Oriented phosphorescent emitters boost OLED efficiency

Michael Flimmich?, Jérg Frischeisen®, Daniel S. Setz ¢, Dirk Michaelis?,
Benjamin C. Krummacher €, Tobias D. Schmidt®, Wolfgang Briitting ®, Norbert Danz **

2 Fraunhofer Institute for Applied Optics and Precision Engineering (IOF), Albert-Einstein-Str. 7, 07745 Jena, Germany
b Institute of Physics, Experimental Physics IV, University of Augsburg, Universitdtsstr. 1, 86135 Augsburg, Germany
€ OSRAM Opto Semiconductors, OLED-Lighting, Leibnizstr. 4, 93055 Regensburg, Germany

ABSTRACT

The orientation distribution of the emissive sites in a phosphorescent Organic LED has been
measured utilizing two independent optical methods. In contradiction to common expec-
tations we find a clearly non-isotropic, predominantly parallel emitter orientation in the
well-known triplet emitting guest-host system of Ir(MDQ),(acac) blended in an o-NPD
matrix. This result emphasizes the necessity of more sophisticated assumptions on active
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emitter properties in quantitative optical OLED analysis, and demonstrates a highly prom-
ising approach for OLED efficiency optimization.

1. Introduction

Organic light-emitting diodes (OLEDs) [1] gain increas-
ing interest as area light sources for general illumination
[2], where energy conversion efficiency is the parameter
to be improved primarily in order to tackle established
lighting schemes [3]. From the electroluminescent material
point of view, the advancement from singlet emitting
polymeric [4] towards triplet harvesting small molecular
materials [5] is commonly believed to push the internal
quantum efficiency from 25% up to 100% due to charge car-
rier spin statistics. However, the small molecular size and
the thermal evaporation process are suspected to cause
an isotropic orientation distribution of the emissive sites,
thus seriously limiting the optical outcoupling efficiency
and overall device performance [6,7]. Additional organic
electro optic devices [8] such as amplifiers [9,10] or single
photon sources [11] might further exploit the emission of
efficient emitters as discussed in this study.
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The efficiency of OLEDs is well described by the external
quantum efficiency (EQE) giving the number of emitted
photons per injected charges [12]:

EQE = v nS/T “Gefr * Nout- (])

The EQE is determined by four terms. First, the charge
balance factor y accounts for the probability of charge car-
rier recombination and subsequent exciton formation.
According to spin statistics, excited singlet as well as trip-
let states are generated [13]. The second term, the singlet—
triplet-factor #s/r, distinguishes between the two material
classes of fluorescent and phosphorescent emitters. Poly-
meric emissive materials are usually fluorescent and sin-
glet excited states are allowed to decay radiatively only,
yielding #sr=0.25<<1. Small molecular emitters can
utilize heavy metal ions and the resultant strong spin-
orbit-coupling enables for triplet emission as well
(ns/r=1), fundamentally promising higher efficiencies [5].
The third factor regards the limited internal luminescence
quantum efficiency q of the excited state and the fact that
the g-value becomes system dependent in any thin film
stack due to coupling of the emitter to photonic modes of
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the cavity (q — qg). Finally, only a fraction of the internally
generated photons can leave the structure, as described by
the outcoupling factor #,y;.

The emissive process is considered as a dipole transition
with the transition dipole moment having a certain orien-
tation ¥ with respect to the normal of the surrounding lay-
ered system [7]. The emission of any arbitrarily oriented
emitter can be decomposed into contributions of three
orthogonal dipoles (||TE, |[TM, LTM), as illustrated in
Fig. 1a. These orthogonal dipoles are specified according
to their orientation with respect to the interfaces of the
layered system (parallel “||” with ¥ = /2, perpendicular
“1” with ¢ = 0) and the corresponding polarization of the
emitted radiation (transverse-electric “TE”, transverse-
magnetic “TM”). Note that g.; and #,, severely depend
on the emitter position within the active layer as well as
on the emitter orientation [14]. The OLED emission origi-
nates from an ensemble of emissive sites with an angular
distribution g(¥) of their transition dipole moments. Then,
only the relative contributions of parallel and perpendicu-
lar dipoles p):p, according to the integral quantities

/2 .2 .
p :/0 g(¥9) - sin”(¥) - sin(¥)dv (2)

/2
pl:/ g(¥) - cos? (V) - sin(v9)dv (3)
0

enter the calculation [7] and will be determined experi-
mentally in this paper.
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In order to optimize the efficiency of OLEDs, the mate-
rial specific electrical () and optical (15 and q) properties
as well as the layered system specific parameters (g and
Nout) Need to be maximized. In state-of-the-art OLEDs the
recombination zone is confined within a narrow layer by
applying appropriate blocking materials and thus, recom-
bination of all charge carriers is achieved (y = 1) [15]. Uti-
lizing phosphorescent emissive materials allows for both,
singlet and triplet excitons, to decay radiatively into the
ground state, yielding #sr=1 [5]. Furthermore, emitter
systems with short triplet-lifetimes and with reduced pho-
non mediated non-radiative relaxation processes promise
the possibility of ¢ =1 [16]. However, the energy of an ex-
cited emitter can be radiated into different optical chan-
nels and only a small part of the light is finally emitted
to the outside medium air, thus fundamentally limiting
Nour- Optimizing an OLED stack enhances the emission of
dipoles lying parallel to the plane of the OLED layers as this
global optimum allows for extracting most power into air.
Unfortunately, this optimized stack architecture tends to
trap almost all light generated by perpendicularly oriented
dipoles inside the layered system or the substrate glass,
since perpendicular emitters undergo opposite interfer-
ence conditions compared to the parallel ones [7,14]. As
a result, analyzing and optimizing OLED systems require
the knowledge of the emitter orientation distribution, that
is generally assumed to be predominantly parallel for poly-
mers and perfectly isotropic (a superposition of parallel
and perpendicular dipoles with a ratio of p:p, =2:1) for

Fig. 1. Sketch of the thin film stack consisting of indium-tin oxide (ITO) as transparent anode on a glass substrate, covered by a thermally evaporated stack
of hole transport (HTL), electron blocking (EBL), emitting (EML), hole blocking (HBL), and electron transport layer (ETL), contacted by a silver (Ag) cathode.
The EML is prepared by co-evaporating the o-NPD matrix material with 8 wt.% of the red emitting phosphorescent dye Ir(MDQ),(acac) as indicated in the
inset. (b). An OLED series with varying ETL thicknesses from about 40 nm up to almost 400 nm has been analyzed. For angular resolved experiments,
emission pattern in air has been scanned in one dimension (angle 0). The observation direction k and the orientations of the two perpendicular electric field
polarization components TE and TM are drawn for convenience. The inset (a) illustrates the three basic dipoles and corresponding emission patterns
assuming an infinite emitting medium. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)



small molecule guest-host systems [6,7,17-23]. The
simple fact that the optical outcoupling efficiency for
exclusively parallel oriented emitters is about 50% larger
than for emitters with isotropic orientation [6,7], suggests
a highly promising OLED optimization approach.

2. Material and methods

In this paper the emitter orientation of the well-known
red triplet-emitting material Iridium(III)bis(2-methyldi-
benzo-[f,h]quinoxaline)(acetylacetonate) [Ir(MDQ),(acac),
8 wt.%] in a N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)-
benzidine [a-NPD] matrix is studied. The chemical
structures of Ir(MDQ),(acac) and o-NPD as well as the
architecture of the OLED stack are shown in Fig. 1.

2.1. OLED fabrication

OLED samples, comprising several individually address-
able circular pixels of 4 mm? area, have been prepared by
thermal evaporation of organic materials onto commercial
ITO coated substrates. The layered structure (Fig. 1) was
fabricated using standard evaporation techniques at a base
pressure of 10”7 mbar and an evaporation rate of 0.05 nmy/s.
Doped ETL and HTL were used in order to improve electron
and hole transport, respectively, introducing the dopant by
co-evaporation. This technique was also used for incorpo-
rating red emitters into the EML matrix. After cathode
evaporation all devices were encapsulated with a glass lid
containing a getter. Analogous structures, but without
getter and without cathode, have been prepared for photo-
luminescence experiments.

2.2. Electroluminescence (EL) emission pattern measurement

In order to access the optical far-field of the OLED,
polarized angular radiation patterns have been recorded
utilizing a rotational stage (CR1/M-Z7E, Thorlabs) where
the OLED was mounted, and an optical detection system
consisting of a wire grid linear polarizer (NT47-101,
Edmund Optics) with attached achromatic waveplate
(AQWP05M-630, Thorlabs), combined with a fiber coupled
calibrated spectrometer (SD2000, Ocean Optics). The
resulting experimental intensity data I(0,4) possess a wave-
length resolution of A4 <5 nm and an angular resolution of
A6 <0.5° as well as an intensity uncertainty below 2%. The
OLED was driven at a current density of j=50 mA/cm?
using a constant current source (GS610, Yokogawa). Radia-
tion patterns recorded at j = 1 mA/cm? and j = 100 mA/cm?
show identical relative characteristics.

2.3. Photoluminescence (PL) radiation pattern measurement

An OLED stack without cathode and comprising 31 nm
and 65 nm thick HTL and ETL layers, respectively, has been
encapsulated without getter in order to enable for optically
excited luminescence experiments using an almost linearly
polarized continuous wave laser (4=375nm). Polarized
emission patterns inside the substrate have been measured
by mounting the sample with an immersion coupled fused
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silica half cylinder on a computer controlled rotational
stage. The angular dependent PL spectrum was measured
with a calibrated fiber optical spectrometer and a polarizer
to distinguish between TE and TM polarized emission. The
measured cross sections are normalized to the values at
small angles because the emission in this range occurs
exclusively from parallel dipoles. Emission patterns have
been shown to be independent of both, the incident angle
and the polarization of the illuminating laser beam.

2.4. Radiation pattern analysis

Prior to any analysis, the wavelength-dependent, com-
plex dispersion data (n + ix) of all materials involved have
been measured utilizing dispersion-model-free reflection—
transmission-spectroscopy, a method published previously
[24]. Subsequent spectral reflectivity analysis enables for
exact determination of layer thicknesses. Device emission
has been simulated by means of a self-developed software
tool, based upon the theory of Chance, Prock, and Silbey
[25-27]. By analyzing TE polarized emission following ap-
proaches presented previously [7,14], we determined the
emitter’s internal EL spectrum to be identical to the PL
spectrum and the emission zone to be constant.

3. Results

Varying the distance between the emissive sites and the
cathode by adjusting the electron transport layer (ETL)
thickness imposes the most pronounced effects onto the
optical device properties because of interference effects
arising due to the reflection at the mirror like metal cath-
ode. As previously demonstrated [7,14], the presence of
perpendicularly oriented emitters can be visualized by
adapting the ETL thickness. For the system under study, a
160 nm thick ETL induces destructive interference for
emitters aligned parallel to the layers, while enhancing
the emission of perpendicularly oriented emitters into
the air half space, thus being a particularly sensitive probe
for studying the presence of perpendicular dipoles. Fig. 2a
shows the experimentally observed radiation pattern for
TM polarized emission. Knowing the optical constants
and layer thicknesses of all materials, the radiation pattern
1(0,2) of the device is calculated according to classical the-
ory [25], where further details can be found in previous
publications [14,21,26,27]. Obviously, the experimental
emission pattern is well described assuming a ratio of
p:P.1 = 2:(0.63 £ 0.07) for parallel vs. perpendicularly ori-
ented emitters. Thus, the amount of perpendicularly ori-
ented active sites is significantly lower compared to the
common isotropic assumption (py:p, = 2:1). Note that this
result is obtained in an operating OLED differing from an
optimized stack only in the increased ETL thickness.

In order to prove this surprising result, the emitter ori-
entation has been determined independently using opti-
cally excited luminescence from an essentially identical
stack without the metal cathode, following the approach
presented in Ref. [6]. Again, the quantitative analysis in
Fig. 3 yields a fraction of pj:p, =2:(0.67 £ 0.05) for parallel
vs. perpendicular emitters well within the confidence
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Fig. 2. Experimental and theoretical results obtained for the TM-polarized, spectral and angular resolved emission pattern I(0,4) in air of the adapted OLED
comprising 160 nm ETL thickness. False color plots containing the entire spectral and angular pattern (top row; a, b, e, h) exhibit a logarithmic intensity
scale to better visualize low intensity data. The value 0.2 is accentuated by a magenta line, the cross sections at angle 0 = 60° and wavelength 2 = 650 nm are
indicated by white dashed lines. Cross section data for one fixed wavelength (2 = 650 nm; middle row; c, f, i) and one fixed angle (6 = 60°; bottom row; d, g,
k) are plotted with experimental results (squares) as well as the theoretical predictions (lines). Simulation results for three different emitter orientations are
shown: An emitter alignment strictly parallel to the interfaces is assumed for the left “parallel” column (b, ¢, d); and an isotropic distribution for the right
“isotropic” column (h, i, k). These two assumptions fail to yield a match to the experimental data, resulting in a “best fit” (middle column; e, f, g) assuming a
fraction of 2:(0.63 + 0.07) for parallel and perpendicular emitter contributions.

interval of the result in electrical operation, and clearly
demonstrating a significant difference to the commonly as-
sumed isotropic case.

So far, the discussion is based on a single device com-
prising the adapted ETL thickness of 160 nm. Additionally,
quantitative radiation pattern analysis as well as emission
lifetime measurements have been performed with a series
of similar devices with varying ETL thickness in the 40-
400 nm range (results not shown). The relative amount of
perpendicular emitters could be confirmed with a device
comprising a 333 nm thick ETL layer that is the second
optimum for coupling of perpendicular emitters into air.
Thus, the preferred parallel orientation is valid for all
reasonable emitter-cathode distances, including devices
which are optimized for maximum efficiency. Further-
more, no effect of pump current density on the determined
orientation distribution was apparent up to 100 mA/cm?

current density. Additionally, the internal luminescence
quantum efficiency extrapolated to zero current was mea-
sured to be qo=(74 +4)% utilizing previously published
methods [22,23]. In result, we conclude that this particular
emissive system is precisely described by quantitative
optical simulation.

4. Discussion

The orientation distribution of Ir(MDQ),(acac) in o-NPD
has been determined by two different optical methods
with and without electrical excitation, both yielding
identical results. The presence of non-isotropically distrib-
uted emitter ensembles in this phosphorescent guest-host
system is concluded. We attribute this truly surprising re-
sult to the morphology of the o-NPD matrix blended with
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Fig. 3. Angular and polarization resolved photoluminescence emission pattern /(0,640 nm) obtained by optical excitation at 375 nm and detection at
640 nm wavelength. An OLED stack according to Fig. 1 with HTL thickness of 31 nm and ETL thickness of 65 nm, but without the Ag cathode was used. The
experimental geometry is illustrated in the inset. Data are normalized to perpendicular emission (0 = 0°). Obviously, TM polarized emission is overestimated
when assuming an isotropic emitter ensemble. The fit reveals a relative contribution of 2:(0.67 + 0.05) parallel vs. perpendicular emitters.

the Ir(MDQ),(acac) chromophore. The interaction of the
asymmetric molecules during co-evaporation and the
resulting predominantly parallel orientation of the dipole
transition moments are not fully understood yet. We con-
sider additional investigations potentially utilizing more
sophisticated spectroscopic techniques in order to under-
stand and to further exploit this effect.

It is worth to note that a slight birefringence of the o-
NPD matrix has been observed [28] previously. Taking this
effect into account yields an even more pronounced paral-
lel emitter contribution but still within the confidence
limits given.

The emitter orientation distribution obtained for the
investigated small-molecular OLED emitter system re-
veals: the active sites in phosphorescent small molecule
guest-host systems are not necessarily distributed isotrop-
ically. While the common assumption of isotropy yields a
pi:p. =2:1 ratio of parallel vs. perpendicularly aligned
emitters, our result corresponds to a ratio of py:p, =
2:0.63, i.e., a predominantly parallel orientation. Conse-
quently, one generally accepted argument applied to
discussions of triplet emitting OLED devices must be re-
vised. Beyond doubt, there are triplet emitters with isotro-
pic orientation, but this attribute cannot be assumed
generally. By contrast, emitter orientation based optimiza-
tion of OLED devices seems to be within reach, since paral-
lel emitters preferably emit into air and, therefore, reduce
the effect of surface plasmon polariton excitation at the
cathode as optical loss channel. This optimization potential
is illustrated by the calculations shown in Fig. 4. Assuming
an optimized stack with the emitter properties obtained in
this work yields 22.5% EQE (green curve in Fig. 4). A further
emitter based optimization towards high quantum
efficiency (g = 0.95) and an improved, predominantly par-
allel emitter orientation (with a ratio of pj:p, =2:0.14
according to a realistic angular distribution with +22° total
width) could boost this efficiency by a factor of 1.5 to reach
EQE =35% (red curve in Fig. 4). Note that these efficiency
values are given for the planar OLED system according to
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Fig. 4. OLED external quantum efficiencies vs. the relative amount x of
perpendicular emitters as given in the text (pj:p.=2:x). The square
indicates the best value reached within this study at an ETL thickness of
250 nm. Plotting EQE-values simulated for this system with different
amounts of perpendicular emitters yields the blue curve. Optimizing the
OLED stack by varying ETL (~250 nm), HTL (~90 nm), and ITO (~90 nm)
thicknesses yields the green curve with potential device efficiencies of
20-30%. Extending the simulation towards nearly ideal emitters (q = 0.95,
red curve) provides planar devices with the highest possible efficiencies,
potentially exceeding 30% EQE. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 1, avoiding more or less expensive internal or external
outcoupling structures.

Interestingly, EQE-values in excess of 30% — definitely
impossible with isotropic emitters (see Fig. 4) — have been
reported recently [29], but without giving a sound expla-
nation for this unexpected high number. Our results clearly
demonstrate that an EQE-value in this range is feasible
without any outcoupling enhancement structures by using
phosphorescent emitters with their transition dipole
moments being preferentially oriented in the substrate
plane. This opens up novel approaches for OLED efficiency
improvement by using smart emissive materials with
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advantageous molecular orientation. Materials design, the
influence of the matrix material, and the substrate as well
as film deposition conditions are just a few parameters
that need to be studied further to exploit the huge poten-
tial of the dipole emitter orientation in OLEDs.
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