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Preface

For a long time, the properties of transition metal and rare earth compounds
have fascinated chemists and physicists from a scientific point of view. Re-
cently, also the enormous potential of these compounds as new materials
has become evident. Applications in different fields are now established,
such as new laser materials, IR to visible upconversion materials, systems
involving photoredox processes for solar energy conversion, new photo-
voltaic devices, phosphorescent sensors, and in particular electrolumines-
cent devices (OLEDs). The applications mentioned are directly related to the
properties of the electronic ground state and the lower-lying excited states.
Metal complexes with organic ligands or organometallic compounds exhibit
outstanding features as compared to purely organic molecules. For instance,
metal compounds can often be prepared and applied in different oxidation
states. Furthermore, various types of low-lying electronic excitations can be
induced by a suitable choice of the metal center and/or the ligands, such as
metal-centered (MC, e.g. d-d* or f-f* transitions), ligand-centered (LC, e.g.
n-m*), metal-to-ligand-charge transfer (MLCT, e.g. d-n*), intra-ligand-
charge-transfer (ILCT) transitions, etc. In particular, the orbitals involved in
the resulting lowest excited states determine the photophysical and photo-
chemical properties and thus the specific use of the compound. It is also
high interesting that the lowest excited electronic states can be shifted over
the large energy range from the U.V. to the L.R. by chemical variation of the
ligands and/or the central metal ion. Moreover, these excited states have
mostly spin-multiplicities different from those of the electronic ground
states. Thus, in contrast to organic molecules, spin-orbit coupling induced
by the metal center is of crucial importance, for example, for the splitting
and the population and decay dynamics of these multiplets as well as for
transition probabilities and emission quantum yields. In summary, transi-
tion metal and rare earth compounds can be prepared with photophysical
properties that are over a wide range user-definable. In view of the fascinat-
ing potential of these compounds, it is of substantial interest to develop a
deeper understanding of their photophysical properties. In this volume',

! See also the preceding volumes, Electronic and Vibronic Spectra of Transition Metal
Complexes I and II, edited by H. Yersin, Topics in Current Chemistry 171 (1994) and 191
(1997) and two companion volumes, Transition Metal and Rare Earth Compounds — Excit-
ed States, Transitions, Interactions I and II, edited by H. Yersin, Topics in Current Chemis-
try 213 (2001) and 214 (2001)
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leading scientists present modern research trends in comprehensive reviews
which not only provide a deep insight into the specific subjects, but are also
written in a style that enables researchers from related fields and graduate
students to follow the interesting presentations.] am convinced that the con-
tributions in the present and in the companion volumes demonstrate the
attractiveness and the great potential for applications of metal compounds
and that a more detailed understanding of the photophysical properties will
open pathways for new developments.

Regensburg, Germany
April 2004 Hartmut Yersin
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Triplet Emitters for OLED Applications.
Mechanisms of Exciton Trapping
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Abstract Triplet emitter materials present attractive possibilities for optimizations of or-
ganic/organometallic light emitting diodes (OLEDs). This is due to the significantly high-
er efficiencies obtainable with these compounds as compared to organic emitters. In this
contribution, first a schematic introduction is given, how an OLED device is built-up and
why multi-layer structures are preferred. Then a basic model is presented, how electron-
hole recombination, i.e. the exciton formation process, can be visualized and how the
singlet and triplet states of the (doped) emitter compounds are populated. This takes
place by specific singlet and triplet paths. The occurrence of such paths is explained by
taking into account that the dynamical process of exciton trapping involves dopant-to-
matrix charge transfer states ("> DMCT states). It is also explained, why the excitation en-
ergy is harvested in the lowest triplet state of organo-transition-metal complexes. Due to
spin statistics, one can in principle obtain an efficiency of a factor of four higher than
using organic singlet emitter molecules. Simple comparisons suggest that electron-hole
recombination should preferentially occur on the triplet emitter itself, rather than on ma-
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trix molecules with subsequent energy transfer to the emitter. Further, it is pointed out
that essential photophysical properties of organometallic triplet emitters depend system-
atically on the metal participation in the triplet state and on the effective spin-orbit cou-
pling. These factors control the amount of zero-field splitting (ZFS) of the triplet state
into substates. Increase of ZFS corresponds to higher metal character in the triplet state.
Higher metal character reduces the energy difference between excited singlet and triplet
states, enhances the singlet-triplet intersystem crossing rate, lowers the emission decay
time, changes the vibrational satellite structure, decreases the excited state reorganization
energy, etc. These effects are discussed by referring to well characterized compounds.
Based on a new ordering scheme presented for triplet emitter materials, a controlled de-
velopment of compounds with pre-defined photophysical properties becomes possible.

Keywords Triplet emitters - OLED - Organic/organometallic light emitting diode - Exciton
trapping - Emission properties - Electroluminescence - Electrophosphorescence -
Ordering scheme for triplet emitters

1
Introduction

Transition metal compounds with organic ligands or organometallic com-
pounds' find an increasing interest due to their large potential for new pho-
tophysical and photochemical applications. This is particularly valid for
compounds which exhibit high emission quantum yields from the lowest
triplet states to the singlet ground states. Such compounds are frequently
found. Their emission colors may lie in the whole visible range from the
blue to the red and also in the IR. The emission decay times are usually or-
ders of magnitude longer than those of purely organic singlet emitters. The
compounds are often photo-redox active involving the triplet states and can
be stable over the whole redox cycle. These photo-redox properties are im-
portant, for example, in systems that convert solar energy into electrical or
chemical energy [1-3]. Moreover, emission spectra or decay times of the or-
ganometallic compounds are often sensitive to environmental factors, such
as oxygen, water, rigidity of the environment, pH value, specific organic va-
pors, concentration of glucose, or simply vary with temperature, etc. Thus,
these compounds are also in the focus of the strongly developing field of lu-
minescence sensors [4-10].

In the scope of this chapter, organometallic triplet emitters are of particu-
lar interest due to their promising use in electro-luminescent devices such
as OLEDs (organic/organometallic light emitting diodes). (See for example
[11-16].) In Sect. 2, the construction and working principle of an OLED is

" In the chemical nomenclature organometallic compounds contain direct metal-carbon
bonds, while this is not necessarily the case for metal compounds with organic ligands.
In the scope of this review, however, this distinction is not always important. Therefore,
mostly the shorter term organometallic compounds is used in a more general meaning.
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presented on an introductive basis. Specifically, by use of organometallic
compounds, it is possible to obtain, at least in principle, a four times higher
electro-luminescence efficiency than with typical singlet emitters. This prop-
erty is related to the specific mechanisms of exciton formation in the elec-
tron-hole recombination zone and to fast and efficient intersystem crossing
(ISC) from the excited singlet to the light emitting triplet state. This process
of accumulating the excitation energy in the lowest excited triplet state is of-
ten called triplet harvesting. These mechanisms are addressed in detail in
Sect. 3.

The triplet states of the emitter materials play an essential role in OLEDs.
Therefore, it is highly desirable to control the properties of these states and
to synthesize compounds with pre-defined behavior. However, this is only
achievable if a good understanding of the electronic structures of the states
involved in the emission process is available. In particular, it is very useful
to know how these electronic states react on chemical variations, changes of
the environment or temperature. Obviously, there are already important ap-
proaches to these objectives available. For example, variations of emission
energies and redox-potentials with ligand replacements or substitutions
have been studied especially for complexes of Ru(II) and Os(II) [17-22], but
also of Re(I) [23, 24], Ir(III) [13, 25] and others (e.g., see [12, 22, 26-29])>
Modifications of emission properties with solvent or matrix variation have
been described for many organometallic compounds [22, 23, 30-34]. Of par-
ticular interest are those factors that determine emission decay times and
photoluminescence quantum yields. In this respect, one has to consider
symmetry effects, spin-orbit coupling (SOC) of the emitting state to higher
lying states, self-quenching (for example, by triplet-triplet annihilation re-
sulting from interactions between adjacent excited emitter compounds), ra-
diationless energy transfer to impurity centers, vibronic coupling, vibra-
tional energies, coupling to the environment, etc. Specifically, vibronic cou-
pling is responsible for radiationless deactivation. This coupling leads to the
well-known energy gap law. It relates the increase of radiationless deactiva-
tion and thus a decrease of photo-luminescence quantum yield and emission
decay time to a decrease of the energy separation between the emitting state
and the ground state (see for example [20, 23, 30, 32, 35]; for background
information see also [35-39]).

In the present investigation, a different strategy leading to a control of
photophysical properties is discussed. In this approach, a new ordering
scheme is presented which is based on the extent of metal participation,
such as 4d or 5d orbital character, in the emitting triplet state. The metal
participation in the corresponding wavefunction is also responsible for the
importance of spin-orbit coupling. Interestingly, the corresponding extent
of these influences is displayed in the size of the splitting of the triplet state

? References are only given as examples.
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into substates, the total zero-field splitting (ZFS). This parameter can be var-
ied over more than three orders of magnitude by appropriate combination
of the transition metal ion and the organic ligands. This ordering scheme is
presented in Sect. 4. The essential photophysical effects that are induced by
the increasing metal character in the triplet state are discussed in Sect. 5.
The paper is concluded with Sect. 6.

2
OLED Structure and Device Architecture

Figure 1 shows the basic and simplified structure of an OLED which is large-
ly built up of organic materials. Under action of a driving voltage of 5 to
10 V or even lower, electrons are injected from a metal cathode with a low
work function into the electronic state corresponding to the LUMO (lowest
unoccupied molecular orbital) of the adjacent layer material (electron trans-
porting layer). In this layer, the electrons hop via the LUMOs of neighboring
molecules towards the anode. The hopping process under action of an exter-

electron®/ hole ®
electron recombination layer hole
transporting doped with emitter transporting
layer molecules layer
W
light
output
A" .
AN
- +
metal cathode 5-10V transparent anode

Fig. 1 Basic set-up of a layered OLED structure. Electrons and holes are injected from the
respective electrodes (metal cathode, semiconducting and transparent anode). The
charge carriers move from different sides into the recombination/emitter layer, where
electrons and holes recombine and excite the doped emitter molecules (asterisks, e.g., or-
ganometallic triplet emitters). For more details see Fig. 2. For clarity, light emission is
only shown for one direction although the photons are emitted in all directions
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nal driving potential is related to a specific electron mobility. It is remarked
that the electron mobility in organic materials is orders of magnitude small-
er than in crystalline inorganic semiconductors. This is due to the quasi-lo-
calized nature of the electronic states in disordered (amorphous) organic
materials, the relatively small overlap of electronic wavefunctions of neigh-
boring molecules, and other irregularities of molecular packing within the
layers. The charge carrier transport occurs in these disordered materials
mainly by thermally activated hopping processes.

The anode of the device is a transparent semiconducting layer which usu-
ally consists of a nonstoichiometric composite of SnO, (10-20%) and In,0;
(90-80%), usually called indium tin oxide (ITO). This material is coated, for
example, on a glass support. The ITO layer exhibits a low work function for
hole® injection into the highest occupied molecular orbital (HOMO) of the
organic material which acts as hole conducting layer. Again, the hole mobili-
ty in the amorphous organic layer material is much smaller than the mobili-
ty via the valence band of an inorganic semiconductor.

Both particles, electron and hole—coming from the different elec-
trodes—move from opposite directions towards the recombination layer.
There they can combine and form excitons. This may happen near to the
layer interface, on matrix molecules within the layer, and/or at doped emit-
ter molecules. In suitable cases, as required for OLEDs, this leads to a popu-
lation of excited states of the emitter material which subsequently emits
light. Obviously, this process should occur with high efficiency. Details of
the mechanism of exciton formation and population processes of excited
emitter states are discussed in the next section.

The simple set-up of an OLED as presented in Fig. 1 is in most cases not
well suited to exploit the potential of efficiency of light emission that is in
principle obtainable. Independent from the quantum efficiency of the emit-
ter molecules, losses can occur for several reasons, such as poor adjustments
of workfunctions of the electrodes relative to the HOMO/LUMO of the adja-
cent organic layers, bad alignments of HOMOs and LUMOs of the different
organic layers relative to each other which can cause charge carrier trapping
and unfavorable space charges, unbalanced electron and hole transports,
low electron or hole mobility which can lead to ohmic losses, low cross sec-
tions for electron-hole recombination, low light outcoupling efficiency, etc.

> The HOMO of a neutral organic molecule us usually populated with two electrons. If
one electron is taken off, for example by transferring it to the anode, the remaining situ-
ation is characterized by a positively charged molecule. Subsequently, the free electron
position in the HOMO can be populated by an electron from the HOMO of a neighboring
molecule. Thus, the positive charge has moved to the neighbor. An equivalent process oc-
curs involving the next nearest neighbor, and so on. Thus, the positive charge—called a
hole—moves from molecule to molecule into direction of the cathode. Such a hole has
properties of a particle, it carries a positive charge, a spin (the one of the residual elec-
tron) and can move with a specific hole mobility by use of the HOMOs.
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Leooo total thickness ~300 nm ------ i

%100 0.52010 70 40 40 . nm

glass
substrate

layer:1 2 3 4
— +

cathode anode 5V

Fig. 2 Example of an optimized OLED structure. (1) (2): cathode, Ag and LiF. (3): elec-
tron transporting layer; Alqs (=Alqols). (4): hole blocking layer, BCP. (5): electron-hole
recombination zone/emitter layer, PVK doped, for example, with Ir(ppy)s. (6) and (7):
anode, PEDOT doped with PSS (6) for improvement of hole injection and substrate
smoothness and ITO (7) (=indium tin oxide). (8): glass support. For further details and
explanations see text

The OLED technology is far from being completely developed, although sub-
stantial progress has been made during the last years.

An improved OLED device structure is displayed in Fig. 2 and will subse-
quently be discussed on an introductory basis. By careful adjustment of the
different layers a much more efficient OLED can be constructed (device ar-
chitecture). The device shown consists of eight layers including the elec-
trodes and the glass support. (1) and (2): The cathode is mostly built-up by
a bi-layered material to reduce the work function of electron injection. For
example, AI/LiF [40, 41] or Ag/MgAg [42, 43] are frequently applied. (3): In
most devices, Alq; (q"=qol =8-quinolinolato-O,N) is used as electron trans-
porting layer [40-45]. (4): Holes, coming from the anode, have to be present
with high density in the recombination layer, but they should be blocked
from further transport to the cathode. Therefore, hole blocking increases
the efficiency of light emission. This is achieved by a material with a suffi-
ciently low lying HOMO (e.g., see [44]). On the other hand, it is important
that this layer does not block electron transport. In many cases, BCP (bath-
ocuproine=4,7-diphenyl-2,9-dimethyl-1,10-phenanthroline) has been em-
ployed as hole blocking layer [16, 40, 42-44]. (5): In the recombination or
emitter layer, holes and electrons have to be accumulated at high, but bal-
anced densities and should recombine to induce light emission. The device
efficiency depends essentially on the emitter compound as well as on the
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matrix material of layer (5). Particularly efficient emitter compounds are or-
gano-transition-metal complexes, which are in the focus of this contribu-
tion. They are doped into a suitably selected layer (matrix) material. It seems
to be advantageous, when the electron-hole recombination occurs directly at
the doped emitter molecules (see Sects. 3.1 and 3.4). Obviously, the HOMO
and LUMO positions of the emitter layer matrix material have to fit to those
of the adjacent layers as well as to the oxidation potential of the electronic
ground state and to the reduction potential of the (active) excited state of
the doped emitter. Moreover, the triplets of the matrix molecules have to lie
at higher energies than the triplets of the doped emitter molecules. Other-
wise, the emission of the dopants would be quenched. A successful emitter
layer is, for example [43], PVK (polyvinylcarbazole) doped with about
5 wt% Ir(ppy)s; (fac-tris(2-phenylpyridine)Ir(III)). PVK represents a good
hole transporting polymer. It is remarked that also several other matrix ma-
terials have successfully been tested with Ir(ppy); as emitter compound
(e.g., see [40, 44]). However, in this latter case other materials of the adjacent
layers might be required to obtain a fit of the potentials. (6) and (7) are
the anode layers. (7) is the transparent ITO anode, while (6) is a material
used to improve hole injection and substrate smoothness. For this material
PEDOT (poly(ethylenedioxythiophene) doped with polystyrenesulfonic acid
(PSS) has, for example, been applied [43, 46]. It is remarked that good con-
tact between the ITO and the PEDOT:PSS layers is crucial. Thus, specific
cleaning of the ITO substrate, for example, by oxygen plasma or UV ozone
treatment is required, e.g. see [47, 48]. (8): Finally, the layers discussed so
far have to be positioned on a support, since the total thickness of the layers
(1) to (7) is only about 300 nm (Fig. 2). Mostly, a glass support is employed.

Obviously, the state of art of research and development of highly efficient
devices cannot be summarized in this introductory discussion of device ar-
chitecture. This would be outside the scope of the present review. Here it is
only possible to point to several recent further developments in various fields,
such as (i) improvement of light outcoupling by controlling interference ef-
fects [49, 50], (ii) increase of charge carrier mobilities by doping of donors
into electron conducting materials or acceptors into hole-transporting layers
[51], (iii) improvement of adaption of workfunctions for hole and electron in-
jection and optimization of redox potentials of the different layers (compare
review [45]), (iv) development of materials with sufficiently high glass-transi-
tion temperature to avoid crystallization [45], (v) use of organosiloles as elec-
tron transporting materials [52-55], (vi) high-efficiency white light OLEDs
[56], (vii) techniques for increase of device lifetime by device encapsulation
to prevent water or oxygen penetration [57, 58], and (viii) materials and/or
methods for better or less expensive OLED fabrication [59-61], etc.
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3
Exciton Formation and Energy Harvesting in the Triplet State

3.1
Model of Exciton Formation

It is instructive to discuss how the process of electron-hole recombination
and the formation of a neutral exciton and finally the population of an excit-
ed state of the emitter molecule can be visualized. Here, we focus on pro-
cesses that occur within the emitter layer (layer (5) in Fig. 2). This layer of a
thickness of about 70 nm consists of an organic matrix which is doped with
emitter molecules (dopants). In the subsequent model it is assumed that the
recombination of electrons and holes occurs at the dopants. The importance
of this process has been deduced by comparison of photoluminescence and
electroluminescence properties [62, 63]. If the matrix is excited optically,
one observes an emission of both matrix and dopant. The intensity of the
latter one increases gradually with the concentration of the dopant. Its emis-
sion can be ascribed to result from a radiationless energy transfer from the
initially photo-excited matrix to the dopant. Thus, relatively high dopant
concentrations are required to achieve quenching of matrix emission. On
the other hand by electro-luminescent excitation, the concentration of the
dopant can be reduced by more than two orders of magnitude to achieve
complete quenching of matrix emission. Only dopant emission is observ-
able. These results [62, 63] show that one of the charge carriers, either hole
or electron, is trapped first at the dopant. For completeness, it is remarked
that the effective