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Chapter 1
Introduction

This first chapter provides an introduction to the basic principles of optoelectro-
nics, which will be useful for the design and operational understanding of the opto-
electronic device and material combinations presented in this book. It starts with a
description of the general properties of organic semiconductors. We focus on the
principle of conjugation and briefly discuss transport in disordered organic semi-
conductors. Attention is also given to the different radiative and nonradiative tran-
sitions possible in organic compounds. Organic light-emitting diodes and organic
light-emitting transistors are the subject of the second section. The working princi-
ple of both devices is discussed and contrasted. Section 1.3 then focuses on another
optoelectronic device, the organic semiconductor laser. First, general aspects of laser
activity and the motivation for plastic lasers are considered. Next, lasing in organic
semiconductors and the difficulties in achieving electrical pumping are discussed.
As a conclusion to this introduction, Sect. 1.4 gives an outline of the subsequent
chapters of this book.

1.1 Organic Semiconductors

In general, organic materials are compounds with a sequence of carbon atoms as
backbone. Originally these carbon-based materials were considered as being insu-
lating. In the 1950s, photoconductivity was reported for the first time in organic
crystals such as anthracene and naphthalene [1-3]. The main breakthrough for or-
ganic electronics, however, took place in 1977 when Shirakawa, MacDiarmid and
Heeger demonstrated that the conductivity of conjugated polymers could be varied
over the full range from insulator to metal by chemical doping [4]. Since then, re-
markable progress has been made in synthesizing conjugated polymers and organic
small molecules, in understanding their properties, and in developing them for use
in electronic and optical devices.

S. Schols, Device Architecture and Materials for Organic Light-Emitting Devices, 1
DOI 10.1007/978-94-007-1608-7_1, © Springer Science+Business Media B.V. 2011
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2 1 Introduction

1.1.1 Semiconducting Properties of Organic Materials

The semiconducting characteristics of several organic materials are the result of the
properties of the atomic carbon atom. The electronic configuration of the ground
state of a carbon atom is 1s22s22p?. In this configuration only the two unpaired p
electrons in the outer electronic shell are able to form a bond with another atom,
leading to e.g. the formation of methylene (CH;). Mostly, however, the bonding
is described by hybridization. Hybridization of the different atomic orbitals leads
to more stable molecules and makes it possible to obtain a new set of hybrid or-
bitals, having an orientation in space matching the actual geometry of the compound
much better [5]. Different hybridizations are possible: sp®, sp? and sp hybridization
(Fig. 1.1).

For organic semiconducting materials, the sp> hybridization is the most impor-
tant one. In this case, the 2s orbital and two of the three 2p orbitals will combine to
form three sp> hybrid orbitals. These three sp? hybrid orbitals are coplanar, having
an angle of 120° between them (Fig. 1.1(b)), and will form three covalent o -bonds
with neighboring atoms, which are strongly localized in molecular o -orbitals. The
remaining 2p orbital, which is not used during hybridization, is positioned perpen-
dicular to this plane. If two unhybridized 2p orbitals of neighboring atoms overlap,
an additional r-bond is formed via m -orbitals. The overlap region and thus the elec-
tron density of this m-bond is located above and below the plane of the o-bonds.
The combination of a sp>-sp> o-bond and a 2p-2p 7-bond between two neighbor-
ing carbon atoms is referred to as a double bond (C=C). If the number of sp> hy-
bridized carbon atoms is increased, a conjugated system with alternating single and
double bonds is formed. The simplest example of such a system is polyacetylene. In
conjugated systems, the m-orbitals ideally extend over the complete molecule (the
w-molecular orbital) and a delocalized electron cloud is created. The delocalized
electrons are shared by all atoms of the conjugated molecule and can move freely
over the entire molecule.

OCD

(a) sp® hybridization (b) sp? hybridization (c) sp hybridization

Fig. 1.1 Different hybridizations for the carbon atom. Sp? hybridization has a tetrahedral oriented
structure, sp® hybridization forms a trigonal-planar geometry and the two sp hybrid orbitals are
oriented along the same axis
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Fig. 1.2 Schematical N .
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In general, overlap and (linear) combination of orbitals give rise to the forma-
tion of new, more extended orbitals. This process is denoted by the term ‘splitting’.
The energy of these new orbitals with respect to each other and the original orbitals
depends on the energy and overlap of the original orbitals: the stronger the over-
lap, the larger the splitting. In Fig. 1.2 we combine the 2p orbitals of two carbon
atoms to a bonding molecular 7 -orbital and an anti-bonding molecular 7 *-orbital.
As can be seen from Fig. 1.2 the bonding molecular -orbital and the anti-bonding
molecular *-orbital are, respectively, lower and higher in energy than the origi-
nal atomic orbitals. Every 2p orbital has only one electron and therefore, according
to the Pauli principle, only the bonding molecular m-orbital will be occupied in
the ground state. The anti-bonding 7 *-orbital is unoccupied. When more atoms are
added, more bonding and anti-bonding orbitals with different energies are created.
Clearly, if the number of carbon atoms goes to infinity, the 7 and 7 * energy levels
will form quasi-continuous bands. The highest molecular orbital that still contains
electrons at 0 K is called the highest occupied molecular orbital (HOMO). The low-
est molecular orbital that has no electrons at 0 K is referred to as the lowest unoc-
cupied molecular orbital (LUMO). Typically, the HOMO and LUMO are separated
by an energy gap, which induces semiconducting properties in these materials. The
larger the molecule, the broader the energy bands and thus the smaller the band gap
will be. In general, the energy gap in organic semiconducting materials is relatively
large (2 to 5 eV) compared to inorganic semiconductors (1.1 eV for silicon and
1.4 eV for GaAs [6]).

Usually, in organic electronics thin solid films are studied rather than single or-
ganic molecules. Similar to the molecular level, molecular orbitals of neighboring
conjugated molecules will interact and overlap. According to molecular orbital the-
ory these molecular orbitals will split again and form intermolecular orbitals. The
intermolecular overlap, however, is typically much smaller than the intramolecular
overlap because of the larger distances and weaker interactions between molecules
than those between atoms. Therefore, splitting and intermolecular delocalization are
significantly smaller and electrons will have much less tendency to be delocalized
over the complete film. As a consequence, charge transport is not limited by the
transport within one molecule, but rather by the transport from one molecule to
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another. This clearly indicates that in order to obtain efficient charge transport the
intermolecular overlap has to be optimized.

So far, the energy states were assumed to be located in a neutral crystal without
excess charge. However, when an excess charge is placed on a molecule, an electric
field is created, polarizing the environment in order to stabilize the excess charge.
As a consequence, the molecule and its nearest neighbor environment relax their
structure to obtain a new equilibrium. Different polarization effects can take place
at different time scales: electronic polarization, molecular polarization and lattice
polarization [7]. These polarization effects significantly lower the energy gap [7]
and strongly influence charge transport. The charge together with its accompanying
polarization forms a quasi-particle that is referred to as a polaron. Generally, hop-
ping transport is seen for organic materials, where polarons jump from one molecule
to the next [8]. The structural relaxation during polaron formation also results in the
creation of two new energy levels within the band gap, allowing new electronic
transitions (e.g. polaron absorption).

1.1.2 Charge Transport in Organic Materials

Similar to inorganic semiconductors, charge transport in organic materials occurs
via drift and diffusion. The exact transport mechanism, however, is much more
complicated due to the more complex, molecular nature of organic materials. As
mentioned before, charge transport through the material is impeded due to polariza-
tion effects and due to the larger intermolecular distances and smaller intermolec-
ular orbital overlap compared to inorganic semiconductors. Several theories have
been proposed to describe charge transport in organic semiconducting materials,
however, none of them can explain all experimental observations. Probably, several
mechanisms occur at the same time and depending on the specific conditions charge
transport is dominated by one of these mechanisms. In this section a very brief
overview of the models that are often used to explain charge transport in organic
semiconductors is given. For a more complete overview of relevant charge transport
theories we refer to literature [7, 9, 10].

Band Transport Model

In the band model intermolecular interactions lead to the formation of energy bands
in which electrons and holes can be transported freely. Band transport thus occurs
in delocalized states and is limited by scattering of lattice vibrations. Since these
lattice vibrations are reduced at low temperatures, the band transport model suggests
that the charge carrier mobility increases with decreasing temperature. Typically,
band transport is observed in inorganic semiconductors, which are highly ordered
with strong coupling between the atoms. Most organic semiconductors, however, are
characterized by a high degree of disorder and the weak electronic coupling (Van
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der Waals and dipole-dipole interactions) between different molecules can easily be
broken, causing localized instead of delocalized states. Consequently, band transport
is generally not the transport mechanism in organic semiconductors. Only for highly
ordered molecular crystals such as naphtalene [11], anthracene [12], rubrene [13]
and pentacene [14], this behavior, indicated by an increase of the mobility at lower
temperatures, has been observed.

Multiple Trapping and Release Model

The multiple trapping and release model (MTR) is originally developed to describe
charge transport in hydrogenated amorphous silicon [15], but it is sometimes used
to explain transport in disordered organic materials [16]. The model assumes that
charge transport occurs through delocalized, extended states. Transport is, however,
impeded by impurities, defects, grain boundaries, etc., which create a distribution
of traps near the transport band. During charge transport charge carriers can be
trapped. These trapped carriers can then, after a certain time, be thermally released
to reach the transport band, where they can be trapped again. The time the carriers
are trapped depends strongly on the temperature and on the depth of the trap. The
higher the temperature and the shallower the trap, the faster the carriers are released.
The MTR model predicts an Arrhenius-like temperature dependence of the mobil-
ity [15]. In organic semiconductor films the distribution of energy levels below the
nominal LUMO or HOMO is to a large extent due to disorder. The MTR model has
been used quite successfully to describe transport in these films [16, 17], despite the
fact that the—more complex—hopping model, described below, is physically more
relevant.

Hopping Transport Model

Because of the weak intermolecular coupling in disordered organic semiconduc-
tors, the states for charge carriers in these material systems are considered as loca-
lized instead of delocalized. Charge carrier transport is then typically described by
hopping [18, 19], i.e., thermally activated tunneling of carriers between localized
states. In the hopping transport model, the mobility of the charge carriers depends
on their energy within the density of states distribution and increases if the density
of neighboring states (in space) is large, and/or if there are states available at lower
energy [7]. As mentioned before, charge transport in organic disordered semicon-
ductors is mainly influenced by polarization effects. Polarization acts as a potential
well, impeding the movements of the charge. Hopping can then be seen as polarons
jumping from one site to the next. At elevated temperatures, thermal energy is suf-
ficient to overcome small energy barriers. At low temperature, however, transport
only takes place via tunneling. In general, charge transport in disordered organic
semiconductors is described as a series of carrier hops from one site to the next,
followed by polaronic relaxation.
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1.1.3 Optical Transitions in Organic Materials

A molecular system typically consists of various energy levels. These energy levels
are mainly electronic, but also vibrational, rotational and translational levels exist.
Upon optical excitation of a molecule in the UV/VIS spectral range an electron can
be promoted from the HOMO to the LUMO or to a higher located empty orbital.
Similar to the presence of excess charges, an electric field is created and the sur-
rounding molecules are polarized. The quasi-particle of an excited molecule that is
formed in this way is an excitonic polaron, but more often the term ‘exciton’ is used.

The different energy levels of a molecule and the transitions between them can
be described by a Jablonski diagram [20], as shown in Fig. 1.3. In this diagram the
states are arranged vertically by energy and grouped horizontally by spin multiplic-
ity. A distinction is made between singlet excitons and triplet excitons. A singlet
exciton is characterized by the presence of two unpaired electrons with opposite
spin (total spin-momentum is equal to 0), whereas a triplet exciton comprises two
unpaired electrons with equal spin (total spin-momentum equals 1). Because of the
repulsive nature of the spin-spin interactions between electrons of the same spin, a
triplet state has a lower energy than the corresponding singlet state. In the diagram
the singlet and triplet states are arranged and numbered in order of increasing energy
(S; and T;). Sp represents the ground state, which is intrinsically a singlet state in al-
most all organic compounds. Each electronic level possesses a vibrational manifold
with typical sublevel spacing on the order of ~0.1 eV. Each vibronic sublevel corre-
sponds for his part to a manifold of rotational and translational levels with ~0.01 eV
internal spacing. In general, radiative transitions are indicated by straight arrows and
nonradiative transitions by squiggly arrows. The vibrational ground states of each
electronic state are indicated with thick lines, the higher vibrational states with thin-
ner lines.

Absorption of a photon can promote an electron from the ground state to an
excited state. Such an excited state can release its excess energy via different mech-
anisms. A first way is by the emission of a photon, which is called fluorescence or
phosphorescence depending on the multiplicity of the excited state. Fluorescence
is a rapid radiative process in which the spin multiplicities of the initial and the fi-
nal states are the same. Phosphorescence, on the other hand, involves the transition
from the T, excited state to the Sp ground state, requiring spin-orbit coupling to
conserve total momentum. Because this transition is spin-forbidden, its intensity is
orders of magnitude smaller than the intensity of fluorescence from singlet excited
states. For the same reason the lifetime of the triplet state is very long, up to ms
or even sec, compared to ns for fluorescence [20]. During this long lifetime of the
triplet state, the exciton is liable to diffusion towards trap states or to bimolecular
reactions with other excitations such as triplet excitons, singlet excitons or charge
carriers. These competing processes often prevent the observation of phosphores-
cence, especially at room temperature. Apart from radiative transitions, the excited
state can also release its excess energy via nonradiative processes. Relaxation of the
excited state to its lowest vibrational level is called vibronic relaxation (VR). This
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process involves the dissipation of energy from the molecule to its surrounding en-
vironment and is very fast (<107!2 s) [21]. VR is enhanced by physical contact of
an excited molecule with other particles with which energy, in the form of vibrations
and rotations, can be transferred through collisions. A second type of nonradiative
transitions is internal conversion (IC), which occurs when a vibrational state of an
electronically excited state couples to an isoenergetic vibrational state of a lower
electronic state with the same spin multiplicity. IC between higher excited states
Sy — S, and T,, — T,;,) occurs on the sub ps-timescale [22]. On the other hand,
IC from the first excited singlet state S1 is much slower, making fluorescence possi-
ble. A third type is intersystem crossing (ISC); this is a radiationless transition to a
state with a different spin multiplicity. In molecules with large spin-orbit coupling,
intersystem crossing is much more important than in molecules that exhibit only
small spin-orbit coupling. Usually the triplet state is populated via ISC from the
optically excited singlet state.

A very important approximation to describe the physics of an excited molecule is
the Born-Oppenheimer approximation. This approximation states that the motion of
the electrons can be decoupled from the motion of the nuclei because electrons have
less mass and therefore respond approximately instantaneously to the movement
of the nuclei. The Born-Oppenheimer approximation makes it possible to compute
the wavefunction W,,,.cuie Of a molecule in two consecutive steps; it allows the
wavefunction to be broken into its electronic Wojecrronic and nuclear (vibrational,
rotational) W, ceqr cCOMponents:

Winotecule = Yelectronic X Wnuclear - (11)

In other words, the energy levels of a molecule may be determined by calculating
the electron energies for a fixed nuclear position. By repeating this calculation for
different nuclear arrangements, the equilibrium structure of the molecule can be de-
termined and the molecular potential energy curve as function of the configurational
coordinates can be constructed (Fig. 1.4). In such a diagram an optical transition is
represented by a vertical line according to the Franck-Condon principle [20]. This
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principle, which is the analog of the Born-Oppenheimer approximation for optical
transitions, states that electronic transitions are essentially instantaneous compared
with the time scale of nuclear motions. Therefore if the molecule has to move to
a new vibrational level during the electronic transition, this new vibrational level
must be instantaneously compatible with the nuclear position and momentum of
the vibrational level of the molecule in the originating electronic state. After elec-
tronic transition the molecule will relax and obtain its equilibrium configuration.
Figure 1.4 represents the potential energy curves for the ground state S and the ex-
cited state S of a diatomic molecule. Upon absorption of a photon of the necessary
energy, an electronic transition from the v = 0 vibrational level of the ground state
to the excited state occurs, indicated by a vertical line connecting the two potential
energy surfaces. In the figure the situation where excitation leads to a geometrical
change is illustrated. This geometrical change is indicated by a shift in nuclear co-
ordinates between the Sg and the S; state (Ar). According to the Franck-Condon
principle, the probability that the molecule can end up in any particular vibrational
level is proportional to the square of the (vertical) overlap of the vibrational wave-
functions of the original and final state. For this particular example, this means that
the (0 — 2) vibrational transition will be the strongest. After electronic transition
the molecule quickly relaxes to the lowest vibrational level, and from there it can
decay to the Sy state via photon emission. The Franck-Condon principle is applied
equally to absorption and to fluorescence. As a consequence, the emission spectrum
is red-shifted with respect to the absorption spectrum. This red-shift is known as the
Stokes shift and varies form 0.1 eV to 1 eV in most organic compounds [21].
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1.2 State of the Art Organic Light-Emitting Devices

Since the first report of electroluminescence (EL) in organic thin films [23], organic
light-emitting devices have gained significant attention. In the last decade remark-
able progress has been achieved in the development of organic light-emitting diodes
using polymers as well as small molecule semiconductors [24]. Today, they are con-
sidered to be one of most promising technologies for display and lighting applica-
tions. Another class of organic light-emitting devices that is increasingly attracting
interest is the organic light-emitting transistor. The main aspects of both device ar-
chitectures will be discussed in this section.

1.2.1 Organic Light-Emitting Diodes

Although the first EL from organic materials was reported in 1953 [25, 26], it was
only in 1987 that the first efficient organic light-emitting diode (OLED) compri-
sing a bilayer heterojunction structure was demonstrated [23]. For the first time a
reasonable brightness was achieved from an organic light-emitting device when a
voltage below 10 V was applied. Shortly afterwards, in 1990, green-yellow EL was
obtained from the conjugated polymer PPV! in a single layer device structure [27].
Since then, there has been an increasing research activity in the field of organic
electroluminescent devices. Considerable effort has been put into the design of new
materials and the improvement of color purity, luminescence efficiency and device
stability [24, 28]. Today, one has succeeded in solving most critical issues and the
first OLED applications are already commercially available. In the future, OLEDs
may play an important role in flat panel displays and ambient lighting [29].

OLED:s are typically fabricated by sandwiching one or more appropriate organic
layers between two conductive electrodes, a concept invented by S.A. VanSlyke and
C.W. Tang [30]. To allow the emitted light to emerge from the device, one of the
electrodes is made transparent. The conductive oxide indium tin oxide (ITO) is com-
monly used for this purpose. When a positive bias is applied to the ITO, electrons
and holes are injected into the device and under influence of the applied electrical
field these carriers travel through the organic layer or organic layers. It is shown that
the current in OLEDs is typically space charge limited [9, 31], i.e., limited by the
bulk of the semiconductor. In other words, the measured current is a drift current,
determined by the mobility of the charge carriers. Charge transport occurs in the
vertical direction, perpendicular to the stack of the organic layers, and the carrier
mobility in the organic semiconductor element of OLEDs is typically low [31, 32].
When a pair of oppositely charged carriers meet, excitons are formed and radiative
relaxation of these excitons results in light-emission. A schematic representation of
the working principle of an OLED is illustrated in Fig. 1.5.

IPoly(phenylene vinylene).
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The simple structure, shown in Fig. 1.5 can be modified to a three-layer ar-
chitecture, in which an additional luminescent layer is introduced between the
hole-transporting layer (HTL) and the electron-transporting layer (ETL). The light-
emitting layer can then be chosen to have a high luminescence efficiency, whereas
the ETL and the HTL can be optimized for efficient charge transport. Such hetero-
junction concepts have been widely used in high-performance OLEDs [33, 34].

The external EL quantum efficiency 7.y, in OLEDs is limited by the charge bal-
ance y, the out-coupling efficiency ncoupiing» the photoluminescent efficiency of the
material ¢ pr and the singlet/triplet ratio of excitons r,; formed by electrical injec-
tion [35]:

Next = YIst®PL Ncoupling = NintNcoupling - (1.2)

On average one singlet and three triplets are created for each four electron-hole
pairs injected in the active organic semiconductor layer of an OLED [36]. How-
ever, as discussed in Sect. 1.1.3 only singlet excitons can decay efficiently and emit
light. The radiative relaxation of triplets is a forbidden relaxation process and there-
fore triplet excitons normally do not contribute to the luminescence of OLEDs. This
limits the maximum internal quantum efficiency 7;,; to only 25% when fluorescent
light-emitting molecules are used. Taking into account an out-coupling efficiency of
~20%, this means that the maximum 7,; of a fluorescent OLED is limited to ~5%.
Nint, hOwever, can be increased by incorporating heavy atom organometallic com-
pounds as guest dopants in the light-emitting layer. This increases spin-orbit cou-
pling, and thus enhances the spin-flip process necessary for radiative decay of triplet
excitations. The incorporation of platinum and iridium-containing organometallic
compounds in different hosts to harvest light-emission from triplet states in OLEDs
was successfully demonstrated by Baldo ef al. in 1998 [37]. Devices based on these
phosphorescent dyes represent the best performing OLEDs to date, with 1;,; ap-
proaching 100% [34] and 5.,; between 20% and 30% [38, 39].

The quantum efficiency of OLEDs is further limited by the photoluminescent ef-
ficiency ¢ py of the organic light-emitting material (Eq. 1.2). The photoluminescent
efficiency of a molecule under optical excitation is defined as the number of emitted
photons per absorbed photon and is usually measured by placing the sample in an
integrating sphere. Considerable effort has gone into increasing ¢ p; by optimizing
the chemical design of the emissive material [40] and by incorporation of the light-
emitting dye in a host matrix [41]. The third limiting factor indicated by Eq. 1.2,
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the charge carrier balance y, can be improved by reducing the injection barriers at
the electrode/organic interface [42] and by matching the mobility of the holes and
electrons [35], whereas roughening the substrate [43] and the use of low refractive
index substrates and transparent contacts [44] may increase n¢oupiing Of OLEDs.

1.2.2 Organic Light-Emitting Transistors

Complementary to the traditional vertical light-emitting diodes, light-emitting
organic field-effect transistors (LEOFETs) have been proposed as lateral light-
emitting devices. Because they combine the optical output of an OLED and the gate
control of an organic field-effect transistor in one single device, they may become
interesting structures in the field of organic displays. Displays based on LEOFETs
may eliminate the difficult integration of an organic light-emitting structure and the
organic driving backplane. In addition, LEOFETSs can be used to study the opto-
electronic performance of organic semiconductors. In contrast to OLEDs, where
charge transport occurs perpendicularly to the organic layers, charge transport in
LEOFETS occurs in the plane and the carriers are transported by field-effect [45]. In
field-effect transistors the current flowing between the source and the drain is mod-
ulated by applying a bias to a third contact, the gate electrode. In this way, charge
carriers can be accumulated or depleted in the semiconductor close to the semi-
conductor/insulator interface. The gate field thus provides an additional control for
the amount of charges in the organic semiconductor. In addition, the accumulated
charges can flood deep traps, so that the effective mobility of the remaining carriers
is larger. Typically, field-effect mobility is several orders of magnitude higher than
the charge carrier mobility in a conventional OLED [46].

Although the basic concept of a LEOFET dates from 1996 [47], the develop-
ment of LEOFETs is still in a relatively embryonic stage. The working principle
of a LEOFET is based on simultaneous injection of electrons and holes in a double
layer or an ambipolar layer by adjusting the gate-source voltage and the drain-source
voltage. When the biasing conditions are so that the potential at some point in the
channel equals the gate potential, the accumulated charge at that point is zero and,
consequently, the electron and hole accumulation layers vanish there. Exciton for-
mation occurs near to that point and radiative relaxation of these excitons to the
ground state leads to light emission. This working principle is schematically illus-
trated in Fig. 1.6.

The first LEOFET was demonstrated by Hepp et al. [48] and was based on vac-
uum evaporated tetracene as the organic semiconductor. Because of a large energy
barrier between the electron-injecting electrode and the LUMO of tetracene, only
few electrons could be injected in the organic semiconductor. In addition, electron
transport is negligible in tetracene [49], resulting in exciton formation and recombi-
nation in the immediate neighborhood of the electrode. Since 2003, many other re-
sults on tetracene based LEOFETSs have been reported [S0-52]. Similar LEOFETS,
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based on one unipolar organic semiconductor, have been realized by using poly-
mers [53-56] as well as doped small molecules [57] as the organic semiconduc-
tor. Electroluminescence in all of these unipolar LEOFETSs occurs very close to
the electron-injecting metal electrode, which is one of the main drawbacks of this
approach. As an alternative strategy to enhance device performance, i.e. reducing
exciton quenching and light absorption at the metallic electrodes, ambipolar LE-
OFETs were proposed. Ambipolar LEOFETs in which the active layer is formed
by a heterostructure of a p-type and an n-type organic semiconductor, either by
co-evaporation [58, 59] or by subsequent evaporation of both semiconductors [60—
62], were reported by different groups. Very recently, Namdas et al. demonstrated
a solution processed bilayer LEOFET [63]. Due to the presence of an n-type and
p-type organic semiconductor, electron transport occurs in a more favorable way,
compared to p-type-only LEOFETSs. Therefore, light-emission does not necessarily
happen near the metal electrode in these devices. Another LEOFET architecture,
which is also based on a heterostructure of a p-type material and en n-type mate-
rial, is proposed by De Vusser et al. [64]. This LEOFET makes it possible to fix
the location and the dimensions of the pn-junction with photolithographical res-
olution. In this way light-emission can be obtained inside the transistor channel,
far away from the metallic electrodes. LEOFETSs based on a single polymeric [65—
69] or small molecule [70] ambipolar semiconductor were also reported. Zaumseil
et al. demonstrated that the light-emission zone could be spatially controlled by
varying the bias condition in such an ambipolar LEOFET [65]. Depending on the
biasing conditions, the recombination zone can be moved inside the transistor chan-
nel. A near-infrared ambipolar LEOFET [71] and analytic device models for the
device operation [72] and the recombination profile [73] of ambipolar LEOFETs
have been proposed by Smits et al. More recently, light-emitting transistors based
on tetracene [74], rubrene [75] and BSP-Me? [76] single crystal have been reported.
For a detailed overview on recent progress in the field of LEOFETSs, we refer to
several review papers that can be found in literature [49, 77, 78].

21,4-Bis(4-methylstyryl)benzene.
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1.3 Organic Semiconductor Lasers

Apart from OLEDs and LEOFETs, other optoelectronic devices have also been
demonstrated in literature [79—83]. Recently, organic semiconducting materials
were highlighted as a new class of solid-state laser materials [84—86]. In this sec-
tion, lasing in organic semiconductors is discussed and the challenges for achieving
electrically pumped lasing are put forward.

1.3.1 General Aspects of Laser Action

The first laser was demonstrated on 16 May 1960 by Theodore Maiman at Hughes
Research Laboratories, by shining a high-power flash lamp on a ruby rod with silver-
coated surfaces [87]. Since then, lasers have become an important instrument, not
only in physical research but in almost each field of everyday life. Optical storage
devices such as compact disc and DVD players are by far the largest single ap-
plication of lasers, but also bar code readers, laser printers and laser pointers are
well-known examples of products where laser emission is used. Other common ap-
plication fields for lasers are fiber-optic communication and medicine.

The term LASER is an acronym for ‘Light amplification by stimulated emission
of radiation’ [88] and suggests that a laser is a device emitting light through the pro-
cess of stimulated emission. However, this is also true for related phenomena such
as amplified spontaneous emission (ASE) or superfluorescence (SF) (Sect. 1.3.3).
Therefore, seen from a laser technological point of view, a definition of the term
lasing derived directly from the acronym seems insufficient. More accurately we
could regard lasers as light sources that produce intense coherent light, generated
by stimulated emission, and having a positive feedback mechanism [89]. Coherent
light emission is the most widely known property of a laser, but since measuring
first- and second order coherence of light to determine the laser threshold is im-
practical, alternative methods are necessary to decide whenever lasing is achieved.
Generally, the following characteristics are associated with the presence of laser
emission [84, 90, 91]:

e aclear indication of a threshold in the output energy as a function of the input (or
pump) energy, with a high lasing efficiency above threshold

a strong output beam polarization

spatial coherence of the output beam

significant spectral line narrowing (coherence in time)

the existence of laser cavity resonances, or modes

As the acronym LASER suggests, the basic element for laser action is stimulated
emission, a process first proposed by Einstein based on thermodynamic consider-
ations. In this process the excited state is stimulated by the interaction of another
photon of the same energy to relax radiatively. The crucial point about stimulated
emission is the fact that the stimulated photons have the same wavelength, direction



14 1 Introduction

Fig. 1.7 Schematic —_—_— 3 —
representation of the energy ') ;
levels diagrams of (a) a
generic four-level laser
material, and (b) the lowest
two singlet states in an
organic semiconductor. The
transitions (/) and (3) @) 1)
indicate, respectively, optical
absorption and emission, (3)
whereas transitions (2) and
(4) are thermal relaxations

(4)

(a) (b)

and phase as the incident ones, leading to the distinctive coherence properties of
laser light. In order to achieve a significant contribution from stimulated emission,
the Boltzmann equilibrium has to be disturbed in such a way that the population of
the upper laser transition state exceeds the one of the lower state. This situation is
known as population inversion and can be obtained in a system with more than two
energy levels. In a three-level system for example, the upper laser transition state
is pumped indirectly via internal conversion from a higher energy state. If the tran-
sition rate from this higher energy state to the upper laser transition state exceeds
the one between the upper laser transition state and the ground state, the population
can be inverted and exploited to give optical amplification by stimulated emission.
A more efficient system, however, is a four-level laser system (Fig. 1.7(a)), which
allows a further depopulation of the lower laser state by a fast relaxation to the
ground state. This results in a higher population inversion and therefore in a more
efficient stimulated amplification. The most well-known example of such a system
is the He-Ne laser, but also the energy scheme of many luminescent organic ma-
terials corresponds to a four-level laser system [92]. The energy levels of a typical
organic semiconductor are shown in Fig. 1.7(b). The figure shows the first excited
singlet state S| and the ground state S, both split into a multitude of vibronic states.
Photo-pumping from the ground state into the higher located sublevels of the excited
singlet state S is succeeded by a very fast non-radiative relaxation to the lowest S1-
level via vibronic relaxation. Subsequently, stimulated emission is possible from this
lowest St-level to the vibrational states of the ground state, which are then quickly
depleted via ground state relaxation.

Generally, a laser device consists of two main parts: an optical amplifier or gain
medium and an optical resonator that provides the necessary optical feedback. Both
parts can be recognized in Fig. 1.8, which gives a schematic representation of the
most common configuration of a Fabry-Perot laser. The gain medium serves as the
active material and has the properties to allow light amplification by stimulated
emission. It can be of any state: gas, liquid, solid or plasma and is energetically
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pumped by either optical excitation (optically pumped laser) using another laser or
a flash lamp or by electrical excitation (electrical pumping). Upon excitation light is
generated and photons passing through the gain medium stimulate the emission of
more photons, thereby gaining in intensity when population inversion is achieved.
The resonator structure then reflects the light backward and forward through the gain
medium, realizing an optical oscillation. If the gain (amplification) in the medium is
stronger than the resonator losses, stimulated emission can be maintained and a very
intense light field is built up. The minimum pump power needed to begin laser action
is called the lasing threshold. By virtue of the feedback structure building up laser
oscillation is restricted to only resonant modes. Indeed, only photons aligned with
the cavity manage to pass more than once through the gain medium and obtain sig-
nificant amplification. The optical resonator in its most simple form consists of two
end mirrors (Fig. 1.8), of which one is only partially reflective, allowing outcoupling
of the output laser beam; however there are many alternative feedback designs which
can be employed, such as distributed feedback (DFB) structures, micro-cavities, etc.
(Sect. 1.3.3).

1.3.2 Motivation for Plastic Lasers

In the last decade, remarkable progress has been made in synthesizing organic semi-
conductors and in understanding their properties. Currently, organic materials have
been incorporated in a number of devices, such as organic light-emitting diodes
(OLEDs) [23, 27], organic photovoltaic cells [82] and organic field-effect transis-
tors [93-95]. Notably absent from this list of electronic and optical devices, is the
organic diode laser. Organic semiconductor lasers, however, possess numerous ad-
vantages over III-V semiconductor lasers, the most important being the higher inte-
gration potential on arbitrary substrates, the lower cost and the wider spectral range
of possible lasing emission.

There are many photo-physical aspects that make organic semiconductors inter-
esting materials as active laser media. The first is related to the fact that the emission
spectra of organic semiconductors is broad, providing possibilities for the fabrica-
tion of tunable lasers [96—-104] and broad-band optical amplification [105, 106].
In addition, the chemical structure of the organic semiconductor can be changed
to give light emission across the visible spectrum. This is illustrated in Fig. 1.9,
which shows the emission spectra of three common organic semiconducting laser
materials. Moreover, organic materials typically have strong absorption coefficients
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(~10° cm~!) [107], indicating that light can be absorbed over very short distances.
Since stimulated emission is closely related to absorption, this means that also
strong amplification is possible in organic semiconductors.

Another important property of suitable laser materials is that they have an elec-
tronic structure which corresponds to a four-level system, so that the stimulated
emission spectrum does not overlap with the ground state absorption spectrum [88].
As mentioned before, most organic semiconductors naturally form a four-level sys-
tem because structural and vibronic relaxation in the excited state shifts the energy
levels [92]. This explains why absorption and emission spectra of organic materials
are separated. Due to molecular relaxation of the excited molecules the emission
spectrum is red-shifted with respect to the absorption spectrum. In organic semi-
conductor films, more particularly in conjugated polymer films, there is an addi-
tional factor that contributes to the separation of absorption and emission spectra.
In conjugated polymers there is typically a high degree of conformational disorder,
introducing a distribution of energy levels [108]. Consequently, molecules with a
wide range of energies are excited, however, this energy is rapidly transferred to the
lowest energy molecules, from which emission occurs [109]. This effect increases
further the separation between absorption and emission and is helpful for lasing
because it reduces re-absorption at the lasing wavelength.

The fact that high photoluminescence efficiencies can be obtained even in undi-
luted films [110-113] is another reason why organic semiconductors are attractive
laser materials. Considerable effort, however, is needed to control intermolecular
interactions in the solid state. The approaches to avoid quenching generally in-
volve increasing the spacing of the chromophores (light-emitting units). For small
molecules, this can be done by incorporating the light-emitting dye in a host ma-
trix [41, 114]. In conjugated polymers, bulky side groups are often used to keep the
polymer chains apart [40].
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1.3.3 Lasing in Organic Semiconductors

Historical Overview of Lasing in Organic Materials

The development of organic transistors [115] and organic light-emitting diodes [23,
27] came many years after their inorganic counterparts. In contrast, organic materi-
als have played a significant role in the development of lasers from the beginning.
Lasers using organic materials were proposed in the early 1960s [116] and were
demonstrated a few years later by Sorokin et al. using liquid solutions of organic
dye molecules [117]. Due to their broad gain spectrum and wide tuning range [118]
commercial dye lasers have been existing for many years and are used for various
applications. However, the complex and bulky laser design, requiring regular main-
tenance, as well as the need to employ large volumes of organic solvents are inherent
drawbacks of this technology.

The first solid-state lasers employing organic materials were demonstrated in
1967 by Soffer and McFarland using dye-doped polymers [119] and were followed
by the realization of lasing in doped single crystals in 1972 [120] and in pure an-
thracene crystals in 1974 [121]. Since then, lasing has been demonstrated in a va-
riety of dye-doped solid-state materials [122—125]. In all of these lasers the dye
molecules were dispersed in an electrically insulating and optically transparent host
matrix, taking prospects for electrical injection away due to the absence of efficient
charge transport. Conjugated polymers and organic small molecules, however, may
circumvent this problem. Lasing from conjugated polymers was demonstrated for
the first time by Moses in 1992 employing a liquid-dye laser configuration [126].
He obtained stimulated emission from the conjugated polymer MEH-PPV?, which
was used in solution. Following this observation, stimulated emission in diluted
PPVs was studied extensively and mechanisms that may obstruct lasing in neat
films were discussed [127—-129]. The first lasing from solid-state conjugated poly-
mers was reported by Hide er al. in 1996 [130]. Similar to the solution case, the
light-emitting molecules were dispersed in a polystyrene host matrix to prevent
the interaction between neighboring polymer chains. Moreover, titanium dioxide
(TiO7) nanoparticles were blended into the MEH-PPV/polystyrene film to enhance
scattering. Later that year, four research groups independently observed stimulated
emission from neat conjugated polymer films. Graupner et al. observed stimulated
emission from a poly(para-phenylene)-type ladder polymer using pump-probe ex-
periments [131]. Tessler et al. obtained ASE by placing PPV between a dielectric
and a semi-transparent silver mirror to form a microcavity [132]. Similar results
were obtained by Hide et al. [133] and Frolov et al. [134] who observed line nar-
rowing in optically pumped waveguides of PPV derivatives. These observations
showed for the first time that neat films of conjugated polymers, which are ca-
pable of conducting current, could amplify light and that it was not unreasonable
to attempt making polymer diode lasers. Apart from conjugated polymers, organic

3Poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene).
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small molecules are also promising laser materials. Optically pumped lasers based
on thin films of evaporated organic small molecules were demonstrated by Kozlov et
al. [90] and Berggren et al. [135] in 1997. Since then, lasing action has been studied
in different organic semiconductors [136—142] and in a variety of optically pumped
structures [143—-148], demonstrating the feasibility of organic thin-film materials as
active laser media.

Stimulated Emission and Gain in Organic Semiconductors

A prerequisite for lasing is the presence of stimulated emission, which is quan-
tified by the wavelength dependent cross-section for stimulated emission ogg (A).
The wavelength dependence of ogg (A) typically resembles the photoluminescence
spectrum of the material and is given by:

A

) 1.3
8rnlcr, (1.3)

ose(d) =
where f (1) is the normalized spectral distribution of the photoluminescence, » is
the refractive index of the material, c is the speed of light in free space and 7, is the
radiative lifetime of the involved optical transition. Using this relation, the cross-
section for stimulated emission in organic semiconductors can be estimated. For
conjugated polymers values in the range of 1076 cm? are calculated [149]. This
was experimentally confirmed by Haugeneder et al. [150] and Holzer et al. [151]
who measured respectively the cross-section for stimulated emission of LPPP* and
PmPV-co-DOctOPV?>. The high cross-sections for stimulated emission measured in
conjugated polymers is mainly due to the fact that the w—n™* transitions are fully
allowed.
When population inversion is achieved and light travels through an amplifying
medium its intensity / increases exponentially with the distance ! traveled through
the gain medium:

1= Iyexpl(g — )], (1.4)

where Iy is the initial intensity, g is the gain coefficient of the material and « is
the loss coefficient. Equation 1.4 clearly shows that lasing is the result of a balance
between optical gain and losses in the sample. The gain coefficient is related to the
density of excited states N,y and osg (1) via:

g(A) = osE(A) Nex T, (1.5)

where T is the optical confinement factor (i.e. the fraction of the optical wave lo-
cated in the active layer).

Three main factors determine the overall gain spectrum of an optically pumped
organic semiconductor: the gain spectrum of the material, the ground-state absorp-
tion and the excited-state absorption. Excited-state absorption is the absorption from

4Ladder-type poly(para-phenylene).
SPoly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene).
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the radiative Si-state to higher located energy levels and tends to be problematic for
many laser materials. Only when there is no spectral overlap between the gain spec-
trum of the material and the excited-state absorption, stimulated emission can be
obtained. Another competing absorption process is triplet absorption, which arises
from those molecules that undergo intersystem crossing and populate the triplet
state. The absorption from the T -state to the higher located triplet states is partic-
ularly important for continuous wave operation, since in this case the population in
the T1-level may accumulate due to the much longer lifetime of the triplet state.
There have been two main approaches to study gain in potential organic semi-
conductor laser materials. The first is by transient absorption spectroscopy and the
second is by measuring amplified spontaneous emission (ASE). Transient absorp-
tion measurements or time-resolved pump-probe measurements are a technique that
allows ultra-fast measurements of photo-excitations. The sample is typically excited
(pumped) by a fast femtosecond laser pulse, which generates photo-excitations,
while weaker pulses of light at varying time delays and with varying wavelengths
are used to probe the sample. The newly formed photo-excitations then absorb in
some parts of the spectrum, while in other parts of the spectrum there is a reduc-
tion of the absorption due to the reduced population in the ground state. Therefore,
at wavelengths where there is gain, the probe beam will be amplified, whereas at
wavelengths where competing absorption processes are dominant, the probe beam
is attenuated. An example of such a measurement is shown in Fig. 1.10. The positive
transmission change between 550 nm and 730 nm is due to stimulated emission.
The first observation of stimulated emission was reported by Yan et al. who per-
formed transient absorption measurements on PPV [152]. In this study, however,
the gain was extremely short-lived, which was attributed to the fast formation of in-
termolecular photo-excitations with strong photo-induced absorption, reducing the
net gain in the sample. Since then, several reports have confirmed that high gain is
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Fig. 1.11 Schematic
representation of the typical
experimental configuration
used for ASE measurements
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possible in organic semiconductors [153—156]. MeLPPP®, for example, has a gain
coefficient of around 2000 cm~! [157]. These reports, however, also show that the
gain lifetime is usually short, in the order of picoseconds [158]. This represents a
challenge for lasers, because a short excited-state lifetime means that a high pump-
ing rate is needed to maintain population inversion [86]. In literature different ap-
proaches are suggested to enhance stimulated emission. Denton et al. indicated that
photo-oxidation must be avoided to obtain maximum gain [129], but also dilution
of a polymer in a host matrix can be used to increase the overall gain [127]. For
future electrically pumped devices, however, this latter approach might not be use-
ful since charge transport is strongly reduced in diluted systems [159]. In addition,
one should keep in mind that the photophysical properties of organic semiconductor
films are quite sensitive to packing morphology, which can vary dramatically upon
preparation conditions [160, 161].

Although transient absorption spectroscopy provides a powerful means for study-
ing stimulated emission and its competing processes, it is not the easiest method to
characterize an organic semiconductor as a laser material. A much easier technique
to study gain in organic materials is by measuring amplified spontaneous emission
(ASE). This technique involves photo-pumping a slab waveguide in a stripe near
the edge of the sample and collecting the edge emission. Typically, the thin-film
waveguide is made by depositing the organic semiconductor on a substrate with
low refractive index. A schematic representation of the experimental configuration
is shown in Fig. 1.11.

When the pump intensity is high enough for the gain to exceed the scattering
losses, spontaneously emitted photons are exponentially amplified by stimulated
emission according to Eq. 1.4. Since photons whose energy coincides with the
spectral position of maximum gain will be amplified more than others a collapse
of the emission spectrum, called gain narrowing, is observed. The change in spec-
tral shape upon excitation density is illustrated in Fig. 1.12. This figure depicts the
edge-emitted spectra of a 150-nm thick MeLPPP film on glass for two different
pump powers. At a laser fluence below the ASE threshold (full line, normalized)
a broad emission spectrum spanning from 450 to 700 nm is observed. This is at-
tributed to spontaneous emission of MeLPPP molecules, which are populated in an
excited state via optical pumping. Increasing the excitation fluence to higher values

SMethyl-substituted ladder-type poly(para-phenylene).
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(dashed line, normalized) results in a spectral narrowing around the peak emission
wavelength of 495 nm, which is characteristic for ASE. Here, spontaneously emitted
photons, propagating across the optically pumped region, stimulate the emission of
excited molecules. In literature ASE has been demonstrated using various organic
semiconductors [137, 138, 162—164]. The lowest ASE threshold reported to date is
obtained in films based on spiro-SBCz7 [56].

To extract the gain coefficient from ASE measurements, the variable stripe length
method can be applied [165, 166]. In this method the line-narrowed emission is
measured as a function of the pump stripe length. The wavelength dependent output
intensity, 7 (1), of the ASE is then given by the expression:

AW,
g)

where A(L) is a constant related to the cross-section for spontaneous emission, /,
is the pumping intensity, g(A) is the net gain coefficient, and / is the length of the
pumped stripe. By fitting the experimentally measured data to Eq. 1.6 the net gain of
the waveguide can be calculated. This method was developed twenty years ago for
the inorganic semiconductor cadmium sulfide [165], but has since then been widely
applied to determine the gain of organic semiconductors [163, 164, 167, 168]. In
addition, this technique provides an easy way to distinguish between ASE and other
mechanisms that were proposed to explain the observed spectral narrowing, such
as superfluorescence [134, 169] or bi-excitonic emission [170]. If ASE occurs, the
spectra should be broad at short stripe lengths and spectral narrowing should occur
when the excitation length increases. In contrast, if superfluorescence or bi-excitonic
emission is the mechanism of spectral narrowing, the emission spectrum should not
depend on the size of the excitation region [85].

The net gain obtained from variable stripe length experiments is determined by
waveguide losses, which can arise form self-absorption or scattering. Experiments

I(2) = (exp(g(M)]) — 1), (1.6)

72,7-bis[4-(N-carbazole)phenylvinyl]-9,9’-spirobifluorene.
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similar to the net gain measurements can be performed to measure these losses. The
pump stripe, having a fixed length, is then progressively moved away from the edge
of the sample. Since the emission from the end of the pumped region, I, is constant,
the emission from the edge of the sample decreases according to Eq. 1.4. Waveguide
losses in conjugated polymers typically lie in the range of 3-50 cm ™! [86], although
even lower losses (<1 cm™!) have been reported in blended organic thin films using
cascade energy transfer [135].

Feedback Structures for Organic Semiconductor Lasers

Although ASE has many properties of lasing, such as a distinct threshold and the
emission of concentrated, polarized and almost monochromatic light, the above de-
scribed structures are no lasers because of the absence of resonant modes. Con-
sequently, the output beam obtained in ASE experiments is incoherent. In order
to obtain coherent light emission, the gain medium should be incorporated into a
resonator, which provides optical feedback. The most common approach to make
a resonator is by placing the gain medium between two mirrors. Light is then re-
flected back and forth between these two mirrors, realizing an optical oscillation.
Since positive feedback can only be obtained for those modes that have an integer
number of wavelengths in one round-trip of the cavity, each resonator will have a
discrete set of resonant optical modes. Lasing occurs when amplification of photons
in one of the optical modes is sufficient to overcome the existing losses.

Figure 1.13 features the different geometries that have been explored in the past
years to obtain optical feedback. The first solid-state organic semiconductor laser
was based on a vertical microcavity formed by a highly reflective dielectric mir-
ror and a semi-transparent silver layer [132] (Fig. 1.13(a)). Following this study,
there have been a number of reports about microcavity organic semiconductor lasers
based on a broad range of materials [96, 171-173]. The fact that their fabrication is
similar to the one of OLEDs and the fact that they emit perpendicular to the sub-
strate, make this type of lasers particularly attractive. The distance traveled by the
light during each pass through the gain medium, however, is rather small (mostly
<100 nm), resulting in relatively high threshold values [174]. Only if high reflec-
tive dielectric mirrors are used at both sides of the microcavity, low laser thresholds
can be obtained [172, 173, 175, 176].

Another way to achieve low laser thresholds is by using planar laser resonators
where light is waveguided in the organic film via internal total reflection. In such a
structure light is waveguided over much longer distances through the gain medium.
The most simple way to fabricate a planar waveguide is by cleaving the organic
film to obtain reflections at the facets. This is the most common approach used to
fabricate low-cost inorganic semiconductor lasers, having very flat facets of typi-
cally 30% reflectivity. In contrast to inorganic semiconductors, however, breaking
an organic film is rather difficult and does not result in high-reflective, high-quality
facets. Nevertheless, lasing in such cavities has been successfully demonstrated [90,
96]. Superior performance can be achieved when feedback is incorporated via a
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Fig. 1.13 Schematic representation of various resonator structures for optically pumped organic
semiconductor lasers: (a) vertical microcavity, (b) distributed Bragg reflector (DBR), (¢) dis-
tributed feedback (DFB) structure, (d) 2D photonic crystal structure, (e) circular DFB structure,
(f) microring, (g) microdisk, and (h) microsphere

periodic perturbation of the waveguide giving rise to Bragg scattering. If Bragg
gratings are placed outside the gain region, replacing the cleaved ends as wave-
length selective mirrors, the structure is referred to as a distributed Bragg reflec-
tor (DBR) (Fig. 1.13(b)). Berggren et al. demonstrated such a laser comprising the
small molecule blend Algs®:DCM,” [114]. The Bragg grating can also be incorpo-
rated into the gain region. In this case one has reflection and transmission at every
point in the cavity and thus the feedback is distributed throughout the entire length
of the cavity. Lasers of this type are known as distributed feedback (DFB) laser,
schematically shown in Fig. 1.13(c).

The concept of distributed feedback was introduced in 1971 by Kogelnik et
al. [177, 178] and relies on Bragg scattering due to a periodic modulation of the
refractive index or the gain of the active material. In distributed feedback structures
lasing occurs near the Bragg wavelength A p,qg,, Which is given by the following
relation:

ABmgg=2"effA, m=1,2,.... (1.7)

m
Here, n.sy is the effective refractive index of the gain material, A is the modula-
tion period of the DFB resonator and m is the DFB order number. For m = 1, first

8Tris-(8-hydroxyquinoline) aluminum.

94-(dicyanomethylene)-2-methyl-6-(julolindin-4-yl-vinyl)-4H-pyran.
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order diffraction is obtained, whereas for a second order DFB structure (m = 2)
the wavelength of the reflected light equals n.s¢ A. In the latter case, laser radia-
tion is also emitted perpendicular to the surface. This can be exploited for obtaining
surface-emitting lasers. However, the out-coupled laser radiation represents a loss
mechanism, explaining why higher laser thresholds are obtained for second- and
higher-order DFB lasers compared to first-order DFB structures [146]. DFB lasers
with one-dimensional feedback have been demonstrated using many different or-
ganic semiconductors, including derivatives of PPVs [179, 180], polyfluorenes [99,
141, 181] and LPPPs [182, 183], but also small molecule systems have been studied
when deposited on top of DFB structures [184—186]. DFB lasers can exhibit very
low laser thresholds. Threshold densities as low as 200 nJ/cm? have been reported
for small molecule blends [184] and 40 nJ/cm? for conjugated polymers [148, 187].
DFB lasers also provide possibilities for the fabrication of tunable lasers. By chang-
ing either the period of the grating [98, 99, 102, 179, 188] or the thickness of the
waveguide [103, 189], one may tune the lasing wavelength over a range of 20—
50 nm. The largest tuning range was obtained using an Alq3:DCM; blend, resulting
in a tuning range of 115 nm [97].

Apart from one-dimensional DFB structures, also more complicated diffractive
resonator structures have been reported. Two-dimensional (2D) feedback can, for
example, be obtained in a 2D photonic crystal (Fig. 1.13(d)) with either square [147,
190-193], hexagonal [194] or honeycomb lattices [175]. Concentric circular DFB
resonators (Fig. 1.13(e)) [195, 196] can also provide feedback in the plane of the
organic semiconductor, although in this case feedback is applied in all directions
from a single unique point that is located in the center of the grating. In contrast to
their one-dimensional counterparts, 2D lasers exhibit improved output beam quality,
lower threshold and higher output efficiencies [181, 190].

Other interesting resonator geometries to fabricate low threshold lasers are mi-
croring, microdisk and microsphere cavities (Fig. 1.13(f-h)). These lasers are typi-
cally larger in dimension than the vertical microcavities and hence the path traveled
by the light through the gain medium in one round-trip is much longer. Conse-
quently, much lower excitation densities are required to achieve sufficient gain [197,
198]. However, due to the long round-trip distance, these lasers have a rather com-
plicated feedback mechanism that is based on a superposition of waveguide and
whispering-gallery-mode oscillations [199-204].

Lowering the Lasing Threshold with Energy Transfer

One of the important criteria for active laser materials is the fact that the spectral
overlap between stimulated emission and ground state absorption should be mini-
mal in order to reduce self-absorption. Due to the presence of an inherent Stokes
shift, the absorption spectrum and the emission spectrum of an organic material are
shifted towards each other (Sect. 1.1.3). Most luminescent organic materials, how-
ever, still have a slight amount of residual absorption at the peak emission wave-
length, reducing the overall gain that can be obtained. This self-absorption problem
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can be alleviated by shifting the emission to longer wavelengths, where residual ab-
sorption is smaller. Typically this is done by blending a small amount of a guest
molecule or a polymer into a host matrix [90, 114, 135, 143, 205]. In such blends,
the excited molecule non-radiatively transfers its energy to a neighboring molecule
via long-range dipole-dipole coupling or electron exchange, also known as, respec-
tively, Forster and Dexter energy transfer.

Forster energy transfer describes a radiationless transfer process that is caused
by a coulombic interaction between a host and a guest molecule in close proximity
(typically <10 nm). This process is shown in Fig. 1.14 and can be formally de-
scribed by the interaction between the transition dipoles of the two molecules when
the intermolecular distance is large enough (>1 nm) [21].

The rate of this energy transfer process kgT is given by:

e :90001n(10)/<2¢pL
ET = 12875n* Nty RO

/ A far(VDeg(Mda, (1.8)

where A is the wavelength, fg (L) is the normalized fluorescence spectrum of the
host material, eg(A) is the absorption spectrum of the guest in terms of molar ab-
sorption coefficient, « is a polarization factor, ¢ py is the absolute fluorescence ef-
ficiency of the host, Ty is the radiative lifetime of the host, R is the mean distance
between host and guest, N4 is the Avogadro constant and 7 is the refractive index of
the medium. Equation 1.8 clearly indicates that for efficient energy transfer it is im-
portant to have a host with a high ¢ p; and a guest with a high absorption coefficient.
In addition, the overlap between fz (1) and £5(A) has to be large. Since the energy
transfer rate depends strongly on the distance between the molecules (~R %), the
integral in Eq. 1.8 is often expressed in terms of the effective Forster radius, Ry:

90001n(10);<2¢pL/ . 1/6
Ro= A Fa (Ve (Wd 1.9
0 < 12875 N, Sa()eg(h) (1.9)
which simplifies Eq. 1.8 to:
R6
kb, =—9_ 1.10
ET = 7RG (1.10)

Hence, the rate of Forster energy transfer between two molecules spaced at a dis-
tance R = R( equals the spontaneous emission rate of the host molecule 1/7y.

A good example of a Forster energy transfer system is the host-guest system
Alqgs3:DCM,, for which an effective Forster radius Ry of 39 A has been calcu-
lated [96]. The strong overlap between the Alqz photoluminescence and the DCM;
absorption spectra [114], results in efficient energy transfer from Alqs to DCM;.
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This is demonstrated in Fig. 1.15. Although excitation was performed at a wave-
length of 395 nm, which corresponds to the absorption maximum of Alqs, the ma-
jor emission originates from DCM», resulting in a very large Stokes shift (240 nm)
between the absorption and emission spectral band of the Alqz:DCM; film. Con-
sequently, self-absorption is strongly reduced, making this material system very
promising for laser applications. In literature there have been several reports on
lasing action based on Forster energy transfer, demonstrating very low lasing thresh-
olds [96, 114, 143, 184].

The Forster energy transfer process described above relies on strong coulombic
interactions between the host and the guest. An alternative process for energy trans-
fer, which is based on an electron exchange mechanism, may also be effective in
the host-guest system. This process is referred to as Dexter energy transfer and is
shown schematically in Fig. 1.16.

Similar to Forster energy transfer, the rate of Dexter energy transfer is propor-
tional to the degree of overlap between the emission spectrum of the host and the
absorption spectrum of the guest. However, the Dexter energy transfer rate is cal-
culated using the normalized emission and absorption spectra, removing any de-
pendence of the rate on the guest absorption coefficient. The rate of Dexter energy
transfer kgT is given by:

h

where £ is Planck’s constant, L is the sum of the van der Waals radii of the host and
the guest molecules and K is a constant proportional to the orbital overlap between
host and guest. Since kaT is proportional to exp(—2R), Dexter energy transfer is
very fast for short distances between host and guest molecules (<1 nm), at larger

kpr = il exp(_T2R>K/)\4fH()\)SG()L)d)\, (1.11)
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Table 1.1 Allowed energy transfer mechanism between an excited host molecule and a guest
molecule in the ground state. The host molecule is the donor molecule D, whereas the guest
molecule is the acceptor molecule A

Forster energy transfer Dexter energy transfer
]D*+1A—)]D+1A* ]D*+1A—)]D+1A*
3D*+1A_)|D+1A* 3D*+1A_)|D+3A*

distances, however, its importance decreases rapidly. This is in contrast to Forster
energy transfer, which is important at larger distances. Another important difference
between Forster and Dexter energy transfer is related to the transitions that are al-
lowed by both processes [21, 206]. While Forster energy transfer requires that the
spin of the guest molecules stays unaltered, Dexter energy transfer, does not have a
singlet requirement and can efficiently transfer energy between triplet states or be-
tween singlet states as long as the total spin symmetry is conserved. Therefore, Dex-
ter energy transfer might still be important at larger distances for those transitions
which are forbidden according to the Forster energy transfer process. An overview
of mechanisms that are allowed to transfer energy from the excited host molecule to
the singlet state of the guest molecule is given in Table 1.1. Both, Forster and Dexter
energy transfer can be the mechanism for singlet-singlet energy transfer. However,
Forster energy transfer will be the dominant mechanism at low guest concentrations
because it is faster over long distances.

1.3.4 Prospects for Electrically Pumped Organic Lasers

Looking at the impressive way in which organic semiconductor materials have be-
come established as new laser materials during the last decade, it is not surpris-
ing that main efforts now focus on the development of electrically pumped organic
lasers [91]. Electrical pumping is the most convenient way to achieve lasing and is
the approach used in inorganic semiconductor diode lasers.

It is expected that high current densities are required to achieve sufficient gain for
stimulated emission in organic semiconductors. From optically pumped laser exper-
iments, a lower limit of the current density required to reach lasing threshold can
be estimated. Kozlov er al. calculated that a current density threshold of 80 A/cm?
would be needed to obtain stimulated emission in a DFB laser with a DCM'%-doped
Alqg3 emissive layer sandwiched between two cladding layers of Alqs [184]. A sim-
ilar estimation has been made for polymer DFB structures [85]. Several research
groups demonstrated that this level of injection can be achieved in organic semi-
conductors under pulsed operation [207-209]. Recently, current densities as high
as 12000 A/cm? [210] and 128000 Alcm? [211] have been reported in thin films

104 (dicyanomethylene)-2-methyl-6-[(4-dimethylaninostyryl)-4H-pyran.
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Fig. 1.17 Overview of the possible losses encountered in optically pumped lasers and the addi-
tional losses that can be expected in electrically pumped lasers

of copper phthalocyanine. Although this material is not suitable for lasing, it shows
that organic semiconductors can sustain extremely high current densities, exceeding
the estimated current density threshold by several orders of magnitude. On the other
hand, it also demonstrates that the difficulties to realize electrically pumped organic
lasers today must be attributed to the presence of additional loss mechanisms com-
pared to optically pumped lasers. Figure 1.17 gives an overview of these additional
losses. The figure summarizes the possible losses encountered in optically pumped
lasers as well as the additional losses that can be expected in electrically pumped
laser devices. A distinction is made between losses of excitons (right column), that
make it more difficult to achieve a high N, in the gain formula (Eq. 1.5), and
losses of photons, that result in a higher gain coefficient to be required to achieve
stimulated emission: indeed, guin = >« photon -

Only fluorescent systems, based on singlet emission, can efficiently be pumped
by optical excitation. Consequently, the ’exciton-singlet’ annihilation process in the
right column of Fig. 1.17 refers to singlet-singlet annihilation. At typical thresh-
old concentrations of singlets for lasing, Ney. ~ 1017 — 10'8 cm—3 [154, 184, this
mechanism is not dominant in amorphous organic thin films [85, 212]. Absorption
of photons by excitons and self-absorption can be minimized by the choice of ma-
terial [85]. An appropriate choice of the resonator structure may then further reduce
the optical losses. As mentioned in Sect. 1.3.3 mirror losses can be minimized by
using diffractive resonator structures. As a result of such optimizations, low losses
are possible and optically pumped organic lasers having low laser thresholds can be
obtained [146, 184, 187]. On the other hand, to obtain lasing by electrical pumping
several other loss mechanisms should still be suppressed.

A first challenge to achieve electrically pumped lasing is to overcome the addi-
tional losses due to absorption of photons at the electrical contacts. This is particu-
larly important for organic semiconductor lasers where the resonator is positioned
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in the plane of the film. In these lasers a long interaction length is present between
the light and the gain medium. However, this also means that there is a long inter-
action with the electrical contacts, which absorb light. Therefore, optical losses in
thin waveguide structures including electrodes are very substantial [96]. This was
demonstrated by Andrew et al., who reported a considerable increase of the las-
ing threshold of a MEH-PPV-based organic DFB laser upon inserting a thin silver
layer [213]. These detrimental waveguide losses, however, may be reduced by care-
ful optical design [182, 214]. In literature different device architectures have been
proposed to reduce the losses caused my metallic layers. A possible strategy is to in-
crease the total thickness of the organic layer stack, by separating the emissive layer
from the electrodes by cladding layers that transport the injected electrons and holes
towards the active light-emitting layer [84, 215]. In this way the absorption losses
at the electrical contacts can be reduced. However, because of the typical low car-
rier mobility of organic semiconductors [31, 32], the thickness of the organic layers
cannot be arbitrary increased. In order to ensure efficient charge transport the total
thickness of organic layers is generally limited to less than 200 nm [96]. To circum-
vent this problem, the use of transparent conductive oxides (TCO) such as indium
tin oxide (ITO) [44] and aluminum doped zinc oxide (AZO) [216] has been pro-
posed. A reduction of the organic stack thickness is possible if thin layers of these
materials are used as electrical contacts in waveguide structures [96, 217, 218]. This
is mainly due to the much lower optical losses in the visible spectral range of TCO
layers compared to metallic layers [184]. Gorrn et al. demonstrated that positioning
TCO contacts in the intensity minima of the TE; waveguide mode, allows even fur-
ther minimization of the overlap between the optical mode and the contacts [219]. In
addition, Reufer et al. reported that it is also possible to use thick, more conductive
ITO layers, provided that a cross-linked hole-transport layer is inserted between the
highly conductive ITO and the emission layer [220]. Besides conventional LED de-
vices, organic light-emitting transistors (LEOFETs, Sect. 1.2.2) have been suggested
as potential laser structures [49, 65, 69, 75, 221, 222]. This configuration makes it
possible to position the light-emission zone far away from the metal electrodes and
allows minimization of the charge carrier density because of the high field-effect
mobility of the carriers. In addition, very high current densities, exceeding several
kA/cm2, have been demonstrated in these devices [63, 69, 75].

Another source of losses associated with electrical pumping is related to the pres-
ence of polarons. Electrical excitation involves charge injection. As discussed in
Sect. 1.1.1, the injected charges together with their polarization are referred to as po-
larons. These polarons may cause additional absorption losses [184, 209, 223, 224]
and may deplete the exciton population via exciton-polaron quenching [212, 215].
Polaron absorption can be measured by using electro-optical pump and probe exper-
iments and has been observed in polymer [209] as well as in small molecule [184,
207] light-emitting devices. Typically, the polaron absorption spectrum is very broad
and covers a wide spectral range. For PPV, for example, the polaron absorption
spectrum extends from the ground state absorption band edge to the IR and over-
laps with the gain spectrum of the material [225]. Since for low mobility organic
semiconductor materials, such as PPV, there are under steady-state conditions much
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more polarons than singlets [84, 209], polaron absorption will be stronger than stim-
ulated emission, creating a problem for lasing. Several approaches are suggested in
literature to avoid the problems related to polaron absorption and polaron quench-
ing [85, 225]. The most obvious solution is to develop a material system where the
polaron absorption is shifted with respect to the spectral region of stimulated emis-
sion [84, 184]. However, this might not be trivial to find due to the broad nature of
polaron absorption. Another possibility is to use organic semiconducting materials
with high charge carrier mobility [84, 223]. This would reduce the required charge
density in the device, making polaron-exciton quenching and polaron absorption
less problematic. A third approach is to operate the device under pulsed excitation
[225, 226]. Pulsed operation has several advantages: it avoids heat and stress in the
device [227], it allows higher current densities compared to continuous-wave (CW)
operation [209], and it makes it possible to separate singlet excitons from polarons
in the time domain. This time separation would allow a tremendous reduction of
polaron absorption in an electrically driven organic light-emitting device [228].

Besides polarons, current injection also leads to the formation of triplet exci-
tons. As can be seen from Fig. 1.17 these triplet excitations form a third major
obstacle to obtain electrically pumped lasing. The inevitable population and accu-
mulation of triplets under electrical excitation results in excessive triplet-state losses
preventing lasing [50, 223, 229]. Indeed, if conventional spin statistics apply, the re-
combination of injected charge carriers leads to the creation of a majority (75%) of
non-emissive triplet excitations in the active organic semiconductor layer [36]. Due
to their long lifetime, these triplet excitations can act as meta-stable species, which
generally have fairly high absorptions to the upper triplet state (triplet-triplet absorp-
tion) at the expected fluorescent lasing wavelength [223, 228]. In addition, at high
brightness conditions triplets may also severely quench singlet excitons, reducing
Nexe [50, 212, 215]. Similar to the approach for reducing the amount of polarons
in the device, pulsed operation can also be used to separate singlets from triplets in
the time domain [228]. By applying pulses which have a pulse duration longer than
the singlet lifetime (typically 1 ns) and shorter than the lifetime of triplet excitons
(milliseconds to seconds for fluorescent materials) [230], and assuming the pulse
repetition rate is low, the accumulation of triplet excitons can be reduced. In this
way triplet state losses such as singlet-triplet annihilation and triplet-triplet absorp-
tion might be suppressed. The use of appropriate triplet scavengers is also proposed
as an alternative way to reduce triplet accumulation [50].

In fact, the critical issues outlined above are mainly related to the low charge
carrier mobility of organic semiconductors. The low mobility makes it difficult to
obtain high current densities, it prevents the use of thick organic layers to reduce
absorption at the metallic contacts and it increases the number of charge carriers
needed to generate population inversion in the device. Hence, the use of new mate-
rials with higher mobilities would help with each of these issues. Combining a high
mobility with simple processing and high photoluminescence efficiency is, how-
ever, a challenging project. Therefore, an intermediate solution based on indirect
electrical pumping has been proposed, allowing compact and low-cost tunable laser
devices [229, 231]. In these devices solid-state inorganic laser diodes are used to
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pump an organic laser structure optically, circumventing problems associated with
electrical pumping. Several demonstrations of indirect electrically pumped lasing in
hybrid laser devices have been reported [99, 231, 232].

Recently, spectrally narrowed emission from electrically pumped organic semi-
conductor films has been demonstrated. Yokoyama et al. observed spectrally nar-
rowed emissions from the edges of electrically pumped OLEDs comprising BSB-
Cz'! [233]. These emission spectra corresponded well to the cutoff wavelength of
the waveguide structure. In addition, the edge emission intensity of the TE mode
showed a superlinear dependence on the current density. The combination of both
effects has been attributed to the occurrence of light amplification. Tian et al., how-
ever, reported that the apparent “optical gain” associated with spectrally narrowed
edge emission from OLEDs, might also result from misalignment of the propagating
leaky waveguide modes and the collecting optics [234]. Very recently, Liu et al. re-
ported lasing action in an electrically pumped microcavity device [176]. The device
showed a threshold current density of 860 mA/cm? under room temperature pulsed
operation. However, if the observed emission is real laser emission is still under de-
bate. The rather strange spectral behavior of the device as function of the current, the
limited spectral narrowing and the fact that spacial coherence can also be the result
of other factors, such as a small pumping area or a decrease in the current spreading,
might suggest that the observed emission origins from a microcavity-OLED rather
than from a laser device.

1.4 OQOutline

In this first chapter, the basic principles of organic optoelectronics were highlighted
and the state-of-the-art light-emitting devices as well as the challenges that have to
be overcome to achieve electrically pumped lasing were discussed. The following
chapters of this book focus on the design of new device and material concepts for
organic light-emitting devices. Main attention is thereby given to the control of the
triplet density and to the possibility to achieve high current densities combined with
reasonable efficiencies and reduced absorption at metallic contacts. In this respect
the proposed concepts offer new prospects for the realization of solid-state high-
brightness organic light sources.

Chapter 2 starts with an overview of the organic materials and the experimen-
tal techniques that were used during this work. Sample fabrication as well as the
different methods used to characterize the devices are discussed.

In Chap. 3, an OLED with field-effect electron transport is proposed as a new
device architecture complementary to the list of existing electroluminescent devices.
The device is a hybrid structure between a diode and a field-effect transistor. It
allows minimization of the optical absorption losses and the charge carrier density
in the device, while at the same time high current densities can be achieved. Device

114 4’ bis[(N-carbazole)styryl]biphenyl.
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fabrication and operation are discussed in detail. The electrical characteristics and
the opto-electronic performance of the device are measured and are compared with
numerical simulations.

Improving the device performance is the subject of Chap. 4. Two diperfluoro-
hexyl-quater thiophene derivatives are investigated for use as the electron-trans por-
ting material in OLEDs with field-effect electron transport. First, the growth condi-
tions of both materials are optimized and high-mobility field-effect transistors are
fabricated. Using the optimized growth conditions OLEDs with field-effect-assisted
electron transport are fabricated and their electrical characteristics are measured.
A comparison between the performance of different devices comprising various
electron-transporting materials is given at the end of this chapter.

Chapter 5 presents methods to control the triplet concentration in electrically
driven devices. A first method to control triplet accumulation is by operating the
device under pulsed excitation. The behavior of OLEDs with field-effect-assisted
electron transport is analyzed under these conditions and their performance is com-
pared to conventional OLEDs comprising the same set of materials. Experiments
to identify the limiting factors with respect to the pulse width dependence of the
light-emitting devices are performed. An alternative way to reduce the triplet popu-
lation is investigated in the second part of this chapter. Polymer films doped with a
nonvertical triplet scavenger are studied by time-resolved photoluminescence mea-
surements. The results are compared to those obtained by using a vertical triplet
acceptor, which also possesses suitable energetic levels to scavenge host triplets.

Triplet dynamics and charge carrier trapping in triplet-emitter doped conjugated
polymers are the focus of Chap. 6. Phosphorescent properties and charge carrier
trapping are studied by means of time-resolved photoluminescence and thermally-
stimulated luminescence techniques. In this chapter also the route of using triplet-
emitters as light-emitting species in the active layer of an organic laser is investi-
gated. Three different phosphorescent compounds are carefully checked, however,
no stimulated emission could be observed.

In Chap. 7, the value of OLEDs with field-effect-assisted electron transport as
laser device configuration is discussed. The reduced absorption losses compared to
conventional OLED structures are analyzed. Amplified spontaneous emission mea-
surements and optically pumped lasing experiments are performed on organic layer
stacks including hole- and electron transporting layers used in OLEDs with field-
effect-assisted electron transport. In addition, the different possibilities to incorpo-
rate an optical feedback mechanism in the device are discussed.

Finally, conclusions are drawn and some outlook for future research is given in
Chap. 8.



Chapter 2
Materials and Experimental Techniques

This chapter discusses the different preparation and characterization techniques that
were used during this work. In Sect. 2.1 we focus on the materials and the depo-
sition techniques that were exploited. In addition the fabrication of nanostructured
substrates is briefly discussed. The different techniques that were used to character-
ize the samples are subject of Sect. 2.2.

2.1 Sample Fabrication

2.1.1 Materials Used in this Work

The molecular formulas of the organic materials that were used in this work are rep-
resented in Fig. 2.1. The correct chemical designation of each organic compound can
be found in Table 2.1. PTCDI-C13H37, Alqs, PaeMs, COT and anthracene, were pur-
chased from Sigma-Aldrich, CNPPP and DCM; from H.W. Sands Corp., DFH-4T
and DFHCO-4T from Polyera Corp. and BtpyIr(acac) from American Dye Source
Inc. PTAA is received from Merck, whereas F5SPh and GDP16b came from the group
of Prof. L. De Cola. MeLPPP and PF2/6 were synthesized by the group of Prof.
U. Scherf. Most of these materials were used as received. Only PTCDI-C3H;7 and
Alqs were purified once by train sublimation before loading into an ultra-high vac-
uum system (p = 1078 torr). The lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) of most of these molecules are
depicted in Fig. 2.2.

Prior to the deposition of organic materials, the substrates were cleaned with sol-
vents (acetone and isopropanol) and exposed to an UV-ozone ambient for 15 min-
utes. Processing steps after UV-ozone treatment were usually carried out in a dry
N; glovebox (<1 ppm O3, <5 ppm H,0) or in ultra-high vacuum. Both systems
are attached to each other, making transport of samples from high-vacuum to the
glovebox and vice versa possible without exposure to ambient atmosphere.

S. Schols, Device Architecture and Materials for Organic Light-Emitting Devices, 33
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Fig. 2.1 The molecular structure of the organic materials used in this work

2.1.2 Deposition Techniques

Organic semiconductor films can be fabricated using various deposition techniques.
If the molecule is soluble in an organic solvent, deposition techniques such as spin-
coating, drop-casting, spray-coating and inkjet-printing can be used. Polymer semi-
conductors are usually deposited is this way. Organic small molecules on the other
hand, are generally not very soluble in common solvents and are therefore typically
deposited using organic molecular beam deposition (OMBD) or by organic vapor
deposition. In these techniques the organic material is heated above the evaporation
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Table 2.1 Chemical description of the organic compounds shown in Fig. 2.1

Abbreviation Chemical description

Alqgs tris(8-hydroxyquinoline) aluminum

Btp;Ir(acac) bis(2-(2’ benzothienyl)pyridinato—N,C3’ )(acetylacetonate)iridium(III)

CNPPP 2-[(6-Cyano-6-methylheptyloxy)-1,4-phenylene] copolymer

COoT 1,3,5,7-cyclooctatetraene

DCM; 4-(Dicyanomethylene)-2-methyl-6-(julolindin-4-yl-vinyl)-4H-pyran

DFH-4T o,w-diperfluorohexyl-quaterthiophene

DFHCO-4T 5, 5””-diperfluorohexylcarbonyl-2,2:5’,2”:5”,2"”’ -quaterthiophene

F5Ph bis((2,4-difluoro)phenylpyridine)-(2-(1,2,4-triazol-3-pentafluorophenyl)-
pyridine)iridium(III)

GDP16b 2,3-Bis(4-fluorophenyl)quinoxaline(3-tert-butyl-5-(2-pyridyl)pyrazole)-
iridium(III)

MeLPPP methyl-substituted ladder-type poly(para-phenylene)

PaMs poly-a-methylstyrene

PF2/6 poly(9,9-di(ethylhexyl)fluorene)

PTAA Poly(triarylamine)

PTCDI-Cy3Hyy

N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide

1+
24+
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2 51 =
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Fig. 2.2 The HOMO and LUMO energy levels of most organic semiconducting materials used in

this work [235-240]

temperature and transported towards the substrate in vacuum or with a carrier gas.
In this work organic thin-films were prepared using OMBD or spin-coating. Both
techniques will be briefly discussed below.
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Table 2.2 Typical processing conditions for the organic compounds of Fig. 2.1 that were deposited
via spin-coating

abbreviation concentration spin-speed Thake thickness
mg/ml (rmp) (°C) (nm)
CNPPP 10 (chlorobenzene) 1000 - 100
MeLPPP 15 (toluene) 1000 - 150
PaMs 0.86 (toluene) 4000 120 (1 min.) 5
PF2/6 10 (toluene) 1000 - 100
PTAA 45 (toluene) 1000 110 (20 min.) 50

Spin-Coating

The most commonly used deposition technique for soluble organic semiconductors
is spin-coating. The substrate, which is centered on the chuck of a spin-coater, is
covered with a solution containing the dissolved organic compound. Upon revolving
the sample, centrifugal force spins off the fluid and a uniform film is created. After-
wards, the persistent solvent can be removed by baking the sample on a hotplate at
elevated temperatures. The resulting film thickness depends on the molecular weight
of the organic material, the concentration of the solution and the spin-speed. For the
organic compounds of Fig. 2.1 that were deposited by spin-coating, the typically
used concentration, solvent, spin-speed, baking temperature Ty, and the resulting
film thickness are summarized in Table 2.2. The layer thickness was determined us-
ing a Veeco Dektak V200-Si stage profiler or by spectroscopic ellipsometry (Sopra
GESP-5).

Organic Molecular Beam Deposition

A disadvantage of solution processing is the fact that the fabrication of heterostruc-
tures is limited by the demand for orthogonal solvents. This problem can be circum-
vented by deposition of the organic compounds by OMBD. OMBD is a standard
technique to deposit small molecular weight organic materials. The organic material
is loaded into a (ultra) high vacuum chamber inside a container (boat or crucible)
which can be heated. When the organic material is heated above its evaporation
temperature, molecules are sublimed from the container. The molecular beam is di-
rected towards the substrate, where molecules can condense and form a layer. In this
way, films of only a few monolayers up to micrometers thickness can be obtained
with high accuracy. Depending on the deposition conditions (deposition flux and
substrate temperature) the growth of the organic materials can be controlled and an
amorphous or polycrystalline film is formed.

At imec, four ultra-high vacuum chambers (p = 10~® torr) are available for
OMBD of organic materials and evaporation of metals. The four chambers are con-
nected to a central transfer chamber, which is for his part connected to a Nj-filled
glovebox by means of a loadlock. Each of the four evaporation chambers is equipped
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Fig. 2.3 Ultra-high vacuum cluster system with attached N, gloveboxes for vacuum deposition of
organic materials and metals

with several Knudsen cells, containing a crucible filled with an organic material or
a metal. The deposition rate can be controlled by the temperature of the Knudsen
cell and is in-situ measured by a calibrated water-cooled quartz crystal monitor. The
temperature of the substrate can also be independently controlled. Every cell has
a shutter that can be used to block the evaporated material flux. In addition, the
flux reaching the substrate can be blocked by another shutter located close to the
substrate itself, which is particularly useful to calibrate the deposition rate. PTCDI-
Ci13Hay7, Algz, DCM;, DFH-4T, DFHCO-4T, Btp,Ir(acac) and GDP16b were typ-
ically deposited using OMBD. A schematical illustration of the ultra-high vacuum
cluster system available at imec is shown in Fig. 2.3.

2.1.3 Fabrication of Photonic Feedback Structures

As described in Chap. 1 (Sect. 1.3.3) low threshold organic semiconductor lasers can
be obtained using diffractive resonator structures. Distributed feedback relies on a
periodic modulation of the refractive index or the gain of the active material and
can be achieved by corrugating the substrate with a periodic height modulation. In
close collaboration with IBM Research Zurich and AMO GmbH in Aachen different
photonic feedback structures have been fabricated. For structure definition two main
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Fig. 2.4 Schematical
illustration of 2-beam
interference lithography. An
interference pattern between
two coherent light waves is
transferred to a photoresist
layer

lithography technologies have been used: first, large area gratings have been realized
by interference lithography (IL) and second, for sub 100 nm resolution in dense
structures electron beam lithography (EBL) has been performed.

Fabrication of Linear Gratings Using Interference Lithography

Interference lithography is a technique for patterning regular arrays of fine features,
without the use of complex optical systems or photolithography masks. The ba-
sic principle is the same as in interferometry or holography. An interference pattern
between two or more coherent light waves is set up and recorded in a layer (photore-
sist). This interference pattern consists of a periodic series of fringes representing
intensity minima and maxima. Upon post-exposure photolithographic processing,
a photoresist pattern corresponding to the periodic intensity pattern emerges. For
2-beam interference, as depicted in Fig. 2.4, the period is given by A/(2sin()),
where A is the wavelength and « is the angle between the interfering wave and the
substrate normal. The minimum period achievable is half of the wavelength.

Large area linear gratings have been realized with laser interference lithography.
Typically, the exposures were carried out on 1.8 um thick SiO, layers thermally
grown on Si substrates. On top of these substrates a two layer resist, consisting of a
bottom anti reflection coating (BARC) layer to suppress substrate reflectance and a
chemical amplified resist, was deposited. Exposure was performed at a wavelength
of 266 nm and by exact adjustment of the exposure dose the desired line width
of the grating could be achieved. In this way, different gratings with different line
width and period could be realized. A scanning electron microscopy image (SEM)
of the resist structure of a linear grating (line width 160 nm and period 325 nm) after
development is shown in Fig. 2.5.

After lithography the resist pattern was transferred into the SiO; by dry etching.
An inductively coupled plasma reactive ion etching (ICP-RIE) tool was used to per-
form this etching. In a first step, the BARC layer of the samples exposed by IL was
etched using O, plasma. Next, an etching process based on C4Fg! and helium (He)
chemistry made it possible to transfer the lithographically defined structures into

Octafluorocyclobutane.
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Fig. 2.5 Top view (left) and cross-sectional view (right) SEM images of 160 nm wide lines real-
ized by IL. (Images received from AMO GmbH)

Fig. 2.6 (Left) Top view SEM micrograph of a fully fabricated linear grating resonators in SiO»,
and (right) cross-sectional SEM image of the same grating. The 90 nm deep trenches exhibit a
profile angle of better than 80°. (Images received from AMO GmbH)

the SiO, layer. Depending on the actual design of the pattern a precise adjustment
of many process parameters like ICP/RF power, C4Fg/He mixture, etching temper-
ature etc. was necessary to achieve a satisfying etching result. As an example for
the dimensional stability of the optimized etching process a SEM micrograph of a
completely fabricated grating is shown in Fig. 2.6 (left). The grating had a desired
line width of 200 nm. The deviation between the designed pattern size and the re-
alized pattern size is in the range of a few nm. This demonstrates the potential of
IL and ICP etching to fabricate defined linear gratings with a line width accuracy
of a few nm. Further, IL allows the fast production of large area gratings with a
wide range of line widths ranging from 80 nm to 500 nm. This flexibility makes IL
an ideal lithography technology for testing different materials and different grating
structures. Besides the dimensional stability between the lithographic and the etched
structures, the steepness of the etched trenches is also an important parameter, defin-
ing the quality of the etching process. To determine the profile of the gratings the
cross-section has been investigated using SEM. Figure 2.6 (right) shows the cross-
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sectional SEM image of the grating displayed in Fig. 2.6 (left). A profile angle of
better than 80° could be determined.

Fabrication of Linear Gratings Using Electron Beam Lithography

Although IL is a powerful technique that allows fast fabrication of large area grat-
ings, other technologies with higher contrast are mandatory for sub 100 nm reso-
lution. Electron beam lithography (EBL) was used in this case. Exposure was per-
formed at AMO GmbH with a Leica EBPG5000 system. To ensure accurate electron
beam lithography on the insulating substrates a 40 nm thick Ti layer was deposited
as intermediate layer between the SiO, surface and the electron sensitive resist. The
Ti layer prevented charging during the exposure and acted as a hard mask for the
following etching processes. To resolve fine structures an EBL process with high
contrast value is necessary. The negative tone electron sensitive resist HSQ?, pre-
baked at moderate temperature, fulfils this requirement. The resist was spin-coated
on top of the substrate resulting in a thickness of about 200 nm, which is sufficient
to act as an efficient etching mask. After electron beam exposure the development
was carried out in highly concentrated TMAH?. As shown in Fig. 2.7 (left), clearly
resolved 80 nm trenches between 240 nm wide lines can be obtained in this way.
Figure 2.7 (right) shows the cross-section of a developed HSQ pattern. The steep
resist structures without any broadening at the foot of the line demonstrate its high
quality.

Using the 200-nm thick HSQ pattern as an etch mask, the structures could then be
transferred into the SiO; substrate using the same ICP-RIE tool as for the samples
exposed by IL. First, a BC13* chemistry based etching process was performed to etch

Fig. 2.7 (Left) Top view SEM image of a linear grating in HSQ with line to space ratio of 1:3, and
(right) Cross sectional SEM image of a HSQ resist pattern. (Images received from AMO GmbH)

2Hydrogen silsesquioxane.
3Tetramethylammonium hydroxide.

4Boron trichloride.
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the Ti layer. Second, the main etching process based on C4Fg and He chemistry was
applied.

2.2 Device Characterization

After fabrication the samples and devices were characterized using various tech-
niques. Basic characterization was performed using atomic force microscopy, el-
lipsometry, transmission spectroscopy and absorption measurements. Some other
measurement techniques used to characterize our samples are briefly discussed in
this section.

2.2.1 Transistor Measurement and Parameter Extraction

The electrical characteristics of organic thin-film transistors were measured in an
inert Ny atmosphere using an Agilent 4156C parameter analyzer. Standard x-y-z
control probes (Karl Suss, PH120) were used to connect three source-measure units
(SMU) to the device. Two major types of transistor measurements were usually per-
formed. First, the transistor output characteristics were measured, meaning that a
fixed gate voltage was applied to the gate electrode, while varying the drain volt-
age. This results in I;,—V;; measurements for different gate voltages as illustrated
in Fig. 2.8(a) for an n-type organic thin-film transistor. Two regimes can be distin-
guished: the linear regime, where I increases with Vg, and the saturation regime,
where I, is almost independent of V. Second, the I4,—V,, or transfer characteris-
tics were measured. This type of experiment measures the drain current as a function
of the gate voltage. Depending on the value of the drain voltage, the transistor op-
erates either in the linear or in the saturation regime during the measurement. An
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Fig. 2.8 (a) Typical output characteristics, and (b) transfer characteristics of an n-channel organic
thin-film transistor with PTCDI-C3H»7 as the organic semiconductor (W /L =2000/130)
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example of a transistor transfer characteristic, measured in the saturation regime is
shown in Fig. 2.8(b).

The transfer characteristics are very useful for extracting the basic transistor pa-
rameters. Assuming the gradual channel approximation, the current-voltage charac-
teristics can be analytically described by:

w Vs
Lys = Z,chox Vgs —Vin — 7 Vas  (1Vas| < |Vgs = Vi), (2.1)

Iys = %Mcox(vgs - Vth)2 (IVas| > |Vgs = VD, (2.2)
where W is the channel width, L is the channel length, i is the mobility and C,, is
the capacitance of the gate dielectric per unit area. From Eq. 2.2 it is obvious that
/145 is linearly proportional to Vs and that the slope of this line is proportional to
the mobility . The saturation field-effect mobility can thus easily be extracted from
this curve. In addition, extrapolating the linear part of /I to zero current yields
the threshold voltage V;j, as shown in Fig. 2.8. Plotting the transfer characteristics
on a semi-logarithmic scale allows extraction of two other transistor parameters:
Von, defined as the voltage at which the drain current abruptly increases above a
defined low off-current level, and the subthreshold slope, S, which depends on the
gate dielectric capacitance and the trap states at the interface [77].

The total capacitance of the gate dielectric per area can be calculated based on the
relative dielectric constant &, and the thickness of the dielectric layer ¢. Capacitance-
voltage measurements pointed out that the relative dielectric constant of sputtered
Si0; is &, = 5, which is somewhat larger than the value obtained for thermally
grown SiO; (&, = 3,9). The measured ¢, for PeMS is 2.5.

2.2.2 Characterization of OLEDs

The fabricated OLEDs were measured in a N»-filled glovebox using standard probe
needles, which were connected to the SMUs of an Agilent 4156C parameter ana-
lyzer. Simultaneous to current-voltage measurements the emitted optical power was
detected. This was done using a calibrated integrated sphere (SphereOptics Hoffman
GmbH). Because of the large sample size and the impossibility to wire-bond our
light-emitting devices, the sample was positioned on top of this integrated sphere.
This introduced a small error on the measured light intensity. Assuming a Lam-
bertian dependence of the emitted light [241], i.e. [ = Iy - cos8, a 5% loss of the
total optical power of the light-emitting device was calculated. The measured light
intensity Py,eqs 1S thus only 95% of the actual optical power Py, of the devices:

Preas =0.95P;;. (2.3)

An additional consequence of this measurement setup is that light which is waveg-
uided in the sample substrate is not taken into account. A photograph of the setup is
shown in Fig. 2.9 (left).
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Fig. 2.9 (Left) Photograph of the setup used to characterize OLEDs, and (right) Photograph of the
setup employed to determine the spectral characteristics of OLEDs

To determine the spectral characteristics of our OLEDs, the emitted light was de-
tected by means of an optical multichannel analyzer (OMA) in conjunction with
charge coupled device (CCD) (Fig. 2.9 (right)). These measurements were per-
formed at room temperature in a cryostat or by using a small N; container to pre-
vent photo-oxidation. The external quantum efficiency 7,,; could then be calculated
based on luminance, electroluminescence spectrum and current. 7.y, is defined as
the number of emitted photons per electron-hole pair injected into the active light-
emitting layer, i.e.

P, tot/ E phot
I/g ~
where Eppo is the average photon energy, I is the injected current and g is the

elementary charge. If Epj,, is given in eV, the external quantum efficiency reduces
to:

(2.4)

Next =

Pt [W]
= 2.5
1= TIATE phorleV] @
The average photon energy E ,j,; is calculated by:
(he/)) f(L)dx
E phot = f# (2.6)
J FGydx

where A is the wavelength, & is Planck’s constant, ¢ is the speed of light in free
space and f()) is the emission spectral distribution. Since the emission spectrum of
OLEDs is not always symmetric around the emission peak, this energy often differs
from the energy corresponding to the peak emission wavelength.

2.2.3 Time-Resolved Photoluminescence Measurements

Time-resolved photoluminescence spectroscopy is a characterization technique
where the emission of a sample is monitored as a function of time after excita-
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Fig. 2.10 Principle of time-resolved photoluminescence measurements

tion. This makes it possible to separate prompt fluorescence from delayed emis-
sion. Delayed emission originating from the radiative decay of singlets is referred
to as delayed fluorescence, whereas the emission from triplets is called phosphores-
cence. Time-resolved spectroscopy also allows determination of the decay kinetics
of light-emitting materials. By recording the emission spectra over a wide range of
delay times after the laser pulse excitation, the decay of the emission intensity can
be measured. The lifetime of the light-emitting species can then be obtained by fit-
ting this curve. The principle of time-resolved photoluminescence spectroscopy is
illustrated in Fig. 2.10.

The setup used at imec to perform time-resolved photoluminescence measure-
ments is depicted in Fig. 2.11. A nitrogen laser (Spectra-Physics) with pulse du-
ration of 4 ns operating at 10 Hz was used for optical excitation at 337 nm. The
emission spectra were recorded using a triple-grating monochromator (Acton Spec-
trPro 2300i) coupled to an intensified CCD camera (PI-MAX from Princeton Instru-
ments) with a time gated, intensified diode array detector, which was synchronized
by the electrical trigger of the laser. The detection window could be selected be-
tween 1 ns and 25 ms. A variable delay of 75 ns to 25 ms after optical excitation
allowed the detection of weak delayed luminescence after the intense prompt flu-
orescence. The spectra were typically accumulated by averaging over 100 to 300
pulses in order to increase the signal-to-noise ratio. To prevent photo-oxidation the
sample was loaded into a temperature regulating nitrogen cryostat, which allowed
spectroscopic measurements within a temperature range from 77 K to 350 K. Decay
kinetics of phosphorescent materials could be studied using this setup.
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Fig. 2.11 Schematical illustration of the time-resolved photoluminescence measurement setup

2.2.4 Time-Resolved Pump-Probe Experiments

As discussed in Chap. 1 (Sect. 1.3.3) transient absorption measurements or time-
resolved pump-probe measurements allow ultra-fast measurements of photo-exci-
tations. With this technique the absorbance at a particular wavelength or range of
wavelengths of a sample is measured as a function of time after excitation by a fast
femtosecond laser pulse (pump laser). Pump and probe experiments are particularly
useful to analyze gain in organic compounds. Indeed, at wavelengths where there is
gain, the probe beam will be amplified, whereas at wavelengths where competing
absorption processes are dominant, the probe beam is attenuated.

Time resolved pump-probe experiments were performed in close collaboration
with RWTH in Aachen. The experimental setup realized at RWTH is illustrated in
Fig. 2.12. The key component is a femtosecond regenerative Ti:sapphire amplifier
(Spectra-Physics Spitfire XP Shortpulse), which allows excitation fluences up to
3 mJ per pulse and delivers a pulse train at a repetition rate of 1 kHz. At the center
wavelength of 800 nm the pulse duration was about 35 fs. A beamsplitter splitted
this beam into an intense pump beam for optical excitation and a weak probe beam.
For efficient optical excitation of the organic films, an ultrathin nonlinear BBO crys-
tal was inserted into the pump beam to generate optical pulses at 400 nm wavelength
via second harmonic generation (SHG). The duration of these 400 nm pulses was
~ 40 fs. Furthermore, the pump beam was chopped mechanically at 500 Hz and
excited the sample at # = 0. The excitation spot was circular with a full-width-half-
maximum (FWHM) of 400 um (Gaussian profile) and the pump fluence was deter-
mined as the peak value at the center of the pump spot. To prevent photo-oxidation
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Fig. 2.12 Experimental setup for ASE/PL- and time resoved pump-probe measurements

during the measurements, the samples were mounted in a cryostat. As can be seen
on Fig. 2.12, a fraction of the fundamental laser output was spectrally broadened
by a sapphire crystal, delayed by a motorized delay stage and focused on the pump
illuminated sample spot. This was the probe beam. The much smaller probe spot
(50 ym FWHM) was carefully aligned to the center of the pump spot. The trans-
mitted part of the probe beam was guided by an optical fiber to a monochromator
and its intensity was measured by a photomultiplier. A lock-in amplifier was syn-
chronized to the chopper frequency and measured the pump induced transmission
change. Typically, the experiments were carried out by changing the wavelength for
a particular time delay. Afterwards, the time delay was set to the next value and the
measurement was repeated.

2.2.5 Amplified Spontaneous Emission and Loss Measurements

Amplified spontaneous emission and loss measurements were performed using the
same setup as for time-resolved pump-probe experiments realized at RWTH in
Aachen (Fig. 2.12). Only some minor modifications were necessary. The measure-
ments were carried out by collecting and detecting the light emitted from the sam-
ple in the optically pumped region. The probe beam was blocked in this case. The
pump beam (A = 400 nm) on the other hand, was elliptically focused on the sam-
ple by means of a cylindrical lens, resulting in a narrow excitation stripe. When the
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pump spot illuminated a region near the edge of the sample, the facet of the or-
ganic layer emitted a sufficient amount of light for optical detection. For different
average pump powers, the edge-emitted spectrum could then be recorded by guid-
ing the emitted light by an optical fiber to a spectrometer or a monochromator and
photomultiplier tube. Similar to the pump-probe measurements, the samples were
mounted in a cryostat to prevent degradation and especially photo-oxidation dur-
ing experiments. Besides, the sample temperature could be controlled in the range
from 10 K to room temperature. ASE measurements carried out on a 300-nm thick
Alqg3:DCM film at a concentration of 2% DCM are shown in Fig. 2.13. The obtained
spectra are clearly indicate the dependence of the spectral emission components on
the excitation fluence.

Waveguide losses were analyzed by monitoring the edge-emitted light generated
in the organic layer by ASE at different distances between the pump spot and the
waveguide edge [168]. Since this technique requires a well-defined pump spot, a slit
was inserted in the pump beam path to cut off the tails of the elliptical spot in the
elongated direction. The pump spot was gradually moved away from the waveguide
edge by translating the sample perpendicularly to the laser beam. Since the output
intensity from the end of the excitation stripe is assumed to be constant, the observed
decreases in the edge-emitted signal result from waveguide losses (mainly absorp-
tion and scattering) within the unpumped region. The waveguide loss coefficient «
could be determined according to

1(z) = Ipexp(—az), 2.7

where Iy is the light intensity at z = 0.

2.2.6 Determination of Thermally Stimulated Luminescence

Thermally stimulated luminescence (TSL) is the phenomenon of lumi nescent emis-
sion after removal of excitation under conditions of increasing temperature. Gener-
ally, in the TSL method the trapping states are first populated by photogeneration of
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Fig. 2.14 Measuring procedure of thermally stimulated emission experiments

charge carriers, usually at low temperatures in order to prevent a fast escape. Then,
the trapped charge carriers are released by heating up the sample with a linear tem-
perature ramp while the luminescence due to radiative recombination is recorded
as a function of temperature. This procedure is illustrated in Fig. 2.14. If an en-
ergy distribution of the trap states exists, TSL spectra are a complicated convolu-
tion of contributions from different traps at different energies and fractional heating
techniques have to be applied, which are based on cycling the sample with a large
number of small temperature oscillations superimposed on a constant heating run.
Consequently, the TSL is a useful tool for determining the trap depths even when
traps are not well separated in energy or are continuously distributed. In addition,
TSL also allows analysis of the trap spectra even when they are complex.

TSL measurements were carried out at the National Academy of Science of
Ukraine using a home-built setup operable from 4 K to 350 K using a temperature
controlled helium cryostat. After cooling down to 4 K, the samples were photo-
excited, usually for 30 s, by a high-pressure 500 W mercury lamp with an appro-
priate set of glass optical filters for light selection. After the photo-excitation, the
TSL was detected in a photon-counting mode with a cooled photomultiplier, posi-
tioned next to the cryostat window. The TSL measurements were performed either
at a constant heating rate of 0.15 K/s or in the fractional heating regime. The lat-
ter procedure allows the determination of trap depth when different groups of traps
are not well separated in energy or are continuously distributed. A more detailed
description of the TSL method is described in literature [242, 243].



Chapter 3
Organic Light-Emitting Diodes with Field-Effect
Electron Transport

In standard OLEDs the total thickness of the organic layers is generally limited to 80
to 100 nm to obtain efficient charge transport at reasonable driving voltages [244].
Consequently, light is generated very close (within ca. 50 nm) to the metallic cath-
ode and the proximity of the metal electrode induces severe optical absorption losses
if the OLED is used as a waveguide. In order to sufficiently reduce these optical
losses a possible strategy is to increase the thickness of the organic layers [84, 215].
The low carrier mobilities in organic semiconductors [31, 32], however, prevent an
arbitrary increase of this thickness and other techniques, such as the use of trans-
parent conductive oxides [96, 217, 218] and careful optical design [182, 219], are
necessary to minimize the losses induced by the electrodes.

In LEOFET devices on the other hand, charge carriers have a field-effect mo-
bility which is typically several orders of magnitude higher than the charge carrier
mobility in conventional OLEDs [46], and depending on the type of LEOFET, the
light-emission zone can be located at a relatively large distance from the metal-
lic source and drain electrodes [65, 66]. Furthermore, high current densities have
been reported for LEOFET devices [63, 69, 75]. However, to obtain these prop-
erties, three different electrodes must be used, namely the source, the drain and
the gate. In addition, most organic field-effect materials demonstrate rather weak
photoluminescence and vice versa, most organic light-emitting materials have poor
field-effect performance [57]. Indeed, a high carrier mobility, as needed in transis-
tors, is favored by a tight intermolecular 7 stacking. Examples are pentacene [245]
and region-regular P3HT [246]. However, the photoluminescence yield is usually
low in such materials with strong intermolecular coupling. Conversely, materials
with high photoluminescence quantum yield, e.g. PPVs [247] are usually character-
ized by a low intermolecular coupling, and thus limited hopping transport between
molecules [248]. Therefore, it would be desirable to form a more elaborated hetero-
junction consisting of charge transport layers and a light-emitting layer, which can
be optimized separately [249]. Such heterojunction concepts are commonly used in
high-performance OLEDs [33, 34]. In LEOFET device architectures, however, this
approach is difficult to apply.

In this chapter, a novel two-electrode light-emitting device structure is proposed.
The device is a hybrid structure between a diode and a field-effect transistor. Com-
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pared to conventional OLEDs, the cathode is displaced one to several micrometers
from the light-emission zone. As the light emission zone is not covered by metal,
the device can be used for top emission or even as waveguide. The micrometer-sized
distance between the cathode and the active region can be bridged by electrons with
an enhanced field-effect mobility. Owing to this high charge carrier mobility, large
current densities are possible. The external quantum efficiency at these high current
densities is as high as that of conventional OLEDs using the same materials. In con-
trast to organic light-emitting field-effect transistors, only two electrodes are used.
Moreover, light-emission in the novel device structure always occurs at a fixed po-
sition, irrespective of the applied bias, in contrast to LEOFETs where the emission
zone can move within the channel by varying the bias conditions [65-67]. The first
section of this chapter describes the technology and the materials used to fabricate
the device. Next, the device operation and the device performance are discussed.
The electrical characteristics as well as the opto-electronic performance are studied.
Suggestions for further improvement of the device performance are given in the last
section of this chapter. The content of this chapter is published in [250, 251].

3.1 Device Fabrication

The schematic architecture of the device is illustrated in Fig. 3.1. The device is
fabricated on top of an ITO-coated glass substrate and comprises an organic hole-
transporting layer (HTL), an organic light-emitting layer and an organic electron-
transporting layer (ETL). Prior to the deposition of these organic layers, an insu-
lating layer of 100 nm SiO; is deposited by sputtering. Trenches are selectively
wet-etched through the SiO», to be able to contact the ITO layer. ITO serves as
the hole-injecting electrode in the device. The cathode is formed by a thin layer of
0.8 nm lithium fluoride (LiF) followed by the deposition of 100 nm aluminum (Al).

ETL

I

II

:: HTL
1

! ITO

[

i

n

Glass

A cn B

Fig. 3.1 Schematic architecture of the organic light-emitting diode with field-effect electron trans-
port. The device comprises an organic hole-transporting layer (HTL), an organic electron-trans-
porting layer (ETL) and an organic light-emitting layer. The dashed lines AA’, BB’ and CC'C"C"”"
indicate three different sections. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission)
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Fig. 3.2 Schematic depiction of the processing sequence for the fabrication of the light-emitting
field-effect device structure: (a) situation before creation of the integrated shadow mask, (b) de-
position of the integrated shadow mask, (¢) deposition of the organic layers, and (d) deposition of
the metallic cathode with the substrate mounted on a triangular sample holder. During this deposi-
tion process, the atomic flux is at a 45° angle with respect to the substrate. (O Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission)

This cathode is not positioned vertically above the ITO anode in the trench in the
Si0; insulator, but it is located fully above the insulator, as shown in Fig. 3.1. The
distance between the metallic top electrode and the insulator edge is one to sev-
eral microns. Accurate alignment of the metallic cathode is obtained by using an
integrated shadow mask technique [252] and angled deposition of the LiF/Al layer
(Fig. 3.2).

The integrated shadow mask is realized by patterning a 20-um thick negative
photoresist SU-8 25 (MicroChem Corp., used as received). This layer is resistant
to solvents, acids and bases and has excellent thermal stability. The different or-
ganic layers are deposited after application and patterning of the SU-8 25 resist.
Subsequently, the sample is mounted on a triangular sample holder and loaded in
the ultra-high vacuum system for cathode evaporation. During this deposition, the
flux is at a 45° angle with respect to the substrate. The SU-8 25 profile thus creates
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Fig. 3.3 SEM image of the ) -
device structure: (a) metallic
cathode, (b) shadowed region
where no metal is deposited,
(c) the 20-um thick SU-8 25
layer and (d) arrow indicating
the insulator edge.

(© Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced
with permission)

a shadowed region with a span similar to the thickness of the SU-8 25, so that the
substrate is only partially covered with the metal. Figure 3.3 shows a SEM image
of the device structure. The shadowed region where no metal is deposited can be
recognized. It can also be verified that the walls of the SU-8 25 layer are slightly
re-entrant, which is typical for negative photoresists.

PTAA [253] is selected as the hole-transporting material to fabricate the device.
This material can be deposited by spincoating, which results in a film with a smooth
top surface, favorable for the growth of an additional layer. The bulk hole mobility
of PTAA is approximately 10~2 cm?/Vs [253]. For the active light-emitting layer
20 nm Alqz doped with 2% of DCM3 is chosen. DCMj; is a well-known red light-
emitting fluorescent dye used in OLEDs [254], with a photoluminescence quan-
tum yield of about 40% [41]. The organic layer stack is finalized by the deposi-
tion of an organic electron-transporting layer. This electron-transporting material is
selected according to two criteria which are important in our device architecture.
First, the organic electron-transporting material should have a high electron field-
effect mobility since this mobility determines the performance. Numerical simula-
tions indicate that the electron mobility is much more critical for the device per-
formance than the mobility of the holes. Second, as electron transport is intended
to occur at the heterojunction between the electron-transporting layer and the light-
emitting layer, the LUMO of the electron-transporting material should be slightly
lower than the LUMO of Alq3z and DCM,. PTCDI-C3H»7 satisfies these two condi-
tions and therefore it is used as the electron-transporting material. Typically, 50 nm
PTCDI-C3H»7 is deposited at a deposition rate of 0.5 Al/s, while the substrate is
kept at room temperature. Gundlach ef al. reported a field-effect mobility of about
0.6 cm?/Vs for PTCDI-C3Hy7 using chromium (Cr) top-contacts [255]. A mobil-
ity of 0.28 cm?/Vs was obtained using LiF/Al top-contacts. Even higher field-effect
mobilities can be achieved by annealing after fabrication [256]. The molecular struc-
tures and the energy levels of the HOMO and the LUMO of PTAA, Alqz, DCM;
and PTCDI-C13H37 can be found in Chap. 2 (Sect. 2.1.1).
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3.2 Device Operation

To explain the device operation we draw in Fig. 3.4 the band diagrams through sec-
tions AA’, BB’ and CC’'C”C" of Fig. 3.1 for the device in forward bias, i.e. for a
positive anode-to-cathode bias. Under these conditions electrons are injected from
the cathode into PTCDI-C13H,7 at cross-section AA’. The semiconductor PTAA
and the light-emitting layer Algz:DCM; on top of the SiO; (cross-section AA’)
are depleted of holes. As will be confirmed further, the LUMO offset at the in-
terface between Alqs and PTCDI-C3H>7 prohibits electron injection from PTCDI-
C13Hjy7 into Alqs in the cross-section AA’. As a result, the depleted PTAA layer and
Alg3:DCM; layer on top of the SiO; insulator behave as a dielectric layer in series
to the SiO; insulator, and an electron accumulation layer is formed in the PTCDI-
C13H»7 at the interface with Alqz:DCM;. These electrons are transported laterally
by the electric field from the cathode towards the SiO; edge (from C’ to C”). The
field-effect mobility of these charge carriers is larger than the charge carrier mobil-
ity in a conventional OLED, making transport over several microns possible. Near
the insulator edge, at position C”, electrons are injected into the Alq3:DCM; layer,
where they recombine with holes, injected from the ITO and transported vertically
through the PTAA (see cross-section BB’ in Fig. 3.4). The electron injection at po-
sition C” into Algs is enabled by an enhanced vertical electric field at that position.

Fig. 3.4 Band diagrams for (@) AN (b) BB
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The enhancement of the vertical field at C” has two causes: first, the vertical and lat-
eral electric fields in the channel (section C'C”) collapse into only a vertical field at
position C”; furthermore, the presence of a space charge of holes in PTAA increases
the vertical electrical field that attracts electrons to be injected in the Alq3:DCM3;
layer. This latter behavior is similar to the enhanced hole injection as a result of
a space charge of electrons at the anode of OLEDs reported by Van Woudenbergh
et al. [257]. Exciton formation occurs and radiative relaxation of these excitons to
the ground state results in light-emission near the SiO, edge, at a micrometer-size
distance from the metallic contact. In this way, this heterojunction device allows
to minimize optical losses at the metal cathode. The vicinity of the ITO bottom-
contact is of minor importance with respect to absorption losses because it has been
shown that thin transparent ITO layers have low optical losses in the 550-750 nm
spectral range [184]. Note that since the potential near the insulator edge is floating
and since there is no electron confinement in the lateral direction (the electrons are
not hindered by an interface), the electron and hole current in the device are always
balanced.

We have confirmed this view of the device operation by measuring the char-
acteristics of several control devices. Control transistors comprising the stacks
PTAA/PTCDI-C3H27 and PTAA/Alq3:DCM,/PTCDI-C3Hy;7 have been fabri-
cated on doped n™T-Si wafers with a 100-nm thick thermally grown SiO, layer
(serving as the OTFT gate dielectric). LiF/Al was used as source and drain top elec-
trodes. For the PTAA/PTCDI-C3H»7 transistor, a field-effect mobility for electrons
in PTCDI-C3H>7 at the heterojunction interface with PTAA of 0.2 cm?/Vs is ex-
tracted. It is striking that the hole-transporting organic semiconductor PTAA pro-
vides a good growth surface for the electron-conducting PTCDI-C13H37, and that
the hetero-interface is appropriate for electron transport. This can be attributed to
the smooth top surface of PTAA and the formation of a high-quality interface free
of electron traps. We infer the latter from the observation that the electron mobility
in PTCDI-C3H>7 transistors on PTAA-coated SiO; is the same as the one we mea-
sured in control transistors that have a gate dielectric consisting of SiO; coated with
PaMS, known to provide a high-quality, electron-trap free surface [258] that allows
good electron transport [259].

Upon inserting Alq3:DCM; between PTAA and PTCDI-C3H>7, the effective
saturation field-effect electron mobility drops to 0.08 cm?/Vs. The output and trans-
fer characteristics of this transistor are shown in Fig. 3.5. We correlate the reduc-
tion in mobility to the different growth of PTCDI-C13H»7 on Alg3:DCM; as com-
pared to growth on PTAA. Figures 3.6(a) and (b) show the PTCDI-C3H»7 mor-
phology on, respectively, PTAA and PTAA/Alq3:DCM;. PTCDI-C3H>7 deposited
on PTAA/Alq3:DCM,; reveals a much rougher growth than PTCDI-C3H»7 grown
on top of PTAA; this correlates with the lower field-effect mobility. The rms rough-
ness of the layer is increased from 6.7 nm to 10.7 nm upon inserting an Alq3:DCM;
layer. As both substrates (PTAA and PTAA/Alq3:DCM;) are morphologically sim-
ilar, being amorphous flat surfaces with the same rms roughness of 0.4 nm, the
difference in growth of PTCDI-C3H>7 originates from the interfacial energy dif-
ferences between, respectively, PTCDI-C3H»7 and PTAA and PTCDI-C3H37 and
Alqz:DCM,.
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Fig. 3.5 Electrical characteristics of a top-contact transistor comprising PTAA/Alq3:DCM,/
PTCDI-C3H27 as the organic layers (W /L = 2000/50). (a) Output characteristics for various
Vs, and (b) transfer characteristics of the same transistor. A saturation mobility of 0.08 cm?/Vs
and a threshold voltage of ~ 0 V are extracted for this device. (© Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission)

Fig. 3.6 2 ym x 2 um atomic force microscopy (AFM) surface scans of a 50 nm thick
PTCDI-C3Hj7 layer on top of (a) PTAA and (b) PTAA/Alq3:DCM;. On PTAA/Alq3:DCM;
a higher surface roughness is measured: the rms roughness is 10.7 nm for PTCDI-Cj3H»7 on
PTAA/Alq3:DCM; versus 6.7 nm for PTCDI-C13H;7 grown on PTAA. (© Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission)

Additionally, a control transistor was fabricated comprising PTAA/Alq3:DCM;
as the organic layers, to verify whether Alqz:DCM; could not be used as the
electron-transport layer instead of PTCDI-C3H»7. No field-effect transport of elec-
trons could be observed in this structure. The non-planar molecular structure of
Alqgsz apparently prohibits efficient lateral electron transport. This control experi-
ment also proves that electron transport in the transistor comprising the organic
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stack PTAA/Alq3:DCM,/PTCDI-C3H37 and in our novel device structure (be-
tween position C’ and C” in Fig. 3.1) indeed occurs in the PTCDI-C13H,7 and not

in Alq3:DCM,.

3.3 Device Performance

3.3.1 Optical and Electrical Characterization

Figure 3.7(a) displays the experimentally measured electrical characteristics of a
light-emitting device constructed by using the architecture depicted in Fig. 3.1. The
device has a width of 1 mm and was measured in an inert N atmosphere immedi-
ately after evaporation. The metallic cathode of the device is displaced by 3.5 pym
with respect to the insulator edge. Under forward bias, the current increases with
increasing voltage. The electrical characteristics can be explained by the equivalent

Fig. 3.7 Experimentally
measured characteristics of
the light-emitting diode with
field-effect electron transport.
This device has a width of

1 mm and a distance between
the top electrode and the
insulator edge of 3.5 um.

(a) Current-voltage
characteristics,

(b) corresponding light
output. Inset: equivalent
circuit of the device, and

(c) external quantum
efficiency as a function of the
current. (© Wiley-VCH
Verlag GmbH & Co. KGaA.
Reproduced with permission)
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circuit shown as inset in Fig. 3.7(b). This equivalent circuit consists of an n-type
transistor having a diode between the gate and the drain.

The device emits red light upon the radiative decay of excitons. The optical out-
put intensity as a function of the applied voltage bias is shown in Fig. 3.7(b). It
can be seen that the optical output tracks the current characteristics. The normal-
ized electroluminescence (EL) spectrum of the device is shown in Fig. 3.8. The
peak emission wavelength is located at 636 nm and corresponds to DCM, emission.
Two control experiments allowed to verify that the observed emission indeed origi-
nates from DCM,. In a first control experiment, we changed the dye from DCM; to
BtpylIr(acac) [260], a phosphorescent dye with characteristic spectral features that
could easily be recognized. In another control experiment, we used undoped Alqs;
this device emits green light, peaking at 540 nm, as is characteristic for emission
from Alqgs.

In our device structure, the emission zone is well-defined and light-emission al-
ways occurs at a fixed position, namely near the edge of the insulator. This position
is independent of the applied bias. The left panel of Fig. 3.9 shows a photograph
in reflection of a device without biasing. The metal electrode (white reflecting area)
and the insulator edge, indicated with an arrow, can be recognized. For this device,
the distance between the cathode and the insulator edge is 19 um. The right panel of
Fig. 3.9 is an image in the dark of the optical output when the device is in forward
bias. A narrow line of red light appears alongside the edge of the insulator. The light
intensity increases with the bias voltage. Despite the narrow emission zone, the red
light can easily be observed by the naked eye. The measured width of the emission
zone is about 2 pum.

3.3.2 Analysis

The experimentally observed behavior is qualitatively confirmed by numerical sim-
ulations. A simplified device, comprising a hole-transporting layer (HTL) and a
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20 pm

Fig. 3.9 Left panel: Optical microscope reflection image of a device without bias. The white area
is the reflective metal cathode, the arrow indicates the insulator edge. Right panel: under forward
bias a narrow line of light appears along the insulator edge. The width of the line is estimated to be
about 2 pm. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)

light-emitting electron-transpor ting layer (ETL), was simulated using the Silvaco
ATLAS 2D device simulator. The material parameters used in the simulations are
summarized in Table 3.1. For the ETL an electron mobility of 8 - 1072 cm?/Vs is
used, which corresponds to the experimentally measured electron field-effect mo-
bility of PTCDI-C3H»7 in our device. The hole mobility of the ETL is taken to be
5-10~* cm?/Vs. For the HTL on the other hand a hole mobility of 5- 1073 cm?/Vs
and a negligible electron mobility are taken. The HOMO and LUMO of the ETL and
HTL are assumed to be similar to the HOMO and LUMO of, respectively, PTCDI-
C13Hy7 and PTAA. Typical values for the singlet lifetime (7) and the exciton dif-
fusion length (Lg;sy) are taken from literature [261]. The top contact is assumed to
be located at 6 pm from the insulator edge. Figure 3.10(a) illustrates the simulated
recombination zone as the result of applying a positive bias to the anode. It can be
clearly seen that recombination occurs near the insulator edge, several microns from
the metallic contact. The simulated recombination zone has a width of about 2 um,
which is in agreement with the experimental observation. Figure 3.10(b) confirms
the presence of an electron accumulation layer at the interface between the HTL and
the light-emitting ETL when a positive bias is applied to the anode with respect to
the cathode. This electron accumulation region vanishes beyond the insulator edge,
as electrons and holes recombine there.

Table 3.1 Summary of the

parameters used in the 2D HTL Light-emitting ETL
device simulator

HOMO (eV) 5.1 54

LUMO (eV) 1.8 34

e (cm2/Vs) 1-1077 8.1072

wh, (cm?/Vs) 5.1073 5.1074

Laifs (nm) 10

7(s) 16-10~°
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Fig. 3.10 (a) The simulated recombination rate, and (b) the simulated electron accumulation layer
under forward bias. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)

The external quantum efficiency 7., of the fabricated devices is estimated based
on luminance, EL spectra and current. The measured maximum 7., of the device
is 0.02%, which is similar to that of a light-emitting diode using the same materials.
Reference OLEDs with Alq3:DCM; active layers have been shown with up to 0.5%
efficiency [254]. In these reference OLEDs, Alqs is used as electron transporting
layer, rather than PTCDI-C3H;7. However, Alqs cannot be used in our structure
because its non-planar molecular structure prohibits efficient electron transport in a
thin-film transistor configuration.

By changing the distance between the metallic contact and the insulator edge,
the light intensity of the OLED with field-effect electron transport can be tuned.
We measured different devices for which the top-contact displacement with respect
to the insulator edge is systematically varied from 0.8 um to 9 um. In Fig. 3.11(a)
the measured maximum 7., of each of these devices is plotted as a function of the
distance between the cathode and the insulator edge. As expected, the maximum
Nex 18 CcONstant.

On the other hand, at the average breakdown voltage of the SiO» insulator, about
30 V, higher currents are possible in devices with shorter cathode displacement
with respect to the insulator edge. As a result, the maximum achievable optical out-
put power and brightness can be higher for smaller distances. This is illustrated in
Fig. 3.11(b) which shows the light intensity of three different devices with distances
between the metallic cathode and the insulator edge of, respectively, 7.3 um, 5.1 ym
and 3.5 pum.

Taking into account a 2 um wide emission zone, the maximum hole current den-
sity in the device at 30 V is estimated to be 13 A/cm?. This current density is much
higher than the current density obtained in conventional OLEDs (typically in the or-
der of 1072 A/em? at the point of maximum 7.y,). The maximum electron current
density in the accumulation layer of the light-emitting device is even higher. As-
suming a current flow confined to a 5-nm thick electron accumulation layer, which
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corresponds to approximately two PTCDI-C3H,7 monolayers [256], current densi-
ties of 5400 A/cm? are achieved. This is comparable to the highest current densities
achieved in ambipolar organic light-emitting transistors reported to date [63, 75] and
can be attributed to the high electron mobility in our device. Figure 3.7(c) shows the
measured 7.y, as a function of the current. Within the experimental error no signifi-
cant roll-off is observed up to the maximum current.

3.4 Improvement of the External Quantum Efficiency

The measured maximum 7.,, of the fabricated device is 0.02%. This value is
rather low compared to reference OLEDs based on Alq3:DCM; reported in lite-
rature [254]. However, in these reference OLEDs, Alqs is used as the electron-
transporting material, instead of PTCDI-C3H»7, indicating that the presence of
PTCDI-C3H3,7 might be responsible for the low 7y, in our devices.

The low 7.y of the devices may have two plausible origins: (i) exciton disso-
ciation at the interface between the Alq3:DCM; and the PTCDI-Ci3Hj7 layer; or
(i) re-absorption of the emitted photons by one of the used organic materials. The
first of the above mentioned mechanisms would mean that excitons of DCM; (with
LUMO of 3.1 eV and HOMO of 5.2 eV) [235] would dissociate to PTCDI-C3H»7
(with LUMO of 3.4 eV) [236] by electron-transfer at the interface between these
two materials. To test whether this mechanism is operative, we fabricated devices
in which a thin undoped layer of Alqz was inserted between the light-emitting layer
and the electron-transporting layer. Such a layer would prohibit the dissociation of
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excitons of DCM, because the LUMO of Alqsz (2.8 eV) [235] is higher than the
LUMO of DCM;. Therefore, if the low 7, is a result of exciton break-up, it would
be expected that higher quantum efficiencies could be measured for diodes with an
interfacial layer of undoped Alqs. Experimentally, we used an interfacial layer of
10 nm of Alqs. The n.,; remained unaltered. Hence, exciton dissociation cannot be
identified as the origin for the low n.,; in PTCDI-C 3H37-based devices. Note that
an incomplete recombination of holes and electrons due to an imbalance between
the electron and hole current can also not be invoked as the reason for the rather
low external quantum efficiency, since the electron and hole current in the device
are always balanced.

Another possibility is that photons emitted by DCM> are re-absorbed by one of
the other organic materials that are used to fabricate the device. In Fig. 3.12, the
normalized absorption spectra of PTAA and PTCDI-C3H,7 and the normalized
photoluminescence spectrum of Alq3:DCM; are shown. The absorption spectrum
of PTAA is clearly blue-shifted with respect to the emission of DCM,. The emis-
sion spectrum of Alqz:DCM; and the absorption spectrum of PTCDI-C3H»>7 on the
other hand, display a significant overlap, indicating that photons emitted by DCM;
will be strongly re-absorbed by PTCDI-Cj3H»>7. A simple way to reduce this over-
lap is by decreasing the PTCDI-C3H»7 layer thickness. In Fig. 3.12 the absorp-
tion spectra of very thin (5 nm and 10 nm) PTCDI-C3H;7 layers are also plotted.
These spectra are scaled with the same factor used for the normalized 50-nm thick
PTCDI-C;3H»7 film spectrum in order to preserve the relative absorbance between
the different samples. From Fig. 3.12 it is clear that the overlap with the Alq3:DCM;
light-emitting layer is significantly reduced when thin layers of PTCDI-C13Hjy7 are
used, indicating a reduction of photon re-absorption.

To confirm this hypothesis, we have fabricated and characterized an OLED
with field-effect-assisted electron transport comprising an ultra-thin 10-nm electron-
transporting PTCDI-C3H,7 layer. Characterization was performed in an inert Nj
atmosphere immediately after evaporation of the metallic top contact. The experi-
mentally measured characteristics are shown in Fig. 3.13. The device had a width of
1 mm and the metallic cathode was displaced by 1.7 um with respect to the insulator
edge. An 7.5 of 0.05% was calculated. This is more than two times larger than the
value obtained when 50 nm PTCDI-Ci3Hjy;7 was used as the electron-transporting
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3 OLEDs with Field-Effect Electron Transport

200

- (a) I 10
measured characteristics of a .- L
1 mm wide device, having a = 150 AN - 10° 5
distance of 1.7 um between = / L E
the metallic top contact and T 100 /; - 10 g
the insulator edge. In this = \ N - —_
device 10 nm of © 504 \\,’ =
PTCDI-C3Hy7was used as ‘\' -
the electron-transporting 0 L ; , ; - 1072
layer. (a) Current-voltage 0 10 20 30
characteristics on a Voltage [V]
logarithmic scale (dashed 0.06
line) and a linear scale (full 0.05 - ()
line), and (b) nex; as a X . o \.’,V'W
function of the current. 3 0.04 . f."; i "..".:-""*‘
(© Wiley-VCH Verlag GmbH 5003 & o .
& Co. KGaA. Reproduced £ 002" -
with permission) we
0.01+
0- el : - o v ol .
89 2 3 4 56789 2
10° 10
Current [A]

material. From these measurements we infer that re-absorption of emitted photons
by PTCDI-C3Hj7 is indeed limiting the device performance.

The results above clearly indicate that in order to further improve the device
performance other electron-transporting materials should be used. Apart from a high
electron field-effect mobility and a slightly lower LUMO than the LUMO of Alq3
and DCM,, the material should also have low absorption in the device light-emitting
wavelengths, in this case the red spectral region.

3.5 Summary and Conclusions

In this chapter, an organic light-emitting diode with field-effect electron transport
was proposed as a new device concept complementary to the list of existing electro-
luminescent devices. In this device configuration, the metallic top contact is remote
from the light-emission zone. A micrometer-sized distance between the cathode
and the light-emission zone is bridged by electrons with an enhanced field-effect
mobility. The light-emission occurs at a fixed position irrespective of the applied
bias. We fabricated the device using Alqz:DCM; as host-guest light-emitting ma-
terial system, PTCDI-C3H»7 as electron-transporting material and PTAA as hole-
transporting material. Light-emission was found to correlate with the current, and
could be modulated by the anode-to-cathode voltage. The measured device oper-
ation was confirmed by 2D numerical simulations and by the characteristics of a
number of control devices. Devices with smaller distance between the cathode and
the insulator edge allowed larger currents at the maximum operating voltage, and
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therefore also higher brightness. 1., was confirmed to be as high as in a con-
ventional OLED using the same materials. An increase of 7,y; could be obtained
by decreasing the PTCDI-C3Hj7 layer thickness, indicating that re-absorption of
emitted photons by PTCDI-C3H>7 is limiting the device performance. Additional
optimization of material combinations may further increase 7.,;. The quantum effi-
ciency was remarkably constant up to the maximum current, which corresponds to
a hole current density in the order of 10 A/cm?. This high current density, in combi-
nation with reduced optical absorption losses thanks to the remoteness of the metal
cathode, may lead to interesting applications as waveguide OLEDs and possibly a
laser structure.



Chapter 4

Devices Based

on Diperfluorohexyl-quaterthiophene
Derivatives

For high-brightness OLEDs, and for electrically pumped organic lasers, it is impor-
tant to implement materials and device configurations that allow high electrolumi-
nescence efficiencies at high current densities. In conventional OLEDs high quan-
tum efficiencies have been reported [38, 39, 262-265], even approaching an internal
quantum efficiency of 100% [34]. However, in these devices the point of maximum
Nex: is typically reached at low current densities (in the order of 1072 A/cm?) be-
cause of increased non-radiative losses at higher voltage bias [217, 266-268].

In ambipolar polymer light-emitting transistors on the other hand, current densi-
ties of 50 A/cm? could be achieved without reduction of Next (~0.75%) [67]. This
current density could be further increased by using another gate-dielectric [69], al-
though in this case a decrease of 7.,; was observed at higher bias, which was at-
tributed to singlet-polaron quenching. In addition, Takenobu et al. reported current
densities of several hundreds A/cm? in tetracene and rubrene single-crystal light-
emitting transistors [75]. Despite the absence of roll-off the n.,; of these single-
crystal devices was, however, only on the order of 0.03%. More recently, current
densities of kA/cm? were reported for solution processed bilayer LEOFETSs having
an 1,y of 0.15% [63].

In our OLEDs with field-effect electron transport a similar behavior has been
observed. In the previous chapter (Chap. 3) we have demonstrated that in a device
comprising PTAA as the hole-transporting material, Alqy doped with DCM; as the
active light-emitting layer and PTCDI-C 3H»7 as the electron-transporting mate-
rial, an electron current density of ~ 5 kA/cm? could be achieved without signifi-
cant roll-off of 7.y;. The maximum 7.y, of these OLEDs with field-effect-assisted
electron transport was however rather low. In a device comprising a 50-nm thick
PTCDI-C3H37 layer, a maximum 7, of 0.02% could be achieved. This efficiency
could be increased to 0.05% by reducing the PTCDI-C3H»7 layer thickness, indi-
cating that re-absorption of emitted photons by PTCDI-C3Hj7 is a main limitation
with respect to device performance. In order to further improve device performance,
other materials or material combinations should be used.

In this chapter, two alternative electron-transporting materials are investigated for
use as the electron-transporting material in OLEDs with field-effect electron trans-
port: DFH-4T [269] and DFHCO-4T [237]. Both materials were selected according
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to the criteria that are important in our device architecture. Before device fabrica-
tion, the absorption spectrum and the morphology of the materials are studied. This
is subject of Sect. 4.1. Next, transistors as well as OLEDs with field-effect-assisted
electron transport comprising DFH-4T and DFHCO-4T as the electron-transporting
material are investigated. Special attention is given to the achievable 7., at high cur-
rent densities. In Sect. 4.2 transistors and OLEDs based on DFH-4T are discussed,
whereas Sect. 4.3 focuses on the performance of devices comprising DFHCO-4T.
An overview of the performance of different OLEDs with field-effect-assisted elec-
tron transport fabricated using various electron-transporting materials is given in
Sect. 4.4. The results reported in this chapter have been published in two different
articles [251, 270].

4.1 Characterization of the Electron-Transporting Materials
DFH-4T and DFHCO-4T

The first material that has been investigated is DFH-4T, which was developed for
use in electron-conducting thin-film transistors [269]. The molecular structure of
DFH-4T can be found in Chap. 2 (Sect. 2.1.1). The material has a LUMO of
3.3 eV [237], which is slightly lower than the LUMO of Alqg; (2.8 eV) [235]
and DCM; (3.1 eV) [235]. From AFM analysis of thin DFH-4T films de-
posited by vacuum thermal evaporation, typical Stransky-Krastanov growth is ob-
served [271, 272]. This implies that the growth of the first few DFH-4T monolayers
is two-dimensional (2D). However, beyond a certain thickness threshold the film
starts to roughen strongly and the growth becomes three-dimensional (3D). In the
case of DFH-4T films, this 3D growth manifests itself in the formation of thick elon-
gated needles. Figure 4.1(a) shows an AFM topography image of a 50-nm thick (as
measured by a quartz crystal monitor) DFH-4T film grown on PTAA. At the bottom
of the film the presence of terraces is clearly visible. Their step height is about 6
nm, corresponding to the length of two molecules [272]. On top of this 2D layer, 3D
needles (up to 200 nm high) are observed. Figure 4.1(b) shows the AFM gradient
image of the same DFH-4T layer. This is quite equivalent to the topography image
shown in Fig. 4.1(a), however, the 2D areas and 3D needles can be recognized more
clearly.

We found that the size of the 3D needles strongly depends on the deposition rate.
Increasing the deposition flux reduced their height from ~300 nm to ~100 nm. The
density of the 3D features could be controlled by the substrate temperature. The
nature of the substrate on the other hand, apparently did not strongly influence the
morphology of 50-nm thick films, which is in agreement with previous results [272].
In Fig. 4.2, three-dimensional AFM images of 50-nm thick DFH-4T films grown on
top of PTAA at different deposition rates and different substrate temperatures are
shown. When DFH-4T is grown at 0.2 A/s very tall (between 300 nm and 400 nm)
needle structures on top of a nice 2D layer can be observed. Increasing the substrate
temperature does not really affect the height of the needles but lowers their density.
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Fig. 4.1 (a) 2.5 pm x 2.5 um AFM topography image of a 50-nm thick DFH-4T film grown on
PTAA. A very flat 2D layer can be identified at the background. On top of this layer, large 3D
needles are observed. (b) 2.5 um x 2.5 um AFM gradient image of the same layer. The 2D and
3D areas can be clearly observed. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission)

Figure 4.2(c) and (d) show a layer of DFH-4T grown at 3 A/s. In this case the height
and the lateral size of the needles appear to be smaller. Their height is typically
about 100 to 200 nm. This indicates that the transition from layered- to needle-
growth can be delayed by increasing the deposition flux as well as by increasing
the substrate temperature. Because a reduced height of the 3D features improves
the quality and the homogeneity of the interface between the metal contact and the
organic semiconductor, we typically used a deposition rate of >3 A/s for device
fabrication.

An important requirement to obtain high performance light-emitting devices is
that the emitted photons are not re-absorbed by one of the other materials that is used
to fabricate the device. DFH-4T is a wide-bandgap organic semiconductor, with an
optical gap of 2.88 eV [273]. Thanks to its wide optical bandgap, negligible absorp-
tion is expected at the emission wavelength of DCM;, making DFH-4T a promising
candidate for use in OLEDs with field-effect electron transport. This is confirmed
in Fig. 4.3, where we compare the measured normalized absorption spectrum of
DFH-4T with the measured photoluminescence spectrum of Alq;:DCM,.

Another electron-transporting material, which has a wide band gap and therefore
exhibits low absorption in the red spectral region is DFHCO-4T. The normalized
absorption spectrum of DFHCO-4T, which is clearly blue-shifted with respect to
the emission of DCM3, is also shown in Fig. 4.3. In contrast to DFH-4T, its LUMO
(3.9 eV) [237] is much lower than the LUMO of PTCDI-Ci3H,7. The molecular
structure of DFHCO-4T can be found in Chap. 2 (Sect. 2.1.1).

Similar to DFH-4T, AFM analysis of DFHCO-4T also reveals Stransky-
Krastanov growth mode with the first few monolayers grown in a 2D arrangement
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Fig. 4.2 2.5 um x 2.5 ym three-dimensional AFM images of 50-nm thick DFH-4T films grown on
top of PTAA at different deposition rates and different substrate temperatures: (a) flux = 0.2 A/s
and Ty, = 20°C, (b) flux = 0.2 A/s and Tsup = 60°C, (¢) flux =3 A/s and Tsup = 20°C, and
(d) flux =3 Als and Ty = 60°C. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission)
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followed by a 3D lattice. Also here, the transition from 2D to 3D growth can be
delayed by increasing the deposition flux as well as by increasing the substrate
temperature. Figure 4.4 illustrates how the deposition conditions affect the mor-
phology of the DFHCO-4T films. Figure 4.4(a) shows an AFM image of a 50-nm
thick DFHCO-4T film grown on top of PaMS at a low deposition flux (0.2 A/s)
while the substrate was kept at room temperature. Under these conditions, a very
rough morphology dominated by high peaks typical for 3D growth is observed. On
the other hand, at high flux and high substrate temperature the film morphology
becomes much smoother, characterized by large 2D grains with only a few 3D fea-
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Fig. 44 2.5 ym x 2.5 um AFM topography images of 50-nm thick DFHCO-4T films grown on
top of PaMS at different deposition rates and different substrate temperatures: (a) flux = 0.2 A/s
and Ty = 20°C, (b) flux = 3 A/s and Ty, = 20°C, (¢) flux = 4.5 A/s and Ty, = 20°C,
(d) flux = 0.2 A/s and Ty = 70°C, (e) flux = 3 A/s and Ty = 70°C, and (f) flux = 4.5 A/s
and Ty, =70°C

tures (deposition rate of 4.5 A/s and substrate temperature of 70°C, Fig. 4.4(f)).
Consequently, these latter growth conditions are used for device fabrication.

4.2 Devices Based on DFH-4T
4.2.1 Transistors Based on DFH-4T

To characterize the field-effect electron transport properties of DFH-4T, we have
fabricated transistors using DFH-4T as the organic semiconductor on a 100-nm
thick SiO» dielectric. LiF/Al top contacts were used as source and drain electrodes.
Prior to the deposition of DFH-4T, PTAA was spincoated. We have demonstrated
earlier on that the hole-transporting wide-bandgap organic semiconductor PTAA
provides a good growth surface for electron-conducting organic semiconductors,
and that the hetero-interface is appropriate for electron transport. The output and
transfer characteristics of these DFH-4T transistors are shown in Fig. 4.5. The ef-
fective saturation field-effect mobility for electrons at the heterojunction interface
with PTAA is 0.15 cm?/Vs. This is similar to the electron mobility we obtained for
PTCDI-C3Hy7. We correlate this high electron field-effect mobility to the good 2D
growth of the first monolayers of DFH-4T when grown on top of PTAA [274, 275].



70 4 Devices Based on Diperfluorohexyl-quaterthiophene Derivatives
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To evaluate the electron transport properties of DFH-4T in OLEDs with field-
effect electron transport, we also fabricated and characterized transistors using an
additional Alqj layer in between the PTAA and the DFH-4T. Upon inserting Alqs,
the electron mobility of DFH-4T slightly dropped to a value of 0.03 cm?/Vs.

4.2.2 DFH-4T in OLEDs with Field-Effect Electron Transport

OLEDs with field-effect electron transport comprising PTAA as the organic hole-
transporting material, Alq;:DCM; as the organic light-emitting layer and DFH-4T
as the organic electron-transporting material have been fabricated. ITO is used as
the hole-injecting electrode in the device and the cathode is formed by a thin layer
of lithium fluoride (LiF) followed by deposition of aluminum (Al). Figure 4.6 dis-
plays the experimentally measured current-voltage characteristics of a device that
has a width of 1 mm and where the metallic cathode was displaced by 7.2 um
with respect to the insulator edge. The measured maximum 7., of the device is
0.25% (Fig. 4.13), which is more than 10 times larger than the value we obtained
for devices employing 50 nm PTCDI-Ci3Hjy7 as the electron-transporting material
(Sect. 3.3). Clearly, this improved 1,y;, which is approaching the efficiency of refer-
ence OLEDs with Alq;:DCM; active layers [254], can be explained by the reduced
absorption of the emitted photons by the electron-transporting material.

Under forward bias, the current increases with increasing voltage. However, in
contrast to PTCDI-C3H37-based devices, the current appears to flatten out at volt-
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Fig. 4.6 Current-voltage characteristics of a 1 mm wide OLED with field-effect-assisted electron
transport comprising the wide bandgap material DFH-4T as the electron-transporting material.
The distance between the metallic top contact and the insulator edge is 7.2 pm. The dashed line
represents the current on a logarithmic scale, whereas the full line is the current plotted on a linear
scale. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)

ages exceeding 10 V. This limits the maximum current density in the device. In order
to calculate the maximum electron current density, we have to consider the thick-
ness of the accumulation layer. Since field-effect transport typically occurs in the
first few monolayers of the semiconductor film [45, 276-278], we assume that the
electron current flow is confined to a 6 nm thick electron accumulation layer, which
corresponds to approximately two DFH-4T monolayers [272]. Taking into account
this accumulation layer thickness, the maximum electron current density at 30 V is
estimated to be ~60 A/cm?. This is much less than what we would expect when
the current increases more or less quadratically with the applied voltage as it is the
case in PTCDI-C3Hjy7-based devices. In order to understand what limits the cur-
rent increase, several control devices were measured. We fabricated devices using
the organic stacks PTAA/DFH-4T and PTAA/Alq;/DFH-4T. In both cases no flat-
tening out of the current at higher voltages was observed. From these measurements
we infer that the slower increase of the current with voltage for voltages above 10 V
in Fig. 4.6 is caused by the field distribution in the device at these high voltages
combined with the presence of DCM5.

Figures 4.7(a) and (b) show the band diagrams for the device in forward bias,
i.e. for a positive anode-to-cathode bias, respectively, at low and high voltages. Un-
der these conditions electrons are injected from the cathode into DFH-4T. At low
voltage bias (Fig. 4.7(a)), both the PTAA and the light-emitting layer Alq;:DCM;
on top of the SiO, are depleted of holes. The LUMO offset at the interface be-
tween Alq;:DCM; and DFH-4T prohibits electron injection from DFH-4T into
Alq;:DCM;. As a result, the depleted PTAA and Alq;:DCM,; layers on top of
the SiO, insulator behave as a dielectric layer in series with the SiO; insulator,
and an electron accumulation layer is formed in the DFH-4T at the interface with
Alq;:DCM,. However, at higher voltage bias (Fig. 4.7(b)), the energy bands are
much more bent. Since the LUMO of DFH-4T (3.3 eV) [237] is slightly higher than
that of PTCDI-C3H»7 (3.4 eV) [236], we assume that at high voltage bias under
the influence of the electric field some electrons can overcome the energy barrier
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Fig. 4.7 Band diagrams for the device under forward bias conditions: (a) at low voltage bias, and
(b) at high voltage bias. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)

and are trapped on DCM>. This fixed charge yields, with the same field over the
dielectric, less mobile charge in the channel resulting in a lower current.

This hypothesis was confirmed by measuring the characteristics of a device
where a thin (10 nm) undoped layer of Alq; was inserted in between the Alq;:DCM;
light-emitting layer and the DFH-4T electron-transporting layer. In this device no
flattening out of the current at high voltages was observed (Fig. 4.8) and as a result
high electron current densities of 750 Alcm? were obtained at 30 V. Next TEMAInNs
unaffected upon insertion of this thin undoped Alq; layer (Fig. 4.13). An additional
argument supporting our hypothesis is the fact that similar flattening out of the cur-
rent is observed in PTCDI-C3H,7-based devices when biases exceeding 40 V are
applied. Since the LUMO of PTCDI-C;3H»7 is lower than the one of DFH-4T it is
obvious that higher voltages are needed to overcome the energy barrier and to trap
electrons.

4.3 Devices Based on DFHCO-4T

4.3.1 High Performance DFHCO-4T Transistors

An electron field-effect mobility of 1.7 cm?/Vs has been reported by Yoon e al.
for the organic semiconducting material DFHCO-4T [272]. In these devices a top-
contact geometry with Au source and drain contacts was used. To check whether
LiF/Al could also be used as top contact material we have fabricated DFHCO-4T
transistors with LiF/Al top contacts (0.8 nm LiF followed by 100 nm Al) and com-
pared their performance with DFHCO-4T transistors having 100 nm Au as the top
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Fig. 4.8 Electrical characteristics of an OLED with field-effect-assisted electron transport com-
prising PTAA/Alqy:DCM,/Alq;/DFH-4T as the organic layer stack. The dashed line represents
the current on a logarithmic scale, whereas the full line is the current plotted on a linear scale. The
device width is 1 mm and the distance between the metallic top contact and the insulator edge is
9.7 um. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)

metal contact. Thin DFHCO-4T films were deposited by thermal vacuum evapo-
ration of the material using the optimized growth conditions (Sect. 4.1). Prior to
the deposition of DFHCO-4T, a 5-nm thick PaMS layer was spincoated on top of
the Si/SiO, substrate to provide a high-quality, electron-trap free surface allowing
excellent electron transport [259].

Figure 4.9(a) shows the output characteristics of a transistor with 130 um chan-
nel length and LiF/Al top contacts. For this device, an apparent field-effect electron
mobility of 0.03 cm?/Vs was calculated. This value is more than one order of mag-
nitude lower than the electron mobility of DFHCO-4T previously reported using Au
top contacts [272]. In addition, the OTFTs show strongly non-ideal characteristics,
as apparent from a superlinear dependence of the current on the drain voltage at low
bias, the saturation of the output current at a more or less fixed drain-to-source bias,
and a decrease of the current at higher drain voltages.

On the other hand, transistors fabricated under the same DFHCO-4T growth con-
ditions but with Au instead of LiF/Al source-drain top contacts exhibit much better-
behaved output characteristics with much higher drain currents (Fig. 4.9(b)). For Au
top-contact transistors with 130 um channel length, a mobility of 4.6 cm?/Vs is mea-
sured. Such a remarkable mobility achieved with Au contacts is of high technologi-
cal relevance because for use in complementary logic it is preferable to use a single
type of source and drain metal for both the p-type and the n-type OTFTs. The re-
producibility of the results is quite good. The average apparent mobility, calculated
from transistors with channel lengths between 50 and 200 um is 3.5 cm?/Vs. These
field-effect mobilities are higher compared to previously reported results [272] and
we attribute this to the different growth conditions used to deposit DFHCO-4T.
The fact that electrons can be efficiently injected from Au into DFHCO-4T de-
spite an injection barrier of ~1 eV is not fully understood yet. The deep LUMO
(3.96 eV) [237] of DFHCO-4T and the fact that in a top-contact geometry there is a
high gate-field that supports the injection of charges in a large source-gate overlap
area [67] might be a possible explanation for this experimental observation.
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Fig. 4.9 Output characteristics of DFHCO-4T transistors (W/L = 2000/130) using (a) LiF/Al,
(b) Au, (¢) Yb, and (d) Ag top contacts. (© American Institute of Physics. Reproduced with per-
mission)

The low apparent field-effect mobility (i.e., low output currents) and the non-
ideal characteristics of DFHCO-4T transistors with LiF/Al top contacts compared
to Au top contacts point to the presence of a current-limiting contact problem in
the former. A plausible cause of this is the occurrence of a redox reaction between
the n-type semiconductor and the Al metal contact. In fact, it is well known that ke-
tone groups—present in the DFHCO-4T chemical structure—are easily reduced into
their radical anions according to the reaction scheme shown in Fig. 4.10(a) [279].
The electron transfer reaction is driven by the oxidation of a reactive metal, as for ex-
ample Mg, Al, Fe and Zn (depicted in Fig. 4.10(b) for Al) [280, 281] and the reduc-
tion of DFHCO-4T. The standard free energy (AG?®, Gibbs free energy) of the over-
all redox reaction depicted in Fig. 4.10(c) can be calculated by Eq. 4.1 [282], where
n is the overall number of electrons exchanged between the oxidizing and reducing
agents for the balanced redox equation, F the Faraday constant (96485 J/(V mol)),
and A E° the standard cell potential (the difference in standard electrode potentials
(SEPs) of both electrochemical couples). An overview of the SEPs of various oxi-
dizing and reducing agents measured in solution is given in Fig. 4.11.

AG® = —nFAE®. 4.1)

For the Al/AI** couple the SEP in aqueous solution is —1.662 V vs the normal
hydrogen electrode (NHE) [283], which is about —1.90 V vs the reference saturated
calomel electrode (SCE) [284]. Published value for the first reduction potential of
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DFHCO-4T in tetrahydrofuran is —0.88 V vs the SCE [237]. Inserting this potential
difference into Eq. 4.1, with n = 3 (Fig. 4.10(c)), gives AG°® = —296 kJ/mol. This
indicates that the reaction between Al and DFHCO-4T is highly exergonic and thus
thermodynamically spontaneous.

Similar reductions of organic layers by evaporation of strongly reducing met-
als have been reported in literature. The reaction of Al evaporated on films of
Alqs [285-288], F16CuPc! [289] and PTCDA? [290] for example were experi-
mentally proven. The reduction of DFHCO-4T by evaporated Al (Fig. 4.10(c)) in
our case is furthermore favored by additional side reactions. One of these reac-
tions is the complexation of the AI*T cation by fluoride ions (F~) originating from
an ultra-thin (0.8 nm) LiF layer on top of the DFHCO-4T. In fact, F~ anions are

!Copper hexadecafluorophthalocyanine.

23,4,9,10 perylenetetracarboxylic dianhydride.
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well known to form stable complexes (AlF,(13_n)+ with n = 1-6, Fig. 4.10(d)) with
APt cations [291]. Furthermore, ketone radical-anions readily dimerize affording
the corresponding acyloinic species (Fig. 4.10(e)) [280]. Such additional processes
will enforce the DFHCO-4T/Al redox reaction (Fig. 4.10(c)) towards the right side
according to Le Chatelier’s principle.

The products of the reactions displayed in Fig. 4.10(c—e), an ionic salt and pos-
sibly dimerized ketone species, will form a thin interfacial layer between the unre-
acted DFHCO-4T and Al layers, hindering electron injection. In the case of Au this
kind of reaction is impossible: the SEPs of the couples involving oxidation of Au are
so high (+1.692 V vs NHE for Au/Au™ and +1.492 V vs NHE for Au/Au’T) [283]
that a reaction with DFHCO-4T would be highly endergonic (AG° = +225 kJ/mol
in the case of Au/Aut and +619 kJ/mol for Auw/Au’t).

To find additional proof supporting the chemical reaction between Al and
DFHCO-4T, we fabricated transistors using DFHCO-4T as the organic semicon-
ductor but with two other top-contact metals: Ytterbium (Yb) and silver (Ag). The
standard free energies for possible reactions between DFHCO-4T and Yb indi-
cate that this kind of reaction is highly exergonic and thus spontaneous, indepen-
dently if the Yb/Yb%t couple (SEP: —2.76 V vs NHE [283], corresponding to
AG° = —409 kJ/mol) or Yb/Yb3+ couple (SEP: —2.19 V vs NHE [283], corre-
sponding to AG° = —449 kJ/mol) is considered. On the other hand, the correspond-
ing value for the reaction of DFHCO-4T with Ag (SEP: 4+-0.7796 V vs NHE [283]
for Ag/Ag™) is +139 klJ/mol, indicating that this reaction is impossible.

The output characteristics of Yb and Ag top-contact transistors with 130 um
channel length are shown in Fig. 4.9(c) and (d). Transistors with Yb top con-
tacts show similar output characteristics and low apparent field-effect mobility
(0.06 cm?/Vs) as LiF/Al transistors, whereas Ag top-contact transistors yield much
higher currents and much better-behaved output characteristics. When Ag is used
as top metal contact an apparent mobility of 1.7 cm?/Vs was measured. These re-
sults are in agreement with our argumentation and give further evidence that a redox
reaction occurs at the interface between DFHCO-4T and easily oxidizable metals,
similar to Hirose et al.’s report that PTCDA reacts with Al, but not with Au and
Ag [290].

4.3.2 DFHCO-4T in OLED:s with Field-Effect Electron Transport

The high electron field-effect mobility that can be obtained in DFHCO-4T com-
bined with the low LUMO and the low absorption in the red spectral region makes
DFHCO-4T particularly interesting for use as the electron-transporting material in
OLEDs with field-effect electron transport. Devices comprising PTAA as the hole-
transporting layer, Alq;:DCM; as the light-emitting layer and DFHCO-4T as the
electron-transporting layer have been fabricated. Because DFHCO-4T only func-
tions properly with contacts that have a low chemical reactivity such as Au and Ag,
we used the inert contact metal Au to inject electrons in the device.
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The current-voltage characteristics, the light intensity and the electrolumines-
cence spectrum of the devices were measured. The results are summarized in
Fig. 4.12. An n.y; of 0.08% was calculated, which is lower than the value obtained in
devices using DFH-4T, but still significantly higher than the one of PTCDI-C;3H37-
based devices. Comparable to previous results, there is no significant reduction of
Nex: UP to the maximum current.

4.4 Comparison

An overview of the performance of different OLEDs with field-effect-assisted elec-
tron transport fabricated using various electron-transporting materials is given in
Fig. 4.13. In this figure the external quantum efficiencies 7.y; as a function of
the current for devices comprising PTCDI-C3Hy7, DFH-4T or DFHCO-4T as the
electron-transporting layer are compared. All devices presented in Fig. 4.13 have
the same distance to the insulator edge (~7 um) and were biased up to 30 V. By
replacing the 50-nm thick PTCDI-C3H;7 layer by DFH-4T a tenfold increase in
the external quantum efficiency could be obtained. This improvement is mainly at-
tributed to the reduced light re-absorption in the red spectral region where DCM;
is emitting. The insertion of a thin undoped Alq; layer in between the DFH-4T and
the active Alq;:DCM; light-emitting layer does not affect this efficiency. Moreover,
the presence of this undoped Alq; layer makes it possible to achieve high current
densities in the device.

Within the error margin of about 20% we can say that PTCDI-C;3H>7-based de-
vices yield a three times higher current than DFH-4T-based devices having the same
displacement with respect to the insulator edge. We attribute this to the difference
in mobility between PTCDI-C;3H,7 (0.08 cm?/Vs) and DFH-4T (0.03 cm?/Vs)
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Fig. 4.13 7., as function of the current for different devices using, respectively, 50 nm of
PTCDI-C3Hy7 (triangles), 50 nm of DFH-AT (circles and squares) or 50 nm of DFHCO-4T (di-
amonds) as the electron-transporting layer. The rectangular markers represent the 7,,, of a device
where a thin undoped Alqs layer is inserted in between the DFH-4T and the active light-emitting
layer. All four devices have a width of 1 mm and a distance to the insulator edge of ~7 pm

when grown on top of Algs. On the other hand, contrary to the higher field-effect
electron mobility measured in DFHCO-4T-based devices (0.8 cm?/Vs on top of
Alq;:DCMy), a lower current is measured. This is probably related to the very low
LUMO of DFHCO-4T (3.9 eV compared to 3.3 eV for DFH-4T and 3.4 eV for
PTCDI-Ci3H»27). This low LUMO creates a large injection barrier for electrons,
limiting the current through the device and prohibiting efficient recombination of
holes and electrons.

4.5 Summary and Conclusions

In this chapter, two high field-effect electron-mobility organic semiconductors,
DFH-4T and DFHCO-4T, were studied. Both materials have a wide band gap
and show low absorption in the red spectral region. The growth of DFH-4T and
DFHCO-4T was optimized and transistors using these materials as the electron-
conducting semiconductor were fabricated. In addition, we compared the perfor-
mance of DFHCO-4T transistors with different top-contact metals. While most n-
type organic thin-film transistors show good performance when using LiF/Al as
top-contact material [255, 292], we found that DFHCO-4T top-contact transistors
only function properly with contacts that have a low chemical reactivity such as Au
and Ag. Mobilities as high as 4.6 cm?/Vs were demonstrated for DFHCO-4T tran-
sistors with Au top contacts, whereas the mobility of similar transistors fabricated
with easily oxidizable top-contact metals, such as LiF/Al and Yb, was much lower.
The reduced performance of LiF/Al and Yb top-contact transistors was attributed to
an electron-transfer reaction occurring at the metal/DFHCO-4T interface. Since Au
and Ag—in contrast to Al and Yb—do not react with the semiconducting material,
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the use of these inert metals is beneficial to achieve high-performance DFHCO-4T-
based devices.

The use of DFH-4T and DFHCO-4T in OLEDs with field-effect-assisted elec-
tron transport was also investigated. Due to the reduced light re-absorption in the
red spectral region where DCM,, is emitting, higher external quantum efficiencies
could be achieved compared to PTCDI-Cj3H»7-based devices. For devices using
DFH-4T as the electron-transporting material, an 7,,; of 0.25% was demonstrated.
In addition, we showed that by optimizing the growth of DFH-4T at organic hetero-
interfaces, and by properly engineering the material stack of the Alq;:DCM; host-
guest light-emitting system to avoid carrier trapping at the guest molecules, high
current densities up to 750 A/cm? could be achieved in the electron channel of these
DFH-4T-based OLED devices. OLEDs with field-effect-assisted electron transport
comprising DFHCO-4T as the electron-transporting material exhibited an 7y, of
0.08%. For these devices an electron current density of about 300 A/cm? was mea-
sured.



Chapter 5
Control of the Triplet Concentration in Organic
Light-Emitting Devices

The vivid interest in organic semiconductor materials is stimulated by the tech-
nological aspects of applications that employ these new materials in OLEDs [23,
27], thin-film field-effect transistors [93-95], solar cells [82] and biological sensors.
Some products, such as emissive OLED displays, [28] have gained rapid acceptance
in portable displays because of their bright emission and low power consumption.
The remarkable technological breakthroughs in the development of highly efficient
OLEDs and the demonstration of optically-pumped lasing [56, 90] using the same
class of organic semiconductors have focused an increasing interest in the prospects
for making electrically-pumped organic solid-state lasers [85, 86]. However, as dis-
cussed in Chap. 1 (Sect. 1.3.4), the combination of several issues makes electrical
excitation a particularly tough problem for organic semiconductor lasers. One of the
main problems associated with electrically pumped organic semiconductor lasers
and other high-brightness organic light sources is the inevitable population and ac-
cumulation of triplet excitations, which result in excessive triplet-state losses, such
as triplet-triplet absorption [223, 228] and singlet-triplet annihilation [50, 212, 215].

In this chapter, two different approaches to reduce the triplet concentration in
organic light-emitting devices are discussed. A first method to control triplet accu-
mulation is by operating the device under pulsed excitation [228]. This is the subject
of Sect. 5.1. The behavior of OLEDs with field-effect-assisted electron transport is
analyzed under pulsed excitation and their performance is compared to conventional
OLEDs using the same materials. If the transit time of carriers through transport lay-
ers contributes to the determination of the minimum pulse duration applicable to an
OLED, it is expected that devices employing an enhanced field-effect mobility may
allow shorter pulse durations compared to standard OLEDs. Section 5.2 then fo-
cuses on an alternative way to control the triplet concentration. Polymer films doped
with appropriate triplet scavengers are studied by time-resolved photoluminescence
measurements. Vertical as well as nonvertical triplet scavengers are investigated and
their use for triplet reduction in organic light-emitting devices is argued. The content
of this chapter has been published in two different articles [293, 294].

S. Schols, Device Architecture and Materials for Organic Light-Emitting Devices, 81
DOI 10.1007/978-94-007-1608-7_5, © Springer Science+Business Media B.V. 2011


http://dx.doi.org/10.1007/978-94-007-1608-7_5

82 5 Control of the Triplet Concentration

5.1 Pulsed Excitation of OLEDs with Field-Effect Electron
Transport

In literature, pulsed operation is suggested as being one of the approaches to re-
duce triplet-state losses in organic light-emitting devices [225, 226]. Pulsed excita-
tion makes it possible to separate singlet excitons from triplet excitons in the time
domain, allowing a tremendous reduction of the triplet concentration and associ-
ated losses in an electrically driven organic light-emitting device [228]. In addition,
pulsed operation avoids heat and stress in the device [227] and it allows higher cur-
rent densities compared to continuous wave (CW) operation [209]. In this section,
the behavior of OLEDs with field-effect-assisted electron transport under pulsed
excitation is investigated.

5.1.1 Pulse-Width Dependence of Organic Light-Emitting Devices

The devices used in this study comprised 50 nm PTAA as the hole-transporting
layer, 20 nm Alqz:DCM; as the light-emitting layer and 50 nm PTCDI-C;3Hy;
as the electron-transporting layer. Standard OLEDs as well as OLEDs with field-
effect-assisted electron transport were fabricated. The devices were characterized in
an inert N atmosphere immediately after evaporation of the metallic top-contact.
An Agilent 8114A pulse generator (rise and fall time = 8 ns) was used to apply
rectangular pulses to the devices. The duty cycle was 10%, and the pulse length was
varied between 100 ns and 100 ps. All coax cables were 50 2 terminated to avoid
reflections. A calibrated integrated sphere (SphereOptics Hoffman GmbH) coupled
to an Agilent 4156C parameter analyzer was used for light intensity measurements.

Figure 5.1 shows the measured peak light intensity as a function of the pulse
width for a conventional OLED and an OLED with field-effect-assisted electron
transport biased at, respectively, 7 V and 20 V. Both devices were fabricated during
the same evaporation runs and use the same organic layer stack. From Fig. 5.1 the
minimum pulse width that can be applied without affecting the light output can be
determined. Both devices allow pulse widths down to ~10 ps without significant re-
duction of the light intensity. The shape of the curves, however, differs strongly. The
OLED with field-effect electron transport exhibit a significantly weaker dependence
on the pulse duration compared to the conventional OLED.

Note that the minimum pulse width that can be applied without significant re-
duction of the light intensity is much shorter than the typical triplet lifetime of flu-
orescent materials (milliseconds to seconds [230]), indicating that pulsed excitation
is useful to reduce the accumulation of triplets in these devices. Indeed, when the
pulse repetition rate is sufficiently low and pulses shorter than the lifetime of triplet
excitons are applied, the build-in of triplets can be reduced.

If the transit time of the carriers through the organic layers contributes to the
determination of the minimum pulse duration, it is expected that OLEDs with field-
effect-assisted electron transport, which employ an enhanced field-effect mobility,
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could allow shorter pulse durations compared to standard OLEDs. In this way, a
more effective reduction of the triplet concentration would be possible when operat-
ing the device under pulsed excitation. However, Fig. 5.1 clearly shows that there is
no distinct difference between the minimum allowable pulse width without reduc-
tion of the light intensity of both device architectures.

5.1.2 Effects Influencing the Pulsed Excitation Behavior of
OLEDs

Charge Transport

Different effects may influence the pulse-width dependence of organic light-emit-
ting devices. A first possible reason for the decrease of the light output at short pulse
widths could be the finite transit time of the charge carriers through the transport
layers. One of the parameters controlling this process is the charge carrier mobility.
If the mobility of one of the charge carriers is too low, the steady-state exciton
concentration cannot be reached within the pulse duration, resulting in a decrease
of the measured light intensity.

To verify whether the charge transport through the electron accumulation layer
in PTCDI-C3Hj7 is a limiting factor, OLEDs with field-effect electron transport
having different distances between the metallic contact and the insulator edge, and
thus different transit times, were fabricated. The result is presented in Fig. 5.2(a):
all devices showed the same pulse-width dependence.

Subsequently, it was verified whether charge transport in the hole-transporting or
the light-emitting layer could be limiting, by varying the thicknesses of the PTAA
and the Alq3:DCM,; layers. Figure 5.2(b) shows the dependence of the light inten-
sity on the pulse width for OLEDs comprising 15 nm or 50 nm PTAA, whereas in
Fig. 5.2(c) the thickness of the active light-emitting layer was changed. Figure 5.2
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Fig. 5.2 Dependence of the peak light intensity on the pulse width for (a) OLEDs with field-
effect-assisted electron transport with, respectively, a distance of 4 um, 6 um and 8 um between
the metallic contact and the insulator edge, (b) conventional OLEDs comprising 15 nm or 50 nm
PTAA, and (c) conventional OLEDs having an active layer of 7 nm or 50 nm thick. The OLEDs
with field-effect-assisted electron transport were biased at 20 V, whereas 7 V was applied to the
conventional OLEDs. (© 2010 IEEE)

shows that the dependence of the light output on the applied pulse duration is in-
variant with the thickness of the layers, and hence not limited by the transit times of
the charge carriers through the layers in our device structure.

Charge Accumulation

In multi-layer OLEDs, however, not only charge transport, but also charge accumu-
lation at the hetero-interfaces between the different semiconductors should be taken
into account [295]. The energy level diagram under flat band conditions, shown
as inset in Fig. 5.1, clearly indicates the presence of energy level offsets at the
organic/organic interfaces. Consequently, injected electrons and holes, transported
through the PTCDI-C13H»7 and PTAA layer, respectively, will accumulate at these
interfaces before injection into the active light-emitting layer. Depending on the ap-
plied electric field, space charge will be built up faster and the charges will more
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easily overcome the present energy barriers. The dependence of the light intensity
on the pulse width for an OLED biased at different voltages is shown in Fig. 5.3.
It can be clearly seen that the minimum allowable pulse width without reduction of
the light intensity decreases from 10 us to about 1 ps when higher voltages were
applied. This points out that one of the organic/organic interfaces indeed limits the
behavior of the device under pulsed excitation.

To verify which interface is the limiting factor two additional OLEDs were fabri-
cated: ITO/PTAA/Alq3:DCM,/LiF/Al and ITO/PTAA/Alq3:DCM,/Alqs/LiF/Al In
both devices the energy barrier between the electron-transporting layer and the ac-
tive light-emitting layer is eliminated. The total thickness of the organic layers was
kept constant in order to apply the same electric field over the devices. Consequently,
the first device used 70 nm of Alq3:DCM;, whereas the second OLED had a 20-nm
thick Alqz:DCM; layer and 50 nm undoped Alqs. Figure 5.4 compares the light
output of these two OLEDs with the one of Fig. 5.3 as a function of the pulse width
when a bias of 9 V is applied. A clear difference in pulsed excitation behavior is ob-
served. The minimum pulse width that could be applied without affecting the light
intensity shifted to shorter values when the energy offset at the interface between
the PTCDI-C3H>7 and the Alq3:DCM,; layer was eliminated. This indicates that it
is the PTCDI-C3H37/Alq3:DCM; interface that has a limiting effect on the pulsed
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excitation properties of our light-emitting devices. Since this interface is present in
the conventional OLED as well as in the OLED with field-effect electron transport,
it is obvious that the minimum allowable pulse width without reduction of the light
intensity is similar for both devices (Fig. 5.1). The fact that the dependence on the
pulse duration is weaker in the case of an OLED with field-effect-assisted electron
transport can be understood by a spread in potential drop. Indeed, the light-emission
zone of an OLED with remote cathode is approximately 2 um wide (Sect. 3.3). Over
this area the potential drop over the PTCDI-C3H»7/Alq3 interface decreases with
the distance from the insulator edge. Therefore, an OLED with field-effect electron
transport has to be interpreted as the sum of sections of standard OLED devices,
each with a different voltage over the PTCDI-C3H;7/Alq3 hetero-interface. This
indeed leads to an overall weaker dependence of the light intensity on the pulse
duration, as observed in Fig. 5.1.

5.2 Triplet Excitation Scavenging in Films of Conjugated
Polymers

The accumulation of triplets is a problem inherent to organic materials and is a well-
known issue also in classical liquid-state organic dye lasers, using highly fluorescent
organic dye molecules dissolved in organic solvents. Triplet-state losses often limit
the lasing performance of these dye lasers, especially at CW operation [296]. Con-
sequently, organic dye lasers normally operate in pulsed mode (pulse duration of
several nanoseconds) using a short-pulse flash-lamp for pumping since only in this
way the accumulation of dye molecules in the triplet state can be overcome. To al-
low long-pulse operation, so-called triplet scavengers are usually employed [297].
This is described in Sect. 5.2.1. The use of triplet scavengers in solid-state organic
thin films is investigated in Sect. 5.2.2.

5.2.1 Triplet Scavenging in Liquid-State Organic Dye Lasers

To circumvent triplet accumulation, introducing severe triplet-triplet absorption at
the expected fluorescent lasing wavelength, the commonly accepted practice in
liquid-state organic dye lasers is to use triplet scavengers [297]. It was demon-
strated that the accumulation of dye molecules in the triplet state can be reduced
by adding such molecules to the dye solution [297-299]. In this way, quenching of
lasing emission by triplets might almost be eliminated. To reduce triplet accumula-
tion, the triplet scavenger molecule should meet some important requirements:

e It should have the ability to accept a triplet excitation from the dye molecules,
implying that its triplet level should be low enough.

e At the same time its singlet level should be high enough to prevent quenching of
singlet excitations of the dye molecules. This implies thus that the S1-T; splitting
for the triplet scavenger should be extraordinary large.



5.2 Triplet Excitation Scavenging 87

)

b

(a) (b)

Fig. 5.5 (a) Illustration of the ground-state conformation of COT. The direction of the concerted
C=C stretching and C-C torsional vibrations that planarize the molecule during triplet energy
transfer are indicated by arrows. (b) The flat octagonal geometry of the COT triplet state

o It should possess a reasonably short intrinsic triplet lifetime to deplete quickly the
triplet population or/and have intrinsic triplet-triplet absorption shifted far from
the region of lasing of the dye molecules.

e It should not enhance intersystem crossing of the dye molecules to prevent con-
verting singlets into triplet excitations. This criterion imposes a certain limita-
tion for employing compounds containing heavy atoms (like metal-organic com-
plexes) as triplet scavengers [300].

Taking into account all these requirements, it is not surprising that there are just a
very limited number of efficient triplet scavengers available today.

The cyclic non-aromatic polyene, 1,3,5,7-cyclooctatetraene (COT), is the most
popular and efficient triplet scavenger in liquid-state organic dye lasers due to its
unique combination of properties, namely the ability to quench host triplets with an
energy as small as 0.8 eV [301] and its very short triplet lifetime (~100 ps) [302].
The use of COT as an efficient triplet scavenger for several laser dye solutions is
well documented [297-299], particularly, it was used commercially in Rhodamine-
6G dye lasers to reduce excited triplet absorption. In addition, the mechanism for the
energy-transfer process has been investigated in detail [301-303]. Unlike molecular
oxygen, which is known as a notorious triplet quencher due to its triplet ground
state, COT can quench triplets without increasing the intersystem crossing rate and
without oxidation of the dye molecules. COT is a flexible molecule in the ground
state and belongs to the “non-classical” triplet acceptors, which exhibit anomalous
nonvertical (non-adiabatic) triplet energy transfer. The ground-state conformation
of COT is illustrated in Fig. 5.5(a). During triplet energy transfer concerted C=C
stretching and C—C torsional vibrations deform the molecule, favoring a more planar
geometry as illustrated in Fig. 5.5(b) [301, 302].

Generally, an electronic transition is termed “vertical” with respect to the equi-
librium geometry, conveying the idea that the electron is excited to the upper state
before the nuclei have had the time to re-equilibrate. This is also known as an “adi-
abatic transition” [21]. It comes from the Franck-Condon principle (Sect. 1.1.3)
according to which electronic transitions occur vertically since there is no change
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of the internuclear distance during the fast electron transition [20]. In other words,
the nuclei are considered to be static with respect to the changes and movements of
the electrons and the nuclear coordinates can be separated from the electronic part.
It also implies that triplet energy transfer from a donor to an acceptor molecule nor-
mally is vertical, which means that the geometry of the molecule is not changing.
This is true for organic molecules with rigid framework, which can be considered as
“classical” triplet acceptors. For classical triplet acceptors the triplet energy transfer
process depends mainly on the triplet energy of the molecule. This means that it is
thermally activated in the case when the energy of the accepting molecule is higher
than that of donor molecule (i.e. negative energy balance, AE7 < 0) and that the
activation energy is just the triplet energy difference [303].

“Nonvertical” transitions, on the other hand, imply a strong deformation of the
acceptor molecule (also called “non-adiabatic transition”) [304]. Non-vertical triplet
energy transfer implies that the acceptor geometry changes concurrently with its
excitation and therefore, it can only occur for some acceptor compounds, such as
COT, cycloheptatriene [305], cis-stilbene, etc., which manifest significant flexibility.
These molecules are also known as “non-classical” acceptors. In contrast to classi-
cal acceptors mentioned above, for nonvertical non-classical acceptors triplet energy
transfer also depends on the molecule itself (its flexibility and geometrical distor-
tion) and not only on its triplet energy [303]. Experimentally, nonvertical triplet
acceptors exhibit a considerably faster triplet energy transfer rate in the regime of
negative energy balance versus the vertical triplet energy (endothermic situation,
AE7 <0), compared to the one predicted for a thermally activated Arrhenius pro-
cess [304]. This is a consequence of the fact that nonvertical triplet energy transfer is
accompanied by a geometrical distortion of the molecule, which results in a consid-
erable lowering of the triplet state due to molecular relaxation. This relaxed triplet
state of the nonvertical acceptor has considerably lower energy than that of the non-
relaxed one. Consequently, nonvertical triplet acceptors can capture relatively low
lying triplet excitations of donor molecules. The nonvertical acceptor COT, for ex-
ample, can quench donor triplets with an energy >0.8 eV [301]. In addition, due to
the relatively small energy distance between the relaxed triplet state and the ground
state of such compounds, their triplet state possess a short lifetime as the probability
of non-radiative energy dissipation increases exponentially with lowering the above
energy difference [305].

5.2.2 Triplet Scavenging in Solid-State Organic Thin Films

Nonvertical triplet scavengers, such as COT, were so far only used in dye solutions
and it is not obvious whether they can work in solid-state matrices as well. It is
known that quenching of host triplets by COT requires a planarization of the COT
molecule during triplet energy transfer [303, 305], otherwise the transition would be
endothermic. In solution there are no steric restrictions for molecular deformation,
however, it is not clear if such a structural reorganization could be hindered in a
solid environment.
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Fig. 5.6 Energy level scheme for PF2/6, COT and anthracene. The dashed line indicates the posi-
tion of the T triplet state of the COT molecule. This triplet state, however, is lowered during energy
transfer due to molecular relaxation. The position of the relaxed triplet state of the COT molecule
is indicated by T}. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)

Besides, the energy transfer mechanism in liquid solutions is different from that
in a solid-state matrix where it is dominated by a short-range Dexter mechanism
(Sect. 1.3.3). When molecules are separated in liquid diluted solution, they have
to approach each other to sufficiently small distance via diffusion of acceptor and
donor molecules in the liquid in order to form an “encounter complex” where the
triplet energy transfer process can happen. When the balance between the energies
of the donor and acceptor triplet states (A Er) is positive, triplet energy transfer in
liquid solutions is controlled by diffusion of molecules in the liquid medium. In
the case of negative energy balance (AE7 < 0), the triplet energy transfer rate is
additionally affected by a thermally activated Arrhenius process where AE7 is the
activation energy. On the other hand, in solid-state organic molecules cannot easily
diffuse and therefore the above mentioned molecular diffusion mechanism is not op-
erative. Instead, triplet excitations can move from molecule to molecule via Dexter
energy transfer owing to sufficiently small intermolecular separation (typically less
than 1 nm). In other words, triplet energy transfer in solid matrices is controlled by
diffusion of triplet excitons rather than by diffusion of molecules.

The goal of the present study is to elucidate whether “non-classical” triplet scav-
engers, such as COT, used before in liquid-phase organic dye lasers can also be
used to scavenge host triplet excitations in solid-state highly fluorescent organic
semiconductors. In our study we investigate the use of COT in polymer films of the
polyfluorene derivative PF2/6. Polyfluorene is a prospective material for the fabrica-
tion of thin-film organic lasers [99, 141], where accumulation of triplets under elec-
trical pumping is a very important issue. We also compare these results with those
obtained by using a “classical” triplet acceptor with rigid molecular framework (an-
thracene), which also possesses suitable energetic levels to scavenge polyfluorene
host triplets. The structural formulas of these compounds can be found in Chap. 2
(Sect. 2.1.1); the position of their S; and T energy level are displayed in Fig. 5.6.

It should be mentioned that conventional vertical triplet energy transfer has been
well documented for solid films of conjugated semiconducting polymers such as
PPV derivatives [306], polyfluorenenes and MeLPPP [307], however, to the best of
our knowledge no nonvertical triplet energy transfer has been reported for them.
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Fig. 5.7 (a) Prompt fluorescence intensity of a neat PF2/6 film and PF2/6 doped with 10 wt%
COT registered at 77 K, and (b) Delayed emission spectra of the same films detected at 77 K at a
time delay of 100 us between the exciting laser pulse and the detection window. (© Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission)

Triplet Scavenging by the Non-classical Triplet Acceptor COT

Polymer films doped with triplet scavenger molecules were prepared by dissolving
COT and PF2/6 in a ratio 1/10 in THF', and then drop-casting the resulting solutions
on a precleaned quartz substrate. To delay evaporation of the COT, which is liquid at
room temperature, the films were dried in a saturated COT environment. In order to
exclude the presence of molecular oxygen in the fabricated organic films, solutions
were prepared in a Nj-filled glovebox using de-aerated solvents.

Figure 5.7(a) shows the spectra of the prompt fluorescence (PF) from a neat
PF2/6 film and from a PF2/6 film doped with 10 wt% COT registered at 77 K dur-
ing the laser pulse excitation. These spectra are coincident with the steady-state PL
spectra of these films, implying that the fluorescence in the range of 420-550 nm,
caused by the radiative decay of singlet excitons, is dominant in this material. This is
in line with earlier observations [308]. Note that virtually the same fluorescence in-
tensity was observed in neat and doped PF2/6 films suggesting that the COT dopant
does not quench singlet excitons in these films.

The delayed emission spectra of the same neat PF2/6 film and PF2/6 film doped
with COT detected by introducing a time delay (z7,; = 100 ps) between the excit-
ing laser pulse and the detection window of the registration system is depicted in
Fig. 5.7(b). As expected, delayed emission of the PF2/6 film consists of two differ-
ent components with different spectral position. The short wavelength component
in the blue spectral region, which is virtually identical to the prompt fluorescence
spectrum, is due to delayed fluorescence (DF) from the S; state of PF2/6, while
the second longer-wavelengths spectral component at ~590 nm can only be seen

I Tetrahydrofuran.
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in the delayed emission and has been assigned to intrinsic phosphorescence (Ph)
from the T state [308]. It should be mentioned that, in contrast to very thin PF2/6
films (<100 nm) (not shown here), thicker drop-casted films normally do not ex-
hibit vibronic fine structure of Ph spectra as could be seen from Fig. 5.7(b). This
effect was explained before [308] in terms of somewhat different morphology of
films of different thicknesses and agrees completely with the spectra reported ear-
lier [308, 309]. Remarkable is that the intensity of the delayed emission from the
neat and doped PF2/6 film was found to be drastically different, which is opposite
to their prompt fluorescence (Fig. 5.7(a)). As can be seen on Fig. 5.7(b), both the DF
and Ph are largely reduced in films doped with COT. This implies a strong quench-
ing of the delayed emission in PF2/6 films by COT molecules, while at the same
time the prompt fluorescence is not affected. This can be attributed to the extremely
large singlet-triplet (S1-Ty) splitting of the COT molecules (Fig. 5.6). The observed
quenching effect is principally similar for different delay times.

A remarkable result of the present study is that it demonstrates that the non-
classical triplet acceptor COT can be used as an efficient triplet scavenger also in
a solid polymer film. Since during triplet energy transfer the COT molecule should
be planarized [301-303, 305]—a process that can easily occur in liquid phase—the
presented results suggest that such a structural reorganization seemingly is not hin-
dered in a solid environment even at low temperature. In addition, the presented re-
sults prove that triplets’ diffusion migration in the host PF2/6 polymer is sufficiently
efficient even at low temperature. Therefore, triplets can be quenched similarly as
in liquid solution, where triplet transfer occurs by dye-molecule colliding with the
triplet scavenger.

Another important implication of this study is that it suggests that non-classical
nonvertical triplet acceptors could be considered as a promising class of efficient
triplet scavengers for solid-state electrically-pumped organic light-emitting devices
due to (i) an exceptionally large energy splitting between the lowest excited singlet
state (4.39 eV for COT) [302] and the relaxed triplet state, which is inherent for
these compounds, and (ii) a reasonably short triplet lifetime (~100 ps for COT)
that enables fast deactivation of triplet excitations. In this way, the accumulation
of triplets, introducing triplet-state losses such as singlet-triplet annihilation and
triplet-triplet absorption, might be considerably reduced.

Triplet Scavenging by the Classical Triplet Acceptor Anthracene

To compare the observed host triplet quenching effect in PF2/6 due to “non-
classical” COT dopants with the effect of the presence of “classical” triplet scav-
engers, thin PF2/6 films doped with anthracene were prepared. The conventional
aromatic molecule anthracene (energy levels shown in Fig. 5.6) has a very low triplet
level (1.78 eV) [9] and an exceptionally large S1-T; energy level splitting (1.32 eV)
compared to other organic conjugated small molecules and was therefore chosen
as triplet acceptor. Anthracene additives in PF2/6 films present thus an example of
a classical triplet scavenger for which a vertical (adiabatic) triplet energy transfer
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Fig. 5.8 (a) Prompt fluorescence, and (b) delayed emission spectra of a neat PF2/6 film and a
PF2/6 film doped with 20 wt% anthracene. The spectra were measured at 77 K at a time delay of
100 ps. (© Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission)

process is operative. Anthracene doped PF2/6 films were prepared by spin-coating
a 20 wt% solution from toluene at 1000 rpm. Also here, solutions were prepared
in a Np-filled glovebox using de-aerated solvents in order to exclude the presence
of molecular oxygen in the organic films. A comparison of the prompt fluorescence
of the neat PF2/6 and PF2/6 film doped with anthracene at 77 K is presented in
Fig. 5.8(a). Delayed emission spectra of these films (z7,; = 100 ps) are shown in
Fig. 5.8(b).

As can be seen from Fig. 5.8(b), anthracene dopants in PF2/6 films do quench
host phosphorescence due to exothermic triplet energy transfer from the triplet state
of the polymer (E ;) F2/6 _ 5 10 eV) [308] to the one of anthracene (E%’”’"“"e”e =
1.78 eV) [9] and this quenching effect is not very different from the one observed
with the non-classical COT triplet acceptor. Since the singlet state of anthracene
(3.1eV) [9] is higher than the one of PF2/6, it is natural that the prompt fluorescence
intensity of the polymer is not quenched by the presence of anthracene additives
(Fig. 5.8(a)).

Comparison of the delayed emission spectra of PF2/6 doped with COT and an-
thracene additives shows, however, that these triplet scavengers have very different
effect on the delayed fluorescence (DF) of the PF2/6 polymer. As can be seen, while
COT dopants strongly quench the DF of the PF2/6 (Fig. 5.7(b)), anthracene doping
has almost no effect on the host DF (Fig. 5.8(b)).

To rationalize these observations one should consider the origin of the DF in
PF2/6 polymer films. Previous time-resolved PL studies [308] reveal that the DF
emission in PF2/6 polymer films is dominated by triplet-triplet annihilation. Triplet-
triplet annihilation arises due to a bimolecular reaction between two triplet excita-
tions (T + T — S* + Sp) and therefore, the DF intensity should be a quadratic of
the triplet concentration. Our measurements support such a notion as indeed the DF
intensity in the PF2/6 film was found to increase quadratically with the excitation in-
tensity within the considered laser intensity range. This is illustrated in Fig. 5.9(a),



5.2 Triplet Excitation Scavenging 93

4
| O Delayed Fluorescence 21
2t O Phosphorescence
3 5
3 5 -
s 10°F 107
2 oF pry 64
g I S 4]
E ol = i slope =2
IS5 2
K] 4 o} 2
g 10 ¢ fope = 1 =
E 55 slope = LDL .
a 10 7
L 8
2r 6
1 1 L 1 ) L
2 3 4 56789 2 3 4 56789
10 100 10 100
Excitation energy [ pJ/cm2 x pulse] Excitation energy [ pJ/cm2 x pulse]

(a) (b)

Fig. 5.9 Intensity dependence upon laser excitation intensity of (a) the DF and Ph emission in
neat PF2/6 films, and (b) the DF emission in PF2/6 films doped with anthracene. (© Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission)

which shows the intensity dependence of the DF and Ph emissions in neat PF2/6
films upon the laser excitation intensity. To have the maximum signal possible, the
delayed emission spectra were recorded with a time delay of 75 ns and a gate width
of 10 ms, i.e. in integration mode. The emission intensities plotted in Fig. 5.9(a) are
the peak emission intensities (0-0 peak for the DF). The quadratical increase of the
DF intensity upon laser excitation clearly points to a bimolecular origin of the DF
emission (DF ~ [, ezxc). At the same time the phosphorescence intensity of the poly-
mer increases linearly with the pumping intensity (Ph ~ I,,.), implying that the DF
is quadratically proportional to the triplet concentration in the film.

Reduction of the DF intensity in PF2/6 films doped with COT can be readily ex-
plained by the fact that the COT molecules capture host triplets and deactivate them
within the relatively short lifetime of the COT triplet state (~100 ps), thus prevent-
ing their possible annihilation. Anthracene additives in PF2/6 films also capture host
triplets efficiently as evidenced by a strong reduction of the host phosphorescence
(Fig. 5.8(b)); however, due to the very large radiative lifetime of the anthracene
triplet state (>10 ms) [9] triplets are not deactivated quickly, but rather accumu-
lated on the anthracene molecules. The results above clearly indicate that in order
to control the triplet concentration efficiently, a suitable triplet scavenger should not
only possess a sufficiently large S1-T; energy level splitting, but should also have
a reasonably short triplet lifetime, making a fast deactivation of triplet excitations
possible. Anthracene additives are therefore not useful to reduce the triplet con-
centration. They may scavenge host triplet excitations, but due to their long triplet
lifetime an accumulation instead of a reduction of the triplet population will occur.

Furthermore, the DF emission in PF2/6 films doped with anthracene was found
to originate also from a bimolecular process in the host-guest system since the DF
intensity increases quadratically with the excitation intensity as can be seen from
Fig. 5.9(b). Since the host triplets are eventually transferred to the anthracene guest,
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as proven by strong quenching of the intrinsic PF2/6 phosphorescence (Fig. 5.8(b)),
Thost-Thos: annihilation cannot be responsible for the observed DF. On the other
hand, Tgyess-Tgues: annihilation is also unlikely to be a dominant mechanism for
the DF owing to the dopant dilution in the polymer host that precludes short-range
Dexter-type triplet migration via the guest manifold. We therefore assume that the
observed bimolecular annihilation proceeds via a Tgyesi-Thoss annihilation reac-
tion, i.e., when a mobile host triplet encounters a long-lived localized guest triplet
excitation on an anthracene molecule, although clarifying this issue requires further
investigations.

It has to be noticed that a similar mechanism was suggested before to explain
DF in some conjugated polymers doped with metal-organic complexes [310, 311].
During such a Tgyes-Thos annihilation process the excited singlet state of either
the host or the guest molecule can be populated with equal probability, but since the
host singlet state is lower than the singlet state of the anthracene dopant, only DF
fluorescence of the PF2/6 polymer is observed.

5.3 Summary and Conclusions

In this chapter, two different approaches to reduce the triplet concentration in or-
ganic light-emitting devices were investigated. First, the pulsed excitation behavior
of OLEDs with field-effect-assisted electron transport was discussed and their per-
formance was compared to conventional OLEDs using the same organic layers. We
found that not charge carrier transport, but injection of electrons from the electron-
transporting layer into the active light-emitting layer determines the dependence of
the light intensity on the applied pulse width. Since this interface is present in con-
ventional OLEDs as well as in OLEDs with field-effect electron transport, similar
pulse-width dependence was observed for both devices. Furthermore, we proved
that, depending on the applied voltage and for this particular material combination,
pulses down to 1 ps could be applied without affecting the light intensity. This fact
is important for the control of the triplet concentration. 1 ps is much shorter than
the typical triplet lifetime of fluorescent materials, indicating that pulsed excitation
could be applied to reduce triplet accumulation in our device.

An alternative way to reduce the triplet concentration is the incorporation of a
triplet scavenger, as discussed in the second part of this chapter. Phosphorescence
and delayed fluorescence of polyfluorene polymer films doped with cyclooctate-
traene (COT) and anthracene were investigated by time-resolved photoluminescence
measurements. Using the “non classical” triplet scavenger COT, employed before
in liquid-phase organic dye lasers, anomalous nonvertical triplet energy transfer
in solid conjugated polymer films was demonstrated for the first time. This triplet
energy transfer behaves similarly to the one of vertical triplet acceptors like an-
thracene. Thanks to their large singlet-triplet splitting, both dopant molecules were
found to quench efficiently host phosphorescence without affecting the host fluores-
cence. This S;-T| energy level splitting is exceptionally large in COT due to its low-
lying relaxed triplet state capable of accepting host triplet excitations. In addition,



5.3 Summary and Conclusions 95

contrary to anthracene, the triplet lifetime of COT molecules is reasonably short,
making a fast deactivation of triplet excitations possible. This suggests that nonver-
tical triplet scavengers, which possess a large S1-T; energy level splitting and an
inherently short lifetime of their relaxed triplet state, could be promising candidates
for quenching host triplet excitations in electrically pumped organic lasers and other
high-brightness organic light sources.



Chapter 6
Triplet-Emitter Doped Organic Materials

OLEDs have been extensively investigated for full-color, plat-panel display ap-
plications and illumination light sources because of their merits of high lumi-
nance, low driving voltage, and variety of emission colors [29]. The internal quan-
tum efficiency of electro-fluorescence OLEDs is limited to around 25% accord-
ing to simple spin statistics [36]. In order to overcome this efficiency limit of
fluorescent OLEDs, phosphorescent emitters doped into host material have been
used [312]. Phosphorescent emitters are low-molecular weight phosphorescent dye
molecules incorporating a heavy metal atom with strong spin-orbit coupling that
mixes singlet and triplet states. The radiative decay of triplet states becomes al-
lowed and the efficiency of intersystem crossing is enhanced. As a result, the
lowest triplet state is efficiently populated and produces light emission with a
large quantum yield. Phosphorescent emitters in both small organic molecule hosts
and polymer hosts allow for harvesting singlet and triplet excitons and, therefore,
the internal quantum efficiency of OLEDs can be largely enhanced, approaching
100% [34].

In this chapter, triplet-emitter doped organic materials are studied. Section 6.1
focuses on the triplet dynamics and charge carrier trapping in triplet-emitter doped
conjugated polymers. Phosphorescent properties and charge carrier trapping are
studied by time-resolved photoluminescence and thermally-stimulated lumines-
cence techniques. In Sect. 6.2, the use of triplet-emitters as lasing element is in-
vestigated. The results of Sect. 6.1 have been published in [311].

6.1 Triplet Dynamics and Charge Carrier Trapping
in Triplet-Emitter Doped Conjugated Polymers

For the preparation of electro-phosphorescent polymer light-emitting diodes, the
commonly used concept is to blend a low-molecular weight phosphorescent emitter
into a proper polymer matrix. Transfer of excited state energy plays an important
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DOI 10.1007/978-94-007-1608-7_6, © Springer Science+Business Media B.V. 2011


http://dx.doi.org/10.1007/978-94-007-1608-7_6

98 6 Triplet-Emitter Doped Organic Materials

role in the operation of these devices. Singlet and triplet excitons can first be gen-
erated by electron-hole recombination in the polymer host and then transfer their
energy to the dopant. Alternatively, the triplet state of the phosphorescent emitter
may be formed by charge transfer from the host followed by charge recombination
at the guest molecule. In both cases, the singlet and triplet energy levels of the host
have to be well above the triplet state of the guest emitter to be efficient and prevent
back transfer. The actual transfer of excitation to the guest molecule can occur via
different mechanisms: Forster transfer of singlet excitons generated on the polymer
matrix to the guest, Dexter transfer of both singlet and triplet excitons generated on
the host to the dopant, as well as the direct generation of singlet and triplet excitons
on the guest [313, 314].

Comprehensive studies have been performed to investigate triplet dynamics
in MeLPPP doped by PtOEP! [307, 310, 315]. Since both the S; and T lev-
els of the dopant are below those of the matrix [316-318], both Forster-type
host-guest singlet-singlet and Dexter-type triplet-triplet energy transfer can be en-
visaged. A specific feature of devices based on phosphorescence is that long
phosphorescent lifetimes lead to saturation of emissive sites, and annihilation of
triplet excitations may cause significant efficiency losses. Triplet-triplet annihi-
lation is believed to be one of the major quenching mechanisms in phospho-
rescent OLEDs [266]. As a result, the efficiency of these OLEDs tends to de-
crease at high current densities [319]. The longer lifetime of triplet excitons
also reduces one of the advantages of dye doping of organic light-emitting de-
vices, namely the ability to eliminate concentration quenching. One way to solve
these problems is to use dopants with shorter triplet exciton lifetime. Therefore
Ir-complexes are more attractive candidates than platinum porphyrins owing to
about one order of magnitude shorter lifetimes, which typically range from 1 to
14 ps [260].

In this section, we explore the phosphorescent properties of the red light-emitting
metal-organic complex Btp,Ir(acac) doped into the conjugated polymer CNPPP.
Similar to the above mentioned MeLPPP:PtOEP host-guest system, both the S; and
T levels of the Btp,Ir(acac) dopant are below those of the CNPPP polymer ma-
trix; however, the phosphorescent lifetime of Btp,Ir(acac) (~7 us [320]) is tenfold
shorter than that of PtOEP (~80 us [321]). It will be demonstrated that this results
in different mechanisms dominating the phosphorescence properties. In addition,
direct evidence that the phosphorescent metal-organic complexes do act as charge
traps is presented and these traps are characterized by means of charge trapping
spectroscopy. Polymer films doped with triplet-emitter molecules were prepared by
dissolving the appropriate ratios of Btp,Ir(acac) and CNPPP in toluene, and then
spin-coating the resulting solutions on a precleaned quartz substrate. The structural
formulas of both compounds and the specific processing conditions used to prepare
the organic thin films can be found in Chap. 2 (Sect. 2.1.1).

IPlatinum(II) octaethyl porphyrin.
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6.1.1 Spectroscopic Characterization

Pristine CNPPP Films

Figure 6.1 (curve 1) shows the prompt fluorescence spectrum of a pristine CNPPP
film registered during the laser pulse at 80 K. The spectrum consists of a main
S1 — Sp band at 405 nm (3.08 eV) followed by a vibronic feature displaced by
about 1200 cm™". This spectrum coincides with steady-state PL spectra, implying
that the fluorescence in the range of 400—500 nm, caused by the radiative decay of
singlet excitons, is dominant in this material.

The delayed emission spectrum of the pristine CNPPP film, detected by introduc-
ing a time delay (z4.,; = 20 ms) between the exciting laser pulse and the detection
window of the registration system, is depicted by curve 2 in Fig. 6.1. In contrast
to prompt fluorescence, the delayed emission from CNPPP exhibits two different
components with different decay times and different spectral positions. The short
wavelength component of the delayed emission is virtually identical to the prompt
fluorescence spectrum. Consequently, it can be assigned to delayed fluorescence
(DF) from the S; state of CNPPP. The second, slower decaying set of bands is
shifted by 0.78 eV with respect to the first peak of the DF, but has the same vibronic
splitting of about 1200 cm~! (Fig. 6.1, curve 2) as the fluorescence spectrum. It
should be noted that this second longer-wavelengths spectral component can only
be seen in the delayed emission and shows all generic signatures of phosphores-
cence, principally similar to that previously found in other conjugated polymers as
MeLPPP [322, 323], LPPPC? [324] and polyfluorenes [308]. Therefore, this spectral
part in the range of 520-700 nm (Fig. 6.1, curve 2) is assigned to intrinsic phospho-
rescence (Ph) from the T state at 542 nm (2.3 eV). Pristine CNPPP thus features
a singlet-triplet (S1-T1) energy level splitting of about AEgr = 0.78 eV, which is a
typical value for organic conjugated polymers [306].

2Ladder-type poly(para-phenylene carbazole).
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Fig. 6.2 Time decay kinetics T T T T T T i
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Btp,Ir(acac) Doped into a PS Matrix

In order to get an insight into the intrinsic Ph properties of Btp,Ir(acac), the CW-
and time-resolved PL of this triplet-emitter doped into a polystyrene (PS) film has
been studied. Because PS did not show any light emission under the excitations used
in this study, it can be considered as an optically inert polymer host allowing ma-
trix isolation of Btp,Ir(acac) molecules. Therefore, Ph properties of PS:Btp,Ir(acac)
films are virtually the same as those measured in frozen diluted solution. The Ph de-
cay kinetics of a Btp,Ir(acac) (1 wt%) doped PS film recorded at 77 K and room
temperature are depicted in Fig. 6.2. The Ph decay curves demonstrate a clear mono-
exponential kinetics, indicating that the triplet excitations of Btp,Ir(acac) are effi-
ciently confined by the PS host at such dopant concentration and that triplet quench-
ing by impurities or via T-T-annihilation mechanism is negligible. The intrinsic life-
time of Ph emission decreases from 7 ps at 77 K to about 5 us when the temperature
increases to room temperature. This correlates with the observed gradual decrease
of the Ph intensity of Btp,Ir(acac) with elevating temperature (Fig. 6.3) and suggests
that temperature-dependent non-radiative processes are active in this metal-organic
complex [320].

Figure 6.4 presents the low-temperature Ph decay kinetics of Btp,Ir(acac) doped
PS films at small and relatively high dopant concentration (1 and 10 wt%). As
can be seen, the apparent Ph lifetime is notably smaller (r = 5.3 ps) at 10 wt%
Btp,Ir(acac) concentration compared to a concentration of 1 wt% (v =7 ps). This
quenching is definitely related to the dopant concentration (concentration quench-
ing) and not to T-T annihilation as verified by the linear intensity dependence of Ph
in PS:(10 wt%)Btp,Ir(acac) upon excitation intensity (inset of Fig. 6.4).

Figure 6.5 shows the profile of the first Ph band (T} — Sp) from Btp,Ir(acac)
in a frozen diluted toluene solution (¢ = 10~3 wt%) and from Btp,Ir(acac) doped
in a PS film at ¢ = 10 wt% measured at different delay time (Fig. 6.5(a) and (b),
respectively). The Ph peak position of Btp,Ir(acac) in frozen solution showed no
peak shift (Fig. 6.5(a)), whereas in heavily doped PS films, a gradual red-shift of the
peak with increasing delay time (Fig. 6.5(b)) was observed. The same red-shift was
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observed for the vibronic replica peaks (not shown here). This shift is a direct ob-
servation of the so-called spectral diffusion effect of the Ph spectra of Btp,Ir(acac)
and is the result of triplet migration from one excited state to another during the
triplet lifetime. Since triplet diffusion towards excited states with a lower energy is
favored (downward hopping), a red-shift of the Ph peak is observed. This process is
schematically illustrated in Fig. 6.6.

The observation of spectral diffusion proves that triplets can migrate through the
Btp,Ir(acac) molecules manifold at a doping level of 10 wt%. It actually implies that
triplets are no longer confined on isolated Btp,Ir(acac) molecules at such doping
concentration, which is close to that often used for fabrication of high-efficiency
phosphorescent OLEDs [321]. Consequently, at such a concentration, the triplets
could be amenable to quenching. Indeed, minor traces of quenching impurities, such
as triplet molecular oxygen or some intrinsic quenching defects in the PS polymer,
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Fig. 6.5 (a) Time resolved first Ph peak from Btp,Ir(acac) in a frozen diluted toluene solution
(c = 1073 wt%), and (b) Time resolved first Ph peak from Btp,Ir(acac) doped in a PS film at
¢ =10 wt%. All spectra were measured at 80 K and normalized to the peak intensity. (© Elsevier)

Fig. 6.6 Schematical E
illustration of the spectral
diffusion effect. (© Elsevier)
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could become accessible to migrating triplets within the radiative lifetime of the
triplet excitation [323].

In general, short-range Dexter energy transfer dominates migration of triplet ex-
citations. The observation of triplet migration at a Btp,Ir(acac) concentration of
10 wt% 1is, however, in good agreement with the recently proposed mechanism
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of dipole-dipole long-range Forster energy transfer in phosphorescent Ir(II) com-
plexes [325]. Kawamura et al. found out that the strong spin-orbital coupling in
these compounds increases the oscillator strength of the triplet-singlet transition
and leads to a sufficiently high dipole-dipole transfer rate to enable Forster energy
transfer to be the dominant mechanism in these phosphorescent Ir-complexes [325].
An effective Forster radius of 1.5 nm was calculated for Btp,Ir(acac) [325]. The
average distance between the Btp,Ir(acac) molecules in a PS host at a doping con-
centration of 10 wt% is p = 2.2 nm. This value was calculated using the so-called

lattice gas model [326]:
(M . 6.1)
p= Nacs ’ ’

where M is the Btp,Ir(acac) molecular weight, N4 is the Avogadro’s constant, c is
the fractional Btp,Ir(acac) concentration and § is the sample density. Taking into ac-
count that Eq. 6.1 gives the average distance between the center of the molecules and
thus slightly overestimates the intermolecular distance, 2.2 nm, determined above, is
not very different from the effective Forster radius obtained by Kawamura. Forster
energy transfer might thus indeed explain the spectral diffusion effect observed in
the present study at 10 wt% dopant concentration (Fig. 6.5(b)).

The results presented in Fig. 6.5 elucidate the observed apparent decrease of
the exciton lifetime of Btp,Ir(acac) at increased dopant concentration in PS films
(Fig. 6.4). If triplet excitons are no longer confined on individual Btp,Ir(acac)
molecules at 10 wt% dopant concentration, as proven by the observed spectral dif-
fusion effect, the probability of triplet quenching by accidental impurities, which
is suppressed in a highly diluted system, increases with concentration, giving rise
to the observed concentration quenching effect. The quenching impurity is most
probably triplet molecular oxygen, which is a notoriously efficient triplet exciton
quencher. Comparison of the Ph decay kinetics in oxygen-free encapsulated films
and that of films exposed to the ambient atmosphere strongly supports such a no-
tion. Figure 6.7 shows the low-temperature Ph decay kinetics of PS:Btp,Ir(acac)
films at high (10 wt%) triplet-emitter concentration. As can be seen, oxygen-free
(never exposed to air and encapsulated in the glove-box) films (Fig. 6.7, curve 1)
show the same mono-exponential Ph decay with a lifetime of 7 ps as for di-
luted systems, suggesting negligible triplet quenching in them. On the other hand,
PS:(10 wt%)Btp,Ir(acac) films exposed to air feature an initial fast non-exponential
decay (curve 2), which is a clear indication of quenching by oxygen. In combination
with the results presented in Fig. 6.5, this suggest straightforwardly that the concen-
tration quenching in PS:Btp,Ir(acac) systems arises due to triplet exciton migration
at increased guest molecule concentration and thus due to their ability to encounter
non-radiative oxygen impurities.

It should be mentioned that a significant phosphorescence lifetime shortening
due to oxygen was recently reported [307] for another host-guest system, namely
MeLPPP doped with PtOEP (concentration from 1073 to 5 wt%). The effect was
explained by reversible formation of a weak complex between PtOEP and oxygen
upon exposing the sample to air, which quenches the phosphorescence of PtOEP. It
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Fig. 6.7 Low-temperature Ph "~ T T T T
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was assumed that not mobile but localized guest triplets are involved in the quench-
ing effect [307]. In our study, however, it is observed that the oxygen quenching ef-
fect on the phosphorescence of Btp,Ir(acac) depends strongly on the guest concen-
tration (Fig. 6.4), as no notable lifetime shortening was found at 1 wt% Btp,Ir(acac)
concentration either in a PS (Fig. 6.4) or CNPPP (see further down, Fig. 6.9(b)) host
matrix, while at a larger (10 wt%) dopant concentration the quenching effect was
obvious. The remarkable correlation of the quenching effect with the onset of the
spectral diffusion of the phosphorescence of Btp,Ir(acac) dispersed in a polymer
matrix proves that in the present experiment, using Btp,Ir(acac) dopants, mobile
triplets are involved and that they are able to reach the oxygen quenching center at
sufficiently large dopant concentration. This discrepancy might be rationalized by
taking into account the considerably shorter intrinsic phosphorescence lifetime of
Btp,Ir(acac) (7 ps vs. ~80 us for PtOEP) and, consequently, the somewhat larger
oscillator strength of the radiative transition in this organometallic complex as com-
pared to PtOEP molecule.

Finally, it should be noted that the presented results suggest that the concentra-
tion quenching effect, at least at 10 wt% Btp,Ir(acac) concentration level, is def-
initely due to quenching by impurities like molecular oxygen and not due to the
mechanism based on dampening of energy through multiple dipole-dipole energy
exchange interaction between neighboring Ir-complex molecules as was suggested
before [325]. Indeed, Fig. 6.5(b) proves that triplet energy migration does occur at
this dopant concentration, but oxygen-free encapsulated PS:(10 wt%)Btp,Ir(acac)
films do not show any shortening of the triplet lifetime (Fig. 6.7). An energy damp-
ening mechanism [325, 327] may, however, still be operative at smaller average
distances between Btp,Ir(acac) molecules (i.e. at larger dopant concentrations).

CNPPP Films Doped with Btp,Ir(acac)

Figure 6.8(a) shows the normalized steady-state low-temperature PL spectra of
CNPPP films doped with Btp,Ir(acac) at different doping concentrations. As can
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Fig. 6.8 (a) Steady-state PL
spectra of CNPPP films
doped with Btp,Ir(acac) at
doping concentration of 1
and 6 wt% measured at 80 K,
and (b) EL spectra of
CNPPP:Btp,Ir(acac) films
with doping concentration
varying from 1 to 6%.
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be seen, the PL spectra exhibit two components corresponding, respectively, to flu-
orescent emission from the CNPPP host in the range from 400 to 500 nm, and a set
of red emission peaks of Btp,Ir(acac) phosphorescence. The phosphorescence (Ph)
of Btp,Ir(acac) shows a well-resolved spectrum with the T; — S band at 610 nm
(2.05 eV), followed by a vibronic fine structure. The mechanism of Ph in this com-
pound has been assigned before to the transition from ligand-based triplet 3 (r — 7*)
states [260, 321]. Time-resolved PL studies of pure CNPPP films (Fig. 6.1, curve 2)
have revealed the intrinsic phosphorescence in this polymer and allow direct esti-
mation of the triplet energy of 2.3 eV in this material. Since this CNPPP triplet
level exceeds the guest triplet level at 2.05 eV, efficient confinement of Btp,Ir(acac)
triplet excitations is possible in the CNPPP:Btp,Ir(acac) host-guest system. Clearly,
the relative contribution from the fluorescence emission of the CNPPP host reduces
significantly with increasing Btp,Ir(acac) concentration. This is expected due to
Forster singlet energy transfer from the host matrix to the dopant, followed by
intersystem crossing to the triplet state of the iridium complex [328]. However,
even at dopant concentrations as high as 6 wt% the host fluorescence is not com-
pletely quenched (Fig. 6.8(a)). Note that light absorption at the excitation wave-
length Acxe = 337 nm in CNPPP:Btp,Ir(acac) thin films is dominated by CNPPP
host absorption at all considered dopant concentrations. Therefore, excitation of
Btp,Ir(acac) molecules could only be possible via energy transfer from the host
matrix.

The electroluminescence (EL) spectra of Btp,Ir(acac) doped CNPPP films are
shown in Fig. 6.8(b). These spectra were measured at different Btp,Ir(acac) dop-
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ing concentration and by using an ITO/PEDOT/CNPPP:Btp,Ir(acac)/LiF/Al device
configuration. As can be seen, in contrast to the PL emission spectra (Fig. 6.8(a)),
a complete quenching of the host EL emission occurs at notably lower Btp,Ir(acac)
doping concentration (as low as 3 wt%). EL quenching commonly occurs at much
lower triplet emitter concentration as compared to the PL emission and has been
attributed by many authors to charge recombination taking place preferentially on
triplet emitter molecules, tacitly assuming efficient charge-carrier trapping by the
dopant species [328, 329].

The intensity dependence of prompt fluorescent and Ph emission of CNPPP
films doped with 1 wt% Btp,Ir(acac) upon laser excitation intensity is presented
in Fig. 6.9(a). The plotted emission intensities were obtained by integration over the
wavelength. The CNPPP fluorescence intensity varies approximately linearly with
the laser power (curve 1). The Ph of Btp,Ir(acac), on the other hand, behaves in
a different way (Fig. 6.9(a), curve 2): at low excitation intensity the dependence
of Ph is a linear function (I, ~ I]}., where m = 1), whereas at power excitation
densities higher than ~50 pJ/(cm? pulse) a crossover to a slow square-root increase
(m = 0.5) occurs. Such intensity dependence of Ph at high excitation densities usu-
ally arises from a bimolecular quenching process which competes with the mono-
molecular decay and is often considered as a signature of triplet-triplet annihilation
(T-T-annihilation) (T; + T; — S* 4+ Sp) [308, 323], implying a decrease of the Ph
yield at high pump fluence. The slow square-root increase with increasing excita-
tion intensity cannot be related to the host singlet state since the fluorescence of
this host-guest system does not show saturation behavior (Fig. 6.9(a), curve 1). In
addition, it was found that the excitation intensity at which the above crossover is
observed shifts to somewhat lower intensities with increasing temperature, as ex-
pected for a thermally activated diffusion migration of triplet excitations governing
the T-T annihilation.

Figure 6.9(b) shows the decay kinetics of phosphorescent emission of
Btp,Ir(acac) in the same CNPPP:(1 wt%)Btp,Ir(acac) film as in Fig. 6.9(a) mea-
sured at low- and high- laser excitation intensity at 80 K (curve “a” and “b”, re-
spectively). The excitation intensities used are indicated by arrows in Fig. 6.9(a)
and these laser powers correspond to the regime of either a linear- or a square-root-
Ph increase with increasing pump intensity. At low excitation intensity the Ph of
Btp,Ir(acac) doped in a CNPPP matrix decays mono-exponentially over the stud-
ied time range, featuring a lifetime of about T =7 ps (Fig. 6.9(b), curve “a”). This
observation, which is virtually the same as has been observed in an optically inert
PS host (Fig. 6.9(b), open symbols) at 1 wt% dopant concentration, indicates that
the CNPPP host indeed can efficiently confine triplet excitations of Btp,Ir(acac)
molecules. At high excitation intensity (Fig. 6.9(b), curve “b”), on the other hand,
the decay kinetics deviate from a single exponent; a fast initial Ph decay during
several microseconds after the laser pulse is followed by a mono-exponential decay
with the same lifetime of 7 ps at larger delay times. This behavior proves that effi-
cient bimolecular T-T annihilation occurs during the first 10 ps after the laser pulse
when the concentration of triplets in the material is still large enough. T-T annihila-
tion leads to the depletion of the reservoir of triplet excitations and therefore the de-
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Fig. 6.9 (a) Dependence of CNPPP host fluorescence (curve 1) and Btp,Ir(acac) guest phospho-
rescence (curve 2) upon excitation intensity at 80 K in a CNPPP:(1 wt%)Btp,Ir(acac) film. The
arrows depict the low- and high- laser power intensities at which the Ph decay kinetics presented in
Fig. 6.9(b) have been measured. (b) Time decay kinetics of Ph emission measured in a CNPPP:(1
wt%)Btp,Ir(acac) film at low- and high- laser excitation intensity at 80 K (curve (a) and (b), re-
spectively). The gate width was 0.1 ps. The Ph decay kinetics at 80 K of 1 wt% Btp,Ir(acac) doped
into a polystyrene film are given by open circles (this curve is arbitrary shifted on the ordinate
scale). (O Elsevier)

cay kinetics in this time domain do not follow an exponential decay law. Upon low-
ering the triplet concentration at 74,; > 10 ps the kinetics become mono-exponential
again. The onset of the T-T annihilation process has been straightforwardly observed
in the Ph intensity dependence measurements of Fig. 6.9(a). It should be noted that
no deviation from the mono-exponential Ph decay with T = 7 us was observed when
Btp,Ir(acac) was doped into a PS film, irrespective of the laser excitation intensity
level (Fig. 6.9(b), open cycles).

The excitation intensity effect on the Ph yield was studied recently for PtOEP
doped in MeLPPP and the Ph yield was found to decrease at high intensity of the in-
cident light [307]. The observed saturation effect of the dopant phosphorescence at
intensities exceeding ~10 pJ/(cm? pulse) was virtually the same regardless whether
PtOEP was doped into MeLPPP or into an optically neutral PS matrix and the phe-
nomenon was explained in terms of bleaching of ground-state PtOEP molecules
upon population of their triplet state [307]. Such an explanation is definitely not
applicable to the Ph intensity dependence of CNPPP:Btp,Ir(acac) observed in the
present study as the dominance of bleaching is at variance with (i) the observation
of the obvious deviation of the Ph decay kinetics from a single exponent at high
excitation intensities (Fig. 6.9(b)), which, on the other hand, nicely agrees with the
T-T annihilation mechanism; (ii) no decrease of Ph yield of Btp,Ir(acac) was found
when it was embedded in a neutral PS matrix and in frozen diluted solution up
to the pumping intensity of ~500 uJ/(cm? pulse); (iii) the crossover from a linear
to square-root increase of the Ph intensity dependence in the CNPPP:Btp,Ir(acac)
host-guest system tends to shift to lower pumping intensities with increasing tem-
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perature, thus pointing to the importance of triplet exciton diffusion. Hence, the
reduction of the Ph yield in the CNPPP:Btp,Ir(acac) system at high excitation in-
tensity is most probably governed by T-T annihilation, which predominates over the
possible bleaching effect of the Btp,Ir(acac) ground-state. The latter effect in the
present system might certainly be possible at larger excitation intensity.

The question arises which triplets, of the host or of the guest, are responsible
for the T-T annihilation quenching in the CNPPP:Btp,Ir(acac) system. The results
obtained on Btp,Ir(acac) doped into a PS or a CNPPP host matrix suggest that at
1 wt% doping the guest triplet excitations must be confined by both polymer hosts.
At such low concentration, guest triplet migration is not possible, in other words,
guest triplets are immobile. Therefore, Ty es-Tguess annihilation is impossible. On
the other hand, all CNPPP host triplet excitons are eventually transferred to the
phosphorescent guest as proven by the complete quenching of the intrinsic CNPPP
phosphorescence (see further down, Fig. 6.10). This precludes Tjg:-Thosr annihi-
lation at not very small dopant concentration. Therefore, we conclude that the ob-
served T-T annihilation proceeds via a Tgyes-Thosr annihilation reaction, i.e., when
a mobile host triplet encounters a localized guest triplet excitation. This picture is in
agreement with the absence of T-T annihilation quenching for Btp,Ir(acac) doped
in a PS host matrix at the same concentration level, since excited host triplets are
missing in this case. It should be mentioned that bimolecular hetero-annihilation
between triplet excitons of a polymer and triplet excitations of dopants has already
been reported before for MeLPPP:PtOEP host-guest systems [310].

Figure 6.10 presents time-resolved PL spectra of a CNPPP film doped with
0.05 wt% Btp,Ir(acac) recorded at 80 K over a very wide range of delay times
after the laser pulse excitation (from 0.1 ps to 800 us) and employing a large width
of 1 ms of the gate window (so-called integration mode). As can be seen, both the
DF of the host and the Ph of the dopant contribute to the delayed emission spectra.
However, no intrinsic Ph of the CNPPP host at 542 nm (Fig. 6.1) could be observed
in the CNPPP:Btp,Ir(acac) host-guest system, implying that the host triplet exci-
tations are efficiently quenched by the lower-energy Btp,Ir(acac) triplet state via
Dexter mechanism. With increasing Btp,Ir(acac) concentration a reduction of the
delayed fluorescence intensity of the polymer host has been observed.

The time dependence of the DF and Ph intensity in the CNPPP:Btp,Ir(acac) host-
guest system is shown in the inset of Fig. 6.10. A remarkable observation is that the
Ph of Btp,Ir(acac) in a CNPPP matrix can be measured even at delay times that are
orders of magnitude larger than the intrinsic Ph lifetime of Btp,Ir(acac) (~7 ps).
As can be seen, after the initial decay of the relatively short-lived guest phosphores-
cence featuring a lifetime of 7 ps at 80 K, the Ph decay kinetics show a very long
tail lasting up to milliseconds. This observation of “delayed phosphorescence” may
have two plausible origins: (i) delayed arrival of intrinsically long-lived host triplets
to the Btp,Ir(acac) guest molecules, or (ii) delayed production of guest triplets by
delayed recombination of (trapped) charge carriers on Btp,Ir(acac) guest molecules.

Besides delayed guest Ph, intensive delayed fluorescence (DF) of the CNPPP
host has also been observed in the delayed emission spectra of CNPPP:(0.05
wt%)Btp,Ir(acac) films (Fig. 6.10). The DF in these films (as well as in pristine
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Fig. 6.10 Time-resolved PL spectra of a CNPPP film doped with 0.05 wt% Btp,Ir(acac) at 80 K.
The delay time 74,; varies from 0.1 ps to 800 ps at a constant gate width of 1 ms. The inset shows
the time dependence of the DF and Ph intensity in the CNPPP:Btp,Ir(acac) host-guest system.
(© Elsevier)

CNPPP films) arises most probably due to T, -Thos; annihilation as (i) the in-
tensity dependence of the DF varies almost quadratically with the excitation laser
intensity (not shown here), implying a bimolecular mechanism of population of the
singlet level, (ii) Ph of the guest is a linear function of the pumping intensity, and
(ii1) the CNPPP film shows intrinsic long-lived triplet excitations detected even in
the millisecond time domain (Fig. 6.1). These factors seem to favor the mechanism
of delayed arrival of host triplets as the main cause for delayed phosphorescence.
However, at higher Btp,Ir(acac) concentration the DF emission of the host decreases
dramatically. This is in good agreement with the mechanism of Tjs:-Thos: annihi-
lation as source of the DF. Indeed, as guest molecules readily accept triplets from
the host, it is expected that the apparent host triplet lifetime and their population
strongly decreases with increasing guest concentration. Consequently, the intensity
of delayed Tjp5:-Thos annihilation, and therefore DF, is reduced at higher doping
concentrations. On the other hand, increasing the Btp,Ir(acac) dopant concentra-
tion has almost no effect on the delayed phosphorescence in CNPPP:Btp,Ir(acac)
films. The decay kinetics of the long-lived component (delayed phosphorescence)
were found to be virtually the same for different Btp,Ir(acac) dopant concentra-
tions ranging from 0.05 to 5 wt%. For the mechanism based on delayed arrival
of host triplet excitations one should contrarily expect that the decay of the above
slow component (delayed phosphorescence) becomes much faster with increasing
dopant concentration because quenching of host triplets by triplet-emitter dopants
is considerably enhanced in such case. Therefore, we are forced to conclude that
the delayed production of guest triplets occurs mainly via delayed recombination of
charge carriers on Btp,Ir(acac). Such an efficient delayed charge-carrier recombina-
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tion could be ensured by trapped charge carriers and is most probably the dominant
mechanism for the delayed Btp,Ir(acac) phosphorescence. To elucidate the origin of
charge trapping in the CNPPP:Btp,Ir(acac) host-guest system thermally stimulated
luminescence (TSL) experiments have been performed.

6.1.2 Thermally Stimulated Luminescence in CNPPP Doped
with Bitp,Ir(acac)

Figure 6.11 presents the TSL glow curve of a CNPPP film doped with Btp,Ir(acac)
(solid curve). As can be seen, TSL of CNPPP:Btp,Ir(acac) contains two major
peaks, namely a low-temperature peak near 50 K and a high-temperature one with
a maximum at 220 K. TSL of a pristine CNPPP film is shown for comparison
(dashed curve) and is dominated by the low-temperature TSL peak at 50 K while
another weaker peak emerges at ~150 K. It should be mentioned that a similar low-
temperature peak centered at 45-50 K has been commonly observed in many conju-
gated polymers such as MeLPPP [242], polyfluorenes [309], PPV derivatives [243],
etc. and it arises due to charge carrier release from the tail states of the intrinsic
density-of-state (DOS) distribution of the polymer. The weaker TSL feature at 150 K
in pristine CNPPP film (dashed curve) is quite similar to the one observed in polyflu-
orene polymers [309] and its relative intensity is rather sensitive to film preparation
conditions. This weak peak is due to moderately deep inherent charge traps in the
CNPPP film, which could be of structural origin in this material. It might be related
to some sort of aggregates of polymer chains as it was found before for substi-
tuted polyfluorenes [309] and PPV derivatives [243]. As evidenced from Fig. 6.11,
doping of the CNPPP host with Btp,Ir(acac) results in the appearance of a new
high-temperature TSL peak at 220 K, suggesting that Btp,Ir(acac) molecules create
rather deep traps in the polymer matrix. The activation energy of this deep trap is
about 0.6 eV, as measured by the fractional TSL technique, and agrees well with
the difference between the HOMO level of CNPPP and that of Btp,Ir(acac) which
are, respectively, 5.7 [239] and 5.0 eV [240]. Hence, TSL trapping spectroscopy
provides a direct evidence that Btp,Ir(acac) phosphorescent complexes create rela-
tively deep hole traps in the CNPPP matrix. Electron trapping by Btp,Ir(acac) is not
possible because the LUMO of the dopant (2.2 eV [240]) is higher than the one of
the polymer matrix (2.3 eV [239]).

The fact that Btp,Ir(acac) complexes act as hole traps in CNPPP, support our
argumentation that the delayed production of guest triplets occurs mainly via de-
layed recombination of charge carriers and may explain the observation of delayed
phosphorescence (Fig. 6.10). When a hole is trapped on Btp,Ir(acac) molecules
and an electron is localized on some shallower intrinsic traps of the CNPPP poly-
mer, trapped geminate electron-hole pairs can be readily generated. Such trapped
geminate pairs are typically more stable against recombination compared to non-
trapped electron-hole pairs and depending on mutual separation between opposite
sign charge carriers they can survive for milliseconds or even seconds [242, 330].



6.2 Optical Pumping of Triplet-Emitters 111

Fig. 6.11 The TSL glow 120 -
curve of a CNPPP film doped | E(2%9= 0.55 ev
with 5 wt% Btp,Ir(acac) (full g 100 ]
line) and pristine CNPPP film 5 CNPPP+Btp,Ir(acac)
(dashed line) after excitation € ;
with 365 nm light at 4.2 K. =%
(© Elsevier) @
3 60
£
-
2 40
ke)
[0}
N
g 20 ;
(e} /o
P4 { .
O L L N A S S S B S S B A B S S
0 50 100 150 200 250 300

Temperature (K)

Since recombination occurs directly on (or in the vicinity of) the dopant sites
initiated by a trapped hole, it is natural that it produces guest phosphorescence,
which follows the charge recombination kinetics. In addition, charge carrier trap-
ping by Btp,Ir(acac) molecules can in an excellent way explain the more efficient
quenching of the host fluorescence component in the electroluminescence spectra of
CNPPP:Btp,Ir(acac) OLEDs compared to the situation in photoluminescent spectra
(Fig. 6.8(a) and (b)). Charge carrier trapping has often been used before to explain
this phenomenon [328, 329]; however, in the present study direct evidence that the
phosphorescent metal-organic complexes do act as charge traps was presented by
means of TSL spectroscopy.

6.2 Optical Pumping of Triplet-Emitters

An important loss mechanism specific for electrically operating light-emitting de-
vices under severe bias is singlet-triplet annihilation [50]. The longer lifetime of
triplets compared to singlets and the fact that under electrical excitation much more
triplets than singlets are generated, contribute to a high steady-state triplet density in
the device. At high brightness conditions the triplet concentration can become high
enough to quench singlets severely [50, 212, 215]. Using triplets for light-emission
is an appealing solution to this problem.

In this section, the route of using triplet-emitters as light-emitting species in the
active layer of an organic laser is investigated. The advantages are the smaller line-
width of the spontaneous emission spectrum of phosphorescent compounds and the
larger internal quantum efficiency [34]. As a result of both, the required current
for lasing could be one order of magnitude smaller using triplet emitters. Lasing
either by optical or electrical pumping of triplet-emitters, however, has not been
demonstrated so far. Here, three different phosphorescent compounds are examined
for signs of stimulated emission.



112 6 Triplet-Emitter Doped Organic Materials

Fig. 6.12 Emission intensity T T T T 60
and associated FWHM of a 1200 |- = Iss
600-nm thick @
PMMA:(2 wt%)Btp, Ir(acac) S 1000 - . 150
film measured at various e
.. .. S 800 | 445 m
pumping intensities. = =
(Measurements performed by E 600 1 " / 40 %
RWTH Aachen) 2 *° u £
£ §° o ° ° 435 3
5 L
H 4001~ § 110
O ]
200 - ..l 125
O f 1 1 1 1 20
0 200 400 600 800 1000

Pump energy (uJ/pulse)

6.2.1 Attempts to Observe ASE Using Btp,Ir(acac)

There are different options to check whether ASE can be observed from the commer-
cially available phosphorescent metal-organic complex Btp,Ir(acac). The ideal sit-
uation is to use an inert film doped with a small concentration of the triplet-emitter.
Because absorption is expected to be very low due to the low dopant level and the
small extinction coefficient of Btp,Ir(acac), a relatively thick film should be used.
Using a host-guest system, e.g. CNPPP:Btp,Ir(acac), could be another option. This
has been carefully investigated in Sect. 6.1. Alternatively, ASE might be examined
in diluted solution. All three possibilities were investigated.

First, Btp,Ir(acac) was dispersed in PMMA?Z3 and PS, which are considered as
optically inert matrices. Both matrices were extensively studied for the dispersion
of laser dyes, given their very good optical and thermal properties [125, 331]. A rel-
atively thick film of 600 nm comprising 2 wt% Btp,Ir(acac) was prepared. Fig-
ure 6.12 shows the emission intensity of this film and the associated FWHM mea-
sured at various pumping intensities. Even at very high pumping intensities (well
above 10 mJ/pulse) there could not be any increase of the slope efficiency observed.
In fact, there was even a slight decrease of the emission intensity above 200 pJ/pulse,
which might be attributed to sample degradation. In addition, no spectral narrow-
ing was observed as indicated by a constant FWHM of the measured emission
spectra. Similar results were obtained when a CNPPP:Btp,Ir(acac) film and a di-
luted solution of Btp,Ir(acac) molecules were optically pumped, indicating that it
was impossible to obtain stimulated emission using the phosphorescent compound
Btp,Ir(acac).

In order to identify the mechanism responsible for the lack of ASE, time-resolved
pump-probe measurements were performed on a 4 um thick PMMA:Btp,Ir(acac)
film deposited on a quartz substrate. The sample was pumped at a wavelength of
400 nm, while the wavelength of the probe beam was set at the PL. emission maxi-
mum A = 614 nm. Figure 6.13 depicts the result of this experiment at an excitation

3Poly(methyl metacrylate).
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laser fluence of 195 pJ/cmz. As can be seen, a clear reduction in the transmission
upon photo-excitation is measured. This observation indicates that Btp,Ir(acac) ex-
hibits excited state absorption, which competes with radiative emission, and there-
fore prevents ASE. Due to fast intersystem crossing of singlets to triplet states,
the excited state absorption of Btp,Ir(acac) is dominated by triplet-triplet absorp-
tion. These findings are in agreement with measurements reported by Adachi et
al., who demonstrated that several commonly-used Ir-complexes have large ex-
cited state absorptions [332] at the spectral region where light emission occurs. A
cross-section for triplet-triplet absorption o7 of 3 - 1078 has been reported for
Btp,Ir(acac), which is much larger than its oy, ~ 7.9 - 1072° precluding any lasing
action [332]. Apart from photoinduced absorption losses, also non-radiative losses
such as quenching by oxygen and T-T annihilation due to the presence of movable
host triplets (Sect. 6.1.1) may additionally deplete the triplet reservoir.

6.2.2 Attempts to Observe ASE Using F5Ph and GDP16b

The large o7 at the expected lasing wavelength of commercially available triplet-
emitters, such as Btp,Ir(acac), might be problematic for achieving lasing action. In
order to stand chance of obtaining ASE from triplet-emitters, the effective radiative
lifetime has to be decreased (to have a larger cross-section for stimulated emis-
sion oy, ) or/and the spectral region where triplet-triplet absorption occurs has to be
shifted with respect to the light emission spectrum. The metal-organic complexes
F5Ph and GDP16b partially fulfill these requirements and were therefore optically
pumped to check if ASE could be observed.

F5Ph was chosen because of its small radiative lifetime (~3 ps) compared to
other triplet-emitters. However, its transient absorption spectrum overlaps with the
spectral region where light-emission occurs. To check whether it is possible to ob-
serve ASE from F5Ph, two different experiments were performed. First, a thick
(~1 pm) film of PMMA doped with 6 wt% F5Ph was measured. The results are
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shown in Fig. 6.14. As can be seen, no spectral narrowing could be observed. Addi-
tionally, a diluted solution of 1 wt% F5Ph in de-aerated toluene has been measured
at room temperature. Triplet-triplet annihilation and quenching of triplets by oxy-
gen could definitely not be an issue in this case, however, no ASE was observed. We
attribute these results to the high triplet-triplet absorption in the spectral region of
interest.

In contrast to FSPh, the metal-organic compound GDP16b exhibits triplet-triplet
absorption which is reduced at the light-emission spectral range. The photolumi-
nescence spectrum as well as the transient absorption spectrum of this compound
are depicted in Fig. 6.15(a). Emission occurs in the range of 600-800 nm, which
corresponds to a region of low transient absorption. Optical pumping of a thick
PMMA film doped with 6 wt% GDP16b, however, failed to show spectral narrow-
ing (Fig. 6.15(b)). This suggests that only reducing triplet-triplet absorption might
not be enough to achieve lasing in triplet-emitters. Another possible explanation
for the absence of ASE in GDP16b doped PMMA films, could be the presence of
oxygen or the relatively high GDP16b dopant concentration.

6.3 Summary and Conclusions

In this chapter, triplet-emitter doped organic materials were studied. Triplet dy-
namics and charge carrier trapping in CNPPP and PS films incorporating the red-
emitting metal-organic complex Btp,Ir(acac) were investigated. In addition, the in-
trinsic phosphorescence (Ph) of CNPPP was characterized. The results show that
the decrease in the Ph efficiency in CNPPP:Btp,Ir(acac) systems at increasing exci-
tation intensity is dominated by mutual host-guest triplet-triplet annihilation. Spec-
tral diffusion effects were observed at 10 wt% of Btp,Ir(acac) dispersed in a poly-
mer matrix, which is a direct proof of triplet migration though the manifold triplet-
emitter sites at such dopant concentration level. This observation suggests straight-
forwardly that the concentration quenching observed in PS:Btp,Ir(acac) films arises
due to triplet exciton migration at increased guest molecule concentration and thus
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Fig. 6.15 (a) Emission spectrum (dotted line) and transient absorption spectrum measured at
400 ns delay time (full line) of GDP16b, and (b) emission spectra of a 6 wt% GDP16b doped
PMMA film, measured at various laser fluences. (Measurements performed by RWTH Aachen)

their ability to encounter non-radiative oxygen impurities. A “delayed phosphores-
cence” was found in CNPPP:Btp,Ir(acac) films, which emerged at a time delay or-
ders of magnitude larger than the natural lifetime of Btp,Ir(acac) triplet excitations.
Delayed production of guest triplets by recombination of trapped charge carriers on
Btp,Ir(acac) guest molecules was identified as the dominant mechanism for the ob-
served delayed phosphorescence. The latter was supported by TSL measurements,
which provided direct evidence that Btp,Ir(acac) creates hole traps in the conju-
gated polymer CNPPP. Good agreement between the experimentally obtained trap
depth and the one predicted from the difference in HOMO levels was found.

In the second section of this chapter, the use of triplet-emitters as light-emitting
species in the active layer of organic laser was investigated. Photoluminescence
and time-resolved spectroscopic experiments on Btp,Ir(acac) showed the absence
of amplified spontaneous emission, even when the samples were excited at very
high pumping intensities. The reason for this behavior was attributed to an effective
excited state absorption, which competes with radiative emission, and therefore pre-
vents ASE. Additionally, two other metal-organic compounds, FSPh and GDP16b,
which exhibit, respectively, a relatively short radiative lifetime and a shifted tran-
sient absorption spectrum with respect to the emission spectrum were examined.
However, also by using these compounds no spectral narrowing could be observed.



Chapter 7
Value of OLEDs with Field-Effect Electron
Transport for Lasing Applications

Organic light-emitting diodes (OLEDs) [84, 96, 215] and organic light-emitting
field-effect transistors (LEOFETSs) [49, 65, 75, 221, 222] are two device architec-
tures that have been proposed as potential device configuration for future electri-
cally pumped lasers. In this work, OLEDs with field-effect electron transport were
added to the list of existing electroluminescent devices. The aim of the present chap-
ter is to investigate the prospects of realizing an electrically pumped laser using
these OLEDs with field-effect electron transport. First, the potential of the structure
as laser device configuration is analyzed. The advantages as well as the existing
limitations are highlighted. Next, amplified spontaneous emission measurements
and optically pumped lasing experiments are performed. Stimulated emission in
the host-guest system Alqsz:DCM; and in organic layer stacks including hole- and
electron-transporting layers used in OLEDs with field-effect-assisted electron trans-
port are studied. In the end, the different possibilities to incorporate an optical feed-
back mechanism in the device are discussed.

7.1 Potential of OLEDs with Field-Effect Electron Transport as
Laser Device Configuration

OLEDs with field-effect electron transport exhibit several characteristics that are
promising with respect to the realization of an electrically pumped organic laser.
The high current density that can be achieved without significant reduction of the
external quantum efficiency and the reduced optical absorption losses due to the
remoteness of the metallic cathode, are the most important ones and are discussed
in detail in Sect. 7.1.1 and Sect. 7.1.2, respectively.

Apart from minimizing the optical absorption losses and allowing high current
densities, OLEDs with field-effect electron transport may also be able to reduce the
triplet population in the device. In Chap. 5 (Sect. 5.1) it has been demonstrated that
pulses as low as 1 us could be applied to the device without affecting the light in-
tensity. Since this pulse width is much shorter than the typical triplet lifetime of
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fluorescent materials, pulsed excitation of the device may reduce triplet accumula-
tion. In addition, since the electrons are transported by field-effect, high mobilities
are achieved, reducing the number of charge carriers needed to generate population
inversion in the device. The combination of all these properties makes OLEDs with
field-effect electron transport interesting for waveguide devices and future electri-
cally pumped lasers.

7.1.1 High Current Densities

In Chap. 3 and Chap. 4 it has been demonstrated that very high current densi-
ties can be achieved in OLEDs with field-effect electron transport without signif-
icant reduction of the external quantum efficiency. Using the electron-transporting
material PTCDI-C3H;7 a maximum electron and hole current density of, respec-
tively, 5400 A/cm? and 13 A/cm? could be measured. The large difference between
both values is due to the fact that for the calculation of the electron current den-
sity the thickness of the accumulation layer, which is about 5 nm [45, 256], was
used, whereas for the hole current density the lateral area of the recombination zone
(~2 pm, Sect. 3.3) was taken into account. This is illustrated in Fig. 7.1.

The feasibility of electrically pumped lasing using OLEDs with field-effect elec-
tron transport can be investigated by calculating the exciton density per unit area in
the recombination zone orz. This exciton density can be estimated using [69]:

J
ORz = 7 Tt PpPLT, (7.1)

where J is the current density, g is the elementary charge, ry; is the singlet/triplet
ratio of excitons, ¢py is the photoluminescence efficiency and 7 is the exciton life-
time. For lasing it is the hole current density of 13 A/cm? that is most relevant
because this takes into account the amount of excitons generated over the entire
width of the recombination zone. The photoluminescence efficiency of DCM, was
measured to be about 40% and is in agreement with previous reports [41]. The ex-
citon lifetime of DCM3 is 1 ns [333] and for fluorescent devices only a quarter of
the injected charge carriers forms singlet excitons [36]. Using these values an exci-
ton density of 8 - 10° cm™2 could be calculated. This value is lower than the typical
values of exciton densities needed to reach the threshold in optically pumped lasers
(«/10”—1012 cm™2 [69, 184, 221]), indicating that the achievable current density in
OLEDs with field-effect electron transport is still insufficient to allow electrically
pumped lasing.
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The maximum achieved exciton density per unit area of our device concept is,
however, still higher compared to other promising device architectures. Naber ef al.
reported a oz value of 1-10° cm~2 for polymer light-emitting field-effect transis-
tors using a combination of a low-k and a high-k material as gate dielectric [69].
For the tetracene-based single crystal LEOFETSs of Takenobu et al. they calculated
orz =5 - 10° cm™2 [69]. Performing the same calculation for the LEOFET re-
ported by Namdas et al. [63], using I (50 pA), W (1000 um), Wgrz (4 um), ¢pr,
(53% [221]) and 7 (5 ns [221]) gives orz =5 - 10° cm™2. The slightly higher orz
achievable in our devices is mainly attributed to the higher current densities that can
be obtained and might be further improved by reducing the distance to the insulator
edge, by using pulsed operation to higher voltages, by employing high-k dielectrics
with low leakage current, by optimizing the device geometry and by using other
light-emitting materials with a higher photoluminescence efficiency and/or a larger
exciton lifetime. Note that the incorporation of triplet-emitters might also enhance
ogz since in this case rg; = 100%, although other loss mechanisms such as triplet-
triplet absorption and triplet-triplet annihilation may become dominant in that case
(Sect. 6.2).

7.1.2 Reduced Absorption Losses

A main challenge to overcome with respect to the realization of electrically pumped
lasing are the additional losses due to absorption of photons at the electrical con-
tacts. In thin waveguide structures, where the resonator is positioned in the plane
of the film, this is particularly important because of the long interaction between
the light and the electrodes. OLEDs with field-effect electron transport may signif-
icantly reduce these detrimental waveguide losses, because the metallic cathode is
displaced from the light-emitting zone.

Numerical simulations using the free full-vectorial Maxwell solver CAMFR!
allowed us to compare the waveguide losses in OLEDs with field-effect electron
transport to those in standard OLEDs. In CAMFR the materials are characterized
by complex refractive indices. For the Al cathode and the ITO anode a value of,
respectively, 1.040-6.189j and 1.823-0.003j was used. The imaginary part of the re-
fractive index of the organic layer was assumed negligible. An organic layer with a
thickness of 200 nm was taken for both device architectures. The results of the sim-
ulations are summarized in Table 7.1. Clearly, the OLED with field-effect electron
transport shows a significant reduction of the optical absorption losses compared to
conventional OLED structures, indicating that the absence of Al in the vicinity of
the recombination zone indeed substantially decreases the waveguide losses. This
reduction becomes more important at decreasing ITO thickness. When the devices
comprise an anode of only 20 nm ITO, the waveguide losses are reduced by a factor
ten.

ICAvity Modelling FRamework (developed at INTEC, Ghent University, Belgium).
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Table 7.1 Waveguide losses
in conventional OLEDs and
OLEDs with field-effect
electron transport for various ITO=100nm 256 cm~' 104 cm™!

thicknesses of the ITO anode  [TO = 20 nm 222 cm~! 21cm™!

OLED OLED with field-effect transport

The influence of the contact materials on the properties of the organic waveg-
uide can also be experimentally analyzed by a combination of ASE and waveguide
propagation loss measurements. For this purpose a series of multi-layer slab waveg-
uide samples based on 150-nm thick MeLPPP films were prepared. MeLPPP was
chosen because of its excellent film-forming properties, its high photoluminescence
quantum efficiency in solid-state (~30%) and its large gain coefficient [157]. For
each of the fabricated samples, the emission spectra for various excitation fluences
were recorded. Plotting the emitted intensity at the peak wavelength (A =495 nm)
as a function of the excitation intensity allowed to determine the ASE thresholds, as
displayed in Fig. 7.2.
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Fig. 7.2 ASE threshold measurements of different MeLPPP waveguide samples. (Measurements
performed by RWTH Aachen)
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The ASE threshold is determined as the excitation intensity at which the out-
put signal slope efficiency abruptly increases. Clearly, the lowest ASE threshold of
3 wJ/em? is achieved when MeLPPP is deposited on a bare glass substrate. A 20
and 100 nm thick ITO layer sandwiched between the organic film and the sub-
strate results in an increase of the ASE threshold to, respectively, 8 and 34 uJ/cm?.
An additional Al layer on top of the organic waveguide further increases the ASE
threshold to 69 uJ/cm?. Note, that all samples were optically pumped from the back
side, i.e. through the glass substrate. Therefore, strong absorption of the pump light
by the metallic Al layer can be neglected when comparing the different samples.

One can expect that the observed increase in ASE threshold is based on a re-
duction of the optical confinement factor in the gain medium (reduced gain) and/or
the extension of the waveguide modes into the absorbing contact layers (increased
waveguide losses). Loss measurements, carried out by the experimental technique
introduced in Chap. 2 (Sect. 2.2.5), allowed to determine the loss coefficient of the
different waveguide structures. The results of these loss measurements, which ac-
tually provide information about the propagation of light in the unpumped region
of the waveguides, are shown in Fig. 7.3. The graphs depict the edge emitted light
intensity at A4s5g = 495 nm as a function of the distance between the waveguide
edge and the excitation stripe. For each sample the laser fluence was chosen above
its respective ASE threshold. The data were fitted by an exponential decay function
(solid lines) to extract the effective waveguide loss coefficients for the different layer
stacks. Waveguide structures comprising absorbing layers adjacent to the MeLPPP
organic layer show a significant increase in loss coefficients. The lowest waveguide
losses of 5.3 cm™! were observed for MeLPPP on a bare glass substrate. An addi-
tional ITO layer sandwiched between the organic film and the substrate increases the
waveguide losses to 10.6 and 23.6 cm ™! for, respectively, 20 and 100 nm ITO thick-
ness. The presence of an Al layer on top of the organic waveguide further increases
the measured waveguide loss to the largest value of 47.6 cm™!.

The first two columns of Table 7.2 summarize the measured ASE thresholds and
waveguide losses of the investigated samples. As can be seen, higher ASE thresholds
are accompanied by increased waveguide losses. The presence of Al has a large
influence on these losses. Hence, OLEDs with field-effect electron transport, which
have a metallic top contact displaced with respect to the recombination zone, will
exhibit reduced optical absorption losses compared to conventional OLEDs, where
light is generated very close to the metallic cathode. The measurements also show
that the waveguide losses can be additionally reduced by decreasing the ITO layer
thickness, which is in agreement with the simulated results obtained via CAMFR.

For a further evaluation of these results, the intensity profile of the light, which
is propagating in the different structures, was simulated using a 2D beam propa-
gation simulation tool (RSOFT BeamPROP). The optical constants of the involved
materials were derived from ellipsometry measurements. The simulation results are
displayed in Fig. 7.4. In each graph, the black line represents the vertical refractive
index profile of the device structure. In lateral direction the sample is assumed to be
infinite. Red lines represent the simulated vertical beam intensity profile within the
structure. The amount of light guided within the active organic layer is marked by
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Fig. 7.3 Propagation loss measurements carried out for different MeLPPP waveguide samples.
(Measurements performed by RWTH Aachen)

Table 7.2 ASE thresholds, loss coefficients and confinement factor of the investigated slab waveg-
uide samples

sample ASE threshold loss coefficient r

MeLPPP/glass 3 ul/em? 53cm™! 53%
MeLPPP/ITO(20 nm)/glass 8 uJ/cm? 10.6 cm™! 50%
MeLPPP/ITO(100 nm)/glass 34 pJ/em? 23.6 cm™! 30%
Al/MeLPPP/ITO(20 nm)/glass 69 w/cm? 47.6 cm™! 37%

the hatched area and the corresponding confinement factor I as well as the effective
refractive indices n.y¢ of the whole structure are indicated. The confinement factors
are summarized in the third column of Table 7.2.

The simulated data can be discussed with respect to their role on either lasing
threshold or propagation losses. The losses of a certain structure are mainly de-
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Fig. 7.4 (Color online) Simulated guided mode profiles for different MeLPPP waveguide samples.
(Simulations performed by RWTH Aachen)

termined by the percentage of light, which is guided within the lossy ITO and Al
layers. For the ASE threshold, the amount of light guided within the active MeLPPP
film (confinement factor) has to be taken into account additionally. A comparison
between the different samples shows that the presence of 20 nm ITO only slightly
decreases the confinement factor compared to the bare MeLPPP film. Consequently,
the increase in ASE threshold from 3 pJ/cm? to 8 uJ/cm? for the former is mainly
due to increased waveguide losses in this structure. When increasing the ITO thick-
ness to 100 nm, the confinement factor drops from about 50% to 30%. In addition,
the amount of light guided in the ITO layer and thus the accompanied waveguide
losses strongly increase. Compared to the waveguide comprising a bare MeLPPP
film, the ASE threshold increases by a factor of ten while the measured waveg-
uide losses increase by only a factor of 4-5. This indicates that both the loss of
confinement and the severe increase of waveguide losses are responsible for the
order-of-magnitude increase in ASE threshold. Finally, the waveguide structure us-
ing Al has a confinement factor slightly better than the latter structure and the larger
ASE threshold is clearly to be attributed to the waveguide losses provoked by the Al
layer.

7.2 Optically Pumped Lasing Experiments

The active light-emitting layer of the OLEDs with field-effect electron transport
presented in this work all consisted of an Alqgs host matrix incorporating 2% of the
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Fig. 7.5 Transient absorption measurement on a 150-nm thick Alq3:DCM; layer, showing a max-
imum gain near 645 nm. (Measurements performed by RWTH Aachen)

red-emitting dye DCM;. Alq3:DCMj is a benchmark host-guest system for which
low ASE and lasing thresholds have been reported [114, 184]. In this section, stim-
ulated emission of Alq3:DCM; is investigated in single layers as well as in organic
layer stacks including hole- and electron-transporting layers.

7.2.1 Stimulated Emission in Alq3:DCM;

To verify the wavelength with maximum gain of the host-guest system Alqz:DCM;
time-resolved pump-probe measurements have been performed on a 150-nm thick
layer of Alqs doped with 2% DCM,, which was deposited on a quartz substrate. For
these measurements, the excitation power was set to 110 pJ/cm?. At this value ASE
emission became well observable, but it was low enough to prevent sample degrada-
tion over the measurement’s duration of 12 hours. The measured time-resolved tran-
sient absorption spectrum is presented in Fig. 7.5. Maximum gain is obtained at the
spectral region around 640-650 nm. This gain region appears to be red-shifted com-
pared to the photoluminescence spectrum which has its peak between 610-620 nm.

In a complimentary experiment, ASE has been observed in the same wavelength
range. This is illustrated in Fig. 7.6, which shows the measured edge-emitted peak
intensity of a 150 nm-thick Alqz:DCMj; film as a function of the pumping intensity.
Above a pumping intensity of 6.6 uJ/cm?, the slope efficiency of the output signal
abruptly increases indicating that spontaneously emitted photons are exponentially
amplified by stimulated emission. Since photons whose energy coincide with the
spectral position of maximum gain will be amplified more than others, a collapse
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Fig. 7.6 Measurement of the edge emission as a function of the pump power. Inset: Evolution of
the emission spectrum upon excitation density. Above the ASE threshold narrowing of the spec-
trum is observed. (Measurements performed by RWTH Aachen)

of the emission spectrum near 645 nm is observed. The evolution of the emission
spectrum upon excitation density is shown as inset of Fig. 7.6.

Both measurements indicate that an optical feedback mechanism should be de-
signed to have the resonator wavelength around 640—-650 nm. While second-order
photonic feedback structures are easier to characterize because of the vertical emis-
sion direction, first-order structures have a potentially lower lasing threshold be-
cause of the lack of vertical losses [146]. Hence, first-order linear grating structures
were fabricated and used to perform optically pumped lasing experiments. Details
about grating fabrication are discussed in Chap. 2 (Sect. 2.1.3). From photonic sim-
ulations the optimum photonic grating structure for the given technological and op-
tical constraints was obtained. According to these simulations trenches of 50 nm
depth were etched into SiO; with a period of 210 nm and a duty cycle of 50%. Fig-
ure 7.7 shows a SEM image of the cleaved cross section of the fabricated structure
after organic layer deposition. Because the waviness of the grating is retained on the
surface, an effective average thickness must be taken into account in the photonic
simulations. Deposition of 200 nm organic material on top of the grating yields an
effective thickness of 225 nm, which should result in the lowest threshold possible
and a lasing wavelength between 640-645 nm.

Figure 7.8 shows the emission from 200 nm Alq3:DCM> on the photonic grating
structure. Lasing occurred at a wavelength of 639 nm, which is close to the opti-
mum wavelength range between 640-645 nm. A lasing threshold of 110 pJ/pulse
(~4 pJ/cm?) and a slope efficiency of 0.0017 pJ~! were extracted from the lumi-
nescence data. Because the grating was in first order and the lasing mode was guided
in-plane, the sample had to be tilted with respect to the light collection lens by ap-
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Fig. 7.7 SEM cross-section
of the fabricated photonic
structure covered with 200
nm Alq3:DCM;. (Image
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proximately 30° in order to be able to detect sufficient scattered light intensity. This
tilting angle did not have a significant influence on the extracted values, but dramat-
ically improved the signal-to-noise ratio. The presented lasing experiments were
performed in close collaboration with IBM Research in Zurich.

7.2.2 Stimulated Emission in Stacks Comprising Alq;:DCM,

In OLEDs with field-effect electron transport the active light-emitting region has a
thickness of about 20 nm. Such a thin gain layer implies a very low optical con-
finement factor in the vertical direction (I' ~ 4%), and currently it has not been
shown that this can be successfully used to achieve optically pumped lasing in or-
ganic films. In order to assess this issue, a series of samples with Alqsz layers on
first order photonic gratings were fabricated in which the region doped with DCM;
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was systematically varied. The gain regions were always vertically centered in the
layer stack in order to achieve good spatial overlap with the intensity maximum of
the laser mode. This arrangement is illustrated in the inset of Fig. 7.9. The total
thickness of the organic layer stack was 200 nm for all fabricated samples. The las-
ing behavior of this series of samples was investigated at room temperature using a
femtosecond pulse laser having a pump wavelength of 400 nm.

Figure 7.9 displays the laser threshold and the slope efficiency as a function of
thickness of the DCM,-doped part. Lasing could be observed down to gain layer
thicknesses of 10 nm. This is an interesting result since lasing for such thin organic
gain layers has, to the best of our knowledge, never been demonstrated before. Com-
pared to the device where the whole deposited organic layer shows gain, the laser
threshold is, however, about one order of magnitude higher. This was expected from
the calculated modal overlap. Accordingly, the slope efficiency of the laser decreases
with decreasing gain layer thickness.

Next, the hole-transporting layer PTAA was included in the organic layer stack.
50 nm PTAA was spin-coated on top of a first order grating. Since the refractive
indices of PTAA and Alqs match closely, the grating geometry could be retained.
On top of the PTAA, varying thicknesses of DCM;-doped Alqs were deposited, and
the layer stack was completed to a total thickness of 200 nm by undoped Algz as
electron-transporting layer.

The luminescence spectra of a sample comprising 50 nm PTAA and 150 nm
Algz:DCM;, measured at various pumping intensities, are depicted in Fig. 7.10.
Lasing was observed at 639 nm and a lasing threshold of ~400 pJ/pulse
(~13 pJ/cm?) was measured. This threshold pump power is only slightly higher
compared to the value achieved in absence of PTAA, which is an indication of good
growth of Alqgs on the spin-coated PTAA layer. The fact that the presence of PTAA
does not change the laser threshold pump power significantly compared to Alqs
is also noticeable from Fig. 7.11, which compares the laser threshold for a set of
samples comprising different thicknesses of the DCMj-doped layer on PTAA to the
threshold values of Fig. 7.9. Both sets of data coincide nicely.

In the above mentioned organic layer stacks, Alqs was used as the electron-
transporting layer. This material, however, cannot be used in OLEDs with field-
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effect electron transport, because it does not conduct electrons in a thin-film tran-
sistor configuration (Sect. 3.2). Indeed, in OLEDs with field-effect electron trans-
port, electrons are transported towards the light-emission zone by field-effect. This
field-effect electron transport occurs in an electron accumulation layer formed at the
hetero-interface with the active light-emitting layer Alqz:DCM;. The non-planar
molecular structure of Alqs, however, prevents the formation of such an electron
accumulation channel. Therefore, in order to optically pump organic layer stacks
which are of direct use in OLEDs with field-effect electron transport, other electron-
transporting materials have to be used. In this work, OLEDs with field-effect elec-
tron transport have been demonstrated using three different electron-transporting
materials: PTCDI-C3Hy7, DFH-4T and DFHCO-4T. These three materials fulfil
the two criteria that are important for device operation; they have a high electron
field-effect mobility, and their LUMO is slightly lower than the LUMO of Alq3
and DCM,, making electron transport possible at the heterojunction between the
electron-transporting layer and the light-emitting layer. In addition, DFH-4T and
DFHCO-4T exhibit a larger optical gap than PTCDI-C3H37, which results in lower
absorption in the red spectral region.
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Fig. 7.12 2.5 pm x 2.5 pm AFM gradient image of (a) a 10-nm thick DFH-4T film deposited at
5 A/s, while the substrate was at 60°C, and (b) a 10-nm thick DFHCO-4T film deposited at 5 A/s
and a substrate temperature of 70°C

Because of this low absorption in the red spectral region, the losses under optical
pumping are expected to be lower for samples comprising DFH-4T and DFHCO-
4T compared to samples comprising PTCDI-C;3H37. However, also other factors,
such as surface roughness and film morphology of the electron-transporting ma-
terial may influence the laser threshold. As discussed in Chap. 4 (Sect. 4.1), thin
DFH-4T and DFHCO-4T films deposited by vacuum thermal evaporation show
Stransky-Krastanov growth, implying that the growth of the first few monolayers is
two-dimensional, but beyond a certain thickness threshold the film starts to roughen
strongly (3D growth mode). This rough growth of DFH-4T and DFHCO-4T might
be problematic for achieving lasing and has to be reduced as much as possible. De-
position at high substrate temperatures and high deposition flux largely suppressed
the 3D growth (Sect. 4.1). A further reduction of the amount of 3D features was
possible by reducing the organic layer thickness. Note that a minimum thickness
of about 10 nm was necessary in order to form an electron accumulation layer for
electron transport. Figure 7.12 shows the AFM gradient images of a 10-nm thick
DFH-4T and a 10-nm thick DFHCO-4T film grown on top of PaMS under opti-
mized growth conditions. The 3D needle growth is strongly suppressed. Only for
the DFHCO-4T film a few 3D features could still be observed.

Different organic layer stacks were then deposited on top of first order photonic
feedback structures. These stacks used 50 nm PTAA, followed by the deposition of
50 nm Alq3:DCM; and the deposition of 10 nm of the electron-transporting material
(PTCDI-C3H»7, DFH-4T or DFHCO-4T). To obtain a total thickness of 200 nm,
90 nm undoped Alqs was evaporated on top of these structures. This arrangement
is schematically illustrated in Fig. 7.13. In addition, a sample comprising 180 nm
Alg3z:DCM; on top of a 20-nm thick ITO layer was fabricated. This ITO layer was
sputtered on a first order grating structure before deposition of the organic layer. For
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Fig. 7.13 Schematic illustration of the arrangement of the organic layer stack when comprising
the electron-transporting layer PTCDI-C3H,7, DFH-4T or DFHCO-4T

comparison, also an organic layer stack comprising 180 nm Alq3:DCM; and 20 nm
Alqs was fabricated.

Table 7.3 summarizes the measured average lasing thresholds of the different
samples that were fabricated. For the structure comprising PTCDI-C13H>7 as the
electron-transporting material no lasing could be observed. This can be attributed
to the substantial re-absorption of emitted photons by PTCDI-C3Hj7. The samples
using DFH-4T and DFHCO-4T, on the other hand, did show lasing and an aver-
age lasing threshold of about 6000 pJ/pulse was measured for both structures. This
observation is particularly encouraging because it indicates that optically pumped
lasing can be achieved on material stacks including hole- and electron transporting
layers which are of direct use in OLEDs with field-effect electron transport. The
higher threshold of the DFH-4T and the DFHCO-4T samples compared to refer-
ence samples based on Alqs and with the same gain layer thickness is probably
related to the layer morphology and the increased absorption at the pump wave-
length (A =400 nm), since both materials should be transparent at the lasing wave-
length (A ~ 640 nm). Another interesting result is the fact that the presence of 20
nm ITO only slightly increased the lasing threshold. The lasing characteristics also
were not modified due to the presence of ITO. This is in agreement with previ-
ous reports [182] and can be explained by the fact that 20 nm ITO introduces only
very little absorption loss and does not significantly modify the confinement of the
waveguide mode (Sect. 7.1.2).

From these measurements the exciton density at the laser threshold can be es-
timated. Taking into account a pump wavelength of 400 nm and a pump spot ra-

Table 7.3 Measured average lasing thresholds of different organic layer stacks deposited on first
order gratings. Measurements were performed at room temperature using a pump wavelength of
400 nm

Sample Average laser threshold

PTAA/Alq3:DCM,/PTCDI-C3H27/Alqg3 -

PTAA/Alq3:DCM,/DFH-4T/Alq3 6188 pl/pulse
PTAA/Alq3:DCM,/DFHCO-4T/Alqs3 6122 pl/pulse
ITO/Alq3:DCM, 790 pl/pulse

Alqs/Alqz:DCM, 490 pJ/pulse
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dius on the sample of approximately 25 um, a lasing threshold of ~6100 plJ/pulse
corresponds to a photon density of 6 - 10* cm™2 (or 300 pJ/cm?) in the pump
laser. Since the samples are optically pumped from the top, 35% of this inci-
dent energy is absorbed by the 90 nm thick undoped Alqs layer (Alqs absorption
is @« =4.7-10*cm™" at A = 400 nm) and 10% by the 10 nm thick electron-
transporting layer (¢prgco—ar = 7.5 - 10* cm™! at A = 400 nm). In addition,
the Alq3:DCM; gain layer absorbs only 20% of the energy at 400 nm excitation
(¢ =4.2-10* cm™"). This leads to an exciton density at the laser threshold of
~7 - 1013 em~2 for a device comprising an organic layer stack that is of direct use
in an OLED with field-effect electron transport.

7.2.3 Discussion

As discussed in Sect. 7.1.1 the exciton density currently achieved under DC bias is
estimated to be about 8- 10° cm~2. To bridge the gap of several orders of magnitude,
clearly, improvements will have to come from both sides, an increase in achievable
orz and a decrease of required ogz. The former was discussed in Sect. 7.1.1. For
the latter, the strong sensitivity of the lasing threshold power to details of the struc-
ture (Table 7.3) indicates that order-of-magnitude improvements could be achieved
by reducing residual absorption, by further optimizing waveguide losses, and by
studying feedback structures with higher quality factor. This latter proposition will
be further discussed in the next paragraph.

7.3 Device with Integrated Field-Effect and Photonic Features

There are different possibilities to incorporate a photonic feedback structure in an
OLED with field-effect electron transport. Four possible resonator/device geome-
tries are illustrated in Fig. 7.14. Figure 7.14(a) displays the situation where feed-
back is generated in the vertical direction, by placing distributed Bragg reflectors
underneath and on top of the structure. In this case, feedback is perpendicular to
the surface. Another option, which increases the gain length considerably, is to pro-
vide feedback in the lateral plane. Light is then waveguided in the organic film via
internal total reflection. As suggested by Fig. 7.14(b—d) incorporation of a lateral
feedback mechanism can be performed in different ways.

A very important figure of merit for lasing is the exciton density at the laser
threshold Nyj,. The optical resonator has an influence on this parameter through two
important factors: the optical confinement factor I" and the quality factor Q of the
laser cavity. Ny, is inversely proportional to both I and Q:

1
N,y ~ —— 7.2
th ro (7.2)
I' corresponds to the electric light field energy contained inside the region with
optical gain normalized to the total energy, whereas Q is inversely proportional to



132 7 Value of OLEDs with Field-Effect Electron Transport for Lasing

© (d)

Fig. 7.14 Tllustration of various possibilities to incorporate photonic feedback in an OLED with
field-effect electron transport: (a) vertical resonator formed by DBR mirrors, (b) DFB structure im-
printed in the organic layer stack, (¢) DFB etched in the substrate before organic layer deposition,
and (d) DFB structure etched in the insulator

the cavity loss coefficient and includes material absorption and output coupling from
the resonator.

In close collaboration with IBM Research in Zurich, I" and Q were calculated for,
respectively, a vertically and a laterally oriented laser resonator structure, positioned
around an organic layer stack comprising 120 nm PTAA, 20 nm Algz:DCM; and
a 50-nm thick electron-transporting layer with low absorption losses such as DFH-
4T or DFHCO-4T. The vertical resonator was formed by two DBR mirrors placed
below and above the OLED with field-effect electron transport. Each of the 2 x 10
dielectric inorganic layer pairs were assumed to consist of 106 nm low refractive
index material (SiO;, n = 1.47) and 74 nm high refractive index material (Tar 052,
n = 2.15). For the laterally oriented laser resonator, one-dimensional feedback was
provided by extended SiO» ridges, having a width of 106 nm and a height of 100 nm.

Table 7.4 compares the I" (in the vertical direction) and Q values calculated for
both photonic feedback geometries. Due to the limited gain layer thickness the re-
sulting confinement factors are quite small. This seriously increases the laser thresh-
old of the device (Eq. (7.2)), however, as demonstrated in Sect. 7.2.2 such thin gain
layers do not exclude lasing. Note that Quantum-Well ITI-V lasers have similar con-
finement factors [334, 335]. The quality factor of both resonator geometries is also
given in Table 7.4. For the vertical geometry the Q factor is the result of the normal
cavity losses formed by 10 DBR layer pairs for output coupling. The nature of the
first order feedback in the lateral direction, on the other hand, allows a nearly per-
fectly guided mode without output coupling and correspondingly a high Q factor

2Tantalum pentoxide.
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Table 7.4 Comparison of the I" and Q values of a vertical and lateral resonator geometry

vertical resonator lateral resonator
Confinement factor I" (%) 5.3 3.8
Quality factor Q 2862 17071
Q with ITO 1190 702
Q with ITO and strong-absorbing ETL 78 203

is calculated. To assess the impact of the presence of ITO on the Q factor, similar
calculations were performed assuming the organic layer stack is positioned on top
of a 100 nm thick ITO layer. For the lateral feedback configuration this results in
a dramatic reduction of the Q factor, while the vertical resonator geometry does
not suffer as much. In contrast, the Q factor of the vertical resonator decreases more
when a strong-absorbing electron-transporting layer such as PTCDI-C3H>7 is used.
Clearly, these results suggest that the incorporation of a lateral feedback mechanism
in OLEDs with field-effect electron transport comprising low-absorbing materials
such as DFH-4T or DFHCO-4T as the organic electron-transporting material and
using only a very thin ITO layer as the bottom electrode might be a promising route
to follow.

7.4 Summary and Conclusions

In this chapter, the prospects of realizing an electrically pumped laser using OLEDs
with field-effect electron transport were investigated. By numerical simulations as
well as by experiments it was demonstrated that OLEDs with field-effect electron
transport allow a substantial reduction of the absorption losses thanks to the remote-
ness of the metallic cathode. In addition, very high current densities in the order
of 13 A/cm? were measured without significant reduction of the external quantum
efficiency. Based on these high current densities an exciton density per unit area of
8- 10 cm™?2 was calculated. Although this value is still several orders of magnitude
lower than the values for the exciton density obtained from the threshold of opti-
cally pumped lasers, it is among the highest exciton densities per unit area reported
to date for electrically pumped devices.

Amplified spontaneous emission measurements and optically pumped lasing ex-
periments were performed on the host-guest system Alq3:DCM; and on organic
layer stacks including hole- and electron-transporting layers used in OLEDs with
field-effect-assisted electron transport. Lasing could be achieved for gain layers of
only 10 nm thick. However, the laser threshold was seriously increased for these
thinner gain layers, which is in agreement with numerical simulations. It was found
that the presence of the hole-transporting material PTAA does not change the laser
threshold pump power significantly. Upon inserting electron-transporting materials,
on the other hand, the laser threshold was increased about one order of magnitude.
A thin layer of 20 nm ITO only slightly influenced the laser threshold. In the end, the
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different possibilities to incorporate a photonic feedback structure in OLEDs with
field-effect electron transport were discussed. The incorporation of a lateral pho-
tonic feedback configuration in combination with the use of low absorbing electron-
transporting materials and a thin ITO anode, might be a promising route towards the
realization of an electrically pumped organic laser.



Chapter 8
General Conclusions and Future Outlook

8.1 Overview of the Main Results

This work focused on the design of new device and material concepts for organic
light-emitting devices, thereby targeting high current densities and an improved con-
trol of the triplet concentration.

In Chap. 3, an OLED with field-effect electron transport was proposed as a new
device architecture complementary to the list of existing electroluminescent devices.
Compared to conventional OLEDs, the metallic top contact of this device is dis-
placed by one to several micrometers from the light-emission zone. The injected
electrons accumulate at an organic heterojunction and are transported towards the
light-emission zone by field-effect. In this way, high mobilities could be achieved,
enabling a high current density and a reduced number of charge carriers in the de-
vice. Light-emission was observed at a fixed position irrespective of the applied
bias and smaller distances between the cathode and the insulator edge allowed for
larger currents. The external quantum efficiency was found to be as high as for
conventional OLEDs using the same materials. However, in contrast to standard
OLEDs, the quantum efficiency of the new device was remarkably independent of
the current, up to current densities of more than 10 A/cm?. An increase of the ex-
ternal quantum efficiency could be obtained by decreasing the PTCDI-C13H>7 layer
thickness, indicating that re-absorption of emitted photons by PTCDI-C13H>7 was
limiting the device performance.

A further improvement of the device performance was the subject of Chap. 4.
In that chapter, two diper fluorohexyl-quaterthiophene derivatives, DFH-4T and
DFHCO-4T, were investigated as the electron-transporting material in OLEDs with
field-effect electron transport. Both materials showed Stransky-Krastanov growth.
The 3D needle growth could be largely suppressed by evaporation at high deposi-
tion rate and elevated substrate temperature. It was found out that DFHCO-4T top-
contact transistors only function properly when using contacts with a low chemical
reactivity such as Au and Ag, because these metals do not react with the organic
semiconductor DFHCO-4T. Using a Au top-contact transistor configuration, mobil-
ities as high as 4.6 cm?/Vs were demonstrated. OLEDs with field-effect electron
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transport using DFH-4T or DFHCO-4T showed a higher external quantum effi-
ciency compared to PTCDI-C;3H»7-based devices. This improved performance was
attributed to the reduced light re-absorption in the red spectral region. A maximum
external quantum efficiency of 0.25% was demonstrated for devices using DFH-4T
as the electron-transporting material. Current densities up to 750 A/cm? in quasi-
static operation were achieved in the electron channel of these devices.

In Chap. 5, two different approaches to control the triplet concentration in or-
ganic light-emitting devices were discussed. First, the pulsed excitation behavior
of OLEDs with field-effect-assisted electron transport was investigated. Injection
of electrons from the electron-transporting layer into the active light-emitting layer
was found to determine the dependence of the light intensity on the applied pulse
width. Depending on the applied voltage pulses up to 1 us could be applied with-
out affecting the light intensity. Since 1 ps is much shorter than the triplet exciton
lifetime, pulsed excitation would reduce triplet accumulation in our device.

An alternative way to reduce the triplet concentration, namely the incorpora-
tion of a triplet scavenger, was discussed in the second part of Chap. 5. Using
the non-classical triplet scavenger COT, employed before in liquid-phase organic
dye lasers, nonvertical triplet energy transfer in solid conjugated polymer films was
demonstrated for the first time. Thanks to its extraordinary large S1—T; energy level
splitting, COT was found to efficiently quench host phosphorescence without af-
fecting the host fluorescence. In addition, owing to the relatively short lifetime of
its low-lying relaxed triplet state, a fast deactivation of triplets was possible and
consequently accumulation of triplet excitations could be prevented.

Polymer films incorporating the red-emitting metal-organic complex Btp,Ir(acac)
were studied in Chap. 6. Spectral diffusion was observed at 10 wt% Btp,Ir(acac)
dispersed in a polymer matrix, indicating that triplet exciton migration occurs at in-
creased guest molecule concentration. This observation could explain the quenching
by impurities like molecular oxygen in PS:(10 wt%)Btp;Ir(acac) films.

It was also found out that the decrease in Ph efficiency in CNPPP:BtpaIr(acac)
systems at increasing excitation intensity is dominated by mutual host-guest triplet-
triplet annihilation. In the same films, a “delayed phosphorescence” was observed,
which was attributed to a delayed production of guest triplets by recombination of
trapped charge carriers on BtpIr(acac) guest molecules. The presence of hole traps
formed by the Btp,Ir(acac) in the conjugated polymer CNPPP was evidenced by
thermally stimulated luminescence measurements.

Additionally, the use of triplet-emitters as light-emitting species in the active
layer of an organic laser were discussed. Three different metal-organic compounds
were carefully investigated; however, no amplified spontaneous emission could be
observed. Time-resolved pump-probe experiments identified an effective excited
state absorption, which competes with radiative emission, as the main limitation.

In the last chapter, Chap. 7, the value of OLEDs with field-effect electron trans-
port was discussed in the context of electrically pumped organic lasers. By numer-
ical simulations as well as by experiments it was demonstrated that the new device
concept allows a substantial reduction of the absorption losses thanks to the remote-
ness of the metallic cathode. In addition, high current densities were measured giv-
ing rise to high exciton densities per unit area. Optically pumped lasing experiments
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showed that lasing could be achieved for gain layers with a thickness of only 10 nm.
Moreover, lasing was observed in organic layer stacks using hole-transporting and
electron-transporting layers which are of direct use in OLEDs with field-effect elec-
tron transport. It was also demonstrated that a thin layer of 20 nm ITO only slightly
influenced the laser threshold. The different possibilities to incorporate a photonic
feedback structure in OLEDs with field-effect electron transport were discussed and
it was found that combining low absorbing electron-transporting materials, a thin
ITO anode and a lateral photonic feedback mechanism, might be a promising route
towards the realization of an electrically pumped organic laser.

8.2 Suggestions for Further Research

In this work, new device and material concepts for organic light-emitting devices
were suggested. The challenge is to optimize these concepts further and to use them
for real applications. A first main limitation with respect to this are the organic
materials available to date. Future work may therefore focus on the synthesis of
new organic compounds, specific for high-brightness OLED and laser applications.

Nonvertical triplet acceptors, for example, exhibit properties which are very in-
teresting for solid-state devices that suffer from triplet-state losses. However, so far
this class of molecules was only used for liquid organic dye lasers. Because of this,
most of the nonvertical compounds available today are liquid at room temperature,
preventing the fabrication of solid-state devices. The synthesis of new nonvertical
triplet acceptors which are solid at room temperature would therefore be very useful.
In this way the effect of nonvertical triplet scavengers in electrically driven devices
such as high-brightness OLEDs and other light-emitting structures could be investi-
gated.

The synthesis of new organic materials would also be useful for further opti-
mization of the performance of OLEDs with field-effect electron transport. New
efficient red-emitting dye molecules or efficient near-infrared dyes that can be ther-
mally evaporated might improve the external quantum efficiency of the device sig-
nificantly. In addition, new high-mobility electron-transporting materials could re-
sult in higher current densities.

A further increase of the current density of the device could be obtained by us-
ing pulsed operation to higher voltages, by employing high-k dielectrics with low
leakage current or by optimizing the device geometry. A confinement of the hole
current could be obtained by etching narrow trenches or vias in the insulator layer.
This would allow a significant increase of the hole current density, which is at this
moment limiting the device performance. Along with this, the development of a
technology to deposit the metallic top contact accurately centered around these vias
might be very interesting. A circular integrated shadow mask could be used for this
purpose.

Beyond that, the achievement of an electrically pumped organic laser remains a
major challenge. In this work it has been shown that the reduced absorption losses
and the high current densities obtained in OLEDs with field-effect electron transport
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make this device a promising configuration for laser applications. Different possi-
bilities to incorporate a resonator structure in the device were suggested. Hence, the
realization and the characterization of such an OLED with integrated field-effect and
photonic feedback features would be very interesting. Future research may there-
fore focus on the development of a technology to fabricate these devices, thereby
concentrating on techniques allowing a reduction of the ITO thickness, while main-
taining a low resistivity. The fabricated devices could be measured and the effect
of the feedback structure on the emission spectrum and the electrical characteris-
tics could be investigated. Additionally, one may try to achieve lasing by applying
higher electrical bias as well as by combining electrical and optical pumping. The
latter technique might be very useful to determine how distant the purely electrically
pumped organic laser still is.

Finally, also optical pumping of phosphorescent dye lasers might be subject of
further research. Today, phosphorescent dye lasers have never been demonstrated,
but one should keep in mind that efficient triplet-emitters have been synthesized rel-
atively recently and that they were not intended for lasing applications. Synthesis of
new efficient triplet-emitters with short radiative lifetime and low triplet-triplet ab-
sorption at the emission wavelength may therefore be interesting. These compounds
could be investigated in solution at very low concentration and by using de-aerated
solvents.
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