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The distinct preferential alignment, i.e., horizontal orientation with respect to the substrate plane, of the
optical transition dipole moment vectors (TDMVs) of organic dye molecules is of paramount importance
for extracting the internally generated power of organic light-emitting diodes (OLEDs) to the outside world.
This feature is one of the most promising approaches for the enhancement of the electrical efficacy in state-
of-the-art OLEDs, as their internal quantum efficiencies are already close to the ultimate limit. If one can
achieve complete horizontal orientation of the TDMVs, it is possible to increase the efficiency by at least
50% because alignment strongly influences the power dissipation into the different optical modes present in
such a thin-film device. Thus, this feature of organic light-emitting molecules can lead to advanced
performance for future applications. Therefore, we present here a review of recent achievements, ongoing
research, and future tasks in this particular area of organic electronics.
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I. INTRODUCTION

Organic light-emitting diodes (OLEDs) have gained con-
siderable attention in the applied physics community over the
last three decades. It was possible to continuously increase
their internal efficiency from only a few percent in the early
fluorescent heterojunction thin-film devices [1] until the
ultimate limit of 100% came within reach in the early 2000s
by using phosphorescent-emitting materials [2—5]. This was
the starting point for commercialization of devices based on
organic LEDs as they exhibit numerous advantages like
ultrathin appearance, light weight, flexibility, arbitrary shape,
and even transparency [6]. In the meantime, OLEDs are an
inherent part of daily life as they are implemented, e.g., in
smart phone displays, and, more recently, also as television
screens. In general lighting, they have also outperformed
fluorescent tube efficiency [7]; however, the price per lumen
is still too high to compete with inorganic white LEDs.
Additionally, their performance in terms of the external
quantum efficiency (EQE), i.e., the number of emitted
photons per injected carriers, is still far below the theoretical
limit, and the electrical long-term stability lags behind in
competition with their inorganic counterparts. While the
durability of these devices holds challenges for advanced
chemistry, improvement of the EQE is feasible by physical
mechanisms.

II. BACKGROUND

A. External quantum efficiency of OLEDs

The EQE of an OLED is given by four individual
factors [8]:
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Therein, y represents the charge carrier balance of electrons
and holes. This factor is calculated from the ratio of the
recombination and the total current flow and can be
brought close to unity in state-of-the-art devices if low-
barrier charge carrier injection, appropriate blocking, and
conductivity-doped transport layers are used [4,9-13].

The second factor of Eq. (1) takes into account the
multiplicity of possible spin orientations in the excited state
and is called the radiative exciton fraction. In a classical
picture, the recombination of injected charges leads to 75%
triplet excitons (with total spin S = 1 of the electron-hole
pair) and only 25% singlet excitons (with S = 0). Therefore,
classical fluorescent materials cannot overcome the limit
of 25% for the internal quantum efficiency because the
radiative decay of triplet excited states is forbidden accord-
ing to spin-selection rules [1,14—18]. By contrast, phos-
phorescent emitter molecules based on metal-organic
complexes with heavy-metal central atoms, such as iridium
or platinum, profit from strong spin-orbit coupling lifting
the strict spin-selection rules. They exhibit metal-to-ligand
charge-transfer (MLCT) character, which, in turn, allows for
fast intersystem crossing from the excited singlet level S, to
the lowest excited triplet level 7 and simultaneously
efficient radiative decay from 7', to the singlet ground state
So- As a consequence, this type of emitting species allows for
100% radiative exciton fraction [2,19-26].

However, in recent years, strong efforts were made to
overcome this drawback in fluorescent emitter molecules
by using e- or p-type delayed fluorescence [27-32].
An improved radiative exciton fraction and therewith
high EQE values comparable to their phosphorescent
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counterparts have been obtained for thermally activated
delayed fluorescence (TADF) emitter materials [33-38]. In
contrast, EQEs for materials that utilize emission based on
triplet-triplet annihilation (TTA) lag behind due to the
bimolecular nature of this process, where inherently at least
half of the excited triplet states are lost [39-47].

The probability that an allowed electronic transition from
the excited state to the singlet ground state occurs radia-
tively is taken into account by the third factor contributing
to the EQE, the radiative quantum efficiency ¢.4. This
factor strongly depends on the intrinsic quantum yield of
photon emission from the excited state in the neat material
(g) and the feedback from the surrounding cavity if the
emitter is embedded in a thin-film structure with partly and/
or highly reflecting interfaces [48—62] because the radiative
rate and therewith the excited-state lifetime is modified by
the Purcell effect [63]. It is worth noting that the Purcell
factor strongly depends on the actual orientation of the
transition dipole moment vectors (TDMVs) of the emitter
molecules since the cavity induces, in a simplified picture,
different interference conditions for vertical and horizontal
dipole alignment with respect to the substrate plane [61,64].
Furthermore, current- and concentration-induced quench-
ing processes during electrical operation at high currents
can reduce this value resulting in the so-called efficiency
roll-off of OLEDs [65—77]. These three individual factors
are often combined to the internal quantum efficiency #;,; of
an OLED device, which describes the process of converting
electrical into optical power.

Finally, the last factor of the EQE equation specifies the
fraction of internally generated optical power that can reach
the outside world of an OLED and can, therefore, be used
for lighting purposes. This outcoupling factor 7, takes
into account the power dissipation into different optical
modes present in a thin-film-layered structure. Depending
on the emission angle with respect to the substrate normal
of the device, one can distinguish four different optical
modes: direct emission, substrate modes (which can easily
be extracted using outcoupling enhancement structures on
the back side of a glass substrate), waveguided modes in
high-index materials, such as the organic layers or the
semitransparent oxide anode, and near-field coupling to
surface-plasmon polaritons (SPPs) at the organic-metal
interface [52,64,78-81]. Therefore, this factor strongly
depends on the refractive indices and thicknesses of all
individual layers, the position of the emitting species, i.e.,
the distance to the highly reflecting metallic cathode,
absorption issues, and, of course, the distinct orientation
of the TDM Vs of the emitting molecules [61,64,81-83]. In
a simplified picture (see Fig. 1), one can easily imagine that
the radiation of a dipole is strongest perpendicular to its
axis, thus, making horizontal dipole orientation, i.e., with
their axis in the substrate plane, the desirable one.

In this review article, the power dissipation to different
optical modes as a function of transition dipole alignment is
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FIG. 1. Sketch of the physical parameters important for the

power dissipation simulation of excited molecules in a micro-
cavitylike structure (at the bottom, a metal layer is located). The
excited state is treated as an oscillating electrical dipole pointing
along the transition dipole moment vector of the emitting
molecule. On the right side, the definition of the different
emission polarizations is drawn.

discussed in detail in the following chapters. However,
we want to note that there exist several other methods to
enhance light outcoupling from OLEDs, e.g., using scatter-
ing layers, grating structures, and high-index coupling or
recycling of SPPs by energy transfer to dye molecules
[84,85]. An overview of the respective theories and
advances using such strategies can be found in the review
papers of Briitting et al. [86] or Gather and Reineke [87],
respectively, but is not discussed here in detail.
Furthermore, it should be noted that molecular orientation
is crucial for almost all applications based on organic
semiconductors, as this feature strongly influences not only
the light emission of organic dyes but also the light
propagation in stratified media due to birefringence
[88-91] as well as their electrical properties due to
orientation-dependent charge carrier transport and injection
[92—-103]. Moreover, light absorption and charge collection
in organic solar cells are strongly influenced by molecular
orientation of the active materials as well [104—-114].

B. Optical simulations

All optical simulations presented in this article are based
on the approach of Wasey and Barnes [51] solving the
three-dimensional Maxwell equations for an ensemble of
excited molecules treated as individually oscillating dipoles
[49,50] taking into account electrodynamic boundary con-
ditions in stratified media. The subsequent application of a
transfer-matrix formalism using the Fresnel coefficients for
transmission and reflection at all involved interfaces finally
results in the power dissipation spectra for the oscillating
dipole ensemble under study. In terms of emitter orienta-
tion, it is crucial to simulate this power dissipation for three
distinct dipole orientations with respect to the substrate
plane (x-y plane). Hence, the x and y components are
defined as horizontal, and the z components as vertically
oriented. Therewith, the polarization of these three different
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dipole orientations is already determined if one chooses the
x-z plane as the observation plane.

(i) P, tv: dipoles oriented perpendicular to the
substrate plane (vertical, z direction), which emit
p-polarized [transverse-magnetic (TM)] light.

(ii) P) m: dipoles oriented parallel to the substrate plane
(horizontal, x direction), which emit p-polarized
light, too.

(iif) P rg: dipoles oriented parallel to the substrate plane
(horizontal, y direction), which emit s-polarized
[transverse-electric (TE)] light.

As we mention in the previous section, physical param-
eters that are important to solve these equations are the
thicknesses of the involved layers (d;, where d = > d; is
the cavity length of the device), their complex refractive
indices (n; and «;), the emitter’s position inside the stack
(especially the emitter-metal distance z), the orientation of
the oscillating dipole, and the intrinsic radiative quantum
efficiency (gq) of the excited dye molecule (doped into a
host material). The whole situation is illustrated in Fig. 1.

Note that apart from the emitting dipoles, the other
organic layers in an OLED—including the host for the
emitter—can exhibit pronounced optical anisotropy as
well, although they are usually noncrystalline. Thus, for
the simulation, the simple 2 x 2 transfer-matrix formalism
for isotropic media is not sufficient, but a 4 x 4 formulation
has to be used. However, due to the absence of a
preferential direction in the plane of the layers, the uniaxial
simplification of it is sufficient here [89].

The power dissipation spectra (Fig. 2) can be visualized
as a function of the emission wavelength, and the in-plane
wave vector (kj), which is the projection of the photon
wave vector onto the x-y plane giving the emission angle
inside the OLED stack. Hence, one can distinguish between
four regions in such a representation, which are separated
by different conditions for total internal reflection at the
involved interfaces. The first region is the direct emission,
where the generated photons are allowed to escape the
OLED stack directly. The second region corresponds to the
substrate modes, which consists of light that underwent
total internal reflection at the substrate-air interface and,
thus, is trapped in the glass substrate. This fraction can be
easily extracted by macroscopic outcoupling structures,
such as half-ball lenses attached to the substrate. The third
and the fourth regions are strongly dependent on the
polarization and the wavelength of emission and represent
waveguided modes in the high-index materials (the
semitransparent ITO anode and the organic layers) and
near-field coupling to surface-plasmon polaritons at the
metal-organic interface, respectively. Figure 2 shows an
exemplary heat map for an OLED stack containing a green
emitter with horizontal and vertical alignment of the
TDMVs, respectively, clearly demonstrating the different
coupling to optical modes for both dipole orientations.
From this picture, it is obvious that horizontal TDMV
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FIG. 2. (a) Exemplary OLED stack used for the following
simulations. (b) Emission spectrum of the organic dye Ir(ppy)s.
(c) Molecular structures of the organic materials used in (a). (d),
(e) Power dissipation spectra as a function of the emission
wavelength and the in-plane wave vector for a green-emitting
OLED (a) with fixed-layer thicknesses for horizontal (d) and
vertical (e) TDMV alignment. The heat maps are divided in four
distinct sections: (1) direct emission, (2) substrate modes,
(3) waveguided modes in high-index materials, and (4) near-
field coupling to surface-plasmon polaritons at the metal-organic
interface.

alignment is the favorable one, as this leads to preferred
coupling to optical modes, which can easily be extracted
and therewith strongly enhance the external quantum
efficiency of the device.

A more intuitive representation is given in Fig. 3. Here,
the fraction of dissipated power to the individual optical
modes is shown as a function of the electron-transport-layer
(ETL) thickness for the same OLED as shown in Fig. 2
having a radiative quantum efficiency ¢ = 1 of the emitting
system. For the different emitter orientations—isotropic,
horizontal, and vertical—the power distributions show
oscillations with a period of roughly one-fourth of the
dominant emission wavelength with a decreasing ampli-
tude for increasing ETL thickness because the cavity
strength decreases with increased emitter-to-cathode dis-
tance. Because of different phase shifts for the reflections at
the cathode-organic interface for vertical and horizontal
dipole radiation, the corresponding maxima and minima for
direct emission as well as for the Purcell factor (and
therewith the excited-state lifetime) are displaced by
one-eighth of the emission wavelength. Anyway, the out-
coupling of light from horizontally aligned emissive
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FIG. 3. Power dissipation to the different optical modes in the
OLED stack of Fig. 2 with variable ETL thickness (emitter-to-
cathode distance) for (a) isotropic, (b) horizontal, and (c) vertical
alignment of the emissive TDMVs.

dipoles is always higher compared to vertical ones for all
ETL thicknesses. Therefore, if we use the expression
“cavity maximum” in the following, we always mean
the ETL thickness or emitter-to-cathode distance at which
the maximum in light outcoupling for the horizontal
TDMVs is reached.

Figure 3 emphasizes the already mentioned differences
of power dissipation for the two extreme cases of transition
dipole orientation. In particular, if the emitter is located
close to the metallic cathode, most of the power generated
by vertical TDMVs is lost due to near-field coupling to
SPPs, while a huge part of the energy of the horizontally
aligned emissive dipoles is directly extracted to air. Hence,
if one compares the outcoupling factor for different
orientations of the TDMVs, the horizontal alignment can
outperform the isotropic case in thickness-optimized devi-
ces easily by a factor of 1.5 [61,64,81,83,86].

We want to note that this graph also allows us to estimate
the relative gain by emitter orientation for stacked or
tandem OLEDs consisting of two (or more) individual
units that are deposited on top of each other and electrically
connected in series by a so-called charge-generation layer.
Thereby, one can combine a blue (B) subunit with a red-
green- (RG) (i.e., orange) emitting subunit to achieve white.
Or two RGB subunits are stacked on top of each other to
reduce the drive current for a given brightness and, thus,
enhance device lifetime. However, from an optical point of
view, such tandem OLEDs can be easily treated by putting
one emission zone in the first cavity maximum and the
other in the second. For the green emitter used in the
simulations of Fig. 3, the relative benefit between isotropic
and horizontal orientation in the second cavity maximum is
only slightly reduced as compared to the first one.

The reason is that the reduced coupling of vertical dipoles
to SPPs in the second cavity maximum is almost com-
pletely compensated by their stronger dissipation of energy
to waveguided modes.

We also want to note that emitter orientation can offer an
additional degree of freedom in the design of tandem white
OLEDs. For example, if only the red and green phosphors
exhibit horizontal alignment, it is beneficial to place them
in the first cavity maximum, while the isotropic blue
phosphor sits in the second one. In this way, Lee et al.
[115] have achieved a fully phosphorescent tandem white
OLED with an EQE of more than 50%. Or, in a hybrid
white tandem OLED with fluorescent blue and phospho-
rescent red and green, it can be advantageous to place blue
in the first maximum, in particular, if the fluorescent blue
emitter is horizontally aligned and shows a significant
TADF contribution [116].

Moreover, it should be pointed out that knowledge of the
anisotropy of the TDMVs is required to perform a con-
sistent efficiency analysis of OLED EQE values and the
individual contributions of the four factors determining this
quantity as outlined in Refs. [46,61,64,81,116,117] for
several fluorescent- and phosphorescent-emitting systems.

The presented simulations not only highlight the
potential efficiency increase due to favorable orientation
of the TDMVs in organic light-emitting materials but are
also used in the following to determine the actual degree
of anisotropy, especially for doped guest-host systems
containing fluorescent or phosphorescent dyes in an amor-
phous matrix material.

C. Time-dependent density-functional-theory
calculations

To study the net orientation of the optical TDMVs of
dyes in a host matrix, in addition to knowing how the
molecule is oriented against the substrate, it is essential to
know how the TDMV of the concerned optical transition is
oriented with respect to the molecular frame of the dye. For
transitions between electronic states having the same spin,
TDMVs can be computed quite accurately within the
framework of conventional quantum-chemistry methods
that do not account for spin-orbit interactions. Therefore,
the TDMV of the emissive transition in a fluorescent dye
(typically S; — S§; in accordance with Kasha’s rule) can
be calculated using conventional excited-state quantum-
chemistry methods that do not include spin-orbit coupling
(SOC). However, in the absence of SOC, phosphorescent
emission from triplet states to the singlet ground state are
strictly forbidden, and, hence, the TDMVs of such tran-
sitions and other phosphorescent properties cannot be
computed within such a framework. Several approaches
to incorporate SOC within time-dependent density-
functional theory (TDDFT) and other quantum-chemistry
methods have been developed and implemented [118—131].
Among these, TDDFT with the relativistic ZORA
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(zero-order regular approximation) Hamiltonian [126—128]
has been used in several studies to compute phosphorescent
properties of heavy-metal complexes with high accuracy
[132-136]. In a recent study, Kim et al. [137] used the
ZORA approach within the TDDFT framework to compute
the TDMVs (T| — Sy) for a number of phosphorescent
emitters. The ZORA equation is an approximation to the
relativistic Dirac equation and is written as

HZORAY — PP with
c? c?

HZORA:V
TP yP T ey

56 (VV xp).

(2)

In the above expression, V contains the nuclear and
electronic Coulombic potentials and exchange-correlation
potential, p is the momentum operator, ¢ denotes the Pauli
matrices, and ¢ describes the speed of light. The third term
of the Hamiltonian is the contribution from SOC. The
ZORA approach can be used to compute the TDMVs
involved in the transition from triplet states to the singlet
ground state in phosphorescent dyes at a tractable cost.

We use the ZORA TDDFT approach (henceforth referred
to as SOC TDDFT) to compute the TDMVs associated
with the phosphorescent emission of several complexes;
the results are discussed in Sec. VA 4. The ground-state
geometry of all complexes reported here are calculated at
the B3LYP-LACVP#** level. Starting from the optimized
ground-state geometry, unrestricted DFT is employed to
optimize the geometry of the triplet state without symmetry
restrictions. The TDMVs are then computed from
SOC TDDFT calculations performed using the ZORA
Hamiltonian on the optimized triplet geometries of the
complexes using the B3LYP functional and the DYALL-
27ZCVP-ZORA-J-PT-GEN basis set. All calculations are
performed using the MATERIALS SCIENCE SUITE developed
by Schrodinger [138]. It should also be noted that a
consequence of SOC is the loss of degeneracy of the three
sublevels of the triplet states, even in the absence of a
magnetic field. Therefore, SOC will lead to phosphorescent
emission at room temperature comprised of transitions
from all three sublevels of the 7'; state, with each state
having different oscillator strengths at slightly different
energies (usually <200 cm™! apart from each other). It is
often the case that a transition from one of the three triplet
sublevels to the ground state will have an oscillator strength
that is orders of magnitude larger than the other two and,
thus, dictate the photophysical properties [139]. Hence, for
the sake of simplicity, the TDMVs for emission from the
other two sublevels are not shown in this work.

III. METHODS TO DETERMINE
EMITTER ORIENTATION

There are several methods to determine the orientation
distribution of the transition dipole moment vectors of

organic molecules. However, all of them exhibit specific
drawbacks and advantages or are not applicable to all sample
structures. Hence, no single method is “perfect,” and, thus,
we present several different approaches in some detail.

A. Variable-angle spectroscopic ellipsometry

Variable-angle spectroscopic ellipsometry (VASE) mea-
sures the changes in polarization and phase for linearly
polarized light that is reflected from a sample consisting of
the layer of interest deposited on a reflective substrate, e.g.,
a silicon wafer. Here, one has to distinguish between
electrical fields of the reflected, elliptically polarized light
oriented perpendicular and parallel to the plane of inci-
dence defined as ordinary and extraordinary, respectively.
The results are analyzed by numerical simulation yielding
the ordinary and extraordinary refractive indices and
extinction coefficients as well as the thickness of the
investigated layer [140]. From the obtained optical
anisotropy of such films, it is possible to draw conclusions
about the orientation of the TDMVs of the material. This
approach has been applied to polymer films prepared by
spin coating as well as small-molecule films deposited by
vacuum evaporation [141-145]. The anisotropy of the
TDMYVs is connected to the order parameter S [146],
which is defined by the ordinary and extraordinary extinc-
tion coefficients x, and «,, respectively,

G ke — kg™ 3(cos?0) — 1 . 3)
PP 2

Therein, (cos®6) indicates the quadratic average of the
projection of the TDMVs of an ensemble of molecules,
each carrying only one distinct TDMV with respect to the
surface normal. Thus, completely horizontal alignment
results in § = —%, isotropic distribution is indicated by
S = 0, and vertical orientation yields S = 1. The drawback
of this method is that the fit procedure strongly depends on
the model used for describing the electronic response of the
material, as well as being inapplicable to dilute guest-host
systems.

B. Polarization- and angle-dependent
luminescence spectroscopy

An alternative method to extract the orientation of the
TDMVs, in particular, for dye-doped guest-host systems, is
polarization- and angle-dependent luminescence spectros-
copy, which can be applied to detect both photolumines-
cence (PL) from a thin emissive layer [147] as well as
electroluminescence (EL) from a complete OLED stack
[83,148]. As we mainly refer to PL spectroscopy in this
article, the EL. method is not explained in detail; in short, it
requires a special OLED design using a cavity minimized
for horizontal dipoles and the exact knowledge of all optical
constants and thicknesses of the involved materials.
Nevertheless, it is worth noting that angle-dependent EL
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spectroscopy is, furthermore, suitable to determine the
emission zone profile in OLEDs [149-153].

To determine the orientation of TDMVs of organic dye
molecules in neat layers or guest-host systems, one
measures the p-polarized response of the emissive species
as a function of the emission angle. A thin film on a glass
substrate, which is index matched to a macroscopic half-
cylinder prism, is mounted on a rotary stage (see Fig. 4) to
detect the angle-dependent PL intensity with a spectrom-
eter. The sample is excited using a continuous-wave laser
with sufficiently short wavelength. The excitation spot size
is less than 1 mm?.

Since the observation plane is given by the setup and
is denoted as the x-z plane, one can distinguish between
p-polarized emission from the x and z dipoles as well as
s-polarized emission from the y dipoles, respectively
(cf. Fig. 1). While horizontal dipoles couple most of their
energy to direct emission, the vertical ones radiate mostly
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FIG. 4. Sketch of the angle- and polarization-dependent lumi-
nescence spectroscopy method used to determine the alignment
of TDMVs of organic dye molecules in thin (doped) films. The
middle row shows optical simulations of the angle-dependent
photoluminescence response of the p-polarized emission for
different ratios of vertically to horizontally oriented TDMVs.
At the bottom, a schematic representation of the anisotropy factor
is shown for rodlike molecules carrying their TDMV parallel to
the long axis.

into substrate modes [64,147]. Hence, the emission for
angles higher than approximately 42° (substrate modes
extracted by the attached prism) can be used to quantify the
relative ratio of horizontal to vertical dipoles (see Fig. 4).
The measured intensity (normalized to zero degree emis-
sion) can then be fitted by optical simulations resulting in
the anisotropy factor ® [61], which is defined as follows:

o 2Pt _
Y

Therein, > p? denotes the sum over the emitted power by
vertically oriented dipoles, Y p* represents the total
emitted power by all emissive dipoles, and {cos” §) stands
for the average projection of the TDMVs onto the surface
normal. Thus, completely horizontally aligned TDMVs
result in ® =0, an isotropic distribution is given by
® = 0.33, and vertical emitter orientation is indicated by
® = 1. The order parameter S introduced in the previous
section can be connected to the anisotropy factor ® in a
straightforward manner:

(cos? 0). (4)

S=-(30-1). (5)

N =

Furthermore, to double check the accuracy of the outcome
of the analysis, the s-polarized emission of the y dipoles is
fitted, too, and the results are considered to be reliable only
if both simulations are consistent with one set of fitting
parameters. This method is suitable to determine anisot-
ropies of TDMV orientation for a wide range of emitter
materials so long as the quantum efficiency is high enough
to detect an optical signal by laser excitation. It is worth
noting that for a consistent determination of the dipole
orientation, the exact optical constants must be known, in
particular, possible birefringence of the matrix material in a
guest-host system.

C. Excited-state lifetime near metal layers

A third method to determine the orientation of transition
dipole vectors in a light-emitting film or a complete OLED
stack is to analyze the behavior of the excited-state lifetime
with respect to the distance of the emitter to a highly
reflecting metal layer, e.g., the cathode of an OLED. As
already mentioned in previous sections, the Purcell effect in
microcavity structures strongly changes the radiative rate
from the excited state of organic dye molecules. Since the
Purcell factor is determined by the cavity strength at the
emitter position, it is strongly dependent on the orientation
of the TDM Vs, the cavity structure, and the distance of the
emitting species to a metal interface. Since only the
radiative rate is affected, a variation of the emitter-metal
distance can be used to extract the radiative quantum
efficiency of the emitter material. This technique was
introduced by Drexhage [54,55] to analyze the quantum
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FIG. 5. Simulation of the change in relative excited lifetimes of FIG. 6. Optical simulations of the ratio of substrate mode to

a green-emitting material exhibiting perfect radiative quantum
efficiency in the aforementioned OLED stack (Fig. 2) for
different orientations of the TDMVs and as a function of the
ETL thickness, corresponding to the emitter-to-metal distance.

yield of dye molecules and was later extended to obtain
additional information on their TDMV orientation by
Garrett et al. [154]. Recently, this technique was extended
to complete OLED structures by varying the electron-
transport layer thickness, i.e., the emitter-to-cathode dis-
tance, to analyze both the radiative quantum efficiency and
the orientation of the emissive TDMVs [60,61,64,81,86], as
well as the exciton quenching induced by the current
[74,76]. Figure 5 shows simulated excited-state lifetime
changes relative to the intrinsic value in the absence of any
cavity effects for three different orientations of the TDMVs
of a green emitter material. The different interference
conditions for vertically and horizontally aligned dipoles
can easily be seen in this simulation. Where horizontal
dipoles exhibit a maximum in the excited-state lifetime, the
vertical ones are close to a minimum and vice versa. The
differences between isotropic and horizontal orientation are
most significant for small distances of the emitter to the
metal interface (less than about 50 nm). Thus, it is
important to properly design the experiment by choosing
spacer thicknesses that allow for a distinction between
different orientations. Furthermore, the optical simulation
program should be able to deal with the peculiarities of
dipoles in close proximity of a metal layer, i.e., the coupling
to SPPs as well as lossy surface waves [48,78,155].
Although the stack layout is further optimized to enhance
sensitivity [156], the technique still suffers from consid-
erable inaccuracies and should, therefore, be combined
with other methods.

D. External quantum-efficiency measurements
using macroextractors

As we show in previous sections, the coupling to the
optical modes of an OLED for varying cavity length, i.e.,

direct emission for the already mentioned OLED stack (Fig. 2)
with variable ETL thickness and therewith variable emitter-to-
cathode distance. The colors indicate different alignment of
the TDMVs.

emitter-to-cathode distance, exhibits strong variations
between different TDMV alignment. This feature can be
used to extract the emitter orientation in OLEDs using a
series of devices with varying ETL thickness by simple
EQE measurements [157]. Therefore, one has to measure
the EQE in an integrating sphere with and without a
macroextractor to separate the contributions of direct
emission and substrate modes. As the power dissipation
to these two easily accessible optical modes is strongly
dependent on the orientation of the TDMVs, the ratio of
both quantities exhibits a unique behavior. Figure 6 shows
simulations of this quantity for a green-emitting OLED
structure for different emitter orientations as a function of
the ETL thickness. Comparing measurements with these
simulations allows for the determination of the emissive
dipole alignment. Interestingly, this method can be applied
for various current densities and does not depend on the
internal quantum efficiency of the OLEDs [157]. Thus, it is
applicable for all emitting systems so long as an accurate
EQE measurement is possible. Furthermore, the method
requires exact knowledge of the optical constants and the
thicknesses of all layers of the OLED and a set of samples
with varying ETL thickness. Hence, this method is not
widely used in the community, although the accuracy can
be comparable with the first two presented methods;
however, the experimental effort is typically higher.

E. Absorption measurements before
and after thermal annealing

All of the methods presented so far require fitting the
measured results with simulations using appropriate mod-
els, which, in turn, can easily lead to inaccurate or even
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wrong results if the model itself is inappropriate. Recently,
Sakai et al. [158] presented a model-free technique to
determine TDMV orientation. They used the fact that
molecular alignment vanishes if the films are thermally
annealed above their glass transition temperature T,
provided that the host material does not crystallize
[100,159,160]. Comparing simple absorption measure-
ments of as-prepared and postannealed films allows us
to calculate the order parameter S from the correspondingly
measured absorbances A and A, respectively, and assum-
ing that the postannealed film shows perfectly isotropic
orientation of the TDMVs:

A
S=1 A, (6)
With this simple approach, it is possible to determine the
alignment of the TDMVs not only for neat films but also for
doped guest-host systems if the absorbance of the two
materials strongly differs in their wavelength response.
Another possible way to use this approach is to compare
the absorbance of films prepared from thermal evaporation
with the ones fabricated from solution, e.g., by spin
coating. However, this is possible only for small-molecule
material systems showing isotropic behavior when pre-
pared from solution.

IV. RESULTS (1): FLUORESCENT EMITTERS

A. Emitter orientation in fluorescent
small-molecule guest-host systems

The observation of alignment of the TDMVs in neat
films [92] has led to pronounced efforts to detect such
anisotropies for doped small-molecule emissive films
typically used in OLED applications, too. Unfortunately,
most of the common methods are not applicable, as they
analyze only the orientation of the host, and, thus, infor-
mation about the dye molecules cannot be obtained. An
initial experiment [161] used the edge emission of wave-
guided light in guest-host systems, i.e., the part of the
emission parallel to the substrate plane [162] that was
previously used to determine the alignment of polymers
[163-168] to gain information of TDMV alignment in a
doped small-molecule layer. It was shown that the emitting
molecule BSB-Cz [4,4’-bis[(N-carbazole)styryl]biphenyl]
doped in an Alqy [Tris-(8-hydroxyquinoline)aluminum]
matrix displays pronounced orientation of its TDMVs in
the substrate plane [161]. However, as this technique needs
a significant effort in both measurement and simulation, it
has not been frequently used. The technique was replaced
shortly thereafter by a polarization- and angle-dependent
photoluminescence spectroscopy procedure invented by
Frischeisen et al. [147], as this latter method was found
to be more accurate.

Using this new technique, the same authors were
able to analyze the direct influence of the alignment of

TDMYVs in OLEDs [82]. Therefore, they used two different
dye molecules, 4,4’-bis[4-(diphenylamino)styryl]biphenyl
(BDASBI) and 4-(2,2-diphenylethenyl)-N,N-bis(4-methyl-
phenyl)benzenamine (PEBA), that exhibit near-identical
emission spectra in the sky-blue spectral range and have
comparable photoluminescence quantum yield of 0.65 and
0.55, respectively, when doped with 6 wt % in a 4,4’-bis(/NV-
carbazole)-biphenyl (CBP) matrix. The influence of differ-
ent orientations of the TDMVs on the outcoupling
efficiency can be directly probed using these dyes because
they do not markedly affect the electrical characteristics
of the fabricated OLEDs. The external quantum efficiency
of the BDASBi devices were higher than the PEBA
devices, which was presumed to originate from improved
outcoupling efficiency due to emitter orientation. The
TDMVs of PEBA are isotropically distributed in the doped
film, whereas the TDMVs of the elongated molecule
BDASBI exhibit a strong preferential horizontal alignment
with respect to the substrate plane (® = 0.12), yielding an
increased light outcoupling by a factor of 1.45. As density-
functional-theory simulations reveal a parallel orientation
of the TDMV along the long axis of the BDASBi molecule,
this means that the molecule itself is aligned mainly parallel
to the substrate plane. Therewith, it was shown that strongly
anisotropic molecular shapes, i.e., long-rod style, show
preferential horizontal alignment not only in neat films but
also if doped into an amorphous matrix material such
as CBP.

Although, the absolute values of the external quantum
efficiencies of the devices in that study were relatively low,
these results were the starting point for extensive research
on molecular, i.e., TDMYV, alignment for OLED efficiency
enhancement.

Classical fluorescent emitters suffer from their low
radiative exciton fraction, as only 25% of all electrically
generated excited states are allowed to decay radiatively.
Thus, the internal quantum efficiency of OLEDS using such
materials is limited to 25%, and even perfect horizontal
alignment of the TDMVs, which results in an outcoupling
factor near 35%, is not able to reach EQE values as high as
those achieved by conventional phosphorescent-emitting
systems.

Hence, new classes of fluorescent emitters are being
developed to combine both preferential alignment of their
TDMVs to enhance light outcoupling, as well as an
increased radiative exciton fraction by using e- or p-type
delayed fluorescence. Although the basic underlying mech-
anisms to achieve delayed fluorescence, and, thereby,
harvest triplet excitons by transforming them into singlet
excited states, are different, both types of materials can
profit from nonisotropic emitter orientation induced by
molecular shape, even in doped films.

There are several publications dealing with using the
TTA process (p type) to achieve extraordinary high EQE
for OLEDs that are close to or even exceed the stated
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limit of their theoretical possible efficiencies of
1 x0.625 x1x0.2 =12.5%. Therein, the classical 20%
outcoupling efficiency for isotropic TDMV orientation
and the radiative exciton fraction #, is enhanced by
0.5 x 0.75 = 37.5% [40], as only one singlet excited state
is formed for every two triplet excitons, resulting in an
overall value of 62.5%. Most of the examples in the
literature use anthracene derivatives [42,169,170] or cou-
marin-based dyes [41,43,46,171,172]. However, few of
these reports have taken into account possible deviation
from random TDMYV distributions in the analyzed OLEDs
[42,46], which can explain the high EQEs achieved by both
types of emitting species (in the range of 7%) [42,46,173].

While research using p-type delayed fluorescence for
enhancing the efficiency in OLEDs is sparse, efforts using
e-type delayed fluorescence systems are rather extensive.
In the past ten years, this special class of fluorescent
emitters that recycle triplet excitons by thermally activated
back transfer to singlet excited states has made tremendous
progress and even reached efficiencies comparable to
the best phosphorescent devices [33-37,117,174—184].
Although several published articles claim internal quantum
efficiencies close to the limit of unity, possible anisotropies
of the TDMVs of the emitting species leading to higher
light outcoupling efficiency were not considered and could
lead to an overestimation of the radiative exciton fraction in
these devices. In particular, the donor-acceptor approach
used for such e-type-emitting molecules can emphasize
preferential horizontal alignment due to the elongated
shape of the molecules.

Altogether, the results achieved thus far emphasize the
important contribution of TDMYV alignment to the external
quantum efficiency of fluorescent emitters, including mol-
ecules exhibiting delayed fluorescence. As a short over-
view, selected systems showing preferential orientation of
their transition dipole moment vectors together with
achieved external quantum efficiencies are summarized
in Table I.

B. Control of emitter orientation

Up to this point, only “accidental” deviations from
isotropy are discussed in this article. Although some
molecules already show strong horizontal alignment of
their TDMVs, to achieve even better OLED performance
with respect to external quantum efficiency, one has to
manipulate the molecular orientation to harvest the full
potential of this effect. This section shows some promising
examples of how to influence molecular orientation result-
ing in the desired horizontal alignment.

1. Molecular shape

One approach to control the orientation of molecules is
to tailor their shape to a favorable one, i.e., rodlike linear
appearance. Yokoyama et al. [161] studied the influence of
length and end groups in such molecules. They used VASE

to analyze the order parameter for CBP [4,4’-bis(carbazol-
9-yl)biphenyl], a relatively short molecule. Styrylbenzene
derivatives having carbazole or diphenylamine as bulky
groups at both ends of the respective molecules were also
examined in order to change the intermolecular interactions
as well as the interaction with underlying layers. The
longest molecule was the BSB-Cz molecule, which was
already mentioned at the beginning of this section. First of
all, they found that molecular orientation strongly depends
on the substituents at both ends of the molecule.
Intermolecular interactions between molecules with bulky
end groups, as well as with the underlying layer, are based
solely on weak van der Waals forces, resulting in surface
energy minimization and, thus, horizontal alignment. In
contrast, if these rather bulky groups are exchanged by, e.g.,
methyl groups, the picture changes. Although these mol-
ecules can still show horizontal alignment if their shape is
long enough, van der Waals interactions between the
molecules as well as with the underlying substrate can
promote aggregation or build up crystalline phases result-
ing in pronounced vertical orientation of the molecules.
Furthermore, horizontal alignment of the molecules with
bulky substituents becomes stronger with increasing
length of the molecule, e.g. the shortest molecule CBP
showed isotropic orientation (S = 0), whereas the longest
molecule (BSB-Cz) exhibited the lowest order parameter
(§ =—-0.33), ie, near perfect horizontal alignment.
Moreover, the authors stated that the horizontal orientation
found for the neat films was conserved if the dye is
codeposited by thermal evaporation in vacuum with an
amorphous host. A sketch of the different situations of
interaction is illustrated in Fig. 7.

Unfortunately, optical and electrical properties of the
compounds are also typically changed upon altering
the molecular shape. To combine the favorable shape
and the desired functionality of new molecules is, hence,
a present and future challenge for modern chemistry. As a
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FIG. 7. Sketch of the alignment process of molecules with
different substituents and therewith different intermolecular
interactions for neat films (adapted from Ref. [161]).
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TABLE 1. Exemplary list of fluorescent molecules showing pronounced horizontal emitter orientation.
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(Table continued)
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TABLE 1. (Continued)

Emitter Host Anisotropy factor ~ Emission mechanism  Maximum EQE  Publication year  Ref.
g e ", % TADF 24.1% 2017 [186]
O O

mCzCzCN

0.25
h/\ o

N N

L @
mCBP / B3PYMPM

rule of thumb, to obtain low-® value, molecules should
show weak intermolecular interactions and exhibit a
pronounced linear shape provided the TDMV is oriented
along the long axis of the molecule.

Another phenomenon was discovered by Kim and co-
workers [186] who investigated the dependence of the
preferential alignment to the aspect ratio of emitter mol-
ecules. In this work, two donor and two acceptor groups
were attached to a phenyl linker at different positions,
forming a molecule with TADF capabilities. The resultant
dyes show different molecular geometries as well as ©
values of 0.29 to 0.15. The metasubstitution of the donor
moiety was identified as the most beneficial one because it
combines molecular alignment with a high emitter quantum
efficiency. Thus, they concluded that the aspect ratio of
such molecules is a crucial factor for the formation of
preferential alignment. These findings give further design
rules for future TADF dyes.

2. Film growth kinetics

A promising technique to manipulate or even control the
alignment of fluorescent molecules in both neat films and
doped guest-host systems is using molecular dynamics at
the surface of a growing film fabricated by thermal
evaporation.

Several studies of molecular glasses have shown that
preparing films by thermal evaporation under high vacuum
leads to superior physical properties when compared to
solution-processed samples, e.g., higher packing density
[187], lower enthalpies [188], and lower tendencies for
reorganization by  postprocess thermal annealing
[189—-191]. These features can be further enhanced if the
substrate temperature during vapor deposition is held below
the glass transition temperature (7)) of the used material
[160,192,193]. Analyzing the underlying mechanisms in
greater detail reveals that molecular orientation processes
predominantly occur at the free surface of the film, as
molecules on the surface exhibit molecular diffusivities that
are several orders of magnitude higher compared to
molecules in the bulk, i.e., after being covered by several
monolayers [100,194-199]. Dalal et al. [160] found that for
neat molecular glasses, the anisotropy is strongly depen-
dent on the substrate temperature during deposition and can

be divided into three different temperature regimes related
to the bulk glass transition temperature. If the substrate
temperature (7') is higher than 7'y, the deposited molecules
show isotropic distribution. For 7, > T, > 0.9T ;, a slight
preferential vertical alignment of the molecules is observed.
Upon further decreasing the substrate temperature, the
alignment becomes horizontal, which is the favorable
orientation for OLED applications.

These findings have important consequences for the future
manipulation of anisotropy in both neat as well as two-
component mixed organic thin films prepared by thermal
evaporation. Since we focus on emitter orientation in this
article, we concentrate on the latter case in the following.
Molecular orientation takes place only at the free surface
during deposition and is frozen in the bulk material. One can
enhance or depress the molecular mobility on the surface by
either controlling the substrate temperature during deposition
[178,193] or by choosing the glass transition temperature of
the matrix material in a favorable way [200].

Komino et al. [178] investigated the alignment of
the TADF material 10-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)
phenyl]-10H-phenoxazine (PXZ-TRZ) doped into 3,3-di
(9H-carbazol-9-yl)biphenyl (mCBP) during deposition for
successively different substrate temperatures between 300
and 200 K [178]. The anisotropy factor of the TDMV of the
PXZ-TRZ molecules decreased from isotropic distribution
(® = 0.33) to preferential horizontal alignment (® = 0.13)
as the substrate temperature was decreased from 300 to
200 K. Consequently, they fabricated complete OLED
stacks with the emission layer deposited at different
substrate temperatures, and all other layers evaporated at
room temperature. The electric characteristics of these
OLEDs were all similar, which allowed for direct inves-
tigation of changes in light outcoupling due to different
orientations of the TDMVs induced by cooling the sub-
strate during processing of the EML. Therewith, the EQE
was increased by the preferential horizontal alignment
of the TDMVs from 9.5% to 12%, a remarkable 30%
enhancement.

Mayr and Briitting [200] used a different approach to
change molecular alignment of dyes in amorphous hosts by
varying the glass transition temperature of the matrix
material. They used the classical fluorescent laser dye
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FIG. 8. Emitter orientation of the fluorescent dye Coumarin 6

as a function of the substrate temperature normalized by the glass
transition temperature of the used amorphous matrix material
(data taken from Ref. [200]).

Coumarin 6 [3-(2-benzothiazolyl)-7-(diethylamino)cou-
marin] and doped it in several different matrix materials
at a doping concentration of 1 wt %. The matrix material
with the lowest glass transition temperature of roughly
333 K was CBP, while the matrix material with the highest
glass transition temperature of 447 K was Spiro-2CBP. The
orientation of the TDMVs of the Coumarin 6 molecules
was again checked by angular-dependent emission spec-
troscopy. While nearly perfect isotropic distribution
(® = 0.34) of the TDMVs is achieved if Coumarin 6 is
doped into CBP, a predominant horizontal alignment is
observed in a Spiro-2CBP matrix (® = 0.22). There is a
near-linear trend if the anisotropy factors are plotted as a
function of the substrate temperature normalized to the
glass transition temperature of the corresponding matrix
materials (see Fig. 8).

Both investigations are in agreement with the exper-
imental and theoretical findings by the Ediger group in their
model of alignment in anisotropic molecular glasses
[160,193,198]. This, in turn, should facilitate achieving
favorable emitter orientation for fluorescent OLEDs in
future applications.

3. Getting closer to the optimum value

Recently, Komino et al. [185] succeeded in manipulating
the alignment of the TADF molecule 2,6-bis[4-(10H-
phenoxazin-10-yl)phenyl]benzo[1,2-d:5,4-d0]bis(oxazole)
(cis-BOX2) realizing perfect horizontal alignment of its
TDMVs if doped into CBP. It had been reported earlier that
if mCBP is used as the host matrix, external quantum
efficiencies as high as 17% [201] can be achieved in OLED
devices. However, by subsequently cooling the substrate to
200 K during deposition of the emitting system cis-
BOX2:CBP (6 wt %), they achieved perfect alignment of

the emissive dipole moments with an anisotropy factor of
® = 0.0, whereas an isotropic emitter orientation is real-
ized if fabricated at a substrate temperature of 370 K.
Furthermore, they showed that alignment can be random-
ized again by postfabrication thermal annealing of the
doped films resulting in isotropic orientation if heated up to
380 K. Consequently, OLEDs were fabricated on a cooled
substrate by evaporation of the emitting system consisting
of cis-BOX2 and CBP. Impressively, they obtained a direct
emission external quantum efficiency of 33.4% using both
the TADF effect for an enhanced internal quantum effi-
ciency and horizontal alignment of the TDMVs of the cis-
BOX2 molecules for an increased outcoupling factor of
over 30%.

These results clearly demonstrate the importance of
horizontal alignment of the emissive TDMVs for fluores-
cent dye molecules. By aligning the dopant, fluorescent
OLEDs can compete with efficiencies achieved for devices
using phosphorescent-emitting systems.

V. RESULTS (2): PHOSPHORESCENT EMITTERS

A. Emitter orientation in phosphorescent guest-host
systems based on iridium complexes

In this section, we focus on alignment of TDMVs for
phosphorescent molecules based on heavy-metal com-
plexes, particularly those of iridium. Three bidentate
organic ligands are typically connected to the central Ir
atom in an octahedral fashion, and every ligand is con-
nected to the metal center via two bonds. Strong spin-orbit
coupling induced by the heavy Ir atom leads to mixing of
eigenfunctions between energy levels with different mul-
tiplicities (i.e., singlet and triplet states) resulting in
enhanced phosphorescent emission. Because of the differ-
ent spatial distributions of the involved orbitals, these
transitions typically exhibit charge transfer from the metal
center to the ligand (MLCT character) [139,202-207].
Thus, the transition dipole moment vector is pointing from
the Ir atom towards the emitting organic ligand. However,
when compared to fluorescent organic molecules, which
are usually associated with only one emissive TDMV, the
situation gets more complicated in these metal complexes
due to the presence of multiple ligands which may have
equal probabilities for emission. The triplet state has the
choice to be localized on any one of the emissive ligands,
and, in fact, it has been recently proposed that the triplet
state fluctuates between the emissive ligands [208] before
eventually emitting out of one of them. It is, therefore,
difficult for the molecules to be oriented such that all the
associated TDMVs lie parallel to the substrate in order to
achieve favorable ® values.

1. Iridium complexes exhibiting deviations from isotropy

For a long time, phosphorescent emission from organo-
metallic Ir complexes was believed to be isotropic since the
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TABLE II. Exemplary list of phosphorescent molecules based on iridium central metal atoms showing
pronounced nonisotropic emitter orientation [EQE values marked with (TE) are achieved for top emitting devices].
Emitter Anisotropy factor Maximum EQE Publication year Reference
Heteroleptic complexes

0.23 18.7 2011 [83]

0.24 ‘e 2014 [209]

Ir(mdq), (acac) 0.23 27.1 2014 [219]

0.25 e 2016 [210]

0.25 21.7 2012 [211]

0.23 29.7 2013 [220]

r(ppy), (acac) 0.24 30.0 2014 [221]

2 0.23 o 2014 [209]

0.24 17.8 (TE) 2015 [212]

0.24 . 2016 [210]

0.22 32.3 2014 [221]

0.22 32.0 2014 [115]

Ir(ppy), (tmd) 0.24 27.6 (TE) 2014 [213]

0.23 28.8 2015 [214]

0.18 32.0 2014 [115]

Ir(mphma), (tmd) 0.18 35.6 2014 [219]

Ir(mphq), (acac) 0.23 27.6 2014 [219]

Ir(dhfpy), (acac) 0.25 e 2014 [209]

Ir(BT), (acac) 0.22 e 2014 [209]

Flr(pic) 0.24 29.5 2014 [222]

Ir(3-mppy), (tmd) 0.26 30.5 2015 [223]

Ir(4-mppy), (tmd) 0.25 31.9 2015 [223]

Ir(5-mppy), (tmd) 0.23 32.0 2015 [223]

Ir(3’,4°, 5-mppy ), (tmd) 0.20 34.1 2015 [223]

Ir(ppm), (acac) 0.24 26.8 2015 [215]

Ir(dmppm), (acac) 0.22 28.2 2015 [215]

Ir(tBuCn-F), (acac) 0.23 22.3 2015 [216]

Ir(EtOCN-F), (acac) 0.22 21.5 2015 [216]

Ir(bppo), (acac) 0.22 e 2016 [217]

Ir(piq), (acac) 0.26 e 2016 [210]

Ir(dmppyph), (tmd) 0.135 38.2 2016 [225]

Homoleptic complexes

0.32 18.3 2012 [211]

fac-Tr(ppy) 0.31 e 2014 [209]

3 0.33 26.3 2014 [221]

0.32 e 2016 [210]

fac-Ir(phq), 0.30 20.9 2014 [219]

fac-Ir(piq), 0.22 e 2014 [209]

fac-Ir(chpy); 0.23 e 2014 [209]

fac-Ir(tBu-FCN), 0.26 16.2 2015 [216]
mer-Ir(ppy); 0.33 e 2016 This work

octahedral bonding of the organic ligands impart, to a first
approximation, a spherical molecular appearance. Such a
picture is seen in the well-known fluorescent Alqgs, which
displays an isotropic orientation of its TDMVs [147].
Hence, the first experimental evidence for the existence
of nonisotropic emission of phosphorescent emitters was
surprising to the OLED community. When the commonly
used red dye iridium(IIl)bis(2-methyldibenzo-[f,h]quinox-
aline)(acetylacetonate) [Ir(mdq),(acac)] is doped into
an N,N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)benzidine
matrix, a predominant horizontal alignment of its TDMVs

results in an anisotropy factor of 0.22 [83]. The apparent
molecular alignment has a strong impact on the efficiency
analysis of OLEDs using this emitting system [61,64].
Thereafter, the search began for other iridium complexes
exhibiting nonisotropic alignment of their TDMVs.
As a consequence, several other molecules were found
to display behavior similar to Ir(mdq),(acac), and the
importance to light outcoupling was demonstrated
[81,86,87,209-218]. Using the feature of predominantly
horizontal alignment of the TDMVs of such Ir complexes
subsequently allowed OLED efficiencies for direct
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emission to exceed the value of 30% [115,219-224]. For a
better overview of the extensive number of publications
dealing with this special issue, Table II summarizes
selected phosphorescent Ir complexes showing deviations
from isotropy.

2. The impact of ancillary ligands

Shortly before the investigation of the existence of
nonisotropic emitter orientation for phosphorescent Ir
complexes, an new efficiency record for a green-emitting
OLED was published [226]. The extraordinary EQE of
29% for direct emission was attributed to careful tailoring
of work functions and energy levels caused by chlorinating
the ITO anode. However, this high value could not be
confirmed by optical simulations, as it exceeds the possible
efficiency for isotropic light emission. Interestingly, this
record OLED used the heteroleptic phosphor Ir(ppy), (acac)
[bis(2-phenylpyridine)(acetylacetonate)iridium(III)] instead
of the more common homoleptic Ir(ppy ) [fac-tris(2-phenyl-
pyridine)iridium(IIl)]. The structural difference between
those two compounds is that one phenylpyridine was
exchanged by an ancillary acetylacetonate ligand [205].
This aliphatic ligand does not change the optical properties
of the complex in an appreciable way. However, it does lower
the symmetry of the compound from C; for the homoleptic
compound to C, for the heteroleptic compound and reduces
the number of emitting ligands from three to only two. Since
the aforementioned red Ir complex, which showed non-
isotropic emitter orientation, was also heteroleptic with an
(acac) group as ancillary ligand, it seems likely that both
exhibit alignment of their TDM Vs, while efficiencies for the
homoleptic compound [Ir(ppy);] are only around 20% [3.4].
Consequently, the orientation of Ir(ppy),(acac) was deter-
mined to be in the same range as for the Ir(mdq),(acac)
(® = 0.23), and the external quantum efficiency of identical
devices using either the homoleptic or the heteroleptic green
emitter were compared [211,220]. The efficiency of opti-
mized devices from this investigation is shown in Fig. 9. The
large impact of the only moderate horizontal alignment of the
TDMVs in the Ir(ppy),(acac) case is demonstrated, thus,
emphasizing the potential for outcoupling improvements if
the TDMVs can be perfectly oriented [220].

This first result suggests that heteroleptic Ir complexes,
i.e., those exhibiting ancillary ligands, show intrinsic
nonisotropic alignment of their emissive TDMVs when
deposited by thermal evaporation in high vacuum, even if
doped at only a few weight percent in amorphous host
materials. Indeed, a search of the literature for such alignment
behavior reveals several heteroleptic phosphorescent Ir
complexes using f-diketonate ancillary ligands, i.e.,
acetylacetonate (acac) or 2,2,6,6-tetramethylheptane-3,
5-diketonate (tmd), whereas only two publications give
evidence for alignment of TDMVs in three homoleptic
compounds, namely, fac-Ir(piq); [tris(1-phenylisoquino-
line)iridium(IIT)], fac-Ir(chpy); (tris[2-(1-cyclo-hexenyl)

pyridine]iridium(IIl)) [209], and fac-Ir(tBu-FCN); (tris3-
[4-(tert-butyl)pyridin-2-yl1]-2,6-diuorobenzonitrile-iridium
(TID)) [216]. Hence, it appears that an anisotropic molecular
structure that contains a C, symmetry axis induces molecular
orientation and preferential alignment of emissive TDM Vs in
heteroleptic phosphors based on Ir central metal atoms.
Furthermore, it is curious that all the anisotropy values for
oriented phosphorescent Ir complexes presented to date fall in
the same range between 0.18 and 0.24 (see Table II). However,
this, in turn, shows that there is still a need to understand and,
subsequently, manipulate and increase the alignment of
TDMVs to further improve the performance of OLEDs.

3. Explaining the nonisotropic emitter
orientation of iridium complexes

Although there are numerous examples of nonisotropic
emitter orientation for heteroleptic and some homoleptic
phosphorescent Ir compounds, the underlying mechanisms
for the distinct alignment of the TDMVs is still under
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debate. Graf et al. [209] proposed that the permanent dipole
moments of the molecules are related to their alignment.
They calculated the permanent static dipole of several
compounds that show nonisotropic orientation and found
most of the aligned complexes exhibit only small perma-
nent dipole moments in the range between 1.5 and 2.0 D. In
contrast, Ir(ppy); has a large permanent dipole moment of
6.4 D, inducing a strong tendency for agglomeration even
for low doping concentrations. Since dipoles tend to align
antiparallel to minimize the electrostatic energy of the
system, the alignment of the TDMVs is canceled by this
process. However, this mechanism cannot explain the
observed preferential alignment of TDMVs in Ir(piq)s;,
as this molecule exhibits a permanent dipole moment of
over 5 D that is clearly in the same range as Ir(ppy);.

Kim et al. [219] and Moon et al. [218] proposed a
different physical interaction responsible for the alignment
of TDMVs of heteroleptic phosphors, namely, the electro-
static interaction between the emitting molecules and the
matrix material. They suggest that the ligands of hetero-
leptic and homoleptic Ir complexes are attracted by the
electrostatic surface potential of the matrix molecules
forming so-called supramolecules that align during depo-
sition in a manner favorable to orient the TDMVs. If
the host molecules orient horizontal on the underlying
surface due to their own anisotropic shape, i.e., long rodlike
appearance, the two ligands of the heteroleptic Ir com-
plexes will align in concert with the orientation of the
matrix. Consequently, the C, symmetry axis of these
molecules, which points from the Ir towards the center of
the p-diketonate ancillary ligand will be oriented
perpendicular to the substrate surface, and this, in turn,
induces the alignment of the TDMVs. In addition, Moon
et al. [218] showed that the orientation of Ir(ppy),(tmd)
vanishes in UGH-2 due to steric hinderance [218]. Mayr and
Briitting [200] investigated the influence of various matrix
materials with completely different shapes, e.g., Alqs, Spiro-
2CBP, TCTA [tris[(4-carbazol-9-yl)-phenyl]amine] and
others, on the alignment of different phosphorescent guests,
whereas no significant dependence was found.

In order to further investigate these two diverse models
of TDMV alignment for phosphors based on Ir central
metal atoms, Jurow et al. [217] utilized a new ligand that
enabled testing of both proposed alignment models at the
same time. They used the benzopyranopyridinone (bppo)
ligand and prepared three different Ir compounds:
Ir(bppo), (acac), Ir(bppo),(ppy), and Ir(ppy),(bppo)
(molecular structures are shown in Fig. 10). The emission
of these three complexes originates from the (bppo) ligand,
as its triplet energy is lower than either that of (ppy) or
(acac). The number of emissive ligands changes from one
in Ir(ppy), (bppo) to two for the other complexes. All three
complexes have permanent dipole moments between 6.2
and 8.4 D, even greater than the value of Ir(ppy); and
present similar electrostatic surface potentials of the

emissive ligands. Thus, if the model of Graf et al. were
correct, none of the complexes should show anisotropic
TDMV distributions once the emitting molecules show
agglomeration, which can be achieved by doping at a
sufficiently high concentration [for Ir(ppy); with a pre-
dicted permanent dipole moment of 6.4 D, already for a few
weight percent]. In contrast, if the model of Kim et al.
holds, Ir(bppo),(acac) and Ir(bppo),(ppy) should show
identical orientations, while Ir(ppy), (bppo) should exhibit
a completely different behavior. In the first case, the two
(bppo) ligands should align with the host molecules having
their C, (or pseudo-C,) symmetry axis pointing towards the
(acac) or the (ppy) ligand, respectively. This arrangement
will orient the C, axes perpendicular to the surface, and,
thus, both TDMVs on the respective (bppo) ligands will
have similar orientations. In the latter case, the two (ppy)
ligands should interact with the host molecules and leave

(@)

FIG. 10. (a) Molecular structures of (from left to right)
Ir(bppo), (acac), Ir(bppo),(ppy). and Ir(ppy),(bppo), whereas
the direction of the permanent dipole moment is indicated as a
green arrow. (b) Supposed orientation model based on inter-
actions of aliphatic and aromatic parts of the emitting molecules
with the aromatic host resulting in a perpendicular aligned C,
symmetry axis (molecular structures in (a) taken from Ref. [217],
(b) adapted from Ref. [210]).
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the (bppo) ligand standing in an upright position and,
subsequently, have a pronounced vertical orientation of
the TDMV.

However, an investigation into the orientation of all three
compounds doped in CBP using the angle-dependent
luminescence spectroscopy method shows a predominant
horizontal alignment of the TDMVs for Ir(bppo),(acac)
only, whereas the other compounds show isotropic distri-
butions of their TDMVs. Moreover, these results are not
influenced by doping concentration and aggregation of the
emitting molecule and, thus, cannot be explained using the
orientation model of Graf er al. However, these results
provide strong evidence for the p-diketonate ancillary
ligand being solely responsible for the alignment effects
and not just simply the anisotropy of the molecule itself.

Consequently, the new model of molecular orientation can
explain all the measured anisotropies reported thus far. This
model is based on the differences in the chemical nature of
the aromatic emissive ligands and the f-diketonate, which is
aliphatic. During the evaporation process, the aromatic
ligands of the emitting species try to maximize interaction
with the aromatic surface of the already deposited host
material (like in the case of solubility of the molecule in
different solvents), whereas the aliphatic part remains
exposed to the vacuum. Thus, the interface between the
already deposited material and the vacuum is responsible for
the alignment of the phosphorescent molecules (see Fig. 10).
Moreover, this model can also explain the orientation of the
three aforementioned homoleptic Ir complexes, as they
exhibit anisotropy in their ligands that have more or less
aromatic character. This difference induces a vertical ori-
entation of the C3 symmetry axis of these molecules, which,
in turn, can lead to alignment of the three TDMVs.

Furthermore, Jurow et al. presented a mathematical
description of the connection between molecular orienta-
tion and measured anisotropy factor values based on the
geometrical arrangement of the TDMVs in the molecules.
This treatment can be used to design Ir-based phosphors
with improved efficiencies, as we discuss in the following
section in more detail. Figure 11 shows the outcome of
these anisotropy factor simulations in the case of vertical
alignment of the C, axis for heteroleptic Ir compounds
having one aliphatic ancillary ligand or the C5 axis for
homoleptic Ir complexes. The curves presume that the
respective symmetry axis is perpendicular to the substrate
plane, and ¢ is the angle between the TDMV and the Ir—N
bond axis. These simulations show that in both cases an
ideal horizontal emitter orientation is possible if the
TDMVs are aligned along specific geometrical positions
on the molecule.

4. Design rules for homoleptic iridium complexes

To further investigate the effects of the TDMV geometry
on the emissive dyes, we perform a theoretical study of
homoleptic Ir complexes. Various possible structures of
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FIG. 11. Simulations of the anisotropy factor of homoleptic and

heteroleptic phosphorescent Ir complexes if the C; or the C, axes
are aligned perpendicular to the substrate surface, respectively,
according to the supposed orientation mechanism. ¢ is the angle
between the TDMV and the Ir—N bond and therewith represents
the geometrical orientation of the corresponding TDMYV pointing
from Ir to the ligand (adapted from Ref. [217]).

homoleptic Ir complexes having different organic ligands,
as shown in Fig. 12, yield different orientations of the
emissive TDMV with respect to the Ir—N bond. From
Table III, we see that TDMVs computed using the ZORA
approach for the transition between the most emissive
triplet (7',) sublevel and the S, state of Re(ppy)COy is at an
angle 17° with respect to the Re—N bond. This value is in
very good agreement with the experimentally measured
TDMYV orientation of approximately 18° [227].

26°

18° 38°
N / i N ) N
\
=z
Re(CO)s Ir A,
3 3

Re(ppy)CO4 Ir(ppy)3 Ir(chpy),
3° 11° i
‘ 43 38°
NG ' N '
\“
Ir ir
3 3
Ir(pha)s Ir(2-bzppy)s Ir(pia)s Ir(4-bzppy)s
Ir(1-bzppy)s I(3-bzppy)s
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X
/N
Ir
I 3
Ir(6-bzppy)s Ir(7-bzppy)s

FIG. 12. Structures and sketched alignments of the TDMVs
with respect to the Ir—N bond of all the Ir homoleptic complexes
for which TDMVs are computed using SOC TDDFT. For details,
see Table III.
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TABLE III.  The values of ¢ calculated using SOC TDDFT for ‘f CS ‘r C'3
the Ir complexes presented in Fig. 12.

Emitter 6 (deg) Emitter 6 (deg)

Re(ppy)(CO), 17 (~18)"  Ir(1F-ppy); 34

Ir(ppy)s 38 Ir(2F-ppy); 30

Ir(chpy); 26 Ir(3F-ppy); 41

Ir(1-bzppy)s; /Ir(phq); 3 Ir(4F-ppy); 34

Ir(2-bzppy); 11 Ir(7F-ppy), 33

Ir(3-bzppy);/Ir(piq); 43 Ir(8F-ppy); 36

Ir(4-bzppy); 38 Ir(9F-ppy), 33

Ir(5-bzppy), 32 Ir(10F-ppy); 35

Ir(6-bzppy); 45

Ir(7-bzppy); 31

"Experimentally observed & reported in Ref. [227].

Note that this is one of the few phosphorescent systems
for which the spatial orientation of the TDMV with respect
to the molecular frame has been verified experimentally
from measurements on a single crystal. In the absence of
any further experimental data, ZORA calculations can be
an invaluable tool for studying the alignment of phospho-
rescent emitters in a host matrix and can complement
experimental methods like those reported in this review. We
herein demonstrate the utility of such calculations in aiding
experimental methods in understanding alignment in a set
of closely related facial homoleptic Ir complexes, namely,
Ir(ppy)3. Ir(phq);, Ir(chpy)s, and Ir(piq);. Among these
complexes, Ir(piq); and Ir(chpy); exhibit nonisotropic
orientation with anisotropy factors of 0.22 and 0.23,
respectively, while the other two complexes have been
reported to show isotropic orientation of the TDMVs.
Analysis of the geometry of Ir(chpy); shows that when
viewed across the C3 axis, one-half of the structure is
aromatic in nature, whereas the other half is aliphatic as
seen in Fig. 13. As we describe in the preceding section,
during vapor deposition, Ir(chpy); should preferentially
orient such that the aromatic end interacts with the aromatic
host molecules that have already been deposited, resulting
in the C5 axis being aligned perpendicular to the substrate.
Therefore, a large proportion of the molecules will be
aligned with the C; axis vertical, this being the most
energetically favorable arrangement. The TDMV associ-
ated with the phosphorescent emission of Ir(chpy); com-
puted using SOC TDDFT is found to lie in the plane of one
of the chpy ligands at an angle (6) of 26° with respect to the
Ir—N bond. The angle can be compared with results of the
anisotropy factor simulations reported in Ref. [217]. For
homoleptic complexes with vertical C3-axis alignment, the
anisotropy factor simulation shown in Fig. 11 predicts
nonisotropic net TDMV orientation for the § value calcu-
lated for Ir(chpy);. A similar case can be made for the
observed nonisotropic TDMV alignment exhibited by
Ir(piq);. Although Ir(piq); does not possess aliphatic
groups like those seen in Ir(chpy);, one-half of the

FIG. 13. Orientation of Ir(ppy)s;, Ir(chpy)s;, Ir(piq);, and
Ir(phq); (clockwise from upper left) with the C; axis
perpendicular to the substrate. (Substrate is assumed to lie
perpendicular to the plane of the paper.)

structure is susceptible to increased interaction with an
aromatic host, owing to the clustering of the three isoquino-
line (two fused aromatic rings) moieties on one end
compared to the other end where only three phenyl moieties
are exposed. Therefore, the most energetically favorable
arrangement will be one in which a majority of the Ir(piq),
molecules are oriented with the C; axis perpendicular to the
substrate. The computed TDMYV for Ir(piq); lies on one of
the piq ligands subtending a § angle of 43°. The anisotropy
factor simulations (Fig. 11) predict that for this & value,
Ir(piq); will show a much smaller anisotropy factor (i.e.,
® ~ 0) in contrast to the observed ® of 0.22.

It should be noted that the anisotropy factor simulation is
based on the assumption that all the dopants are aligned
with the C; axis lying perpendicular to the substrate. In
reality, however, such an idealized picture is highly
unlikely, and, instead, a distribution of different possible
molecular orientations is expected, however, with a major-
ity of molecules being oriented with their C; axis
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perpendicular or close to perpendicular to the substrate.
The anisotropy factor simulations, therefore, represent the
maximum achievable value of ® for a given value of 9,
where any deviation from this maximum value is a measure
of disorder in the system. It can also be argued that
Ir(chpy); has a stronger propensity to orient with its Cs
axis perpendicular to the substrate compared to Ir(piq); on
account of the fact that the aromatic aliphatic interface in
Ir(chpy); offers a much stronger driving force for
perpendicular (Cs-axis) alignment than the aromatic—less
aromatic interface of Ir(piq);. Therefore, a larger propor-
tion of Ir(chpy); molecules are expected to be aligned
perpendicularly against a vacuum-aromatic interface com-
pared to Ir(piq);. This difference in molecular orientation
can explain why Ir(piq); and Ir(chpy); have near identical
values of @ in spite of the 16° difference in their  angles.

The structure of Ir(phq)s, like Ir(piq);, also exposes
fused aromatic moieties on one half and phenyl moieties in
the opposite half. Therefore, a large proportion of Ir(phq),
molecules should have their C; axis preferentially aligned
perpendicular to the substrate when deposited on the host
matrix. However, the TDMV calculated for this complex
lies along one of the phq ligands with a 6 angle of 3° and the
anisotropy factor simulations for this value of J predict
isotropic TDMV alignment, which is what has been reported
experimentally. Unlike the other three complexes, Ir(ppy);
exhibits a relatively isotropic structure, and, hence, the
molecules are expected to be randomly oriented in the host
matrix. As a consequence, irrespective of the orientation of
the TDMV with respect to the molecular frame, Ir(ppy);
will show an overall isotropic TDMV alignment.

It is now apparent that in addition to the inherent
structural asymmetry that determines molecular alignment,
an important factor influencing the value of © is the
orientation of the TDMV with respect to the molecular
frame. It is, therefore, beneficial to understand how
chemical modification can alter the direction of the
TDMV since this knowledge will enable the rational design
of dopants with favorable anisotropy factors. Of the
complexes that we discuss above, Ir(piq); and Ir(phq),
are benzannulated derivatives of Ir(ppy);, with the benzo
group attached at the 1 and 3 positions, respectively. These
complexes have distinctly different 6 values. We, therefore,
embark upon a systematic study of how benzo groups will
affect the direction of the TDMV when added to different
positions on the parent Ir(ppy); complex. The & values
computed for the homoleptic Ir complexes based on all
possible benzannulated derivatives of the ppy ligand are
tabulated in Table III; a 2D illustration of the TDMVs of all
the complexes is shown in Fig. 12 for comparison. Based
on the calculated TDM Vs, Ir(piq) and Ir(6-bzppy) can be
expected to show lower ® values compared to the other
homoleptic complexes with perpendicularly aligned
molecular C5 axes. It should be noted that despite having
a favorable § angle of 45° Ir(4-bzppy); is unlikely to
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FIG. 14. Comparison of phosphorescent guest-host systems
prepared from solution and thermal evaporation (adapted from
Ref. [210]).

exhibit low anisotropy factors owing to the lack of
structural asymmetry as in the case of Ir(ppy);.

We also explore the influence of fluorine substitutions at
different positions of the ppy ligand on the direction of the
TDMV. We find that Ir(3F-ppy); is expected to show the
lowest value of ® among all the fluoro-substituted deriv-
atives (Table III).

Future work in our group will focus on using SOC
TDDFT calculations to predict TDMYV orientation across a
large family of Ir and Pt complexes and corroborate the
results with experimental data whenever possible. This
information will ultimately lead to a greater understanding
of the factors that influence alignment in such systems,
paving the way for rational design of emitters with low ®
values.

5. Implications for device fabrication

Besides the implications for the future design of phos-
phorescent Ir complexes, the presented orientation model
also has consequences on the alignment of molecules if
fabrication techniques other than thermal evaporation in
vacuum are used. The two most promising methods for fast
low-cost, roll-to-roll fabrication of OLED are solution-
based techniques and organic vapor phase deposition where
the latter technique profits from fabrication conditions
under low vacuum.

However, OLEDs prepared from solution will not have a
solid-vacuum interface where orientation can take place
during fabrication. Thus, preferential horizontal alignment
of the TDMVs of phosphorescent Ir complexes should not
be favored. In order to test this hypothesis, Lampe et al.
investigated the orientation of four different Ir complexes,
three heteroleptic showing horizontal alignment of their
TDMVs when prepared by thermal evaporation and the
homoleptic Ir(ppy); known for its isotropic emitter ori-
entation, in four different host materials. Differences were
compared between films fabricated by spin coating from
solution versus thermal evaporation in vacuum [210]. The
results depicted in Fig. 14 demonstrate that predominantly
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horizontal alignment of the TDMVs of these phosphors is
possible only if prepared by thermal evaporation. All
samples prepared by spin casting exhibit isotropic distri-
bution of the TDM Vs, in agreement with the predictions of
the orientation model based on the interaction of molecules
at the interface between the growing film and vacuum.
Moreover, it seems that for hosts with low glass transition
temperature, the samples tend to undergo fast crystalliza-
tion after the spin-coating process, resulting in slightly
vertical emitter orientation. However, this effect vanishes
for high-T, materials like Spiro-2CBP, where perfect
isotropic distribution of the TDMVs is achieved. It is
worth noting here that host materials with high glass
transition temperatures often form birefringent films, which
has to be properly taken into account for accurate optical
simulations.

The same authors further investigated the emitter orienta-
tion of Ir-based phosphors if the films were prepared by
organic vapor phase deposition (OVPD) [228]. It was
demonstrated that films of phosphorescent dopants in amor-
phous organic host materials can be grown by OVPD with
identical dopant orientation metrics as films prepared by
thermal evaporation in high vacuum. These observations
show that OVPD should be further investigated for use in the
fabrication of highly efficient OLEDs. Ceritically, the impact
of substrate temperature should not be overlooked as a
controlling factor of the organization of doped organic films
and should be a topic of future research [186].

B. Promising concepts: Phosphorescence from
platinum complexes

In the previous sections, we talk about emitter orientation
for phosphorescent organometallic molecules based on Ir as
a central metal atom; however, a material class less
considered in recent years has just had a stunning come-
back [229]. Platinum complexes were promising materials
for OLED application in the beginning of the phosphores-
cence era. However, they received less interest relative to
their Ir-based counterparts as their performance in OLEDs
suffers from long excited-state lifetimes as well as narrow
emission, the latter effect being good for display applica-
tions but unfavorable for general lighting.

Nevertheless, due to their square-planar coordination
geometry and flat disklike molecular shape, Pt complexes
are promising candidates for nonisotropic orientation, as
their TDMVs typically lie in the molecular plane.
Surprisingly, few publications deal with this feature, as
EQE values reach only 20% due to moderate alignment of
the involved emissive TDMVs [230,231].

The orientation factor of the common phosphorescent
complex platinum(II) octaethylporphyrin (PtOEP) incorpo-
rated into disk-shaped matrix materials such as 4,6-bis[3,5-
di(pyridine-3-yl)phenyl]-2-methylpyrimidine (B3PYMPM)
was investigated by Kim and co-workers [232]. The

O Pt
O c
O N
O H
O F
Pt(fppz),
FIG. 15. Molecular structures of the fluorinated platinum

complex Pt(fppz), showing high tendency of forming crystals
(see side view) in evaporated neat films. Here, the transition
dipole moment vector is assumed to be aligned between the
platinum atoms of two adjacent molecules as depicted in the right
sketch. This complex can achieve extraordinary high external
quantum-efficiency values up to 39% (molecular structures taken
from Ref. [229]).

resultant dye orientation in such guest-host systems can
be controlled via the anisotropy of the host. This alignment
behavior with the guest and host molecules being parallel to
each other is probably induced by z-7 interactions due to
the planar conjugated structure. However this concept has
been proven only for PtOEP, and further studies are
required to verify its validity for different Pt complexes.
Another  promising concept that dramatically
increased both the EQE and horizontal emitter orientation
was recently presented by Kim er al. [229]. They syn-
thesized three fluorinated platinum complexes Pt(f2bipz)
(bpy)  (Pt(ID[5,5-di(triuvoromethyl)-3,3-bipyrazolate](2,2-
bipyridine)), Pt(fppz)(pic) (Pt(ID)[3-(triuoromethyl)-5-(2-
pyridyl)pyrazolate] (picolinate)), and Pt(fppz), [Pt(II)
bis(3-(triuoromethyl)-5-(2-pyridyl)-pyrazolate)], which
form crystalline films upon evaporation but still show high
luminescent quantum efficiencies over 90% even in such
neat layers. Because of the laminar packing of these
disklike molecules, they are perfectly aligned and show
very low anisotropy factors (see Fig. 15). Indeed, angle-
dependent luminescence spectroscopy investigations give
© values of 0.7, 0.1, and 0.14 for Pt(fppz),, Pt(f2bipz)
(bpy), and Pt(fppz)(pic), respectively. Consequently, the
authors fabricated OLEDs exhibiting a neat crystalline
layer of the these platinum complexes. The devices
achieved a new external quantum efficiency (direct emis-
sion) record of 39% for an OLED comprising the Pt(fppz),
emission layer, illustrating the potential of using phospho-
rescence from platinum complexes for future OLED
applications. However, it is worth noting that emission
from these platinum complexes does not originate from a
classical triplet MLCT state but instead has metal-metal—to-
ligand charge-transfer character due to dimer formation
upon crystalline growth, as we show in Fig. 15. This, in
turn, means that the long molecular axis of these platinum
complexes is orientated perpendicular to the main TDMV
in the crystalline phase. Thus, for this approach, the
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favorable molecular orientation for increasing light out-
coupling in OLEDs is not horizontal but vertical to the
substrate plane.

VI. SUMMARY

Emitter orientation has already been recognized as a
decisive parameter for light outcoupling and, thus, effi-
ciency improvement in OLEDs. In this article, we review
the current understanding of this phenomenon and its
relevance for device application. As we describe in the
preceding sections, there are different driving forces
depending on the type of emitter material and, related to
that, different design rules for materials and fabrication
protocols for devices in order to achieve a higher degree of
horizontal alignment of the transition dipole moment
vectors. Still more work is needed to extend the knowledge
base and improve the mechanistic understanding. However,
we anticipate that this phenomenon can make a significant
contribution toward bringing OLED efficiency further up
and reaching values in the 40% range.
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