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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
NN
light
output
ala” S
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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Fig. 2 Example of an optimized OLED structure. (1) (2): cathode, Ag and LiE. (3): elec-
tron transporting layer; Alq; (=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



Triplet Emitters for OLED Applications. Mechanisms of Exciton Trapping 7

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 recombination zone can be significantly thinner than the
whole emitter layer, since the recombination may occur near to a layer inter-
face within a range of only 5-10 nm due to a high density of charge carriers
in this region [16, 64]. In Sect. 3.4 the processes of exciton formation and
trapping are addressed again to focus on an aspect of OLED material design.

Figure 3 displays a simplified and schematic model to describe the pro-
cess of exciton formation. The first step is characterized by trapping of a
charge carrier. In our model it is assumed that the hole is trapped first at
the emitter molecule as proposed, for example, for Ir(F-ppy)s;* in PVK [65].
This process induces (for a short time interval) the formation of an oxidized
Ir(F-ppy)s complex. However, trapping of an electron as first step would re-
sult in an equivalent model and might be of relevance for other emitter mo-
lecules. For example, a corresponding process might be demanded for emit-
ter layers doped with compounds which exhibit irreversible oxidation, as
found for several Pt(II) complexes [12]. The process of charge carrier trap-
ping can induce a reorganization at the emitter molecule which means that
intramolecular distances, electronic energies, interactions with the environ-

* fac-tris[2-(4',5 -difluorophenyl)pyridine] Ir(IIT)
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Fig. 3 Dynamics of exciton formation. It is assumed that the hole (+) is trapped first on
the doped emitter molecule. The exciton formation starts due to Coulomb interaction be-
tween the trapped hole and the electron (—) on a matrix molecule. At the beginning of
the exciton formation the spins of hole and electron are already correlated to one singlet
and three triplet substates. This corresponds in a statistical limit to a ratio of 25% to
75%. The S-path and T-path populate the excited states of the emitter molecule (exciton
trapping process). These paths can also be interpreted as relaxation processes from do-
pant-to-matrix charge transfer states. The DMCT states are deduced from the situation
displayed in the framed part shown at the right hand side of the figure. The correspond-
ing energy level diagram is depicted in Fig. 4. For clarity, the diagram does not show
shifts of matrix orbitals due to the external potential, also reorganization energies are not
depicted in the figure. ISC: intersystem crossing, AE (e-h): electron (e)-hole (h) binding
energy; AE (S-T): singlet-triplet splitting

ment, etc. can be altered. The corresponding effects depend strongly on the
individual emitter molecule and its specific matrix environment. They are
not depicted in the model of Fig. 3. Under an applied external potential, the
electron will migrate along the matrix material towards the anode. Usually,
this process of electron hopping (more exactly: polaron hopping®) requires
a thermal activation energy due to inhomogeneities from spatial and energy
disorder and due to matrix reorganization effects. The related energy shifts
should be less or of the order of the thermal energy kgT with kg being the
Boltzmann constant and T the absolute temperature. For clearness, the dia-

> Electron (or hole) hopping is normally connected with a polarization of the matrix.
Therefore, the corresponding negatively (positively) charged particle represents a po-
laron (for background information see, for example, [66]).
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gram is simplified and does not show the inhomogeneous distribution of
the energy levels of the matrix molecules and their energy shifts induced by
the external potential.

When the electron is still far from the trapped hole, it will migrate inde-
pendently from this hole towards the anode. Thus, hole and electron are not
bound or correlated. This situation corresponds to the exciton continuum in
solid-state semiconductors (see left hand side of the diagram, Fig. 3). How-
ever, when the electron migrates into a region given by a specific electron-
hole separation R, the positively charged hole will attract the electron. This
separation is reached when the energy of the Coulomb attraction is of simi-
lar size as the larger one of the two values, the mean inhomogeneous distri-
bution of the energy levels of the matrix material or the thermal energy kgT.
Due to the Coulomb attraction, an electron (e)-hole (h) binding results. The
binding energy AE(e-h) depends on the separation R and on the electric per-
mittivity (dielectric constant €) of the matrix material. Induced by this at-
traction, the exciton is formed. The Coulomb attraction represents a long-
range interaction as compared to nearest neighbor separations.

For the further processes, it is required to take also the spins of both elec-
tron and hole into account. The spin of the hole is given by the spin of the
residual electron at the emitter molecule. In a quantum mechanical treat-
ment, these spins can be coupled to four new combined states. One obtains
one singlet state and one triplet state. The triplet consists of three triplet
substates. These substates differ from each other mainly by their relative
spin orientations. An energy splitting between the resulting singlet and trip-
let states may be disregarded at large electron-hole separations. Therefore,
the corresponding exciton state is shown in Fig. 3 (middle) just by one ener-
gy level. In a statistical limit, all four substates of this exciton state will be
formed (populated) with an equal probability. Consequently, one obtains a
population ratio of one to three for singlet and triplet substates, respectively.

Driven by electron-hole attraction, the electron will further move on ma-
trix molecules towards the trapped hole. At least, when the electron reaches
nearest neighbor matrix molecules of the emitter, an overlap of electron and
hole wavefunctions has also to be taken into account. The resulting (short-
range) exchange interaction leads to an energy splitting of singlet (S) and
triplet (T) states by AE(S-T). As depicted in Fig. 3, this energy depends ap-
proximately exponentially on the electron-hole separation (a is a constant
which depends on the respective matrix and the emitter material).

In a final step, the electron jumps in a very fast process directly to the
emitter molecule and it results an excited emitter. This process may occur as
singlet or triplet path (S-path, T-path) depending on the initial spin orienta-
tion of the electron-hole pair. The corresponding time constants are of the
order of one picosecond (see next section). The population of S, and T,
states, as shown in Fig. 3, is only depicted as an example. Subsequently, the
system will exhibit the usual behavior of an optically excited emitter mole-
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cule with typical relaxation processes to the lowest excited states and typical
emission properties (right hand side of Fig. 3).

3.2
Charge Transfer States and Relaxation Paths

The final steps of the mechanisms described above can also be discussed in
a slightly different way, to illustrate the occurrence of specific singlet and
triplet paths. The situation of a lacking electron in the ground state of the
doped emitter molecule (dopant D) and of additional electron charge densi-
ty on nearest neighbor matrix molecules M can be characterized by dopant-

e 1

| population by exciton trapping |
\ N— 'DMCT
S
g s ‘DmcT
singlet-singlet | |triplet-triplet
relaxation relaxation
S-path T-path
n
Tn
S,
ISC
T
| phosphorescence |
 J s,

Fig. 4 Energy level diagram of an emitter compound with its first coordination sphere of
matrix molecules. The states 'DMCT and *DMCT represent dopant-to-matrix charge
transfer states. The lower lying states are largely those of the isolated emitter molecule
itself. The relaxations from the 'DMCT and *DMCT states, respectively, represent the
S-path and T-path of exciton formation as depicted in Fig. 3
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to-matrix charge transfer (DMCT) states, specifically by singlet ('"DMCT)
and triplet CDMCT) states.

It may be visualized that these states belong to a large molecular complex
that consists of the doped emitter itself and of the first nearest neighbor
sphere of matrix molecules. The energy level diagram of this emitter-ma-
trix-cage unit is schematically displayed in Fig. 4. It corresponds to the
framed part of Fig. 3. In particular, the states S and T shown in the frame
represent the 'DMCT and *DMCT states of the large molecular unit. The low-
er excited states Sy, T;, S; to S, are largely confined to the doped molecule
itself, while the higher lying charge transfer states are spatially more extend-
ed to the first matrix coordination sphere. For these latter states, the ex-
change interaction between the two electrons involved is relatively small.
Thus, the energy separation between the 'DMCT state and the >DMCT state
is expected to be much smaller than singlet-triplet separations of the spatial-
ly more confined states of the original dopant itself.

On the basis of the energy level diagram of Fig. 4, one also obtains infor-
mation about the relaxation paths from the excited charge transfer states. In
particular, the relaxation from the IDMCT to lower states will be faster with-
in the system of singlet states than making a spin-flip first. This is due to the
fact that spin-orbit coupling in the organic matrix material will be relatively
small and, thus, intersystem crossing (ISC) is not favored. Consequently, one
obtains the fast singlet path that finally populates the S; state. (Figs. 3 and
4). Subsequently, the population of the S, state will be followed by an ISC to
the T, state, though usually with a smaller rate (see also next subsection).
An initial population of the *DMCT state is similarly followed by a very fast
relaxation within the system of triplet states down to the lowest triplet state
T, (Fig. 4). The beginning of this relaxation process corresponds to the trip-
let path in the exciton trapping model shown in Fig. 3. The relaxation times
within the singlet and triplet system, respectively, are of the order of one pi-
cosecond or faster, while the ISC processes can be significantly slower (see
next section).

In conclusion, it is remarked that the exciton trapping process and thus
the efficiency of light emission in an OLED will usually depend on both the
emitter molecule and the matrix environment.

33
Triplet Harvesting

Spin-orbit coupling will not strongly alter the mechanism of exciton forma-
tion in an organic matrix material, but it will have drastic effects on the effi-
ciency of electro-luminescence in an OLED device. To illustrate this proper-
ty, we will compare the efficiency which is obtainable with a purely organic
molecule to the efficiency achievable with a transition metal complex, if
both molecules exhibit equal photo-luminescence quantum yields. If one as-
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Fig. 5 The diagram explains the effect of triplet harvesting. Due to spin-statistics, elec-
tron-hole recombination leads to 25% singlet and 75% triplet state population. In organic
molecules, only the singlets emit light (fluorescence), while the triplet excitation energy
is transferred into heat (left hand side). On the other hand, organometallic compounds
with transition metal centers do not exhibit a fluorescence, but show a fast intersystem
crossing (ISC) to the lowest triplet state. Thus, the triplet harvests singlet and triplet exci-
tation energy and can efficiently emit. In principle, a triplet emitter can—in the limit of
vanishing radiationless deactivations—exhibit a four times higher electroluminescence
efficiency than a singlet emitter

sumes that the initial process of exciton formation occurs statistically with
respect to the spin orientations, one obtains 25% of excitons with singlet
character and 75% with triplet character. At least for small molecules, this
view is largely accepted®.

After exciton formation and relaxations according to the specific singlet
and triplet paths, as discussed in the preceding section, the lowest excited
singlet and triplet states are populated. This is valid for organic as well as
for organo-transition-metal emitter materials. The corresponding processes
are schematically displayed in the middle of Fig. 5. The organic molecule
can exhibit an efficient emission as S;—$§, fluorescence, since usually the
S;—T, intersystem crossing rate is small. On the other hand, since the radia-
tive T;—$, rate is also small, the deactivation of the T, state occurs normally
non-radiatively at ambient temperature. Therefore, 75% of the excitons, the

® Currently it is discussed in the literature that for large conjugated polymers spin-statis-
tics might not be applicable; however, this discussion is irrelevant for triplet emitters
with high ISC rates (compare [67-74]).
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triplet excitons, are lost. Their energy is transferred into heat (Fig. 5, left
hand side). The conditions are more favorable for transition metal complex-
es, in which the central metal ion carries significant spin-orbit coupling
(Fig. 5, right hand side). This is particularly valid for metal ions of the sec-
ond and third row of transition metals. For these complexes, ISC to the low-
est T, state is usually very efficient and thus a singlet S; emission is not ob-
servable. Moreover, the radiative T;—§, rate can become sufficiently high so
that efficient phosphorescence can occur, even at ambient temperature (for
a more detailed discussion see below). Consequently, all four possible spin
orientations of the excitons can be harvested to populate the lowest T, state.
In conclusion, by this process of triplet harvesting one can in principle ob-
tain a four times larger electro-luminescence efficiency for triplet emitters
than for singlet emitters. This factor of four can be attained if the radiation-
less deactivation is equal for both emitter types.

34
Exciton Trapping at a Matrix Site and Energy Transfer

Exciton formation and trapping can also occur at matrix sites. Both the low-
est singlet and triplet states of matrix molecules will be populated. From
there, triplet and singlet exciton diffusion as Frenkel excitons can occur, al-
though with different transport probabilities. This will alter the spatial dis-
tribution of matrix molecules that are excited in singlet and triplet states, re-
spectively, as compared to the situation immediately after excitation. For an
efficient OLED, it is mostly required to harvest the excitation energy com-
pletely in an efficiently phosphorescent triplet state of an organometallic do-
pant. This requires the realization of two distinctly different, but effective
processes of energy transfer (Fig. 6). For example, the singlet excitation en-
ergy is transferred by a long-range Forster transfer mechanism from a ma-
trix molecule to the acceptor (dopant). Independently, the triplet excitation
energy is transferred by a second process of energy transfer from the matrix
molecule, for example, by a short-range Dexter transfer mechanism. Both
transfer mechanisms should be highly efficient and therefore they should
fulfill the resonance conditions. This can be expressed by non-vanishing
spectral overlap integrals of donor emissions and acceptor absorptions (for
background information see, for example [38]). The fulfillment of these two
independent conditions for singlet and triplet energy transfer seems to make
this concept of material design—apart from specific and selected combina-
tions—less favorable, as compared to systems with charge carrier trapping
directly on the triplet emitters, as discussed in Sect. 3.1 (compare also [73,
74]).

Independent from the discussion presented above, Fig. 6 also shows that
the lowest triplet state of the emitter compound always has to lie at lower
energy than the triplet of the matrix material. Otherwise the matrix would
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Fig. 6 Exciton trapping on organic matrix molecules with subsequent energy transfer.
Exploitation of matrix singlet and triplet excitation energy requires the effectiveness of
two independent processes of energy transfer. Such a matching of molecular energies
might be difficult to achieve, when OLED emitter layers are developed. vibr.: vibrational
states

quench the excited emitter. In a slightly different approach, one can also ex-
press the following requirement. The states corresponding to HOMO and
LUMO of the dopant have to be within the gap of the states that stem from
the matrix material. Thus, hole or electron trapping as the initial process is
possible and quenching of emitter triplets by matrix triplets is prevented.

4
Ordering Scheme for Organometallic Triplet Emitters

Many photophysical properties of the lowest excited triplet states and the
corresponding transitions of organometallic compounds are essentially de-
termined by the extent of metal participation in the wavefunctions. This
metal participation not only alters the spatial extension of the wavefunc-



16 H. Yersin

tions, but also induces significant mixtures of singlet and triplet states by
spin-orbit coupling (SOC) which is mainly carried by the metal orbitals. It
is of interest to develop an understanding how these effects influence the
photophysical properties of emitter materials. Indeed, this is possible. More-
over, it can be shown that a simple ordering scheme can be helpful in this
respect [75-79]. Specifically, the energy splitting of the triplet state into sub-
states, the zero-field splitting (ZFS) measured in cm ™, can be utilized, since
this parameter displays the importance of metal character and SOC for the
respective triplet state.

The amount of ZFS is usually determined spectroscopically. Neverthe-
less, it is instructive to visualize that it is dominantly controlled by specific
interactions. For example, the splitting of a pure *zz" state which is not
metal-perturbed is only given by spin-spin interactions (e.g., see [38,
80-82]). In this situation, the ZFS is of the order of 0.1 cm™'. However, if
*MLCT and 'MLCT states are in proximity, the substates of these latter
states will interact due to SOC with the substates of the *zz" term. This can
lead to a significant triplet splitting in particular, when 5d orbitals are in-
volved in the ">MLCT states. As a consequence, the ZFS can increase by
more than three orders of magnitude, up to more than 200 cm™ ! [75-79].
The amount of ZFS can be determined, at least formally, by second order
perturbation theory, whereby the perturbation is given by the spin-orbit
Hamiltonian. The resulting matrix elements that induce the coupling are es-
sentially controlled by d-orbital participation in the admixing wavefunction
(compare also [81-86]).

Figure 7 shows a sequence of a series of compounds which are arranged
according to an increasing ZFS of the emissive triplet state. The ZFS values
of most of the compounds have been determined from highly resolved opti-
cal spectra [34, 75-79] (references for the individual compounds are given
in [79]). Only for Ir(ppy)s [87] and Ir(ppy).(CO)(Cl) [25] were such re-
solved spectra not yet obtainable, and therefore the information was deter-
mined indirectly from the temperature dependence of the emission decay
time.

The low-lying electronic states of the compounds shown in Fig. 7 have to
be assigned to different types of frontier orbital transitions. Thus, the low-
est triplets of [Rh(bpy)3]3+ and [Pt(bpy)2]2+ are characterized as ligand
centered *LC(°z7’) states with very small metal admixtures and those of
[Ru(bpy)s]**, Ir(ppy)s, [Os(bpy)s]**, and [Os(phen);]** represent >MLCT
(metal-to-ligand charge transfer) states. The cyclometalated Pt(II)-com-
pounds and [Pt(mnt),]*” have to be assigned to intermediate situations
with significant 3LC/’MLCT mixtures, whereas the lowest states of the oxi-
nate complexes, such as Pd(qol),, Pt(qol),, and Pt(qtl),, are characterized
as ’ILCT states (intra-ligand charge transfer from the phenolic moiety to
the pyridine part of the ligand) with relatively small metal-d or MLCT ad-
mixtures. Nevertheless, the ordering expressed by the sequence shown in



Triplet Emitters for OLED Applications. Mechanisms of Exciton Trapping 17

ZFS: Metal Character / Spin-Orbit Coupling — .

0.1 0.3 38 64 7 16 32 38 61 80 cm 186 211
T T N R S ! I :
| e et TR -
t —\ 1 ]
GO A el o ol o G0
= "NNZ | S ,CO | | NN/
NRh Nyt P TP :|
N NN\ ¢} AN S AN NY L NN
=~ \\:| S N NN 1 N W
| ' ! !
[Rh(bpy)ale’h Pt(gol),  Pt(Ppy)(COXCD|: Ptbha), 1| [OS(bPY)3]
jmmmmmd | l,_______J | - | - |
; . ! I b VAT A2+
g NC_S. s_CNIZ ~ %y
S Ny A P o
PCI 1 XPE, SR
N s | s’ 's™CN 2NN
N | = \\ A
2-
[Pt(bpy),]** I Ptatl), | [Pt(mnt),] [Ru(bpy) >
—— | ———-‘ :
P N7 | )
O‘Pd"% ! S P Y v hgst
r- Il
%’ o N &S SLORESEM
Pd(qol), (Ppy).(CO)(CI) Pt(thpy), Ir(ppy)3
oo = 02
S\ AS S_\_.CO NN/
/Pd\ //Pt /N~
AN NS AN N
N Z N
Pd(thpy), Pt(thpy)(CO)(CI) Pt(ppy), [Os( phen)s]
LUMO n* * o *
T (pyridine T
LC ILCT parf) LC + MLCT MLCT
HOMO | - n j T 5d-1
(phenolic Pt 5d
part)

Fig. 7 Ordering scheme for organometallic triplet emitters according to the amount of
zero-field splitting (ZFS) of the emissive triplet state. This splitting reflects the size of
metal participation (MLCT and/or d-orbital character) and spin-orbit coupling in the
corresponding wavefunctions. The diagrams at the bottom show energy levels of the rele-
vant frontier molecular orbitals for the different compounds. For details see text. (Com-
pare [79] and for the Ir(III) compounds [25, 87, 88])

Fig. 7 can in fact be employed in the sense of a controlled variation of metal
participation/spin-orbit coupling. In the next section, it will be discussed
how photophysical properties vary with the increase of the zero-field split-
ting parameter.
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5
Photophysical Properties of Triplet Emitters Controlled
by Metal Participation

The energy splitting (ZFS) of a triplet state into substates displays the im-
portance of metal character and spin-orbit coupling for this state. The ZFS
value varies by more than a factor of 2000 (Fig. 7). Thus, essential changes
of photophysical properties are expected to occur. Several important trends
will be discussed in the following subsections. This is carried out on a quali-
tative and introductory basis (Fig. 8). For comparison, properties of typical
organic molecules (77* emitters) are also referred to.

s, _ Increasin_g met_al char_acter
' and spin-orbit coupling
AE(S;-Ty) p
~10000 cm
| S
: «(SC)| AES:Ty), o _
1 p ~800 fs| ~5000 cm 1 '
T, =0.1cm i AE(S4-Ty),
: ~3000 cm
fluores- -+ -1
cence - T16 cm
phospho- phospho- phospho-
rescence rescence rescence
T 110108 T ®1MS T ™1 s
vy T T I T
vibr. — — % }lig. vibr. — } lig. vibr.
+—+' 1 —==2F M-Lvibr.
S, §y— - S, ——
Organic Molecule Example: Pd(thpy), Example: Pt(thpy),
™ LC(nn*) + LC(nn*) +
small MLCT(4drn*) significant MLCT(5dn*)

Fig. 8 Photophysical properties of a representative organic molecule compared to two or-
gano-transition-metal emitters. The emissive triplets of Pd(thpy), and Pt(thpy), exhibit
small and significant MLCT admixtures to the LC(n7*) states, respectively. The positions
of the compounds in the ordering scheme and the molecular structures are found in
Fig. 7. Photophysical properties of Pd(thpy), and Pt(thpy), are discussed in detail in
[79]. lig. vibr.=ligand vibrations, M-L vibr.=metal-ligand vibration

5.1
Singlet-Triplet Splitting

Organic molecules exhibit S,-T; splittings being typically of the order
of 10* cm™" (Fig. 8) for states which stem from a zz* configuration and
for molecules of similar sizes like those shown as ligands in Fig. 7. The
AE(S;-T,) splitting is essentially given by the exchange interaction and is a
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consequence of electron-electron interaction. For an organo-metallic com-
pound, such as Pd(thpy),, one finds a value of 5418 cm™! [79]. The emissive
triplet of this compound has been classified experimentally [79, 89-91] and
later also by CASPT2 ab initio calculations [92] as being mainly of LC(z7*)
character with a small MLCT(4dz*) admixture. Therefore, the compound is
found at the left hand side of the ordering scheme of Fig. 7 [79]. On the oth-
er hand, for Pt(thpy), with a significant MLCT(5dz*) admixture to the
LC(n7*) state [34, 78, 79], the amount of AE(S;-T,) is reduced to 3278 cm™
[79] (Fig. 8). Obviously, enhancing of metal character in the corresponding
wavefunctions increasingly reduces the AE(S,-T;) value. Due to the higher
metal character, the electronic wavefunctions extend over a larger spatial re-
gion of the complex. This is connected to an on average larger spatial sepa-
ration between the interacting electrons. Thus, electron-electron interaction
and also exchange interaction are reduced. This explains both the lowering
of the S, state and the reduction of AE(S;-T;) for compounds with higher
metal character.

5.2
Inter-System Crossing

After excitation of the singlet state S, either optically or by electron-hole re-
combination, the organic molecule can exhibit an efficient fluorescence
(S;—8o emission) with a time constant of the order of 1 ns. In competition
to this process, ISC can at least principally depopulate the S, state. However,
the time constant of 7(ISC) is often much larger (order of 10 ns) than the
radiative decay constant of the S; state and thus ISC does not effectively
quench the fluorescence (Fig. 8). On the other hand, in transition metal
complexes, the ISC time is drastically reduced due to singlet-triplet mix-
ing induced by SOC and due to the reduction of the energy separation
AE(S,-T,). Further, due to this latter effect, the number of vibrational quanta
which are responsible for the deactivation is reduced and thus the ISC pro-
cess becomes even more probable. For example, already for a compound,
such as Pd(thpy),, with a relatively small metal participation in the wave-
function of the T, state and a halved AE(S;-T;) value, ISC is by four to five
orders of magnitude faster (800 ps [79]) than in usual organic compounds
with 'zz* and *zn* states. For Pt(thpy), with a higher metal participation,
the process is again much faster (7(ISC)~50 fs [79]) (Fig. 8).

In conclusion, the process of inter-system crossing in organometallic
compounds with transition metal ions is fast and efficient for all compounds
shown in Fig. 7. The quantum efficiency for this process is often nearly one
(e.g., see [4]). Therefore, an emission from the S; state is not observable.
This property is the basis of the triplet harvesting effect discussed above.
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5.3
Phosphorescence Decay Time

In pure organic molecules, the So(7%)«T;(n7*) transition is usually strongly
forbidden. The radiative decay time can be of the order of 10 s. [38] On the
other hand, non-radiative processes are mostly much faster. Thus, phospho-
rescence from the T, state is normally totally quenched at ambient tempera-
ture. With increasing SOC, the radiative decay time of the T;—S$, transition
is reduced and thus the radiative path can compete with the non-radiative
one. Interestingly, already a relatively small *MLCT/'"MLCT admixture to the
*LC(n*) state increases the ST, transition probability drastically. For ex-
ample, for Pd(thpy), the radiative decay time is reduced to be of the order
of 1 ms. For Pt(thpy), with a significant MLCT admixture to the lowest *LC
state, it is even reduced by six to seven orders of magnitude as compared to
the organic emitters, and one finds a radiative decay time of the order of
1 ps (Fig. 8). For completeness, it is remarked that the values given refer to
an average radiative decay of the triplet, since the different triplet substates
exhibit distinctly different decay properties (e.g., see the following sub-sec-
tion and [79]).

In summary, for organometallic compounds the transition probability be-
tween the T; and the S, states can be tuned by several orders of magnitude
as compared to organic emitters. This is mainly induced by an increase of
spin-orbit coupling. Thus, the radiative processes can well compete with the
non-radiative ones. Consequently, organo-transition-metal compounds can
exhibit efficient emissions (phosphorescence) and therefore are well suited
as emitter materials for OLEDs.

5.4
Zero-Field Splitting

Triplet states split generally into substates. This is also valid for purely or-
ganic molecules. However, for these one finds only small values of ZFS of
the order of 0.1 cm™" which result from spin-spin coupling between the elec-
trons in the 7 and #* orbitals, respectively (e.g., see [80-82]). On the other
hand, in organo-transition-metal compounds SOC will modify the triplet
states’ properties by mixing in higher lying states of singlet and triplet char-
acter. Already small admixtures have drastic consequences. For example,
one finds an increase of the ISC rate (see above) and of the phosphorescence
decay rate (see previous subsection) by orders of magnitude, although the
ZFS is not yet distinctly altered [79]. Well studied examples with this behav-
ior are [Rh(bpy)s]*>* and Pd(qol), (=Pdq,) [81, 93, 94].

Higher metal participation and larger SOC lead to distinct ZFSs as has al-
ready been discussed and depicted in Fig. 7. Importantly, the individual trip-
let substates can have very different photophysical properties with regard to
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radiative decay rates, vibronic coupling, coupling to the environment, emis-
sion quantum yields, population and relaxation dynamics due to spin-lattice
relaxation, sensitivity with respect to symmetry changes, etc. [25, 34, 75-79,
81, 87, 89-91, 93-97]. At ambient temperature, the individual properties are
largely smeared out and one finds mostly only an averaged behavior. Never-
theless, the individual triplet substates still determine the overall emission
properties.

5.5
Emission Band Structure and Vibrational Satellites

At ambient temperature, the phosphorescence of organometallic compounds
consists usually of superimposed spectra, which stem from the different
triplet substates (see previous subsection, Fig. 8). An individual spectrum
which results from one specific substate is composed of a transition at the
electronic origin (0-0 transition), a large number of vibrational satellites,
and of in part overlapping low-energy satellites which involve librations of
the complex in its environment. Moreover, all of these individual transitions
are smeared out by inhomogeneity effects. Thus, at ambient temperature
normally only a broad-band emission results. Sometimes residual, moder-
ately resolved structures occur, which often stem from overlapping vibra-
tional satellites (not necessarily from progressions). Interestingly, at low
temperature and under suitable conditions, these structures can be well re-
solved and characterized [34, 75-79, 89-91, 93-103]. From this kind of in-
vestigations it follows that the vibrational satellite structure is also influ-
enced by metal participation in the electronic states [100]. Specifically, the
spectra of compounds with electronic transitions of mainly LC(zz*) charac-
ter (small metal participation) are largely determined by satellites corre-
sponding to ligand vibrations (fundamentals, combinations, progressions).
However, with increasing metal participation, low-energy vibrational satel-
lites of metal-ligand character grow in additionally (up to about 600 cm™
from the electronic origin) [100] (Fig. 8). Thus, the maximum of the unre-
solved emission spectrum shifts towards the electronic 0-0 transition.

To summarize, metal participation in the emitting state leads to a slight
blue shift of the unresolved emission maximum as compared to an LC spec-
trum with the same 0-0 transition energy. Moreover, the occurrence of addi-
tional low-energy metal-ligand vibrational satellites causes a further smear-
ing out of the spectrum. The slight spectral shift might be of interest for
fine-tuning of the emission color.
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5.6
Electronic Charge Distribution and Excited State Reorganization

The singlet-triplet transitions of compounds with small metal character, sit-
uated on the left hand side of Fig. 7, are localized to one of the ligands, even
if the formal symmetry of the complex would allow a delocalization over all
of the ligands. This has been proven for [Rh(bpy)3,]3+ [93] and [Pt(bpy)z]2+
[101] by use of the method of deuteration labeling [76, 78]. On the other
hand, for compounds with emissive >MLCT states such as [Ru(bpy)3]2+
[102] and [Os(bpy)3]2+ [103] it has been shown that the excited state is delo-
calized over the three ligands and the metal [76, 78, 102, 103]. This is even
valid for Pt(thpy),, in which the triplet state is largely of LC(n7*) character,
but for which the metal orbital admixture induces sufficient coupling be-
tween the ligands (Fig. 7, middle). Thus, one obtains a delocalization in the
lowest excited state [78, 79]. It is remarked that these results were deter-
mined for compounds doped into rigid matrices.

Moreover, since the metal character or MLCT contribution in the triplet
state, if sufficiently large, can induce a ligand-ligand coupling that delocal-
izes the excited state wavefunction, the metal contribution will also affect
the geometry change that follows an excitation. For the localized situation in
the compounds mentioned above, one finds a maximum Huang-Rhys pa-
rameter [79] of S=0.3, while for the compounds with delocalized triplets,
this characteristic parameter is by a factor of three to four smaller [76, 79].
Geometry changes or reorganization effects which occur upon excitation of
the emissive triplet states are small for nearly all of the complexes investigat-
ed (in rigid matrices). However, it can be concluded that the reorganization
effects are further minimized for those organometallic compounds with
high metal participation in the triplet states (complexes at the right hand
side of Fig. 7). The emissive states of these compounds exhibit a weaker cou-
pling to the environment and therefore represent good candidates for OLED
emitter materials with high emission quantum yields.

6
Summary and Conclusion

Organo-transition-metal triplet emitters have a great potential to be applied
in OLEDs. Thus, an understanding of the processes, which lead to electron-
hole recombination (exciton formation) and to the population of the emissive
triplet states is presented. In particular, it is shown that the dynamical pro-
cess of exciton formation and trapping on an emitter molecule involves
charge transfer states which result from excitations of the dopant to its near-
est neighbor matrix environment (“’DMCT states). Individual singlet and
triplet trapping and relaxation paths lead to the population of the lowest ex-
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cited singlet and triplet states of the dopant. In typical organic molecules
with weak spin-orbit coupling and highly forbidden triplet-singlet transi-
tions, triplet state population is transferred into heat (at ambient tempera-
ture). Only the singlet can emit radiatively (fluorescence). On the other hand,
in organo-transition-metal compounds, fast intersystem crossing induced by
spin-orbit coupling effectively depopulates the excited singlet into the lowest
triplet. Again, due to SOC, the triplet can decay radiatively as phosphores-
cence even with high emission quantum yield at ambient temperature. In
case of validity of spin statistics only 25% of the excitons can be exploited by
organic emitters, while for triplet emitters additional 75% of the excitons are
harvested in the triplet states. Thus due to triplet harvesting, the efficiency of
light emission in an electro-luminescent device with triplet emitters can be—
in the limit of vanishing radiationless deactivation—higher by a factor of
four compared with singlet emitters. Moreover, on the basis of a detailed
knowledge about the photophysical properties of organo-transition-metal
emitters, clear trends are elucidated for triplet emitters. This leads to the pos-
sibility to control important factors, such as metal participation and spin-or-
bit coupling in the triplet states, by chemical variation. Thus, the controlled
development of compounds with predefined photophysical properties will be
achievable. Specifically, increase of metal participation and SOC is displayed
in a growing zero-field splitting of the triplet into substates. This parameter
can be determined experimentally. The corresponding ZFS values of the com-
pounds discussed in this investigation vary by more than a factor of 2000. In
particular, increasing metal character lowers the energy of the excited singlet,
reduces the energy separation between the excited singlet and triplet states,
enhances the intersystem crossing rate from the lowest excited singlet to the
lowest triplet, lowers the emission decay time by increasing the radiative rate
between the triplet and the singlet ground state, changes the vibrational satel-
lite structure and thus the spectral distribution of the emission band, de-
creases the excited state reorganization energy, etc. This promising new con-
cept is not only applicable to small molecules, it can also usefully be applied
if combined with other strategies, which are based, for example, on the use of
functionalized ligands [104], dendrimeric shielding effects [14, 105], and at-
tachments of organo-metallic compounds to polymers [106].
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