very sensitive to changes in the barrier height. When the
barrier height approaches zero, the contact can be regarded as Ohmic, and a transition
from an injection-limited current into a space-charge-limited current will occur, which
is governed by the charge-carrier mobility of the organic semiconductor [47, 93].

In Figure 3.1a, the current through a hole-only device of the organic semiconductor
2,27, 7-tetrakis(N, N-diphenylamino)-9,9 -spirobifluorene (Spiro-TAD) is displayed.
Here, Spiro-TAD is sandwiched between a PEDOT:PSS bottom electrode and a MoO3(10
nm)/Al top electrode. Since Spiro-TAD has a moderate IE of 5.3 eV [94], hole injection
from MoOj3 with a high work function of 6.9 eV is expected to be efficient. Surprisingly,
as can be seen in Figure 3.1, the current injected from MoOj (forward bias) is even lower
than the current injected from PEDOT:PSS (reverse bias). Apparently, a hole-injection
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barrier at the Spiro-TAD/MoQj interface is present that lowers the injected current.
As also can be observed in Figure 3.1a, the hole injection is improved considerably by
inserting a 5 nm layer of tris(4-carbazoyl-9-ylphenyl)amine (TCTA) between Spiro-TAD
and MoOj;. By using the TCTA interlayer, the current injected from MoQOj increases
by over an order of magnitude, up to a factor of 30. This is a counterintuitive result,
since TCTA has a higher IE (5.7 eV [95]) than Spiro-TAD, which usually aggravates
hole-injection problems.
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Figure 3.1.: Hole-injection enhancement in Spiro-TAD. a, Current density-voltage
characteristics of a PEDOT:PSS/Spiro-TAD/MoO; hole-only device with and with-
out a TCTA (5 nm) interlayer between the Spiro-TAD (163 nm) transport layer and
MoQ3. Negative bias corresponds to hole injection from the PEDOT:PSS, positive bias
to hole injection from MoOjs. The inset shows the molecular structure of Spiro-TAD.
b, Schematic energy-band diagram showing the effective injection barrier (y;) between
MoO3 and the hole-transport layer (HTL). Introducing an interlayer (IL) with a higher
IE realigns the Fermi level with the IE of the HTL.

To demonstrate that the injection barrier at the organic/MoOj interface is not an
exclusive property of Spiro-TAD, Figure 3.2. shows that a similar hole-injection barrier
exists between MoO3 and the organic small molecules TCTA and CBP, which have IE
values of 5.7 eV and 6.0 eV, respectively [95]. For both materials, the current injected
from MoOj3 is improved by more than an order of magnitude by inserting a 5 nm inter-
layer of an organic semiconductor with a higher IE. In fact, independent of the material
used for the interlayer, the current is universally improved to the same magnitude and
voltage dependence, even for a material with a high IE, such as CBP.

Identical improvements were obtained for the high-work-function metal oxides V05

and WQOj3, as shown in the Figure B.la. It is also demonstrated in the Figure B.1,B.2
that equally high currents are obtained when applying the interlayer strategy to the
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Figure 3.2.: Hole-injection enhancement with different interlayers. a,b Current den-
sity—voltage characteristics of TCTA (a; 239 nm) and CBP (b; 215 nm) hole-only devices
with different interlayers. The hole current injected from MoOj (positive bias) improves
to the same level whenever the IE of the interlayer is larger than the IE of the transport
layer. For the case of CBP with a TCTA interlayer (b; red dotted line), the offset in IE
is negative, resulting in a large reduction of the injected current. The insets in a and b
show the molecular structures of TCTA and CBP, respectively.

bottom electrode. MoOj can diffuse into the organic layers when it is deposited on top
of organic semiconductors, while a non-intermixed interface is obtained when organic
layers are deposited on top of MoOj [95]. Despite deposition-order inversion, improve-
ments in hole injection are identical, ruling out diffusion of MoO3 as the mechanism for
the observed hole-injection enhancement.

Figure 3.2b also shows how problematic hole injection into CBP is with conventional
hole-injection layers such as PEDOT:PSS (reverse bias). The current in reverse bias is
around five orders of magnitude lower than the current injected in forward bias, which

is the result of the hole-injection barrier arising from the mismatch between the work
function of PEDOT:PSS (5.0—5.2 ¢V) and the IE of CBP.

From the results on Spiro-TAD, TCTA and CBP (shown in B), it is inferred that hole
injection is improved universally when the offset between the IE of the interlayer and
transport material is larger than 0.2 — 0.3 eV. Conversely, when the IE of the interlayer
is lower than the IE of the transport material, resulting in an energetic staircase, the
injected current drops by several orders of magnitude. This is demonstrated in Figure
3.2b for the case of a TCTA interlayer on CBP, for which the IE offset has a negative
value of —0.3 eV. It appears that there is no maximum to the value of the offset: the
improvement in injection is observed for offsets of more than 1 eV.

The fact that the current for all investigated organic semiconductors reaches a max-
imum magnitude independent of the interlayer used strongly suggests that the current
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is no longer injection limited. This would imply that the use of an interlayer results
in the formation of an Ohmic contact. To validate this hypothesis, it should be veri-
fied that the injected currents are space-charge limited. A space-charge-limited current
is the maximum electrostatically allowed current that can pass through the organic-
semiconductor layer. A trap-free space-charge-limited current is characterized by the
Mott-Gurney square law [65]

9 (V= Vy)?
J = —au—< )

8 L3
where J is the current density, € is the permittivity, p is the charge-carrier mobility,
V' is the voltage, Vj; is the built-in voltage due to asymmetric work functions of the

electrodes, and L is the layer thickness.

(3.1)

To test if the injected hole currents are indeed space-charge limited, the current needs
to fulfill two important criteria: the current depends quadratically on voltage; and the
current scales inversely with layer thickness to the third power. The layer-thickness
dependence can be directly confirmed by plotting JL? against voltage. In case of a
space-charge-limited current, the measured current for a range of layer thicknesses will
collapse onto a single curve. This is indeed the case, as shown in Figure 3.3. For all
tested organic semiconductors, the L=3 layer-thickness dependence is fulfilled. In ad-
dition, the experimental current depends on the square of voltage, proving that the
injected current is indeed space-charge limited. The establishment of a space-charge-
limited current after insertion of the interlayer confirms the formation of an Ohmic hole
contact. These results therefore demonstrate the formation of a truly Ohmic contact on
organic semiconductors with an IE of up to 6 eV.

A space-charge-limited current can also be used to determine the charge-carrier mo-
bility of organic semiconductors, as is evident from equation 3.1. The mobilities deter-
mined for 2-TNATA, Spiro-TAD, TCTA and CBP are in excellent agreement with the
low-field values measured by the time-of-flight technique as shown in Table 3.1. It is
known that the time-of-flight technique can overestimate the mobility, especially when
charge trapping is present [96]. However, the fact the mobilities from space-charge-
limited currents are close to the time-of-flight values shows that hole injection is indeed
maximized (Ohmic contact) by using an interlayer and also that the current is not de-
creased by trapping effects. Interestingly, as a result of the high injection efficiency
of the interlayer-enhanced contact, the space-charge conductivity of an 8 nm undoped
CBP layer amounts to 2.5 x 107% Sem ™!, which even surpasses the conductivity of highly
p-doped CBP with 22.1 mol% of MoO3 1 x 107% Sem™! [91].

Knowing the hole mobilities from the measured space-charge-limited currents, we can
now determine the injection barriers from the injection-limited currents observed for
transition-metal oxide electrodes (MoO3,V505; and WO3) without an interlayer. For all
investigated organic semiconductors and metal oxides, an injection barrier of 0.394+0.03

40



3.2 Results and Discussion

10718 { 2 TNATA

A 210 nm

20 v 225 nm
107 + ¢ 251 nm
- ® 151 nm < 318 nm
10‘15_: T T T o ) T T

e e

1078 4

gl

107%° 1

JL® (Am)

v ool 3 oumd o

s 3 v 252 nm
10_2 T T T T T 7T Yl T T T T T rrr

0.1 1 10
V-V, (V)

Figure 3.3.: Space-charge-limited hole currents in four different materials. TCTA
was used as an interlayer for 4,4' 4 -tris[2-naphthyl(phenyl)amino]triphenylamine (2-
TNATA) and Spiro-TAD transport layers, whereas CBP and BST interlayers were used
for TCTA and CBP transport layers, respectively. For all materials, JL? is plotted for
a range of layer thicknesses against voltage, corrected for the built-in voltage and the
electrode series resistance. The lines represent fits with equation 3.1, from which the
hole mobility is extracted.

eV was determined as shown in Figure B.4, independent of the IE of the organic semi-
conductor. Interestingly, a universal energy-alignment behaviour between metal oxides
and organic semiconductors has been reported, where a general 0.3 eV offset was ob-
served between the work function of the oxide and the IE of the organic semiconductor
[97]. These ultraviolet photoelectron spectroscopy (UPS) measurements suggest that
the energy offset is manifested as an injection barrier.

To unravel the mechanism of the Ohmic-contact formation, the energy-level alignment
in the presence of an interlayer was investigated. For this purpose, UPS measurements
were performed layer-by-layer on a representative MoO3/TCTA/2-TNATA structure,
which has an IE offset of 0.7 eV between the TCTA interlayer and 2-TNATA. Figure
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Material IE (eV) SCLC mobility | TOF mobility
(m?V-—is™h) (m?V-—is™h)

2-TNATA | 5.0 [97] 5 x 10~ 3 x 109 [98]

Spiro-TAD | 5.3 [94] 5x 10~° 3 x 107° [99)]

TCTA 5.7 [95] 1.4 %1078 2 x 10~% [100]

CBP 6.0 [95,97] |7x 107 5 x 107 [101]

4CzIPN 6.1 [102] - -

Coeo 6.4 [95] - -

BST 7.0(this work) | - -

Table 3.1.: Tonization energies and hole mobilities of materials used in this work; IEs
are obtained with ultraviolet photoelectron spectroscopy. Mobilities are obtained from
space-charge-limited currents (Figure 3.3), which are compared to time-of-flight mea-
surements from the literature.

3.4a shows the measured IE as a function of layer thickness. At a TCTA coverage of 1
nm, the Fermi level of MoOs is pinned at 0.38 eV below the IE of TCTA, in line with
the universal offset in the pinning regime [97]. With increasing TCTA thickness, the
IE separates further from the Fermi level to 0.6 eV at 5 nm, which abruptly reduces to
0.16 eV upon 2-TNATA coverage, because of the IE offset between TCTA (5.7 ¢V) and
2-TNATA (5.0 eV). This shows that, near the interface, the IE of 2-TNATA aligns with
the Fermi level, which is the required condition for the formation of an Ohmic contact.
The energy offset of 0.16 eV is substantially smaller than the universal offset of 0.3 eV
in the monolayer regime as previously observed [97], explaining the improved injection
with the help of the interlayer.

To understand the band alignment as well as the (universal) barrier reduction, the IE
profile was calculated by solving Poisson’s equation, as described in detail in supporting
information [103]. The Poisson equation relates charge density to electrostatic potential,
both of which depend on the relative alignment of the oxide Fermi level with respect to
the density of states (DOS) of the organic semiconductor [104, 105, 106]. As shown in
Figure 3.4a, within the first nanometre, a strong band bending is observed as a result of
charge transfer between MoO3 and TCTA to establish thermodynamic equilibrium across
the interface. In the monolayer regime, the Fermi level is (universally [95, 97]) pinned at
0.3 — 0.4 eV below the IE of TCTA, which could be reproduced by considering a broad-
ened DOS near the metal oxide, as suggested in previous publications [105, 107, 108].
Effectively, the Fermi level is pinned to the deeper states in the broadened interface DOS,
from which charges have to escape to the narrower bulk DOS, leading to an injection
barrier. The band bending for increasing layer thickness is described well by including
a Coulomb image potential due to differences in dielectric constants between MoO3 and
the organic semiconductor as described in detail in supporting information [103]. We
suggest DOS broadening at the interface and the attractive image potential to be the

42



3.2 Results and Discussion

a o6 ; : - -
| igeSOm g E. - IE(L)
0.4 - R < Ref. 17 —o&—
| - ,'E % TCTA r—a—
0.2 | 2 o = 2-TNATA —e—
sl | B "~ iy
— 0{% II| % E
3 el | =
5 —0.2- g N
2 Bl "R T
Y 0443
=
-0.6 -
0.8 -
_1 T L L] T L T T T L]
0 1 2 3 4 5 6 7 8 g 10
L (nm)
b C
|EIL=4.50F..‘V I EF=—4.DEV
L IE, =5.00 eV . E. =-45eV
3 1% - - 0.1 i
, IE, =525eV , E.=-50eV —
- IE, =5.50eV —- \ E.=-558V -
IE, =575eV - i E.=-6.0eV
s —O01 i IE, =6.00eV - < -034\i .
2 K 2, ° \ B
w & e W W
| =05 1 \:"tu 4 I —0.7 - \i:; e 3
W Ry 1] p—
-0.9 1 E 1.1 -
-1 3 T T T T -1-5 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
x (nm) x (nm)

Figure 3.4.: Experimental and calculated IE profiles across interlayer/hole-transport
layer structures. a, IE onset with respect to the Fermi level obtained by UPS layer
by layer across a MoO3/TCTA(5 nm)/2-TNATA(5 nm) structure (filled symbols), aug-
mented with data of the universal IE profile of organic semiconductors on metal oxides
[97] (open symbols). The error bars indicate an estimated error of +0.1 eV for the IE
and £0.2 nm for the layer thickness. The calculated IE position at the layer surface
(red line), corresponding to the UPS measurements, is obtained by evaluating the band
bending at x = L for different L. The top inset shows the energy levels of the separate
materials and the bottom inset shows the calculated charge density across the layers. b,
Simulated band diagrams (IE as a function of position x across the layers) for different
interlayer IEs, using a work function of 6.9 ¢V and a HTL IE of 5.0 eV. ¢, Band diagrams
for different work functions, with an IE of 5.5 eV for the interlayer and 5.0 eV for the
HTL.
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reason for the observed injection barriers at the metal-oxide contact.

At the TCTA/2-TNATA interface, the calculations support alignment of the IE of 2-
TNATA with the Fermi level, which is accompanied by the presence of a high hole density
(inset Figure 3.4). The experimental IE profile of the 2-TNATA layer is consistently de-
scribed by using a Gaussian DOS width of 0.1 eV, without additional broadening. This
disorder value is also consistent with molecular dynamics simulations of layered struc-
tures and evaluated energetic disorder in the organic films using polarizable force fields,
showing no distinct DOS broadening at the organic/organic interfaces, as described in
the supplementary information [103]. In short, the interlayer realigns the Fermi level
with the IE of the organic semiconductor, negating the barrier formation due to DOS
broadening and the image potential by effectively decoupling the electrode and semicon-
ductor electrostatically.

With the developed model, we can now explore the limiting cases for the formation of
an Ohmic contact by simulating band diagrams. By varying the interlayer IE in Figure
3.4b, it is found that the IE in the HTL is close to the Fermi level for an interlayer offset
of at least ~ 0.3 eV, with larger offsets having no effect on the energetic position of
the HTL, as confirmed experimentally in Figure 3.2 by the identical currents obtained
for different interlayers with varying offsets. In a similar fashion, electrode work func-
tions that are equal to or higher than the IE of the HTL are required (Figure 3.4c),
which is the case in our injection experiments with the high-work-function metal oxides
MOOg,VgO5 and W03

The UPS measurements and simulations indicate a high hole density at the or-
ganic/organic interface (inset Figure 3.4a), which plays the role of a virtual Ohmic
hole contact, spatially separated from the electrode by the interlayer. However, charges
still have to pass through the interlayer to contribute to the current. Considering the
measured space-charge-limited currents with mobilities that are close to the time-of-
flight values, even for thin transport layers of less than 100 nm, it can be concluded
that the interlayer does not add a significant resistance. In addition, as can be seen
from the experimental currents in reverse bias, where the current is injected from the
PEDOT:PSS electrode, the presence of the interlayer does not reduce the current, even
for large IE offsets between the transport material and the interlayer, which normally
imposes a hole-extraction barrier. This indicates that the interlayer is virtually trans-
parent for holes.

Since the measured current is the same regardless of the interlayer material, it appears
that the transport properties of different interlayers do not affect the injected current.
However, at interlayer thicknesses above 5 nm, the current is reduced and depends on the
interlayer material as shown in Figure B.6 and B.7, suggesting that transport through
and injection into the interlayer becomes a limiting factor. This supports a scenario in
which charges tunnel through the electrostatic barrier of the interlayer to the second
layer. For thick interlayers, the charge density decreases and the tunnelling rates be-
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Figure 3.5.: UV-emitting TPBi OLEDs. Current density—voltage (solid lines)
and luminance—voltage (dashed lines) characteristics of OLEDs with a MoOj3/[Cgo(4
nm)|/TPBi(58 nm)/Ba/Al structure, with and without a Cgy interlayer. The inset
shows the electroluminescence spectrum corresponding to TPBi emission, with an onset
at 340 nm and a maximum at 385 nm.

come negligible, thus explaining that the optimal interlayer thickness is below 5 nm. On
the other hand, the optimum thickness of 3—5 nm helps to decrease the barrier due to
the attractive image potential near the electrode interface, which is strongly reduced at
these length scales.

As an ultimate proof, we demonstrate our hole injection strategy in a light-emitting
diode based on the electron-transport material 1,3,5-tris(N-phenylbenzimidazol-2-yl)
benzene (TPBi). Because of its high ionization energy of 6.3 eV, TPBi is frequently used
as a hole-blocking material in OLEDs [102, 109]. Here, we use TPBi in an ultraviolet-
emitting diode, consisting of TPBi sandwiched between a MoO3 anode and a Ba cathode.
As demonstrated in Figure3.5, adding an additional Cgq interlayer between MoOj3 and
TPBi results in a three orders of magnitude increased light output and efficiency. The
increased light output is a direct consequence of the enhanced hole injection, showing
that it is possible to directly inject holes even in materials that are normally used for
hole-blocking purposes. Since TPBi is an electron transporter [109], the current through
the OLED is mainly carried by electrons and does not increase by improving the hole
contact. However, the J—V characteristics are shifted by 0.6 V along the voltage axis,
which is the result of an increased built-in voltage due to the reduced barrier on the
anode side, which in turn enhances the hole injection and light output.
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3.3 Conclusion

3.3. Conclusion

In conclusion, we present a universal strategy for achieving Ohmic hole contacts on
organic semiconductors with a high IE. In particular, the injected hole current is con-
sistently improved by over an order of magnitude as compared to high-work-function
transition-metal oxide electrodes. The barrier reduction is rationalized by electrostatic
decoupling of the electrode from the organic semiconductor with an interlayer. This
interlayer strongly reduces the effect of the attractive image potential near the electrode
interface, and eliminates the DOS broadening present at the organic/electrode inter-
face, while restoring Fermi-level alignment. As a proof of principle, we illustrate that
the interlayer-enhanced contact can be used in an ultraviolet-emitting diode, providing
direct hole injection into the hole-blocking material TPBi. The presented efficient hole
injection into organic semiconductors with ionization energies beyond 6 eV extends the
range of materials available for OLEDs and organic photovoltaic devices, which other-
wise would suffer from high contact barriers.
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4. Hole Transport in Amorphous
Organic Semiconductors

In this chapter, we have investigated the hole transport in a wide range of organic small
molecules. Amorphous small-molecule hole-transporting materials are commonly used in
organic light-emitting diodes and perovskite solar cells. Characterization of their main
functionality, hole transport, has been complicated by the presence of large contact bar-
riers. Using our ohmic charge injection strategy developed in chapter 3, we investigated
the bulk hole transport in a series of molecules with a broad range of ionization energies
from 5.0 to 6.0 eV. The temperature dependence of current-Voltage characteristics were
measured and simulated using extended Gaussian disorder model (EGDM), from which
charge-carrier mobility, energetic disorder and molecular site spacing were extracted.
Excellent agreement is obtained between experimental data and EGDM simulations. !

4.1. Introduction and Background

Organic small molecules are omnipresent in hole-transport layers (HTLs) in thin-film
optoelectronic devices, in particular in organic light-emitting diodes (OLEDs) and the
emerging hybrid organic—inorganic perovskite solar cells [110, 94, 111]. The main func-
tion of this class of organic semiconductors is to transport holes between the active layer
and the anode, while blocking electrons and excitons. To avoid barrier formation or
voltage losses, the ionization energy (IE) of the hole-transport material must be well
aligned with the IE of the active layer, while the electron affinity and energy gap must
be sufficiently high to block excitons and electrons.

Apart from the appropriate energy-level alignment, the efficiency of hole transport
depends on the charge-carrier mobility. This is a key quantity to be taken into ac-
count in optimizing the device architecture, as it impacts the device efficiency via the
charge-extraction rate in solar cells and the operating voltage in OLEDs [112, 113, 80].
Proper characterization of charge transport in organic semiconductors is, however, not
straightforward [114, 115]. Bulk charge transport is typically measured in single-carrier
devices, in which a layer of organic semiconductor is sandwiched between two planar
electrodes. The work functions of the electrodes are chosen such that only one type of
carrier, electrons or holes, can be injected. When at least one of the electrodes forms
an Ohmic contact, a space-charge-limited current (SCLC) is measured, from which the
steady-state mobility can be extracted [47]. The formation of an Ohmic hole contact,

IThis chapter is published as Rigorous Characterization and Predictive Modeling of Hole Transport in
Amorphous Organic Semiconductors. Naresh B Kotadiya, Anirban Mondal, Shiyun Xiong, Paul
W.M. Blom, Denis Andrienko, and Gert-Jan A.H. Wetzelaer. Advanced Electronic Materials,
4(12):1800366, 2018. N.B.K. and A.M Contributed equally to the work.
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4.2 Results and Discussion

however, has proven to be quite problematic, especially for hole-transport materials with
high ionization energies. When the work function of the electrode is lower than the IE
of the HTL, an injection barrier is formed. In the presence of an injection barrier, the
analysis of the current—voltage characteristics becomes much more complicated [116],
which can easily lead to significant errors in the determined mobility.

The problem of Ohmic contact formation can be circumvented by using an alternative
method to characterize charge transport in organic small molecules, the time-of-flight
technique [117]. In this commonly used technique, the transit time of photogenerated
charge carriers through micrometer-thick organic layers is measured as a function of the
applied electric field between two non-injecting electrodes. The transit time is then used
to calculate the charge-carrier mobility. However, while relatively straightforward, this
technique has several limitations. As a result of energetic disorder, charge carriers may
not equilibrate to deeper states during transit [33], which leads to an overestimation
of the mobility [118, 119, 120]. The dispersive nature of charge transport is typically
amplified at lower temperatures [121]. It has also been observed that the transit time
is insensitive to deep traps [96], which may severely hinder charge transport in actual
devices. Another drawback of the time-of-flight technique is that the dependence of the
mobility on charge concentration cannot be evaluated, which is important in thin and
electrically doped films, as frequently used in devices [80].

Alternatively, charge-carrier mobilities are also frequently determined from organic
field-effect transistor characteristics [122, 39]. In such a device layout, transport takes
place in a horizontal direction at the organic/dielectric interface, whereas for OLEDs and
solar cells, vertical bulk transport is of main interest. Furthermore, field-effect transis-
tors operate at much higher charge-carrier densities (10! cm™3) as compared to OLEDs
and solar cells (10'" cm™3). These high carrier densities mask the effects of traps and
energetic disorder on the charge transport. As a result, rigorous experimental data of
the charge-transport properties of hole-transport materials is often unavailable, even for
widely used materials.

Using the ohmic hole injection strategy developed in chapter 3, we have fabricated
hole only devices. Subsequently, measured the space-charge-limited hole currents as a
function of temperature and layer thickness in a series of hole-transport molecules span-
ning a wide range of ionization energies. Device simulations are used to describe the hole
transport as a function of temperature, electric field, and charge concentration, which
yields values for the mobility, energetic disorder, and site spacing of these materials.

4.2. Results and Discussion

We have experimentally investigated the bulk hole transport in vacuum-deposited or-
ganic small molecules commonly used as hole-transport or host materials, namely 2-
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TNATA, TCTA, Spiro-TAD, and CBP. Chemical structures of these materials are shown
in Figure 4.1. These materials cover a broad range of ionization energies between 5.0
and 6.0 eV, which is relevant for matching the IE of the hole-transport material to the
IE of the active layer in a device, or for matching the energy levels to the emitter when
the material is used as a host in an OLED. The hole transport in these materials was
investigated by means of temperature- and thickness-dependent current density-voltage
characteristics of single-carrier devices.

e
LTS G D

Spiro-TAD

[Interlayer QL0 S T2 +

PEDOT:PS & - oha, ot
MO : )
T o D
(a) e (b)

TCTA

Figure 4.1.: (a) Hole only device layout, a thin interlayer with the HOMO deeper than
the device layer forms the ohmic contact with MoOs. (b) Chemical structures of the
studied compounds, 4,4, 4" -tris[2-naphthyl(phenyl)amino] triphenylamine (2-TNATA),
and 2,27, 7 -tetrakis(N, N-diphenylamino)-9,9 -spirobifluorene (Spiro-TAD), tris(4-
carbazoyl-9-ylphenyl)amine (TCTA) and 4, 4'-bis(N-carbazolyl)-1, 1'-biphenyl (CBP).

In these hole-only devices, it is critical that the injecting electrode is an Ohmic hole
contact. To form an Ohmic hole contact, we inserted a thin interlayer (3—5 nm) of an
organic semiconductor between the MoOg electrode and the transport layer. This inter-
layer has a higher IE than the transport material. Using this method, we have recently
demonstrated barrier-free hole injection [103]. Since the current in a device scales expo-
nentially with the injection barrier, the formation of an Ohmic charge-injecting contact
is crucial. Otherwise, the measured current can be much lower and the calculated mo-
bility can be severely underestimated.

The hole-only devices in this study consist of a single layer of either of the hole-
transport materials, sandwiched between an ITO/PEDOT:PSS bottom electrode and
an interlayer-enhanced MoO3/Al top electrode. For hole-only devices of 2-TNATA,
Spiro-TAD, TCTA was used as the interlayer. For TCTA and CBP devices, interlayers
of CBP and BST (4,4"-bis(triphenylsilanyl)) were used, respectively.

In a single-carrier device with an Ohmic injecting contact, the current will be limited
by the transport in the bulk of the semiconductor, commonly known as an SCLC. The
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current density (J) in a space-charge-limited device is described by the Mott-Gurney

square law [123],
2
J— 9 - (V — W)
8 L3
where, ¢ is the permittivity, p is the charge-carrier mobility, V' is the voltage, V4; is the
built-in voltage due to asymmetric work functions of the electrodes, and L is the layer
thickness. In this equation, the current density depends on the square of the applied
voltage and scales inversely with layer thickness to the third power. By fitting the SCLC
equation to experimental J — V' characteristics, the charge-carrier mobility can be de-
termined. However, the mobility in disordered materials depends on the charge-carrier
density and the electric field [40], resulting in a voltage—dependent mobility [124]. In
addition, the mobility is temperature dependent, with the field and density dependence
becoming more pronounced at lower temperatures.

(4.1)

In order to characterize charge transport more accurately, the use of numerical simula-
tions is required. A well-established mobility model that includes the effects of temper-
ature, charge concentration, and electric field on the mobility is the extended Gaussian
disorder model (EGDM) [40]. This model describes the mobility in the situation of hop-
ping transport in a system with a Gaussian DOS distribution. Previously, the EGDM
has been successfully applied to describe charge transport in disordered organic semi-
conductors [124, 125, 32, 126, 127].

In the EGDM, the phenomenological expression for the mobility reads

po(T,p, E) = pp(T, p) exp |0.44 (6'° — 2.2) x \/1 +0.8 (%) —1 (4.2)
Where,
11p(T,p) = 1o(T) exp B (6 — o) (2pa3)5] (4.3)

provides the dependence on the charge-carrier density p, and
11o(T) = 11oC1 exp [—C557] (4.4)

gives the temperature dependence of mobility in the limit of zero charge-carrier density
and electric field. In our case, C; = 1.8 x 107 and Cy = 0.42 are constants, /i is the mo-

bility prefactor, ¢ = —Z= is the dimensionless width of the density of states, kg is Boltz-

kT
mann’s constant, T is the temperature, a is the lattice constant, and § = QM.

In the EGDM, there are three free parameters that are used to fit the experimental
data: pg, o, and a. The mobility prefactor only influences the magnitude of the mobil-

ity, whereas ¢ mainly affects the temperature and density dependence, with these two
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Figure 4.2.: Current density-voltage characteristics at different temperatures for a) 2-
TNATA (151 nm), b) Spiro-TAD (179 nm), ¢) TCTA (179 nm), and d) CBP (138 nm).
Symbols represent experimental data and lines are simulations with a drift-diffusion
model with the mobility described by the EGDM. An interlayer-enhanced MoO3/Al
electrode was used as Ohmic injecting hole contact.

effects increasing for larger disorder. The lattice constant a predominantly controls the
electric field dependence of the mobility.

To simulate J — V' characteristics, the EGDM mobility function is incorporated in a
1D drift-diffusion solver [128]. The simulated current densities are then fitted to the
experimentally obtained current density-voltage characteristics. Figure 4.2 shows the
temperature-dependent current density-voltage characteristics measured for 2-TNATA,
Spiro-TAD, TCTA, and CBP. The simulated J-V characteristics are shown as solid
lines. In the drift-diffusion simulations, the barrier at the injecting contact was set to
zero, corresponding to an Ohmic hole contact. The barrier at the extracting contact
increases with increasing IE of the organic semiconductor because of the increased off-
set between the IE and the work function (=5.2 eV) of the PEDOT:PSS extracting
electrode. This gives rise to a shift in the built-in voltage with increasing IE of the
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Figure 4.3.: Room temperature current-voltage characteristics for different thickness
of 2-TNATA (a), Spiro-TAD (b), TCTA (c) and CBP (d). The EGDM simulations
(lines) shows excellent agreement with the experimetal data (symbols) for the wide range
of thicknesses.

hole-transport material.

For all hole-transport materials, a good agreement between the experimental data
and the model is observed. Note that the same set of parameters was used for each
temperature. To further confirm the accuracy of the obtained parameters, the same set
of parameters were also used to describe the current-voltage characteristics for a range
of layer thicknesses, as shown in 4.3. The parameters used in the simulations are listed
in Table 4.1. Despite the difference in chemical structures and ionization energies, a
similar value for the energetic disorder ¢ of 0.09 — 0.10 eV was found for all molecules.
The similarity in energetic disorder is also reflected in similar mobilities at room tem-
perature in the range of 1 x 107% m?V~!s~!. For all five materials, EGDM simulations
were obtained without using any additional trapping parameters.
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Property 2-TNATA | Spiro-TAD | TCTA | CBP

IE(eV) 5.0 [98] 5.3 [94] 5.7[99] | 6 [99]

o(eV) 0.10 0.09 0.10 0.10

ajnm] 1.30 1.40 1.40 1.20
o[103m?V 1571 1 3.3 3.3 8

pror[1078m?V—1s71]| 0.3 [98] 3 [99] 2 [100] | 5 [101]

U205k [1078m2V ~1s1] 0.271 3.07 0.893 2.17

Table 4.1.: Ionization energy (IE), energetic disorder (), effective lattice contact (a),
room temperature hole mobility (u), time-of-flight mobility (uror).

4.3. Conclusions

We have experimentally and theoretically investigated the bulk hole-transport proper-
ties of 2-TNATA, Spiro-TAD, TCTA, and CBP, which have ionization energies ranging
from 5 to 6 eV. By using a recently developed method to form Ohmic hole contacts,
temperature-dependent space-charge-limited hole currents were obtained in hole-only de-
vices. The hole mobility and its dependence on charge concentration, electric field, and
temperature were obtained by modeling the experimental current-voltage characteristics.
The presented results are expected to be useful in the analysis and design of OLEDs
and solar cells. The relatively similar mobilities obtained for a series of hole-transport
materials over a range of ionization energies allows for the selection of a hole-transport
layer with an IE that is best suited to work in conjunction with the active layer. The
dependence of the mobility on charge-carrier density is an important factor that has to
be considered when doping the hole-transport materials.
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5. Trap-free Hole Transport in a
Fullerene derivative

In this chapter, we have investigated charge transport in a fullerene derivative. Fullerenes
and their derivatives are well-known electron-transporting materials used in organic so-
lar cells and transistors. However, the extent to which fullerenes are able to transport
holes is heavily disputed. Using selective Ohmic contacts developed in chapter 3, we
study the bulk hole and electron transport in a bisadduct fullerene derivative. Trap-
free space-charge-limited hole and electron currents are measured, with a hole mobility
equivalent to the electron mobility. Our results identify the bisadduct fullerene as an
organic semiconductor with balanced bipolar bulk transport with excellent electron and
hole mobilities. !

5.1. Introduction and Background

Fullerenes and their derivatives are widely used in organic solar cells, in n-channel
transistors, and as n-type thermoelectric materials, owing to their excellent electron-
transport capabilities [129, 130]. For the same reason, fullerenes have been successfully
applied as electron-transport layers in hybrid perovskite photovoltaic cells [131]. By
functionalizing fullerenes, such as Cgy and Crq, with side groups, their solubility and
energy levels can be tuned, enabling their use in solution-processed electronic devices
(132, 133, 134].

With regard to electron transport, fullerenes exhibit mobilities that are among the
highest in organic semiconductors [135] and exceptionally long electron diffusion lengths
have recently been observed [136]. The electron- transporting character of fullerenes has
led to their classification as “n-type” materials [129], though it has been shown that
films of Cgy can also support radical cations [137]. The extent to which fullerenes are
able to transport holes, on the other hand, is less clear. From a theoretical perspective,
the intrinsic electron and hole mobilities are comparable in many organic semiconduc-
tors [28], which would also be expected to hold for fullerenes. However, experimentally,
unipolar charge transport is often observed in organic semiconductors due to charge
trapping [138, 50].

Evidence of a balanced electron and hole mobility in fullerenes has been reported for
vapor-phase-grown Cg, single crystals, measured with the photocurrent time-of-flight
technique [139]. However, deep trapping sites for holes were also observed, which have

I This chapter is published as Trap Free Space Charge Limited Hole Transport in a Fullerene Derivative.
Naresh B. Kotadiya, Paul W.M. Blom, and Gert-Jan A.H. Wetzelaer. Physical Review Applied,
11(2):024069, 2019
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5.2 Results and Discussion

negligible influence on the measured transit time [96], but can greatly hinder steady-state
charge transport. In films of Cgg, the hole mobility has been reported to be many orders
of magnitude lower than the electron mobility [140, 141, 142]. In later work, a field-effect
transistor using a solution-processed layer of the fullerene derivative [60][6,6]-phenyl Cg;
butyric acid methyl ester (PCBM) was fabricated, exhibiting balanced electron and hole
mobilities at high gate bias [143]. However, at low gate bias, a very low hole current was
observed, which was ascribed to the presence of a large hole-injection barrier. In a field-
effect transistor at high gate bias, charge-carrier densities are high, which obscures the
presence of bulk traps or tail states to a certain degree [39]. By contrast, at low carrier
densities in a diode configuration, measurements of the bulk mobility in [60]PCBM and
[70]JPCBM showed highly unipolar transport, with hole mobilities more than six-orders
of magnitude lower than the electron mobilities [144], comparable to what has been
observed for Cgp thin films [140, 141, 142]. It should be noted that for charge-transport
characterization in a diode configuration, Ohmic contacts are of critical importance.

In this chapter, we demonstrate trap-free space-charge-limited hole and electron cur-
rents in diodes based on a solution-processed bisadduct fullerene derivative. The bulk
hole and electron mobilities are balanced and both are higher than 1073 cm?V~1s™!.
Numerical modeling of the current-density voltage characteristics shows that the ener-
getic disorder for holes and electrons is similar. These measurements demonstrate that
fullerenes can be excellent hole-transporting materials. The absence of charge trap-
ping for both types of charge carriers reveals the intrinsic bipolar character of charge
transport in organic semiconductors, as would be theoretically expected, but is rarely
observed experimentally.

5.2. Results and Discussion

For our charge-transport measurements, the fullerene derivative indene-Cg, bisadduct
(ICBA) is chosen (Figure 5.1). ICBA is a bisadduct fullerene, exhibiting a highest oc-
cupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
that are raised by 0.2 eV as compared to PCBM [135]. The shallower HOMO (—5.9
eV) is expected to alleviate hole-injection issues, and should allow for Ohmic hole-
contact formation using a recently developed technique [103]. Hole-only devices are
prepared, with ICBA spin coated from a chloroform solution on top of glass substrates
with patterned indium-tin-oxide electrodes, covered with a 40-nm layer of poly(3,4-
ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS), which has a work func-
tion of approximately 5.2 eV. To establish an Ohmic hole contact, a top electrode com-
prising Cgo(4 nm)/MoO3(10 nm)/Al(100 nm) is thermally evaporated in which the Cg
interlayer is inserted to obtain Fermi level alignment between MoO3 and ICBA [103].

The interlayer-based contact engineering technique [103] allows us to inject holes di-
rectly from the top electrode into the HOMO of ICBA. For the case of an Ohmic contact
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Figure 5.1.: (a) Current density-voltage characteristics of ICBA single-carrier devices.
Hole-only devices of different layer thicknesses are shown (open symbols), with the volt-
age corrected for the built-in voltage (0.40—0.45 V) and the electrode series resistance.
The solid lines are fits with Equation 5.1 using a mobility of 3 x 1073 cm?V~1s™! for all
layer thicknesses. A 176-nm-thick electron-only device is plotted for comparison (closed
symbols). The error (standard deviation) in the thickness is determined to be 3—4 nm
for all films. (b) Thickness-scaled current density (JL?) vs voltage for ICBA hole-only
devices. The built-in voltage, which marks the transition from the exponential diffusion
regime to the quadratic drift regime, is indicated by the dashed line at 0.45 V. The
chemical structure of ICBA is shown in the inset.

on a trap-free, intrinsic semiconductor, the injected current is limited by space charge,
as described by the Mott-Gurney square law, which is [65]

(5.1)

where J is the current density, € is the permittivity, p is the charge-carrier mobility,
V' is the voltage, Vj; is the built-in voltage due to asymmetric work functions of the elec-
trodes [145], and L is the layer thickness. In Figure 5.1(a), the measured hole-current
density is plotted against voltage for three different layer thicknesses. Remarkably, the
hole current depends on the square of the voltage and scales inversely with layer thick-
ness to the third power, as demonstrated in Figure 5.1(b), which is characteristic of
a bulk trap-free space-charge-limited current. This also confirms the formation of an
Ohmic hole contact on ICBA. Furthermore, the hole-only devices do not show electro-
luminescence, confirming the absence of electron injection (as shown in Appendix C.2).
As a result, the current is carried by holes only. Because of the mismatch between
the work function of PEDOT:PSS and the HOMO of ICBA, a small built-in voltage of
approximately 0.45 V is present and the current in reverse bias is injection limited, as
shown in Figure 5.1(b). When fitting Equation 5.1 to the forward J-V characteristics,
as shown in Figure 5.1(a), a hole mobility of 3 x 1073 cm?V~!s™! is obtained for all
layer thicknesses, using the experimentally determined relative permittivity of 3.9 [146].
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This hole mobility is similarly high as the electron mobility in the ubiquitous fullerene
derivative PCBM [147]. Interestingly, the ICBA bulk-hole mobility is even superior to
that of typical hole-transport molecules and polymers [103, 148, 149, 150].

To compare the hole transport directly to the electron transport, the electron current
is measured in ICBA electron-only devices with an Al(35 nm)/ICBA/TPBi(5 nm)/Ba(5
nm)/Al(100 nm) structure, where TPBi [2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole)] is evaporated as a buffer layer. As can be observed in Figure 5.1, the
electron current is very similar to the hole current for a device with similar layer thick-
ness. The electron mobility obtained by fitting the J — Vcharacteristics with Equation
5.1 amounts to 2.7x 1073 ecm?V~!s~!, which is very close to the determined hole mobility.

Since Equation 5.1 is a drift-only approximation, we also evaluate the electron and
hole mobility with a numerical drift-diffusion solver [128] as shown in Appendix C.3.
The drift-diffusion simulations can fit the full J-V characteristics, simultaneously fitting
the exponential diffusion current below the built-in voltage and the quadratic drift cur-
rent above the built-in voltage. The built-in voltage is determined by both the barrier at
the hole-extracting cathode and band bending at the Ohmic hole-injecting anode. The
band bending typically amounts to approximately 0.3 eV for an Ohmic contact [145]. In
the drift-diffusion simulations, the barrier at the cathode is determined to be about 0.75
eV, consistent with the difference between the ICBA HOMO (—5.9 e¢V) and the work
function of PEDOT:PSS (5.1-5.2 V). Combined with band bending, this barrier is also
consistent with the built-in voltage of 0.45 V, as discussed in detail in Appendix C.3.
For both electron- and hole-only devices, the thickness-dependent J — V' characteristics
can be fitted with a mobility of 2 x 1073 em?V~!s~!, without incorporating electron or
hole traps. This mobility is slightly lower than the value estimated with Equation 5.1,
which does not consider the diffusion contribution to the current. The charge transport
measurements demonstrate that ICBA is a material with balanced hole and electron
transport, which has not been shown before for an organic semiconductor in a diode
configuration.

To explore the charge transport in more detail and evaluate the energetic disorder, we
investigate the temperature dependence of the hole and electron currents. The mobil-
ity in disordered semiconductors exhibiting hopping transport depends on temperature,
charge concentration, and electric field [39, 40]. For a system with Gaussian disor-
der, these mobility characteristics can be described by the extended Gaussian disorder
model (EGDM) [40], which uses three input parameters: the width of the density-of-
states distribution o, the lattice constant a, and a mobility prefactor . The mobility
prefactor determines the magnitude of the mobility, ¢ mainly controls its temperature
and charge-concentration dependence, and a predominantly affects its field dependence.
In the EGDM, the temperature-dependent mobility at zero field and density is a function
of the energetic disorder and is given by [40]
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0(T) = feoCh xp [ca( k"Tﬂ (52)
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with €} = 1.8 x 1072, Cy = 0.42, k is the Boltzmann constant, and 7T is the temper-
ature. As can be seen from Equation 5.2, the temperature dependence of the mobility
at low fields and densities is controlled by two input parameters, the mobility prefactor
and the energetic disorder. To obtain the current density-voltage characteristics, the full
EGDM mobility function, including the dependence on temperature, density, and field,
is incorporated in the drift-diffusion solver [128].

Figure 5.2(a) shows the temperature-dependent current density-voltage characteris-
tics of an ICBA hole-only device. The experimental data is fitted with drift-diffusion
simulations incorporating the EGDM, using an energetic disorder o of 0.10 eV and a
lattice constant a of 2 nm. The mobility for vanishing carrier density and electric field
at room temperature, po(295 K), amounts to 1.4 x 1072 cm?V~ts™!. This number is
slightly lower than the mobility extracted with Equation 5.1 and from drift-diffusion
simulations with a constant mobility, which is due to the presence of a non zero space-
charge density due to diffused carriers from the contacts of typically approximately 10
cm ™ in the measurements [64]. We estimate the error in the energetic disorder to be
within 0.01 eV, where higher or lower energetic disorder results in too strong or weak
temperature dependence of the current density, respectively. We have checked that the
measured temperature range falls within the validity window of the EGDM.
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Figure 5.2.: Temperature-dependent current density-voltage characteristics of ICBA
hole-only (a) and electron-only (b) devices, with ICBA layer thicknesses of 169 and 176
nm, respectively. Experimental data is plotted as symbols, the solid lines are fits with
drift-diffusion simulations incorporating the temperature-, field-, and density-dependent
mobility according to the EGDM. Due to the built-in voltage in the hole-only device,
the steep diffusion-limited current is visible at low voltages [see Figure 5.1(b)].
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A similar analysis is performed for the electron transport, as shown in Figure 5.2(b).
The temperature-dependent J-V characteristics are again fitted using the EGDM, yield-
ing an energetic disorder o of 0.09 eV and a lattice constant a of 3 nm. The electron
mobility 110(295 K) of 1.4 x 1073 cm?V~!s™! is very similar to the hole mobility, demon-
strating balanced bipolar charge transport in ICBA, which is also reflected in the similar
values obtained for the energetic disorder. The obtained charge-transport parameters
are consistent for electron- and hole-only devices of different layer thicknesses as shown
in Figure C.1.

The hole- and electron-transport simulations are performed without the need for in-
corporating additional trapping sites. Trap-free charge transport for both electrons and
holes is quite exceptional in organic semiconductors, which frequently exhibit electron
trapping [50, 151, 152, 153]. While near-balanced charge transport in a poly(p-phenylene
vinylene) derivative has been claimed [154], the thickness dependence of the current was
not reported and parasitic hole injection from the used TiN bottom electrode in the
electron-only device cannot be excluded [155]. Other studies have demonstrated highly
unbalanced charge transport in this polymer [156, 157]. As an exception to most conju-
gated polymers, trap-free electron and hole transport has been found in the copolymer
N2200, however, hole transport was substantially inferior to electron transport due to
highly unbalanced intrinsic mobilities [44]. The high and balanced bulk mobilities ob-
served for ICBA are an experimental confirmation of the intrinsic bipolar character
of organic semiconductors, which previously could only be assessed by deactivation of
charge trapping either by doping [153, 158], blending with an insulator [157], or by mea-
suring at carrier densities much higher than the concentration of bulk traps [138].

The observation of balanced electron and hole transport in ICBA raises the ques-
tion of whether a bipolar device can be fabricated in which electrons and holes are
injected simultaneously. Bipolar injection, resulting in subsequent recombination, has
been observed previously in devices of the fullerene derivative [60]PCBM with electrically
detected magnetic resonance [159]. It has been observed by Gadisa et al. that bipolar
injection into a similar [60]PCBM device leads to electroluminescence [160]. Although
these observations cannot evidence the presence of balanced electron and hole transport,
they do support that bipolar injection and recombination are possible in fullerenes.

To confirm electron-hole recombination in ICBA, a bipolar device is fabricated in
which an ICBA layer is sandwiched between a PEDOT:PSS bottom electrode and a
TPBi(5 nm)/Ba/Al top electrode. The barrier at the non-Ohmic PEDOT:PSS elec-
trode can be reduced by electrical conditioning in a bipolar device, enabling hole injec-
tion [161]. As observed in Figure 5.3, the device exhibits electroluminescence, effectively
operating as a light-emitting diode. The measured light output shows the presence of
both electrons and holes in the device. In the hole-only device, that is, under unipo-
lar injection conditions, electroluminescence cannot be detected (as shown in Appendix
C.2). The external quantum efficiency for electroluminescence in the bipolar device is
determined to be 1.8 x 107, which indicates relatively efficient electron-hole recombina-
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Figure 5.3.: Current density and luminance vs voltage for an ICBA organic light-
emitting diode (OLED) with an ICBA layer thickness of 118 nm. The electrolumines-
cence spectrum is shown in the inset. El, electroluminescence.

tion when considering the low-fluorescence quantum yield of fullerenes (approximately
7 x 107° for MoOj films at 300 K [162]).

5.3. Conclusion

In conclusion, trap-free space-charge-limited hole currents are measured in the fullerene
derivative ICBA. The determined bulk hole mobility of 1.4 x 1072 cm?V~'s~! at zero
field is equally as high as the bulk electron mobility, and similar to the electron mobility
of the widely-used fullerene derivative PCBM, highlighting the fact that fullerenes can
be excellent hole-transporting materials. Both the electron and hole transport exhibit
trap-free characteristics, resulting in the unique observation of an organic semiconductor
with trap-free and balanced electron and hole transport.
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6. Trap-free Charge Transport Window
in Organic Semiconductors

In chapter 4 and chapter 5 we have shown trap free hole transport in organic semicon-
ductors, however electron trapping is often observed in conjugated polymers. In this
chapter, ! we have investigated charge trapping in a wide range of organic semiconduc-
tors. In many cases, organic semiconductors exhibit highly unipolar charge transport,
meaning that they predominantly conduct either electrons or holes [138, 50]. A funda-
mental question is what causes this unipolarity. To answer this question, we identify an
energetic window inside which organic semiconductors do not experience charge trapping
for device-relevant thicknesses in the range of 100 to 300 nm, leading to trap-free charge
transport of both carriers. It is demonstrated that when the ionization energy (IE) of a
material surpasses 6 eV, hole trapping will limit the hole transport, whereas an electron
affinity (EA) lower than 3.6 eV will give rise to trap-limited electron transport. When
both energy levels are within this window, charge transport for both types of carriers is
trap free, enabling bipolar charge transport. Based on simulations, water clusters are
proposed to be the source of hole trapping. The implication for devices such as OLEDs,
organic solar cells, and organic ambipolar transistors is that the energy levels of the
organic semiconductors are ideally situated within this energetic window of around 2.4
eV. However, for blue-emitting OLEDs, for which the required energy gap is 3 eV, this
poses significant challenge to remove or disable charge traps.

6.1. Introduction and Background

Theories of charge transport in organic semiconductors predict that for most materials
the charge-carrier mobility should be similar for electrons and holes [28]. In experi-
ments, however, the transport of one type of carrier is usually clearly superior. In field-
effect transistor geometries, this has been ascribed to the limited injection capabilities
of commonly-used electrodes [163] and charge trapping at the semiconductor/dielectric
interface [138]. However, there seems to be a more fundamental factor causing unipo-
larity in the bulk transport of organic semiconductors, not related to interfaces at the
electrodes or gate insulator. For example, bulk hole transport is dominant in most
solution-processed conjugated polymers, being orders of magnitude higher than electron
transport. By systematically varying the electron affinity of these polymers, it was found
that electron trapping in the bulk is the reason for the low electron mobilities [50]. The
trap depth reduces with increasing electron affinity, suggesting the presence of a general
impurity acting as the electron trap, with an electron affinity of around 3.6 eV. For this

IThis chapter is published as A window to trap-free charge transport in organic semiconducting thin
films. Naresh B. Kotadiya, Anirban Mondal, Paul W.M. Blom, Denis Andrienko, and Gert-Jan
A H. Wetzelaer. Nature materials,18(11):11821186, 2019.
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reason, polymers with electron affinities higher than 3.6 eV can exhibit trap-free electron
transport, which is a design rule for the realization of n-type conducting polymers [50].

Here, we first generalize this concept of electron trapping for organic semiconductors
by including measurements on vacuum-deposited small-molecular semiconductors. We
then demonstrate that not only electron transport becomes trap limited when the elec-
tron affinity is below 3.6 eV, but that also hole transport will be hindered by trapping
when the ionization energy of the material exceeds 6 eV, implying that trap-free charge
transport is only observed within this energetic window.

6.2. Results and Discussion

Hole transport in materials with ionization energies above 6 eV could previously not
be measured, because of the lack of electrode materials with a sufficiently high work
function to form an Ohmic hole contact. When measuring the hole current through an
organic semiconductor in a hole-only device structure, it is essential that the injecting
electrode does not exhibit an injection barrier. Otherwise, the measured current will be
predominantly controlled by the injection rate, rather than the charge transport inside
the organic semiconductor. Recently, we have developed a technique to create Ohmic
hole contacts on organic semiconductors with ionization energies beyond 6 eV [103].

Enabled by this technique, we have here characterized the hole and electron transport
for a large variety of organic semiconductors, both polymers and small molecules, by
measuring the current density-voltage characteristics of hole- and electron-only devices.
In the case of trap-free charge transport, the current depends on the square of the volt-
age, according to the Mott-Gurney square law for space-charge-limited currents [166]
However, when charge transport is trap limited, the current exhibits stronger voltage
dependence, according to a power lawJ o< V™ with m > 2 [45]. The slope m of the
J-V characteristics on a double-logarithmic scale can therefore be used as a fingerprint
of trap-limited transport.

Figure 6.1 shows the slope (m) of the current density-voltage characteristics of single-
carrier devices plotted versus the ionization energy or electron affinity of the investigated
materials. Results for electron transport in conjugated polymers [50] are included. For
electron transport, as observed for both conjugated polymers and small molecules, a
slope higher than 2 is measured when the electron affinity of the organic semiconductor
is lower than ~ 3.6 eV, indicating trap-limited electron transport in this regime. Re-
markably, for ionization energies higher than 6 eV also the hole transport becomes trap
limited. Consequently, for both electron- and hole-only devices, trap-free charge trans-
port (m = 2) is measured when the electron affinity (electron transport) or ionization
energy (hole transport) lies between 3.6 and 6.0 eV. As such, an energetic window for
trap-free charge transport in organic semiconductors spanning approximately 2.4 eV can
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Figure 6.1.: Slope of the hole or electron current vs ionization energy and electron
affinity of the organic semiconductor, respectively. The symbols are divided in groups
representing either electron or hole transport in either small molecules or polymers.
Larger symbols represent data measured in this study as shown in Figures D.2,D.3, D.4,
D.5, D.6 in the Appendix D. small symbols are slopes determined from J-V character-
istics from literature [50, 103, 146, 44, 164, 63, 47, 165, 39]. The dashed line marks a
slope of 2, characteristic of a trap-free space-charge-limited current. Trap-limited cur-
rents (m > 2) for electrons and holes are marked by the red and green shaded areas,
respectively. The chemical structures of the investigated molecules are displayed in the
Figure D.1 and slopes are listed in Table D.1.

be identified.

The absence of trapping for materials inside the trap-free window has been confirmed
with thickness-dependent measurements [103, 146, 44, 164, 63, 47, 165, 167, 168], typi-
cally covering a thickness range of 100 to 300 nm, and transient transport measurements
further confirmed the obtained steady-state mobilities [167, 169] ( also as shown in Fig-
ure D.7). In most cases, the trap-limited currents were observed even for relatively thin
layers of close to 100 nm, in which the charge-carrier density is comparatively high:
when Ohmic contacts are applied, charge carriers will diffuse from the contact into the
semiconductor in order to align the Fermi level. The thinner the semiconductor film,
the more diffused carriers will fill the traps. The fact that we observe trap-limited
currents even for thin layers demonstrates that trapping is severe and important for
device-relevant layer thicknesses. Consequently, a trap-filled limit, in which all trap are
filled by injected charge carriers, was generally not observed, except for PCBM and CBP
as discussed in detail below.

An interesting class of materials to exemplify the onset of the universal hole trapping

are fullerenes, which are commonly known for their good electron-transport properties.
As shown in Figure 6.2, for the fullerene derivatives Cgp and PCBM with IEs of 6.4
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Figure 6.2.: Hole transport in Cgy, PCBM, and ICBA. Current density vs voltage
characteristics of ICBA (213 nm), PCBM (222 nm), and Cg (227 nm) hole-only devices,
corrected for the built-in voltage (V3;). The grey dashed line indicates a quadratic voltage
dependence (m = 2). The inset shows a schematic energy diagram, indicating the TE
and EA of the fullerene derivatives with respect to the trap-free window (dashed lines)

and 6.1 eV, respectively, the current has a strong voltage dependence, with slopes of
4.9 and 4.0, respectively, which is a sign of trap-limited hole transport. By contrast, for
the fullerene derivative ICBA, which has a lower IE of 5.9 eV, a high hole current is
observed that depends quadratically on voltage, indicative of trap-free charge transport.
As a result, we demonstrate that the inferior hole transport in Cgy and PCBM is a
direct result of hole trapping. For ICBA with an ionization energy that falls within the
previously-identified window, the hole transport is trap free. Since the electron affinity
of ICBA, 3.7 eV, is also situated in this energetic window, the electron and hole trans-
port are both trap free and nearly balanced [146]. Similarly, trap-free transport for both
electrons and holes has been observed in the polymer N2200 and a diketopyrrolopyrrole-
based polymer, which also fall within the trap-free window [170].

The ICBA hole mobility of 1.4 x 1072 ecm?V~!s~! extracted from space-charge-limited
currents is very similar to the trap-free electron mobility [146], as would be expected
theoretically for organic semiconductors. For PCBM, the hole transport can also be de-
scribed with a high hole mobility similar to the electron mobility, but with the addition
of a hole-trap concentration of 1.1 x 10'® cm™3 as shown in Figure D.2a. At high volt-
ages, a transition to a less steep slope of the J—V characteristics is observed (Figure 6.2),
which indicates that the current approaches the trap-filled limit, reaching a hole mobility
of approximately 1073 cm?V~!s~!. The high hole mobility of PCBM is confirmed for a
thin (75 nm) hole-only device, in which the higher charge density fills most of the traps,
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leading to almost trap-free hole transport. This shows that the intrinsic hole mobility of
PCBM is not low, but that the hole transport is hindered by possibly extrinsic hole traps.

From these results, it is clear that hole transport in organic semiconductors with an
IE higher than 6 eV is trap limited. Similarly, electron transport becomes trap limited
for materials with an electron affinity lower than 3.6 eV. For electron transport, molec-
ular oxygen [171, 172] and water-oxygen complexes [50, 173] have been identified as a
possible candidate for the electron traps. The presence of water has in fact been linked
to the formation of shallow hole traps, due to an energetic broadening of occupied states
of the semiconductor in the presence of water molecules [19]. Similar effects have been
reported for clusters of water [174]. To investigate if water or oxygen itself could also
be responsible for hole trapping, the ionization energies of these species were evaluated.
The gas-phase IE of water (12.65 eV) [175] or oxygen (12.06 eV) [176] are, however,
much too high to cause hole trapping, even when considering the stabilization by the
dielectric medium. This implies that isolated water or oxygen molecules in an organic
semiconductor cannot function as hole traps.

Figure 6.3.: Snapshot from molecular dynamics trajectory. Cgy with water molecules
filling the intermolecular voids. Red water molecule has ionization energy of ~ 6 eV and
is therefore a trap for crystalline Cgp.

This situation changes when clusters of water are considered. If a water molecule is
surrounded by an H,O shell, its ionization energy can drastically decrease if dipole mo-
ments of the surrounding water coherently stabilize the charge on the water molecule.
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In fact, the very same mechanism is responsible for the difference in the optical and
low-frequency relative permittivities of water (1.8 and 80). Statistically, there always
exist clusters with water orientations leading to potential traps (recall that the actual
trap density is tiny, however sufficient to cause a large reduction in charge transport).

To justify our proposition, we show that “empty pockets” in organic materials are
large enough to provide electrostatic stabilization capable of lowering the gas-phase ion-
ization energy from 12 eV to 6 eV. To this end, we have evaluated the ionization energies
of water clusters in amorphous morphologies of representative organic molecules, with a
broad variation of IEs and different molecular packings. Molecular dynamics simulations
of amorphous films and perturbative calculations of ionization energies were performed
as described in details in the methods section of [177]. We note that these simula-
tions represent a more realistic situation than the system of a single organic molecule
surrounded by water [174], which does not include the stabilization effect of the sur-
rounding organic molecules. A part of a snapshot of molecular dynamics simulations is
shown in Figure 6.3 for amorphous Cgg. It is clear that 20-40 molecules can fit such a
pocket. For the other materials, the distributions of cluster sizes are shown in the Figure
D.10.

Figure 6.4 shows corresponding densities of states of organic materials and water clus-
ters. We can see that the ionization energy of a water cluster can be lower than the
ionization energy of Cgy (6.4 €V), implying that clusters indeed can act as hole traps.
This is in agreement with the experimentally observed trap-limited hole transport in Cg
and its energy position outside of the trap-free window. For CBP with its IE (6.0 eV) at
the border of the trap-free window, some clusters would still act as hole traps according
to the simulations, which is also observed experimentally. For relatively thin layers of
CBP, hole transport appears to be trap free. However, for thicker CBP layers, some hole
trapping is observed, which is due to the lower charge-carrier density in thick samples.
The hole-trap density is determined to be 7 x 10* cm ™3 as shown in Figure D.2b, which
is smaller than the charge-carrier density in thin samples, implying that all traps are
filled in thin samples and are consequently not observed. For NPB and TCTA, which
have lower IEs of 5.4 eV and 5.7 eV, located inside the trap-free window, hole trapping
by water clusters would not be expected based on the simulations. This is in agreement
with the experimental observation of trap-free hole transport in these materials.

A water-induced shift in energy of the occupied states of the organic semiconductor
leading to shallow traps, as proposed recently [174], was not observed. This is due
to the fact that stabilization already occurs due to the surrounding organic molecules.
Therefore, we would not expect water-related trapping inside the trap-free window. The
absence of trapping is confirmed experimentally by the thickness- and time dependence
of the transport [103, 146, 44, 164, 63, 47, 165, 167, 168, 169] (see also Figure D.7).
Note that the trap-free window for charge transport is observed for diodes fabricated
and characterized in inert atmosphere. This indicates that the traps observed outside
the window are already present in the material after synthesis or deposition, and are not
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Figure 6.4.: Calculated densities of states of water clusters in four organic films. The
dark yellow distributions are the calculated density-of-states distributions of the organic
semiconductors. Broad green distributions are clusters with random orientations of
water molecules, violet peaks correspond to a few clusters were the water shell leads to
a large dielectric screening of the charge. The larger is the cluster, the stronger is the

stabilization.

necessarily related to ambient exposure [178]. We have carried out ambient-exposure
experiments, which show only minor but consistent effects on the device currents. How-
ever, the interpretation of these results is nontrivial, since it is not clear how much water
is actually absorbed upon air exposure and how this would translate in the amount of
additional traps, as shown in detail in Figure D.8. We additionally demonstrate that
hole traps in PCBM can be partially removed by thermal annealing, while the transport
in the trap-free ICBA control device was unaffected as shown in Figure D.9.
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6.3. Conclusion

In conclusion, we have identified an energetic window inside which organic semiconduc-
tors exhibit trap-free charge transport. This was shown to apply to both small-molecule
and polymeric organic semiconductors. In addition to the frequently-observed electron
trapping in organic semiconductors with an electron affinity below 3.6 eV, it was found
that also hole trapping occurs in materials with an ionization energy beyond 6 eV, even
in vacuum-deposited films of small molecules. Theoretical calculations reconcile this
behaviour with water clusters acting as hole traps. This study on a large number of ma-
terials with a large variation in chemical structures shows that the labelling of organic
semiconductors as being n-type, p-type, or bipolar is directly related to the position of
their energy levels with respect to the trap-free window. Balanced charge transport in
devices such as organic solar cells and OLEDs requires the energy levels of the organic
semiconductors to be situated within this energetic window of around 2.4 eV, which is
a design rule for efficient organic devices.
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7. Efficient and Stable Single-layer
TADF OLED

Using the knowledge from previous chapters on charge injection and transport, we have
developed a novel organic light emitting diode, presented in this chapter. From a design,
optimization and fabrication perspective, an organic light-emitting diode consisting of
only one single layer of a neat semiconductor would be highly attractive. Here, we
demonstrate an efficient and stable organic light-emitting diode based on a single layer
of a neat thermally activated delayed fluorescence emitter. By employing ohmic elec-
tron and hole contacts, charge injection is efficient and the absence of heterojunctions
results in an exceptionally low operating voltage of 2.9 V at a luminance of 10,000
cdm—2. Balanced electron and hole transport results in a maximum external quantum
efficiency of 19% at 500 cdm ™2 and a broadened emission zone, which greatly improves
the operational stability, allowing a lifetime to 50% of the initial luminance of 1,880 h
for an initial luminance of 1000 cdm~2. As a result, this single-layer concept combines
high power efficiency with long lifetime in a simplified architecture, rivalling and even
exceeding the performance of complex multilayer devices. !

7.1. Introduction and Background

After the discovery of electroluminescence in thin films of evaporated organic small
molecules [6] and conjugated polymers [179], tremendous efforts have been made to uti-
lize these materials in electronic devices such as organic light-emitting diodes (OLEDs).
Devices based on conjugated polymers were considered attractive due to their simple
device structure (one organic layer sandwiched between two electrodes), opening up
applications such as printable large-area flexible displays. To ensure efficient hole injec-
tion from conventional electrodes such as indium tin oxide (ITO) or poly(3,4-ethylene-
dioxythiophene):polystyrene sulfonate (PEDOT:PSS), the ionization energies of the or-
ganic semiconductors were designed not to be higher than ~5.3 eV. As a result, de-
pending on the emission colour, the electron affinities then typically ranged from 2 to
3 eV. This choice in the design of organic semiconductors turned out to have a number
of unfavourable consequences. First, the high electron affinity requires the use of highly
reactive cathodes such as calcium or barium for efficient electron injection, putting high
demands on the quality of the OLED encapsulation. Furthermore, the electron and hole
transport were found to be highly unbalanced with differences up to several orders of
magnitude [47]. This was found to be the result of a universal trap level situated at
a depth of 3.6 eV below vacuum, leading to heavily trap-limited electron transport in

IThis chapter is published as Efficient and stable single-layer organic light-emitting diodes based on
thermally activated delayed fluorescence. Naresh B. Kotadiya, Paul W.M. Blom, and Gert-Jan A.H.
Wetzelaer. Nature Photonics, 13(11):765769, 2019.
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7.1 Introduction and Background

organic semiconductors with low electron affinities [50]. Electron trapping confines the
emission zone close to the cathode, leading to efficiency losses due to exciton quenching,
as well as non-radiative trap-assisted recombination [74].

The way to overcome some of these limitations was to increase the amount of or-
ganic layers, which could easily be done using thermally evaporated molecules. In 1987,
a double-layer structure consisting of a hole-transport layer and an emissive layer was
used to separate the recombination zone from the electrodes [6]. In subsequent years, the
efficiency of OLEDs was further improved by using more extensive multilayer structures
for better tuning of the injection, charge transport and positioning of the recombination
zone [180].

Another important step forward was achieved in the emissive layer by employing
phosphorescent heavy-metal complexes to harvest triplet excitons [21, 22|, which decay
non-radiatively in fluorescent emitters. These phosphorescent molecules were applied
as dopants (typically 8-10 wt%) in a large-gap host to avoid concentration quenching.
As a next step, it was found that the hole- and electron-transport layers can addition-
ally be doped electrically with p- or n-type dopants, resulting in increased conductivity
and, as a result, a reduced operating voltage [78, 80, 79]. The resulting p-i-n devices
furthermore required the use of additional undoped exciton- and charge-blocking layers
to prevent exciton quenching by the dopants, resulting typically in a five-layer device.
Given that these undoped blocking layers do not necessarily consist of the same material
as the host or the doped transport layers, a multilayer OLED can easily contain up to
eight different organic compounds [79].

Recently, it was demonstrated that high electroluminescence quantum yields could
also be obtained with metal-free organic emitters by using the concept of thermally ac-
tivated delayed fluorescence (TADF) [23]. Here, the small gap between the energy of
the singlet and triplet excited state allows thermally activated back transfer of the non-
radiative triplet excitons to the fluorescent singlet state. Most research has been devoted
to the design and fabrication of TADF OLEDs with high external quantum efficiency
(EQE) [181]. However, an unresolved problem in TADF multilayer OLEDs is their lim-
ited operational stability. A notable increase in operational lifetime was achieved by
using n-type hosts, resulting in a broadened recombination zone [182].

As is the case for phosphorescent OLEDs, TADF devices make use of similar complex
multilayer device architectures. This complicates their design, as the properties of the
charge-transport, host and blocking layers all need to be tuned to the emitter with re-
gard to energy levels, triplet energies and charge-transport properties. The complexity
further hinders interpretation of the efficiency and stability of these devices. Ideally, an
OLED would consist of only one active organic semiconducting layer, in which charges
are efficiently injected. Subsequently, both types of carrier are transported efficiently
towards each other, after which the electrons and holes recombine through excitons with
a high radiative yield via the TADF mechanism. An advantage of TADF emitters is that
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7.2 Device concept

they are able to harvest triplet excitons even in undoped films, so a host-guest emissive
layer is not always required [183]. Balanced transport can be achieved by using an or-
ganic semiconductor with an electron affinity of ~ 3.6 eV (or higher) to strongly reduce
or even eliminate electron trapping [50]. This would not only reduce the non-radiative
recombination losses due to exciton quenching and trap-assisted recombination [74], but
would also allow the use of non-reactive electron-injection layers, thereby enhancing the
air stability of the device and the starting materials. A major challenge to overcome
is then that a deeper lowest unoccupied molecular orbital (LUMO) of approximately
—3.6 eV also leads to a lowering of the highest occupied molecular orbital (HOMO),
even beyond —6 eV, to maintain the energy gap for visible light emission. Such a deep
HOMO poses a significant challenge for hole injection that currently cannot be solved
by p-type doped transport layers. Recently, we have developed a strategy to overcome
this problem [103]. By using high-work-function transition metal oxides, such as MoOs,
in combination with an organic interlayer with a high ionization energy, ohmic hole
contacts were formed on organic semiconductors with a HOMO at —6 eV and deeper.
A similar strategy to create truly ohmic electron contacts would be highly desirable to
enable efficient bipolar injection into an OLED device.

Here, we demonstrate that high efficiency, low operating voltage and high stability can
be realized in a simplified TADF OLED comprising only a single layer of neat emitter
sandwiched between ohmic electron and hole contacts. The efficient charge injection and
the absence of heterojunctions lead to barrier-free flow of electrons and holes towards
each other, yielding exceptionally low operating voltages. Balanced transport is achieved
by choice of the energy levels of the emitter. The resulting broadened recombination
zone gives rise to a greatly enhanced operational stability. Notably, the ohmic electron
contact is formed without the requirement for air-sensitive dopants or injection layers,
resulting in an OLED with improved air stability.

7.2. Device concept

As a candidate for the active material to be used in a single-layer OLED, we se-
lected the TADF emitter CzDBA 9,10-bis(4-(9H-carbazol-9-y1)-2,6-di-methylphenyl)-
9,10-diboraanthracene; Figure 7.1b). This emitter has its HOMO at —5.93 eV and
its LUMO at —3.45 eV [184], which should be sufficiently low to alleviate the impact
of electron traps on electron transport. The donor moieties of CzDBA consist of car-
bazole, which is a known hole-transport unit. However, the electron transport and hole
transport in CzDBA have not been investigated so far. Furthermore, CzDBA showed ex-
cellent EQEs in conventional doped multilayer stack OLEDs, as well as exhibiting high
photoluminescence quantum yields in both doped (~ 100% in 4,4’-bis(N-carbazolyl)-
1,1-biphenyl; CBP) and neat films (90.6%) [184].

In Figure 7.1a, the device layout of our single-layer OLED is shown. For hole injec-
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Figure 7.1.: Device layout and molecular structure of the TADF emitter CzZDBA. Left:
schematic energy band diagram of the single-layer OLED. A CzDBA layer is sandwiched
between a MoOj3 bottom anode and an Al top cathode, using a thin Cgy and TPBi
interlayer for the formation of an ohmic hole and electron contact, respectively. Right:
chemical structure of CzDBA.

tion, we use an interlayer of Cgy to form an ohmic hole contact in combination with
MoOj3, as we have demonstrated in earlier work [103]. For electron injection, we do
not use a conventional reactive injection layer, such as LiF, calcium or barium. In-
stead, we use a thin (4 nm) interlayer of the electron-transport material TPBi (1,3,5-
tris(N-phenylbenzimidazol-2-yl)benzene), which has a higher LUMO (—2.7 eV) than
CzDBA, following a concept similar to the interlayer strategy for hole injection. TPBI
is capped wiht a 100 nm Al layer, which has an effective work function of 3.4 eV at
organic/evaporated metal interfaces [185].

The concept of ohmic contact formation with the help of a thin organic interlayer
is based on Fermi level alignment of the electrode with the HOMO or LUMO of the
active organic semiconductor. The interlayer acts as a spacer, eliminating the electro-
static interactions between electrode and organic semiconductor that result in barrier
formation. The interlayer is virtually transparent for charges and thus does not result
in any additional electrical resistance [103]. The interlayer can thus be regarded as part
of the electrode, rather than as a charge-transport layer. As demonstrated previously
for the formation of ohmic hole contacts, we now show that a similar strategy can also
be applied for electron injection.
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7.3. Results and discussion

To find out if CzDBA exhibits good charge transport, as well as to investigate electron
injection from the TPBi/Al top electrode, we fabricated single-carrier devices. Electron-
only devices consisted of an Al/CzDBA/TPBi(4 nm)/Al layout and hole-only devices
were fabricated with a layer of CzZDBA sandwiched between two ohmic Cgo(3 nm)/MoOj3
hole contacts. The current density-voltage characteristics are displayed in Figure 7.2a.
The electron and hole currents are very similar, indicating balanced bipolar charge trans-
port in CzDBA. For both electron- and hole-only devices, it is observed that the current
density has a close to quadratic dependence on voltage at voltages higher than ~ 1 V|
characteristic of a trap-free space-charge-limited current. However, at lower voltages,
the current depends slightly stronger on voltage. Such behaviour corresponds to trap
filling [186]. After reaching the trap-filled limit, where the voltage depends on the trap
density [186], a transition to trap-free transport is observed.
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Figure 7.2.: Charge transport in CzDBA and simulated recombination profile. a, Cur-
rent density—voltage characteristics of CzZDBA electron- and hole-only devices (symbols)
with a CzDBA layer thickness of 155 nm. Solid lines are fits with a numerical drift-
diffusion model. b, Normalized recombination profile simulated for an 80 nm CzDBA
OLED at different driving voltages.

To obtain quantitative charge-transport parameters, the electron and hole currents
were fitted with numerical drift-diffusion simulations [128]. First, the mobility was de-
termined at higher voltages in the trap-filled limit. The electron mobility amounted to
5 x 1075 em?V~1s7!, where as the hole mobility had a slightly lower value of 3 x 10~°
cm?V~1s71 Subsequently, the full J-V characteristics of the electron- and hole-only de-
vices were fitted by including an electron-trap density of 1.4 x 10'® cm ™3 and a hole-trap
density of 1.7 x 106 ecm™3, respectively. These are remarkably low numbers of trap
states, which are frequently an order of magnitude higher in organic semiconductors
[50]. The obtained mobility and trapping parameters were verified for different layer
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7.3 Results and discussion

thicknesses, yielding excellent agreement between simulation and experiment as shown
in Figure E.1. In the simulations, injection barriers were assumed to be absent. The fact
that the same charge-transport parameters are obtained for different layer thicknesses
shows that the newly designed TPBi/Al electrode is indeed an ohmic electron contact,
notably without the use of reactive metals or n-type dopants. The obtained mobilities,
although good, are not unusually high for organic semiconductors [110]. It is mainly the
low trap densities for both electron and holes in combination with ohmic contacts that
result in high and balanced electron and hole currents.

The balanced electron and hole mobility should also result in a broad recombina-
tion zone. This is indeed observed in the recombination profile simulated for the
CzDBA OLED (Figure 7.2b). The bimolecular recombination was assumed to follow
the Langevin mechanism, as is typical for single-layer OLEDs [32]. Because the elec-
tron mobility is slightly higher than the hole mobility, the recombination maximum is
situated closer to the anode. The recombination zone broadens with voltage due to an
increased overlap between the electron and hole density, with the maximum shifting in
the anode direction. A broad recombination zone is expected to be beneficial for the

operational stability of OLEDs, reducing exciton-polaron interactions associated with
degradation [187, 188, 189, 190].
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Figure 7.3.: Device performance of single-layer CZDBA OLEDs. a, Current density-
voltage and luminance-voltage characteristics of a CzDBA single-layer OLED with a
CzDBA thickness of 75 nm. Inset: the electroluminescence (EL) spectrum, with its
maximum at a wavelength of 560 nm. b, Corresponding EQE and power efficiency as a
function of luminance.

Having verified nearly balanced electron and hole transport, we fabricated an OLED
with the structure displayed in Figure 7.1a. The measured current density and lumi-
nance as a function of voltage are shown in Figure 7.3a, with the EQE displayed in
Figure 7.3b. The EQE reaches 19%, which is high for a single-layer OLED, but not
unusual for multilayer TADF OLEDs. We note that a similar EQE has been reached
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previously for a multilayer stack employing a neat emissive layer instead of a host-guest
system [183]. However, the corresponding single-layer device in that study yielded an
EQE of only ~ 0.1%. We anticipate that the much higher value in our case is a com-
bination of more balanced transport in combination with improved charge injection. In
the case of ohmic injecting contacts, large densities of electrons and holes are located
at the cathode and anode, respectively, as shown in the Figure E.2a, which prevents
the charge carriers from reaching the opposite electrode. This effectively results in a
built-in charge-blocking effect. Insertion of an additional electron- and exciton-blocking
layer (CBP) between the Cgg interlayer and CzDBA indeed did not improve the EQE
as shown in Figure E.3, confirming that blocking layers are not required when using
ohmic contacts. Furthermore, without special measures to enhance optical outcoupling,
the outcoupling losses of OLEDs are estimated to be ~ 70 — 80% [191], meaning that
our device has a high internal quantum efficiency. The light distribution pattern was
measured to follow that of an ideal Lambertian source as shown in Figure E.2b.

Remarkably, the single-layer CzDBA OLED already reaches a luminance of 1,000
cdm=2 at 2.41 V and 10,000 cdm~2 at 2.89 V. In addition, the turn-on voltage of 2.10
V, measured at 1 cdm™2, is considerably lower than the optical gap of 2.48 eV reported
for CzDBA [184] and lower than the photon energy of 2.21 eV at the emission maximum,
which is possible due to recombination of diffused carriers injected below the built-in
voltage [145, 192]. These low operating voltages are even slightly superior to state-of-
the-art phosphorescent OLED stacks [78, 80, 193, 194]. In our case, the low driving
voltages are obtained without dedicated hole- and electron-transport layers and without
electrical doping. Owing to the relatively high hole and electron mobility of CzDBA and
in particular the low trap densities, charge transport on the emitter itself is efficient. In
combination with the used ohmic contacts and the absence of further barriers induced by
heterojunctions, this results in exceptionally low driving voltages. In particular at high

luminance, the obtained operating voltages are markedly lower than previously reported
for TADF multilayer OLEDs [195, 102].

The low operating voltage also results in a high power efficiency of 82 ImW~! at 1, 000
cdm ™2, with a maximum of 87 ImW~! (Figure 7.3b). Power efficiencies in excess of 100
ImW ! at 1,000 cdm~2 have been reported for multilayer TADF OLEDs due to a higher
EQE [184, 195]. However, it is important to note that the operational stability of these
highly efficient TADF devices has not been reported, and extended lifetimes are usually
obtained at the expense of device efficiency. As we will demonstrate below, our single-
layer OLED combines high power efficiency with long lifetime.

As shown in Figure 7.2b, a fairly broad emission zone is expected due to balanced
bipolar transport and the absence of blocking layers. Previous research has shown that
broadening of the emission zone results in increased operational stability [188, 189] due
to a decrease in exciton-polaron interactions [187, 188, 189, 190]. We have performed
lifetime measurements on our single-layer CzZDBA OLEDs in a nitrogen atmosphere at
constant current density, with initial luminance of 1,000 cdm~2 and 5,000 cdm™2. As
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Figure 7.4.: Operational lifetime of single-layer CZDBA OLEDs. Normalized luminance
(symbols, left axis) and driving voltage (lines, right axis) as a function of operation time
in a nitrogen atmosphere, with an initial luminance of Ly = 1,000 cdm =2 and Ly = 5, 000
cdm™? at constant driving current. The luminance decay was fitted (black line) with a
function LLO =1 — At with a = 2.1 (ref. [196]) to extrapolate to LTs, for Lo = 1,000

cdm™2.

demonstrated in Figure 7.4, lifetimes to 50% of the initial luminance (LT5g) of 1,880 h
and 414 h are obtained, respectively. Interestingly, these lifetimes are markedly longer
than the lifetime reported for the same CzDBA emitter in a more complex multilayer
configuration. For the multilayer structure used in the degradation test in the ref-
erence [184], which has a similar power efficiency to our device at 1,000 cdm=2, the
LT5y at 1,000 cdm™2 reached only 97 h [184]. This demonstrates that a single-layer
OLED configuration can not only match the stability of a multilayer stack, but can
even greatly extend the lifetime, retaining similar power efficiencies. The operational
lifetimes at 5,000 cdm~2 are comparable to those obtained for the stable green TADF
emitter 4CzIPN(1,2,3,4-tetrakis(carbazol-9-yl)-5,6-dicyanobenzene) in multilayer struc-
tures with n-type hosts, with similar EQE but lower operating voltage in our case,
resulting in an approximately doubled power efficiency at 1,000 cdm™2 compared to
reference [182]. It should be noted that there is a slight difference in the emitted wave-
length. In addition, the driving voltages were observed to be very stable, increasing only
marginally to 2.56 V after 1,350 h of aging at 1,000 cdm~2 and to 2.80 V after reaching
LTy at 5,000 cdm™2 (Figure 7.4 ), In addition, the electroluminescence spectrum was
unaltered after stressing as shown in Figure E.5a. Besides the high operational stability,
these single-layer architectures would greatly simplify a quantitative study of the cause
of degradation in small-molecule OLEDs, which is a subject of further study.
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These measurements show that single-layer OLEDs can be a viable or even superior
alternative to multilayer stacks in terms of efficiency and operational stability. Another
noteworthy feature of our OLED is the absence of reactive electron-injection layers or
n-type doping. These layers are the most prominent cause of the rapid degradation of
OLEDs in ambient atmosphere [197, 198]. Therefore, we expect our OLED to be more
stable in air. In Figure 7.5, photographs are presented of an unencapsulated device
operating in ambient conditions after being stored in air for set periods of time. The
photographs are captured with the OLED biased at 2.15 V, corresponding to an initial
luminance of ~ 4 cdm™2. A low luminance was used to minimize flare in the pho-
tographs, aiding the visibility of the appearance of black spots. After storage in air for
4 h, the emission remains practically uniform. After 24 h of storage in air, black spots
have appeared. These black spots are usually associated with oxidation or delamination
of the cathode [197, 198, 199]. The black spots are still comparatively small, considering
that complete device failure after a day of storage in air has been reported for some
OLEDs [199, 200]. After 5 days of storage in air, the black spots have grown in size,
although 95% of the area still emits light. The ambient stability in air for various hours
without encapsulation helps to provide flexibility in the OLED production process. An
alternative example of a single-layer device with air-stable electrodes is the light-emitting
electrochemical cell; however, such devices typically suffer from low operational stability
and high operating voltages [201].

Figure 7.5.: Ambient stability of a single-layer CzDBA OLED. Photographs of an
unencapsulated CzDBA OLED operating in ambient conditions as a function of time
while stored in air. The OLED has an active area of 1 x 1 cm?.

As a design rule for efficient OLEDs with low operating voltages, our study shows that
it is more important to create ohmic contacts and use materials with a low trap density
than focus on charge-carrier mobility. Although a high mobility remains important to
obtain high currents at low voltages, the current is far more sensitive to injection and
trapping; the latter phenomenon has received surprisingly little attention in the design
of charge-transport materials and OLED stacks. Here, we have demonstrated that it is
even possible to combine excellent bipolar charge-transport properties and emitter char-
acteristics in a single organic semiconductor, providing a concept for stable and efficient
single-layer OLEDs. These emitter requirements, shown here for a yellow emitter, are
identical for blue- or red-emitting devices, with high photoluminescence quantum yields
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having been reported for many TADF emitters in neat films [202]. Furthermore, the cru-
cial formation of ohmic contacts has been demonstrated for a wide energy range, even
enabling near-ultraviolet emission with direct charge injection [103]. For the widely used
green TADF emitter 4CzIPN, the presence of ohmic contacts still ensures decent device
performance in a single-layer architecture as shown in Figure E.6, in spite of strongly un-
balanced electron and hole transport (Figure E.5b). The combination of transport and
light emission in a single material and the use of ohmic contacts obviates the need for
developing host, transport and blocking layers with matching energy levels and triplet
energies, which is a great challenge, especially in the design of stable blue OLEDs with
low operating voltages.

7.4. Conclusion

In summary, we have demonstrated that efficient and stable OLEDs can be achieved
in a structure with a single layer of a TADF emitter sandwiched between two ohmic
contacts. The TADF emitter showed excellent bipolar charge transport with low trap
densities, which, in combination with truly ohmic electron and hole contacts, resulted in
remarkably low operating voltages. The obtained driving voltages both at low and high
luminance were lower than reported for multilayer phosphorescent and TADF OLEDs
featuring dedicated electron- and hole-transport layers, or p-i-n doped structures, yield-
ing high power efficiencies. As a result of a broadened recombination zone, the opera-
tional stability could be greatly improved in comparison with a conventional multilayer
OLED structure. Furthermore, the newly designed ohmic electron contact does not fea-
ture air-sensitive interlayers or n-type doping, resulting in enhanced air stability of the
TADF OLED.
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8. Summary

8.1. Summary

The aim of this thesis was to understand the fundamental charge transport properties
of small molecule-based organic semiconductors, to identify the factors limiting charge
transport in organic semiconductors and to develop novel device architectures for or-
ganic and hybrid optoelectronic devices.

To design efficient organic optoelectronic devices, one needs to have ohmic contacts.
So, in chapter 3 we have developed a charge injection strategy for making ohmic hole
contacts in organic semiconductors. By adding an interlayer between high work function
metal oxides and organic semiconductors, ohmic contacts were realized for a range of
organic small molecules with ionization energies up to 6 eV.

Using this charge injection strategy, in chapter 4, we have studied experimentally and
theoretically the bulk hole-transport properties of 2-TNATA, Spiro-TAD, NPB, TCTA,
and CBP, which have ionization energies between 5 to 6 eV. Experimental current-
voltage characteristics were investigated using the extended Gaussian disorder model,
from which the energetic disorder, molecular site spacing and hole mobilities were eval-
uated. Despite the difference in chemical structures and ionization energies, a similar
value for the energetic disorder o of 0.09—0.10 eV and a trap free hole transport was
found for all molecules. This similarity in energetic disorder is also reflected in simi-
lar mobilities at room temperature in the range of 1 x 107* cm?V~!s71. In addition,
molecular multiscale simulations were performed, which gave similar values of energetic
disorder, lonization energy (IE), site spacing, and mobility as obtained from the experi-
mental results. This opens up new possibilities to predict the charge transport properties
using molecular multiscale simulations.

In chapter 5, we have extended our charge transport studies to the fullerene derivative
ICBA. Fullerene derivatives are well known as electron-transporting materials commonly
used in organic solar cells and organic transistors. However, we have found that ICBA
also has excellent hole transporting properties. We determined the bulk hole mobility
to be 1.4 x 1073 cm®V~!s~! which is the same as the bulk electron mobility. In addition
both electron and hole transport have trap free characteristics. Such trap free and bal-
anced bipolar charge transport with high charge carrier mobilities is quite uncommon
in organic semiconductors.

In chapter 6 we have investigated charge transport and trapping in a large number of
vacuum deposited organic small molecules. We found that, similar to organic polymers,
there exists electron trapping in organic small molecules when the electron affinity (EA)
is lower than 3.6 eV. In addition, we found that there exists hole trapping when the
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ionization energy is higher than 6 eV. When both energy levels are between 3.6 and 6
eV, charge transport for both types of carriers is trap free. In short, we have identi-
fied an energetic window of about 2.4 eV, inside which organic semiconductors exhibit
trap-free charge transport. Based on simulations, water clusters are proposed to be the
source of hole trapping. The implication for devices such as OLEDs, organic solar cells,
and organic ambipolar transistors is that the energy levels of the organic semiconduc-
tors are ideally situated within this energetic window of around 2.4 eV. However, for
blue-emitting OLEDs, for which the required energy gap is 3 eV, this poses significant
challenge to remove or disable charge traps.

Combining the knowledge on charge injection and charge trapping, in chapter 7 we
have designed an efficient and stable single layer OLED based on a neat thermally ac-
tivated delayed fluorescence (TADF) emitter. By employing ohmic electron and hole
contacts, charge injection is efficient and the absence of heterojunctions results in an
exceptionally low operating voltage of 2.9 V at a luminance of 10,000 cdm~2. The ob-
tained driving voltage is lower than reported for multilayer phosphorescent and TADF
OLEDs featuring dedicated electron- and hole-transport layers, or p-i-n doped struc-
tures, yielding high power efficiency of 87 ImW~!. Balanced electron and hole transport
results in a maximum external quantum efficiency of 19% at luminance of 500 cdm =2 and
a broadened emission zone, which greatly improves the operational stability, allowing a
lifetime to 50% of the initial luminance of 1,880 h for an initial luminance of 1000 cdm 2.
Furthermore, the newly designed ohmic electron contact does not feature air-sensitive
interlayers or n-type doping, resulting in enhanced air stability of the TADF OLED.

8.2. Zusammenfassung

Das Ziel dieser Arbeit war es, die grundlegenden Ladungstransporteigenschaften organis-
cher, aus kleinen Molekiilen bestehender Halbleiter zu verstehen, die den Ladungstrans-
port limitierenden Faktoren zu identifizieren und neuartige Architekturen fiir organische
sowie hybride optoelektronische Bauelemente zu entwickeln.

Um effiziente organische optoelektronische Bauelemente zu entwerfen, miissen ohm-
sche Kontakte bestehen. In Kapitel 3 haben wir daher eine Strategie zur Ladungsin-
jektion zum Herstellen ohmscher Lochkontakte in organischen Halbleitern entwickelt.
Durch Hinzufiigen einer Zwischenschicht zwischen Metalloxiden mit hoher Austrittsar-
beit und den organischen Halbleitern wurden ohmsche Kontakte fiir eine Reihe kleiner
organischer Molekiile mit Ionisierungsenergien von bis zu 6 eV hergestellt.

Unter Verwendung dieser Ladungsinjektionsstrategie haben wir in Kapitel 4 exper-
imentell und theoretisch die Bulk-Lochtransporteigenschaften von 2-TNATA, Spiro-
TAD, NPB, TCTA und CBP untersucht, die Ionisierungsenergien zwischen 5 und 6
eV aufweisen. Die experimentellen Strom-Spannungs-Eigenschaften wurden unter Ver-
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wendung des erweiterten Gaulschen Unordnungsmodells untersucht, anhand dessen die
energetische Unordnung, der Abstand zwischen den lokalisierten, molekularen Zustanden
und die Lochbeweglichkeiten ermittelt wurden. Trotz der unterschiedlichen chemischen
Strukturen und lonisierungsenergien wurde fiir alle Molekiile ein ahnlicher Wert fiir die
energetische Unordnung o von 0,09 bis 0,10 eV und ein defektfreier Lochtransport gefun-
den. Diese Ahnlichkeit bei der energetischen Stérung spiegelt sich auch in dhnlichen Be-
weglichkeiten bei Raumtemperatur im Bereich von 1x107* cm?V~!s~! wider. Zusétzlich
wurden molekulare Multiskalensimulationen durchgefiihrt, die &hnliche Werte der ener-
getischen Unordnung, der Ionisierungsenergie, des Abstand der lokalisierten Zustande
und der Mobilitat ergaben, wie sie aus den experimentellen Ergebnissen erhalten wurden.
Dies eroffnet neue Moglichkeiten zur Vorhersage der Ladungstransporteigenschaften
mithilfe molekularer Mehrskalensimulationen.

In Kapitel 5 haben wir unsere Ladungstransportstudien auf das Fullerenderivat ICBA
ausgeweitet. Fullerenderivate sind als elektronentransportierende Materialien bekannt,
die tblicherweise in organischen Solarzellen und organischen Transistoren verwendet
werden. Wir haben jedoch festgestellt, dass ICBA auch hervorragende Lochtrans-
porteigenschaften aufweist. Wir ermittelten die Bulk-Loch-Beweglichkeit zu 1,4 x 1073
em?V~1s71 was der Bulk-Elektronenmobilitit entspricht. Dariiber hinaus weisen sowohl
der Elektronen- als auch der Lochtransport defektfreie Eigenschaften auf. Ein derar-
tiger defektfreier und ausgeglichener bipolarer Ladungstransport mit hohen Ladung-
stragerbeweglichkeiten ist bei organischen Halbleitern ungewchnlich.

In Kapitel 6 haben wir den Ladungstransport und das Einfangen von Ladungen in
einer groffen Anzahl von vakuumabgeschiedenen organischen kleinen Molekiilen unter-
sucht. Wir fanden heraus, dass dhnlich wie bei organischen Polymeren Elektronen in or-
ganischen kleinen Molekiilen Ladungen eingefangen werden, wenn die Elektronenaffinitét
(EA) niedriger als 3,6 eV ist. Dariiber hinaus haben wir festgestellt, dass Lochdefekte
vorhanden sind, wenn die Ionisierungsenergie héher als 6 eV ist. Wenn beide Energien-
iveaus zwischen 3,6 und 6 eV liegen, ist der Ladungstransport fiir beide Arten von
Ladungstragern defektfrei. Kurz gesagt, wir haben ein energetisches Fenster von etwa
2.4 eV identifiziert, in dem organische Halbleiter einen defektfreien Ladungstransport
zeigen. Basierend auf Simulationen wird vorgeschlagen, dass Wassercluster die Quelle
fiir das Einfangen von Lochern sind. Die Implikation fiir Gerdte wie OLEDs, organische
Solarzellen und organische, ambipolare Transistoren ist, dass sich die Energieniveaus
der organischen Halbleiter ideal innerhalb dieses energetischen Fensters von etwa 2,4 eV
befinden. Fiir blau emittierende OLEDs, fiir die eine Energieliicke von 3 eV erforderlich
ist, stellt dies jedoch eine erhebliche Herausforderung dar, um Ladungsdefekte zu ent-
fernen oder zu deaktivieren.

In Kapitel 7 haben wir das Wissen tiber Ladungsinjektion und Ladungsdefekte kom-
biniert und eine effiziente und stabile einschichtige OLED entwickelt, die auf einem
thermisch aktivierten Emitter mit verzogerter Fluoreszenz (TADF) basiert. Durch die
Verwendung von ohmschen Elektronen- und Lochkontakten ist die Ladungsinjektion ef-
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fizient und das Fehlen von Heteroiibergangen fiihrt zu einer auflergewohnlich niedrigen
Betriebsspannung von 2,9 V bei einer Leuchtdichte von 10.000 cdm~2. Die erhaltene
Ansteuerspannung ist niedriger als fiir mehrschichtige phosphoreszierende und TADF-
OLEDs mit speziellen Elektronen- und Lochtransportschichten oder p-i-n-dotierten Struk-
turen angegeben, was eine hohe Leistungseffizienz von 87 ImW ™! ergibt. Ein ausgeglich-
ener Elektronen- und Lochtransport fiihrt zu einem maximalen externen Wirkungsgrad
von 19% bei einer Leuchtdichte von 500 cdm™2 und einer verbreiterten Emissionszone,
was die Betriebsstabilitat erheblich verbessert und eine Lebensdauer von 1.880 h unter
Reduktion zu 50% der anfinglichen Leuchtdichte von 1000 cdm™2 ermoglicht. Dariiber
hinaus verfiigt der neu entwickelte ohmsche Elektronenkontakt nicht iiber luftempfind-
liche Zwischenschichten oder eine n-Dotierung, was zu einer verbesserten Luftstabilitat

der TADF-OLED fiihrt.
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A. Appendix: Experimental
Techniques

A.1. Materials
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Figure A.1.: Chemical structures of organic small molecules used in this thesis

4CzIPN

Figure A.1 shows the chemical structures of the organic small molecules investigated
in this thesis. Their full names are as follows
4,4', 4"-tris[2-naphthyl(phenyl)amino] triphenylamine 2-TNATA, 2,2',7, 7 -tetrakis
(N, N-diphenylamino)-9,9 -spirobifluorene Spiro-TAD, N, N'-Di(1-naphthyl)-N, N’
-diphenyl-1, 1'-biphenyl)-4, 4 -diamine ~ a-NPD,  tris(4-carbazoyl-9-ylphenyl)amine
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TCTA, 4, 4’—bis(N—carbazolyl)—1, 1'-biphenyl CBP. these molecules are typically used
as a host material or hole transport layer in OLEDs or orgnic photovoltaics (OPVs).

Buckminsterfullerene or Fullerene-Cgy Cgp, [6,6]-Phenyl Cg; butyric acid methyl es-
ter PCBM, 1',1” 4" 4"-Tetrahydro-di[1,4]methanonaphthaleno|[1,2:2",3",56,60:2",3"][5,6]
fullerene-Cgo ICBA, N,N'-Diheptyl-3,4,9,10-perylenedicarboximide PTCDI-C7, 1,3,5-
Tri(m-pyridin-3-ylphenyl)benzene, 1,3,5-Tris(3-pyridyl-3-phenyl)benzene TmPyPB, 2,2,
2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) TPBi, 4,6-Bis(3,5-di(pyridin-
3-yl)phenyl)-2-(pyridin-3-yl)pyrimidine B3PyPPM are typically used as an eletron
transport layer or electron acceptor materials.

1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene  (4CzIPN) and 9,10-bis(4-(9H-
carbazol-9-yl)-2,6-di-methylphenyl)-9,10-diboraanthracene (CzDBA) are thermally ac-
tivated delayed fluorescence (TADF) emitters typically used to make efficient OLEDs.
4,4"-bis(triphenylsilanyl)-(1,1"4",1”)-terphenyl (BST) was used as an interlayer for hole
injection in the present work.

4CzIPN was synthesized using the procedure described in the literature [23] and pu-
rified by vacuum sublimation. poly(3,4—ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) was purchased from Heraeus, BST and B3PyPPM, were purchased from
Luminescence Technology Corp. and all other materials were purchased from Sigma-
Aldrich and were used as received.

A.2. Device Fabrication

Hole-only devices were fabricated on glass substrates pre-patterned with indium-tin ox-
ide (ITO). Substrates were thoroughly cleaned by washing with detergent solution and
ultrasonication in acetone and isopropyl alcohol, followed by UV-ozone treatment. Next,
a 35 nm layer of PEDOT:PSS [CLEVIOS™ P VP Al 4083] was spin coated on it and
annealed at 140 °C, for 10 min in air. The substrates were then transferred into a
nitrogen-filled glove box and were not exposed to air in the subsequent steps. Majority
of organic small molecule layers were thermally deposited at a rate of 0.3 —1.04s~" and
at a base pressure of 4 —5 x 10~7 mbar, while fullerene derivatives were spin coated from
the chloroform solvent in a nitrogen atmosphere. Subsequently, a MoO3(10 nm)/A1(100
nm) top electrode was thermally evaporated to complete the device. The final device
structure was glass/ITO/PEDOT:PSS/hole-transport layer/interlayer/MoOs /Al

For some hole-only devices instead of MoO3 WO3; or V5,05 were used as top elec-
trode along with 100 nm Al as a capping layer. The symmetric Hole-only devices
were also fabricated in a similar way, except that the device structure then becomes
glass/ITO/PEDOT:PSS/metal oxide/interlayer/hole-transport layer /interlayer/metal ox-
ide/Al.

89



A .3 Device Charcaterization

For electron-only devices, glass/Al(35 nm)/organic semiconductor/TPBi(5 nm)/
Ba(5 nm)/Al(100 nm) architecture was used, where the fabrication procedure for or-
ganic layer and metal contacts remains same as above.

For Organic light emitting diodes, either glass/ITO/PEDOT:PSS/MoOs3/interlayer/
Emitter/interlayer/Al or glass/ITO/PEDOT:PSS/Emitter/interlayer/Al(or Ba/Al) de-

vice architecture was used. Again the fabrication procedure remains same as above.

A.3. Device Charcaterization

Electrical characterization of all devices were performed in a nitrogen atmosphere (Oy <
0.1 ppm H20O < 0.1 ppm ) using a Keithley 2400 source meter. Between fabrication and
characterization, the devices were not exposed to air. For low temperature measure-
ments the devices were cooled using a cold nitrogen gas supply, which was cooled by
passing through the liquid nitrogen tank (or reservoir). To measure the EQE and power
efficiency of OLEDs, the light output was measured using a calibrated Si photodiode
and procedure described in [203] was followed. Electroluminescence spectrum of OLEDs
were measured with a USB4000-UV-VIS-ES spectrometer. The angular dependence of
electroluminescence was measured with a home-built set-up based on a goniometer and
a Si photodiode.

A.4. UPS characterization

For UPS studies, ultrasonically cleaned silicon wafers were used as substrates. To avoid
any charging during the measurement, substrates were coated by thermal evaporation
with 2 nm of chromium as an adhesive layer and the 50 nm of gold as a conductive layer.
Subsequent layers (MoO3 and organic molecules) were thermally evaporated in the same
way as the hole-only devices. For the measurement of IE profiles, separate samples were
prepared with different organic layer thickness, so no cumulative irradiation damage oc-
curs during the acquirement of the valence-band spectra.

UPS measurements were conducted at a base pressure of 107 mbar on
Si/Cr(2 nm)/Au(50 nm)/MoO3(10 nm)/organic substrates with a Kratos Axis Ultra-
DLD spectrometer (Kratos, Manchester, UK). During UPS measurement, the sample
was held at a bias of —9 V with respect to the spectrometer. Illumination at 21.22 eV
was provided by the He(I) emission line from a helium discharge lamp. Photoelectron
emission was collected at 0° from the surface normal of the samples. The spectra were
taken in three different spots to confirm their reproducibility and the irradiation expo-
sure time was kept under one minute.
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A.5. Molecular simulations and density of states
evaluation

All morphology simulations were performed using the GROMACS package and re-
parameterized OPLS-AA force-field, Density of states was evaluated using the VOTCA
package [204, 205] and polarizable force-field (Thole model). The detailed procedures can
be found in the supporting information of the original publications [103], [167] and [177].
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B. Appendix: Chapter 3 Hole Injection
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Figure B.1.: Current density—voltage characteristics (a) of CBP (190 nm) hole-only
devices with MoOs3, WO3 and V5,05, showing that ohmic contact can be formed with
all three high work function metal oxides. (b) of symmetric hole-only devices, having
MoOj3 along with same interlayers as bottom and top electrodes. The interlayers used
were TCTA for 2—TNATA (222 nm) and Spiro-TAD (227 nm), CBP for TCTA (211
nm), and Cgy for CBP (197 nm). The identical currents in forward and reverse bias
show that ohmic contacts can also be formed for a bottom-anode configuration. It also
shows that diffusion of MoOj into the organic layers (which occurs only when MoOj is
deposited on top of the organic layer), is not responsible for the ohmic-contact formation.
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Figure B.2.: (a) Current density-voltage characteristics of a CBP (200 nm) hole-only
device with a WO3 bottom electrode and a MoOs top electrode, with Cgy interlayers
on both sides. The current is identical in forward (bottom injection) and reverse (top
injection) bias, indicating that an ohmic hole contact with CBP can be formed also with
a WO3 bottom electrode. (b) Similar to the case of MoOs, injection from other metal
oxides can also be rendered ohmic with different interlayers.
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Figure B.3.: (a) Current density-voltage characteristics of TCTA (173 nm) hole-only
devices with CBP interlayer and different bottom electrodes. The figure shows that for
the high work-function electrodes MoO3 and V5035, ohmic contacts and identical high
currents are obtained. For a PEDOT:PSS electrode with a work function of 5.0—5.2 eV,
which is lower than the IE of TCTA (5.7 eV), the injected current is orders of magnitude
lower, showing that the interlayer only enhances injection of electrodes with a sufficiently
high work function. This result is expected from the band-diagram simulations in Figure
3.4c, which show that the work function has to be at least the same as the IE of the
HTL. (b) Current density-voltage characteristics of a PEDOT:PSS/Spiro—TAD/MoO3
hole-only device with different interlayers between the Spiro—TAD (163 nm) transport
layer and MoOjs. The offset between a—NPD (5.4 eV) and Spiro—TAD (5.3 €V) is not
sufficient for formation of an ohmic contact, but the minor positive offset results in a
noticeable improvement of the injected hole current with respect to the MoOj3 reference.
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Figure B.4.: Drift-diffusion simulation [128] of hole—only device of (a) 2—TNATA, (b)
Spiro—TAD, (c, d) TCTA and (e, f) CBP, using charge injection contact fabricated
with and without interlyer, between organic semiconductor and metal oxide (MoOs,
WO3; or V5,05) as electrode. A charge injection barrier of about ~0.4 eV is observed in
all cases, when metal oxide is directly used as an electrode without an interlyer. The
injection model includes barrier lowering due to the image charges [206].
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Figure B.5.: (a) Photoemission spectra obtained by UPS for TCTA (5 nm) and
TCTA(5 nm)/2—TNATA(0.5 nm) on top of MoOs (10 nm). The onset of the ion-
ization energy (IE) is determined at the intersection of the dashed lines, which is at 0.58
eV for TCTA(5 nm) and at 0.16 eV for TCTA(5 nm)/2—TNATA(0.5 nm) w.r.t. the
Fermi level, showing that near the interface the IE of 2—TNATA almost aligns with the
Fermi level. (b) Onset of the IE for varying 2—TNATA thickness (see legend) on top of
MoO3/TCTA(5 nm), showing the separation of the valence states from the Fermi level
due to band bending, which is a result of charge accumulation at the interface.
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Figure B.6.: (a) UPS spectrum of BST on Au with an excitation energy of 21.22
eV. The onset of the ionization energy was determined to be 7.0 eV. (b) Current
density—voltage characteristics of a Spiro—TAD (193 nm) hole-only device for differ-
ent TCTA interlayer thicknesses. Enhanced injection (compared to a MoOs contact) is
already observed for an interlayer of 1 nm, but injection is maximized for interlayers
between 3 and 5 nm. An interlayer thickness of 1 nm of TCTA might not be sufficient
to effectively decouple the Spiro—TAD from the oxide. In addition, the thickness may
be insufficient to form a closed layer. For interlayers thicker than 7 nm, the current re-
duces, which indicates that the current is limited by injection in and transport through

the interlayer.
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Figure B.7.: Current density—voltage characteristics of hole—only devices of (a) CBP
(184 nm) for different BST interlayer thicknesses and of (b) TCTA(188 nm) for different
CBP interlayer thicknesses. The thickness dependence of the interlayer is similar to the
Spiro-TAD/TCTA system. However, In case of CBP/BST system a stronger reduction
in current is observed at thicker BST layer, this could be due to inferior injection in
and/or transport through the BST interlayer. And in case of TCTA/CBP system a
higher injection current is observed even at thicker CBP layer, this could be explained
by the higher hole mobility in the CBP interlayer.

98



C. Appendix: Chapter 5 ICBA

C.1. Additional hole-only and electron-only devices
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Figure C.1.: Temperature-dependent current density-voltage characteristics of an
ICBA (a) hole-only device of 120 nm thickness and (b) electron-only device of 125
nm thickness. Symbols represents experimental results and solid lines drift-diffusion
simulations using EGDM model. For both hole-only and electron-only device same set
of parameters were used to fit the data as in the Figure 5.2.

C.2. Confirmation of Hole-Only Current

In Figure C.2(a), it is demonstrated that the current measured in the hole-only de-
vices is carried by holes only and electron injection is absent. This can be confirmed
by performing electroluminescence measurements, which we detect as a photocurrent
from a silicon photodiode. Figure C.2(a) demonstrates that while electroluminescence
is observed in the bipolar device above the built-in voltage following the injected cur-
rent, there is no electroluminescence detected for the hole-only device, despite the large
current density. This implies that electron injection from PEDOT:PSS in the hole-only
device is not significant, confirming that the measured current is carried by holes only.
In addition, Figure C.2(a) shows the current of the bipolar device in reverse bias. Only
a leakage current is observed in reverse bias, demonstrating that electron injection from
PEDOT:PSS and hole injection from TPBi/Ba/Al are not significant. As a result, elec-
troluminescence is also absent in reverse bias. The low built-in voltage in the hole-only
device once more confirms the unipolar character.
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C.3 Drift-Diffusion Simulations with a Constant Mobility
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Figure C.2.: (a) Current density (solid lines) and light output (dashed lines) vs voltage
for hole-only and bipolar (OLED) devices of ICBA. The light output is measured as a
photocurrent by a silicon photodiode. (b) Schematic band diagram of an ICBA hole-only
device with an Ohmic hole-injecting anode and a non-Ohmic hole-extracting cathode at
the built-in voltage (V' = V).

C.3. Drift-Diffusion Simulations with a Constant
Mobility

As discussed in [145], the current density in an asymmetric single-carrier device can
be described by a diffusion-dominated current below the built-in voltage and a drift-
dominated current above the built-in voltage. As illustrated in the energy band diagram
in Figure C.2(b), the built-in voltage in a hole-only device can be described as the po-
tential difference between the energetic barrier at the cathode ¢y, and the band-bending
parameter b. Band bending is present at the Ohmic contact, which is the result of
charges diffusing into the organic-semiconductor layer. The band-bending parameter b
typically has a value of approximately 0.3 V and can be calculated as described in [145].

Figure C.3(a) shows the experimental data and the simulated drift-diffusion current
for hole-only devices of different ICBA layer thicknesses. A constant mobility of 2 x 1073
em?V~1s71 is used for all layer thicknesses. The barrier at the injecting contact is set
to 0 V (Ohmic contact). The barrier at the extracting (PEDOT:PSS) contact ¢, (see
Figure C.2(b)), which shifts the simulated curves horizontally along the voltage axis, is
tuned to fit the exponential diffusion regime below V;;. The values obtained for ¢, are
0.72, 0.78, and 0.78 V for layer thicknesses of 75, 120 and 169 nm, respectively. The
variation in the barrier ¢, is small and the value is consistent with the difference be-
tween the ICBA HOMO (—5.9 V) and the work function of PEDOT:PSS (5.1-5.2 eV).
Since Vj; = ¢, — b, as shown schematically in Figure C.2(b), the value of the cathode
barrier ¢, is in agreement with the built-in voltage in Figure 5.1, considering a typical
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C.3 Drift-Diffusion Simulations with a Constant Mobility
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Figure C.3.: Current density-voltage characteristics of ICBA hole-only (a) and electron-
only (b) devices of different layer thicknesses. The symbols represent experimental data,
the lines are fits with drift-diffusion simulations using a constant mobility.

band-bending parameter b of approximately 0.3 V [145].

Figure C.3(b) shows the current density-voltage characteristics of [CBA electron-only
devices and corresponding fits with drift-diffusion simulations. A constant mobility of
2 x 1072 em?V~1s7! is used for both layer thicknesses. The deviation at higher voltage
is due to the field dependence of the mobility, not included in this simulation. The
simulations are performed without injection barrier and the barrier at the extracting
contact ¢, is 0.25 V, thus a built-in voltage is consequently absent. The small barrier
@p results in a slightly injection-limited current in reverse bias.
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D. Appendix: Chapter 6 Trap-free
Window

Full names of the organic polymer materials listed in the Table D.1 are as follows.
F8BT Poly(9,9-dioctylfluorene-alt-benzothiadiazole), PFO Poly(9,9-di-n-octylfluorenyl-
2,7-diyl), N2200 Poly[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5"-(2,2 -bithiophene), PF10TBT Poly[2,7-(9,9-didecylfluorene)-alt-5,5-
(4,7-di-2-thienyl-2,1,3-benzothiadiazole)], PSF-TAD Polyalkoxyspirobifluorene-N,N,
N’ N'-tetraaryldiamino biphenyl, MEH-PPV Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene], MDMO-PPV  Poly[2-methoxy-5-(3",7 -dimethyloctyloxy)-1,4-
phenylenevinylene], PCPDTBT Poly|[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,
4-b']dithiophene)-alt-4,7(2,1,3-benzothiadiazole)], PTPD Poly[N,N -bis(4-butylphenyl)-
N,N'-bis(phenyl)-benzidine], P3HT Poly(3-hexylthiophene-2,5-diyl). Full names of the
organic small molecules were mentioned earlier in the appendix A.
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Material IE (eV) | EA (eV) | my m,
FSBT 5.0207] | 3.3[50] | 3[50] | 4.2[50]
N2200 5.85[207] | 4.0(50] | 244] | 2[50]
PFO 5.8[208] - 2[164] -

PF10TBT | 5.4[200] | 3.4[50] | 2.3[0] | 4.1[50]

PSF-TAD | 5.30[210] - 21[63] | -

MEH-PPV | 53[211] | 2.8/50] | 2[63] -
MDMO-PPV | 52[212] | 2.8[50] | 2[47] | 6.5[50]
PCPDTBT | 5.1[213] | 3.6[50] | 2[50] | 3.0[50]
PTPD 5.28[214] - 2.2[63] | -
P3HT 18215 | 3[50] | 2[39] | 5[50]
C60 6.4 11[216] | 4.9 9 ¥
TPBi 6.3 2.8[102] 6.2 5*
PCBM | 6.1217] | 30[134 | 4% | 2[50)

4CzIPN 6.1 37[102] | 2.9 | 4.0*
CBP 6.0[103] - 2.8 T
ICBA 5.9 37218 2 | 2[146]
TCTA 5.7[103] - o[03] | -
a-NPD 5.4 2.3[05] 2 | 8.8[165]

Spiro-TAD | 5.3[103] ] o[103] | -
2T-NATA | 5[103] - 2(103] | -

PCDI-C7 6.3 4.3[219] - 2.2 *

B3PYPPM 7.2 3.4[220] - 3.4 %

TmPyPB 6.7 2.7[221] - 4.5 *

Table D.1.: Materials studied in the chapter 6 and as displayed in Figure D.1 in the
6. The ionization energies and electron affinities are listed with literature references,
together with the slope, m; and m, , inferred from the hole and electron current, re-
spectively. The slopes were determined either from J-V characteristics measured in this
work (* as shown in the following figures), or from J-V data published in the literature.
A hyphen indicates that the slope m was not determined.
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Figure D.1.: Chemical structures of the organic semiconductors whose slopes are plot-
ted in the Figure 6.1. Their slopes are listed in Table D.1.
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Figure D.2.: Current density-voltage characteristics of hole-only devices of (a) PCBM
asymmetric and (b) CBP of different layer thickness. Experimentl data are represented
by symbols and drift-diffusion simulations by lines. For PCBM, the simulations were
performed with a hole mobility of 1.0 x 1073 ecm?V~!s~! for the 75 nm device and
1.5x 1073 cm?V~1s7! for the 222 nm device, with Gaussian hole traps with trap densitiy
1.1x10% em =3, width 0=0.1 eV, and a trap depth 0.5 eV. At higher voltages, a transition
to a quadratic voltage dependence is observed, indicating operation in the trap filled
limit, which allows determination of the hole mobility. Due to the higher carrier density
in the thinner device, the trap-filled limit is reached at lower voltage and the effect of
trapping is considerably less severe as seen in both experiemts and simulations. For CBP
simulations, the hole mobility of 4 x 10™* cm?V~'s~!, Gaussian trap densities of 7 x 10'°
cm 2, width 0=0.1 eV, and a trap depth 0.5 eV were used for for both thickness. Due
to the low trap density, the traps are almost filled in the 200 nm device, leading to a
quadratic voltage dependence of the current. As indicated by grey dotted line, which is
the calculated SCLC current with a hole mobility of 4 x 10~* cm?V~!s~!. In the thicker
300 nm device the carrier density is lower, which leads to trap-filling behavior at low
voltages and an increased slope m of 2.8, as indicated by the grey dashed line. The low
trap density is in agreement with theoretical calculations that only a small fraction of
water clusters act as hole traps in CBP.

105



10* . 10° .
4CzIPN hole-only devices: (a ) s 4CzIPN hole-only devices: ( b)
10° E 73 nm 10°F 73 nm
< o 109 nm o 109 nm
€ 102L = 183nm o 183 nm
3 4 358 nm A 358 nm 1
>10' [ Fitm=29
‘@
& 10°
o
S 107
=
3102 A7
A
. . [y
10°% Trap-free simulation 73 nm . )
—— Simulation with traps T_rap-fre_e smulatlon 73 nmH
104 ) —— Simulation with traps
0.1 10 10

1 1
V-V, (V) V-V, (V)

Figure D.3.: Current density-voltage characteristics of 4CzIPN hole-only devices of
varying layer thickness, using a Cgo(4 nm)/MoOj injecting electrode and a PEDOT:PSS
extracting electrode. In (a) All solid lines represent a power law with the slope fixed
at m =2.9. Similar to the other materials wiht hgher trap density, trap-filled limit
was not observed over the complete investigated layer-thickness range, resulting in the
slope which is relatively be relatively insensitive to the layer thickness. In (b) EGDM
simulations were performed for the mobility of free charge carriers, using ¢ = 0.1 eV,
a = 1.4 nm, and a mobility po(295K) = 8 x 107° ¢cm?V~!s™!, based on the time-of-
flight value [222]. To fit the data, Gaussian traps with trap density of 1.6 x 10'® cm™3,
a distribution width of 0 = 0.1 eV and a depth of 0.13 eV, were used. For all layer
thicknesses, same fittig parameteres were used, For reference, the simulation excluding
traps is also plotted for the 73 nm device. The strong thickness dependence of the J-V
characteristics can only be described by including hole traps, confirming trap-limited
hole currents. However, unlike in PCBM or CBP trap-filled limit is not observed. So,
we can only use an estimated value for the mobility.
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Figure D.4.: Current density-voltage characteristics of a TPBi (a) hole-only device
(98nm), using a BST(3.5 nm)/MoOj injecting electrode and a PEDOT:PSS extracting
electrode. (b) electron-only device (115 nm), using a Ba(5 nm)/Al(100nm injecting
electrode and an Al extracting electrode. The built-in voltage was set to 0.6 V for hole-
only and 0.7 V for electron-only device. The solid line represents a power law with slope
m = 6.2. for hole-only and m = 5.0 for electron-only device respectively.
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Figure D.5.: Current density-voltage characteristics of electron-only device of (a) Cg
(230 nm) and (b) PTCDI-C7 (170 nm), using a TPBi(5 nm)/Ba(5 nm)/Al(100nm inject-
ing electrode and an Al/TPBi(4 nm) extracting electrode. For both Cgy and PTCDI-C7
the built-in voltage was set to 0 V. The solid line represents a power law with slope
m= 2.0 for Cgg and m = 2.2 for PTCDI-C7. In the case of PTCDI-C7, The deviation
at higher voltages can be explained by the field and density dependence of the mobility.
This is shown by the simulation, were we have used a field-dependent mobility for sim-
plicity.
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Figure D.6.: Current density-voltage characteristics of electron-only device of (a)
4CzIPN (101 nm), (b) B3PyPPM (120 nm) and (c¢) TmPyPB (200 nm), using a TPBi(5
nm)/Ba(5 nm)/Al(100nm injecting electrode and an Al/TPBi(4 nm) extracting elec-
trode. For all the built-in voltage was set to 0 V. The solid line represents a power law
with slope m= 4.0 for 4CzIPN, m = 3.4 for B3PyPPM and m = 4.5 for TmPyPB. In the
case of 4CzIPN, The deviation at higher voltages can be again explained by the field and
density dependence of the mobility, as shown by the simulations, which include 2 x 108
cm ™2 electron traps with a depth of 0.1 eV.
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Figure D.7.: The hole mobility in Spiro-TAD was determined using dark-injection
transients. The mobility obtained from the transit time at different voltages corresponds
to the mobility obtained from the DC current, which is reached immediately after the
transit time. This is an additional confirmation that the hole transport in Spiro-TAD
is trap free, as is also concluded from the thickness-dependent current density-voltage
characteristics and the agreement with the time-of-flight mobility [167]. If trapping were
present, the DC current would be substantially lower than the calculated space-charge-
limited current based on the transient mobility.
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Figure D.8.: Hole-only devices of Spiro-TAD, 4CzIPN and PCBM as a function of
time of exposure to air of the devices without top electrode. To investigate the effect
of water and oxygen on the amount of traps, the unfinished devices were exposed to air
in dark for varying periods of time. The exposure to air was performed without top
electrode, since the air exposure affects the electrodes. When exposing the completed
devices — including top electrode — to air, the top electrode degrades, which reduces the
current in the device, making the investigation of potentially formed traps impossible.
To eliminate degradation of the top electrode, the devices were exposed to air before
evaporating this electrode. However, this also implies that the air-exposed layers are
subsequently transferred to a high vacuum, which is required for deposition of the top
electrode, which might affect the potentially absorbed oxygen and water concentration
inside the layer. The results show that the trap-free current in Spiro-TAD is unaffected,
implying that no extra traps have formed upon air exposure.By contrast, in PCBM
having its ionization energy outside of the trap-free window, the air exposure did have
an effect on the measured current, indicating that a small number of additional traps
has been formed. A simulation is included in which the trap concentration is increased
to 1.5 x 10'6 cm™3, as compared to 1.1 x 106 cm ™3 obtained for the as-fabricated device,
keeping all other parameters the same. Prolonged air exposure did not further decrease
the current, which could indicate saturation of the absorbed water and consequently the
created hole traps. In contrast to PCBM, the trap-limited hole current in 4CzIPN is
unaffected by air exposure. This can be either due to the fact that no extra water has
been absorbed, or that the amount of extra traps formed is small compared to the large
number of hole traps already present in the as-fabricated device (1.6 x 10'® cm™2). If
the amount of additionally formed traps in 4CzIPN would be similar to the amount of
extra traps formed in PCBM upon air exposure, the current would remain unchanged
due to the percentually minor increase in trap density. Such unchanged current is in
agreement with the experimental observation. While these results are consistent with
the hypothesis that water forms hole traps in materials with an ionization energy beyond
6 eV, it is unclear how much water is absorbed upon and hence how many traps are
formed upon air exposure.
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Figure D.9.: Current density-voltage characteristics of PCBM and ICBA hole-only
devices as a function of annealing temperature. The annealing was performed in nitrogen
atmosphere before deposition of the top electrode. It is observed that at low annealing
temperatures the current improves, indicating the removal of hole traps. There is no
apparent difference between annealing temperatures of 80 °C, 100 °C, and 120 °C. The
simulation estimates a reduction of traps to a concentration of 0.5 x 106 cm=3. After
annealing at 150 °C, an additional increase of the current is observed, which is possibly
related to a change in morphology. By contrast, the reference ICBA device, which shows
trap-free hole transport in the as-fabricated state, is unaffected by annealing. Note that
small deviations or changes in leakage current may occur due to the fact that all curves
represent different devices, since annealing is performed before deposition of the top
electrode.
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E. Appendix: Chapter 7 Efficient
OLED
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Figure E.1.: Current density-voltage characteristics of CzDBA electron- (a) and hole-
only (b) devices for a varying thickness of the CzDBA layer. Symbols are experimental
data and solid lines are fits with a numerical drift-diffusion model. (a) For all layer
thicknesses, an electron mobility of 5 x 107° cm?V~!s~! was used in the simulations,
in combination with an electron-trap density of 1.4 x 10'® ¢cm™. (b) For all layer
thicknesses, a hole mobility of 3 x 107> ecm?V~1s™! was used, with a hole-trap density
of 1.7 x 10 cm=3. For all electron- and hole-only devices, the injection barrier was set
to 0 eV (Ohmic contact). The excellent agreement between simulation and experiment
demonstrates that the hole and electron contacts are truly Ohmic. The current at low
voltage has a stronger layer-thickness dependence than at high voltage, where the current
scales inversely with layer thickness to the third power (J oc L™2; SCLC). The stronger
thickness dependence is in agreement with trapping and cannot be explained with an
injection barrier, which should result in a smaller thickness dependence than a space-
charge-limited current (SCLC).
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Figure E.2.: (a) Normalized electron- and hole-density distribution simulated for an 80
nm CzDBA OLED at 2.4 V, corresponding to a luminance close to 1,000 cdm~2. Due
to the Ohmic electron and hole contacts, a high density of electrons and holes is present
at the cathode and anode, respectively. As a result, the hole density near the cathode
diminishes, since holes recombine bimolecularly with the excess of electrons. Similarly,
the electron density near the anode reduces due to the high density of holes. Therefore,
these Ohmic contacts cause an electron and hole blocking effect, without the need for
incorporating blocking layers, explaining the high efficiency of the OLED. (b) Angular
dependence of the light intensity emitted by the single-layer CzZDBA OLED (symbols).
The red line represents the calculated light-emission distribution for a Lambertian source,
in which the light intensity proportional to the cosine of the angle with respect to the
surface normal.
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Figure E.3.: (a) Current density-voltage and luminance-voltage characteristics of
a CzDBA OLED with a 20 nm CBP (4,4'-bis(N-carbazolyl)-1,1"-biphenyl) electron-
blocking /hole-transport layer inserted between the MoO3/Cgy anode and the CzDBA
emitter. (b) Corresponding EQE as a function of luminance. The maximum EQE is
about ~ 18% and maximum power efficiency is about 83 ImW~1. It is observed that the
performance is not significantly altered with respect to the single-layer OLED without
electron-blocking layer, showing that excitons and electrons do not reach the Cgy inter-
layer where the charges and excitons would be quenched. This confirms that the Ohmic
hole contact obviates the need for a conventional blocking layer, as would be expected
from the simulations in Figure E.2 (a).
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Figure E.4.: (a) Current density-voltage and luminance-voltage characteristics of a
CzDBA single-layer OLED with a conventional LiF (1 nm) electron-injection layer in-
stead of a TPBi interlayer. (b) Corresponding EQE and power efficiency as a function of
luminance. The EQE is reduced substantially due to the non-Ohmic electron injection
of the LiF /Al electrode into CzDBA, remaining below 0.4%.

114



T T T 104 T T T T T T T T T T

1.0 (a) — Before Stressing| 5
- I — After Stressing - 10
: N
< 0.8 1 £
0.6 z
06+ 1=
L é 10°
(]
'E 04r- 1 € 10
= | o
- | | 5 10%gs, A Hole-only device 4CzIPN 1
L 0.2 O 3 ﬁn o Electron-only device 4CzIPN
0 0' 107 ks SCLC 1x10° cm?V s E
- 10-4 1 1 1 1 1
400 500 600 700 S R
Wavelength (nm) Voltage (V)

Figure E.5.: (a) Electroluminescence spectrum of a CzDBA single-layer OLED before
and after stressing at 5000 cdm ™2 for 470 hours (beyond LT5). No apparent changes were
observed. (b) Current density-voltage characteristics of 4CzIPN electron- and hole-only
devices with a 4CzIPN layer thickness of 75 nm. For reference, a space-charge-limited
current (SCLC) for a constant field independent mobility of 1x 107> cm?V s~ is plotted
as a solid line. The charge transport is rather unbalanced, with hole transport being up
to two orders of magnitude higher at low and moderate voltages. As an indication for
the magnitude of charge transport, the hole mobility approximately approaches 1 x 1075
ecm?V~1s7! at high fields. As a result, charge transport in neat layers of 4CzIPN is
unbalanced and inferior to charge transport in CzDBA.
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Figure E.6.: (a) Current density-voltage and luminance-voltage characteristics of a
4CzIPN single-layer OLED in a ITO/PEDOT:PSS/MoO3(6 nm)/Cgo(3 nm)/4CzIPN(80
nm)/TPBi(4 nm)/Al(100 nm) structure. The inset shows the electroluminescence (EL)
spectrum. (b) Corresponding EQE and power efficiency as a function of luminance. The
maximum EQE is 8.8% and the maximum power efficiency reaches 41 ImW 1. These are
reasonably good values considering the unbalanced electron and hole transport (Figure
E.5)(b) and the low photoluminescence quantum yield of 35% [223]. The decent EQE
and power efficiency are a result of the used Ohmic contacts. In addition, low driving
voltages are observed, with a turn-on voltage at 1 cdm™2 of 2.21 V, reaching 100 cdm 2
at 2.67 V, and 1,000 cdm~2 at 3.52 V, showing that decent performance can be obtained
in spite of the suboptimal charge-transport and emitter properties.
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