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Lensfree OLEDs with over 50% external quantum
efficiency via external scattering and horizontally
oriented emitters201895

Jinouk Song1, Kwon-Hyeon Kim 2 Eunhye Kim', Chang-Ki Moon?, Yun-Hi Kim3,
Jang-Joo Kim? & Seunghyup Yoo

High efficiency is important for successful deployment of any light sources. Continued efforts
have recently made it possible to demonstrate organic light-emitting diodes with efficiency
comparable to that of inorganic light-emitting diodes. However, such achievements were
possible only with the help of a macroscopic lens or complex internal nanostructures, both of
which undermine the key benefits of organic light-emitting diodes as an affordable planar
light source. Here we present a systematic way to achieve organic light-emitting diodes with
ultrahigh efficiency even only with an external scattering film, one of the simplest low-cost
outcoupling structures. Through a global, multivariable analysis, we show that scattering with
a high degree of forwardness has a potential to play a critical role in realizing ultimate
efficiency. Combined with horizontally oriented emitters, organic light-emitting diodes
equipped with particle-embedded films tailored for forward-intensive scattering achieve a
maximum external quantum efficiency of 56%.
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he development of high-efficiency light sources is impor-

tant for many aspects of modern life, from the increasing

demand for longer operation time in personal portable
devices to the worldwide need to reduce energy consumption.
While organic light-emitting diodes (OLEDs) have been regarded
as an ideal light source for both displays and lighting, their effi-
ciency has been lagging behind that of III-V compound semi-
conductor LEDs. Fortunately, with the introduction of
phosphorescent emitters or those based on thermally activated
delayed fluorescence, internal quantum efficiency of OLEDs has
become close to unity!~’, serving as a firm foundation for ultra-
efficient OLEDs. Nevertheless, the efficiency of most OLEDs is
still limited to the range of 20 to 30% mainly due to their limited
outcoupling efficiency stemming from the total internal reflection
occurring at interfaces with different refractive indices, absorp-
tion, and loss to surface plasmon polariton modes at metal/
organic interfaces. For this reason, numerous light outcoupling
schemes have been proposed for OLEDs and have proven effec-
tive in increasing their external quantum efficiency (EQE)8-1°.
These light outcoupling schemes may be categorized as internal
or external depending on whether the structural modification is
made near/inside the active layers or at the surface of the sub-
strates away from the active layers, respectively. Although com-
bining both internal and external outcoupling schemes may result
in the highest possible efficiency, internal outcoupling schemes
can often be subject to electrical short, local high-field-induced
degradation, limited scalability of manufacturing, and/or
increased fabrication cost. Likewise, although a half-ball lens has
often been used as an external outcoupling structure and proven
so effective in light extraction that OLEDs with EQE of 50% or
higher can be realized with it!316 it is intended mainly for
demonstration, rather than for any practical purpose; its use is
limited to small-scale devices from the practical point of view
and, furthermore, contradicts with a key benefit of an OLED as a
planar or flexible light source. Therefore, it would be highly
beneficial to develop a systematic way to significantly enhance
outcoupling efficiency solely with scalable external outcoupling
structures, such as microlens array foil, substrate texturing, or
bulk-scattering film.

Among those external outcoupling schemes, we focus on a
bulk-scattering-based approach because it meets most of the
requirements for ideal light extraction schemes. In addition to its
effectiveness for outcoupling enhancement, it has the following
advantages: it can maintain, unlike a half-ball lens, the planar
geometry and compatibility with flexibility; it is easy to fabricate
on a large scale at low cost; and it can reduce the angular color
shift through the inherent stochastic nature of the scattering
processes. While previous works mostly focused on the realiza-
tion of a scattering film itself and on demonstration of its feasi-
bility!7-1°, in this work, we try to systematically maximize its light
extraction effect so that very high-efficiency OLEDs can be
achieved even with external scattering films. To this end, we first
generalize the bulk or volumetric scattering phenomena within
the framework of radiative transfer theory (RTT)29, which treats a
scattering film as an infinite homogeneous layer and describes a
change in optical flux along a given direction due to absorption,
scattering, and emission (if any) that can occur during light
propagation. Unlike the Monte-Carlo approach, in which indi-
vidual scattering events and successive light propagations are
traced for every step?!, RTT takes advantages of the statistical
nature of multiple scattering processes and describes their average
effect on intensity change via a well-defined set of equations?2.
This equation-based character of the RTT makes it easy to
combine, in a trans-scale fashion, with an optical model for light
emission within an OLED, which may be generalized as radiative
emission from a dipole in a thin-film multilayer stack. This then

enables global, multivariable analysis at high speed, in which an
OLED with an external scattering layer is considered as a whole?3,
rather than as two separate entities, so the design parameters of
the scattering layer can be determined for maximal EQE in
conjunction with those of the OLED layer configuration.

With this approach, we here demonstrate that optimized
external scattering layers, together with highly oriented dipole
emitters, are able to yield OLEDs having EQE greater than 50%
even without use of a macroscopic lens or complex internal
nanostructure. Tailoring the characteristics of particle-embedded
scattering layers such as asymmetry parameter, scattering effi-
ciency, and scatterance is shown to play a key role in utilizing the
full potential offered by the external scattering methods.

Results

Global analysis of an OLED with an external scattering film.
The calculation process in the proposed optical simulation is
schematically presented in Fig. 1a. First, the radiant intensity of
light with the wavelength of A and angle 6 exiting into a scattering
layer (SL) [=Is1.(B,A)] is calculated using the coherent dipole
radiation theory following the formalism summarized by Neyts2*
and Moon et al.?>. The following parameters of the OLED stack
influence Is; (6,1): the refractive indices () and thicknesses (d;) of
the constituent layers with “” being the index designated for each
layer, and the horizontal dipole ratio (®) and intrinsic radiative
quantum efficiency (q) of an emitter. For a scattering layer of
interest having the host refractive index of ng;, Mie theory is used
for embedded scattering particles (SPs) having the concentration,
refractive index, and diameter of psp, #1sp, and dgp, respectively, to
obtain the key scattering parameters such as asymmetry para-
meter (g) and scatterance (S) of a scattering medium made
therewith. The asymmetry parameter g is defined as <cosf,.> for
the deflection angle (6;.) per scattering event, and S quantifies the
fraction of the radiant flux lost due to scattering and is defined as
In(1/Tipiine) for inline transmittance (Tinine) through a given
scattering medium, being analogous to absorbance in absorp-
tion?® (see Supplementary Fig. 1 and description therein for
further details). Reflectance of an OLED (=Rogp(6,1)) for light
returning into the OLED stack from the scattering layer is cal-
culated based on thin-film optics. A seamless trans-scale calcu-
lation is then enabled by employing Rorpp(6,1) as a boundary
condition for the scattering layer at its interface with the OLED
and by entering I (6,1) as an initial value for RTT calculation
within the scattering layer. In this way, the final angular intensity
(=IAi(61)) as well as the EQE (=#gqr) of the whole device is
obtained, potentially as a function of all of the parameters men-
tioned above.

The results of global analysis performed to design an OLED
with the highest possible EQE are presented as a function of
active layer thickness, which is the sum of indium tin oxide (ITO)
and organic layer thicknesses (dactive = dito + dorg.)» of the OLED
and g and S of a scattering layer in Fig. 1b—e. The detailed OLED
thin film structure and the optical constants of the layers used in
this work are shown in Fig. la and Supplementary Fig. 2,
respectively. Each data point in Fig. 1b was obtained by
identifying a combination of diro and the thicknesses of electron
and hole transport layers (dgrr, durr) leading to the maximum
achievable EQE (nEQE(maX)), for a given set of {dyctive & S}, as
shown in Fig. 1c. In the simulation, diro was chosen to be no
smaller than 50 nm to ensure the sheet resistance of ITO is not
too large.

While a high degree of horizontal dipole orientation is known
to be critical in achieving maximal outcoupling in planar OLEDs
without an outcoupling structure?’~32, it is herein revealed that
this is still the case even in the presence of an external scattering
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Fig. 1 Schematic diagram of the proposed trans-scale optical simulation and global optimization results. a Schematic illustration of suggested trans-scale
optical simulation and schematic diagram of the detailed organic light-emitting diode (OLED) structure under study as well as parameters used in
multivariable analysis. b Three-dimensional slice plot of maximum achievable external quantum efficiency (EQE) [:nEQE(maX)] vs. active layer thickness
(dactive = dito + dorg.), asymmetry parameter (g), and scatterance (S). dito, deri, and dyr. were varied to find r]EQE(maX> for each {d.ciive, 9, S}. Here, d,
denotes the thickness of layer “x” while “org.”, ITO, ETL, and HTL refer to organic, indium tin oxide, electron transport layer, and hole transport layer,
respectively. The global maximum considering all the parameters is represented by a black star. € The contour plot of EQE vs. diro and dy for dgr. = 65
nm, g =0.95, and S = 8.2, which correspond to the global maximum of nEQE(maX). d The nEQE(max) of the given structure obtained with variation of the
horizontal dipole ratio (®) and g. e The nEQE<maX) as a function of S in the cases of g=0, 0.5, and 0.95 when d,ctive = 385 nm. Color-matched horizontal
arrows indicate the ranges of S where nEQE<maX) is larger than 50% for each graph

layer (see Fig. 1d). That is, #7pqe™® for an OLED with an
external scattering layer also increases with . The difference in
nEQE(max) made with © is significant; qEQE(maX) of an OLED with
all of its emitters oriented horizontally (® =1) can reach 63%,
while it is limited to 45% for an OLED with isotropically oriented
emitters (® = 0.67). In the calculations shown in Fig. 1b—e and
experiments that follow, therefore, we employed a
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phosphorescent emitter of Ir(dmppy-ph),tmd proposed by Kim
et al. to take full advantage of its highly horizontally oriented
dipole orientation (® =0.865) as well as its high intrinsic
radiative quantum efficiency (q = 0.98)33.

In the proposed device configuration, the trans-scale simula-
tion shows that nEQE(m"‘X) can reach 56.2% when S, diro, dgTr,
and dyry are 8.2, 150 nm, 65 nm, and 130 nm, respectively, with g
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approaching unity. In this active layer configuration, an OLED
without a scattering layer would have #xpqe of ca. 28 %
(Supplementary Fig. 3a, b). If an OLED without a scattering
layer took the same configuration, but the emitter is randomly
oriented (® =0.67), #pqe would be limited at ca. 23 %
(Supplementary Fig. 3¢, d). The horizontal dipole orientation
and the optimized scattering layer in the OLED under study are
thus responsible for the EQE enhancement ratio of 1.2 (=28/23)
and 2.0 (=56/28), respectively. The ratio of combined enhance-
ment is therefore 2.4 (=1.2x2.0) when compared with the EQE of
the scattering-layer-free OLED based on an emitter having the
same emission spectra and q as Ir(dmppy-ph),tmd but having ®
of 0.67.

Two important aspects can be noted from the overall trend in
Fig. 1b. First, the dependence of 5™ on d, . for a given set
of g and § is relatively mild but still significant; therefore, it is
important to identify the optimal active layer thickness to realize
the maximal efficiency with scattering-based extraction. Power
dissipation spectra obtained for the base reference device
structure indicate that the optimal case (d,ctive = 385 nm) is close
to the case where the sum of air modes and substrate modes is at
its maximum, rather than the case where only the air mode is
maximized (see Supplementary Fig. 3). Second, it is more
advantageous to have g close to unity than to have g below 0.5;
eqe™) can be higher and ultimately larger than 50% for a wide
range of S (see Fig. le). For example, in the case of near-isotropic
scattering, that is, when g becomes close to zero, npqp™®) is
about 50% only with S between 0.2 and 2. However, when there is
forward-intensive scattering, that is, when g becomes close to
unity, this can result in the same level of #7poe™®) in a wide
range of S covering from 1.5 all the way to ca. 10 (or beyond),
with a fairly flat #pqp™2) of ca. 55—56% for S >4. This can be
regarded practically useful not only in that it allows us to tap into
the highest efficiency a given system can offer but also in that it
does so with a wide fabrication margin. The almost flat #qg™2%)
over a wide range of S will also be useful in maintaining panel-to-
panel brightness uniformity when OLED lighting panels are used
in a modular, matrix configuration to light a room. In the case of
moderate forward scattering, the trend of 7™ over S evolves
from that of the isotopic scattering to that of forward-intensive
scattering as g increases. When g= 0.5, for example, #pqp™a¥)
can ultimately be as high as 55.1% and can be higher than 50%
with S between 0.2 and 4. Note that this optimal range of S is
wider than that of the isotropic scattering but narrower than that
of the forward-intensive scattering.

Design and characterization of scattering films. To investigate
the condition for high g, Mie theory was used to calculate g for
spherical dielectric particles with the refractive index and dia-
meter of ngp and dsp, respectively, which are embedded in a host
medium. The refractive index of the host medium (#ng;) was fixed
at 1.57, which is the refractive index of the UV-curable resin
(NOA?73, Norland Products, Inc.) used in this work. In addition
to g, we calculated scattering efficiency (Qs.), which is defined as
the ratio of the effective scattering cross-section (o) to the
geometrical cross-section of a spherical particle (ndsp?/4). Q. is
regarded important as it indicates how effective a scattering
process is for a given combination of a host medium and a
scatterer. From the practical point of view, Q./dsp directly scales
with the upper limit for the scattering coefficient (y,.) or the
inverse of the mean free path (=1/Lygp) (Supplementary Fig. 4
and description therein for further details).

As shown in Fig. 2a, calculation done at the wavelength (1) of
532 nm reveals that a high degree of forward scattering can be
achieved when dgp is comparable to A or higher and |ngp — ngy | is

not too large. For example, g can be larger than 0.9 when dgp > ca.
500 nm and An = |ngp — ngy| < ca. 0.25. Note that g approaches
the unity as An further gets reduced. However, one has to take
caution not to make An too small because it can lead to too low
Q. (see Fig. 2b). In such a case, the minimum achievable Lypp
could become so large that S of 1 or higher may not be obtained
with a practical range of the thickness of a scattering layer (ds).
For example, when ngp = 1.56 (An = 0.01) for ng;, = 1.57 and dsp
=1 um, Q,. becomes as low as 6.7x1073; in this case, the
minimum Lygp achievable with a simple cubic arrangement
(=Lypp©Min)) becomes approximately 0.2 mm. Because S =In(1/
Tinline) = dsi./Lyeps  this means that at least 0.2-mm-thick
scattering layer is required to achieve S of 1. Hence, achieving S
of 5—10 in such a case will require dg; of at least 1—2 mm. Note
that these minimum dg;, values are for closely packed cases; for
most practical range of concentrations, the actual layer thickness
required to achieve S of 5—10 is likely to be too large to be
considered practical when An =0.01.

In consideration of both g and Q,, therefore, scattering layers
were fabricated in this work by dispersing silicon dioxide (SiO,)
spherical particles (nsp = 1.46) with dsp of 800 nm in the NOA73
resin. In this condition, g can become higher than 0.9 yet Q. can
still be around 0.45; in this case, Lypp©™™) is as small as 1.8 pm,
making it plausible to realize S of 5—10 with dg, less than a few
hundreds of pm even with a reasonably dilute condition that can
be easily achieved in practice. To vary S, concentrations of 0.2,
0.5, 1, 1.5, 3, and 4.5 wt.% were tried with dg fixed at
approximately 290 pm (see Methods section). A scanning
electron microscope image of a fabricated SiO,-based scattering
layer as well as a representative photograph of a scattering layer
obtained from 3 wt.% solution is shown in Fig. 2¢, d. The angular
intensities of the light transmitted through these scattering films
shown in Fig. 2e indicate that the measured data can be fitted well
over a wide range of particle concentrations with simulation
curves obtained for g=0.91 + 0.01 using Monte-Carlo simulation
done with LightTools™ 21, This is consistent with the Mie theory
result, which predicted a g value of 0.95. For comparison’s sake,
scattering layers based on TiO, nanoparticles with ngp of ca. 2.5
and dgp of about 200 nm (SG-T0O200, Sukgyung AT Co., Ltd.)
were also realized with the concentrations of 0.05, 0.1, 0.2, 0.5,
1, and 1.5 wt.%. These TiO,-based scattering layers exhibited g of
0.68 +0.03, which falls on moderate forward scattering and is
consistent with the calculation results shown in Fig. 2a
(Supplementary Fig. 5 for the experimental results of TiO,-based
samples). Q. in this case was calculated to be as high as 2.2,
indicating that the Lypp(©™™) can be on the order of 0.1 pm.
Similarly, air voids (n = 1)!° may also serve as useful scatterers;
calculation indicates that g of up to ca. 0.8 and Q. approximately
1.8 can be readily available when used with the host medium in
this work (An =0.57) provided that dgp is greater than ca. 400
nm. In both TiO, and air void cases, however, care must be taken
when choosing dsp because g values tend to exhibit an oscillatory
behavior over dgp with a system having a relatively large An as
shown in Fig. 2a.

Performance and analysis of fabricated OLEDs. Figure 3 pre-
sents the optoelectrical characteristics of the devices fabricated
with the SiO,-embedded scattering films with the thicknesses of
the ITO and organic layers set at the optimal values obtained for
the global maximum EQE. As an expected benefit of the external
outcoupling scheme rather than any internal micro- or nano-
structuring, not only current density features virtually no or very
low leakage (on the order of nA cm—2) even near the turn-on
voltage (=ca. 2.4 V), but also current density—voltage curves are
highly reproducible (see Fig. 3a). This allows for reliable
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measurement of EQE and power efficiency even at low brightness
levels, which is important in properly comparing the max EQE
values from the simulated and experimental results>4. As can be
seen in Table 1 and Fig. 3b—d, the maximum EQE, obtained with
the SiO,-based scattering layer having g and S about 0.91 and 7.1,
respectively, was as large as 50.9%, which corresponded to a
power efficiency of 197 Im W1 and a current efficiency of 167 cd
A~L. Photographs of SiO,-based OLEDs operating at current
density of 0.1 mA cm~2 are shown in Fig. 3e.

To confirm the reliability of the proposed trans-scale optical
simulation, the predicted characteristics from simulation are
compared with the measured device performance (see Fig. 4). The
EQE at 10 cd m~2 in relation to S is presented in Fig. 4a; in the
case of OLEDs with the SiO,-based scattering layers, it exhibited
good matching with the trend predicted through the proposed
trans-scale simulation done with g given as 0.91. The EQE
increased rapidly with S but tended to increase only slightly above
a certain level of S, which in this case was about 4. In contrast, the
EQE of OLEDs with the TiO,-based scattering layers (g = 0.68)
peaked at a relatively low S (~2) and then decreased rather rapidly
as S further increased, making the range of S leading to EQE >
50% narrower than the devices with the SiO,-based scattering
layers. Nevertheless, OLEDs with the TiO,-based scattering layers
also exhibited very high EQE up to 52.0% and thus should be
useful in many applications, provided that the thickness and
concentration of the scattering layers are tightly controlled so that
S may be at its optimum. As the optimal § is relatively low as
shown in Figs. 1d and 4a, TiO,-based scattering scheme will

particularly be useful in highly flexible OLEDs, which can benefit
from ultrathin substrates. Its high Q. (~2.2) that can lead to the
relatively short Lygp can also be helpful in this respect.

While the results obtained from both types of OLEDs exhibited
EQE greater than 50% within their respective optimal S ranges in
Fig. 4a, the measured EQE values were off from the values
predicted through the trans-scale RTT simulation by approx. 5%
for SiO,-based devices and 3% for the TiO,-based devices; this
discrepancy can be attributed mainly to the fact that the
simulation assumed infinitely large OLEDs, while actual devices
have a finite spatial extent. It is noteworthy that such a difference
is more pronounced in the SiO,-based devices. This is because a
high-g scattering system tends to yield only a small deflection per
each scattering event, and thus the confined light therein often
travels a longer lateral distance before being extracted than in a
low-g scattering Sﬁtem. When a CAD-based commercial soft-
ware (LightToolsT ) was used to reflect the real dimensions and
layout of the fabricated OLEDs, the simulated results (the dashed
lines in Fig. 4a) showed a good agreement with the experimental
data (see Supplementary Fig. 6 for simulation details and
Supplementary Fig. 7 for the performance of OLEDs with
TiO,-embedded scattering layers). This issue would become
marginal in OLEDs used in practical lighting applications, which
typically have a device area much larger than several cm?. In
experiments done with OLEDs having a larger substrate (40
mm x 70 mm) and back reflector (38 mm x 38 mm) (=Type B) as
opposed to the geometry used for the OLEDs in EQE—S trend
experiment (=Type A; 25 mm X 25 mm substrate with 23 mm x
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11 mm reflector) (Fig. 4b for the detailed device layout), the EQE
of an OLED with the SiO,-based scattering layer (g=0.91, S=
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shown in Fig. 4b, it can be confirmed that the distribution of light
at the exit surface of the OLED with the SiO,-based scattering
layer does have a larger spatial extent than that from the OLED
with the TiO,-based scattering layer.

In achieving such high EQEs, one cannot overemphasize the
importance of using highly horizontally oriented dipole emitters
together with the proposed scattering layers. In a comparisonal
experiment done with Ir(ppy),acac and Ir(ppy);—widely studied
phosphorescent emitters with ® of 0.76 (i.e. slight preference
toward horizontal dipole orientation) and 0.67 (i.e. random,
isotropic dipole orientation)3’, respectively, optimized OLED
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that of Type A defined in Fig. 4b. e Photographs of OLEDs with SiO,-embedded scattering layers according to scatterance (S). Photographs were taken at
current density of 0.1mA cm—2

devices (Type A) coupled with the SiO,-based scattering layers
exhibited a similar trend for EQE vs. S with the maximum EQE as
high as 44.8 and 40.3%, respectively (Supplementary Figs. 8, 9 and
description provided therein for further details).

Another critical benefit of having large g is well illustrated in
Fig. 5a, b. The fact that #7pqe™®) is obtained with a relatively
large S is advantageous in that efficient devices can take full
advantage of the randomizing effect of scattering that can
effectively suppress the angular color shift of the emitted light. It
can be clearly seen in Fig. 5b that OLED devices with a scattering
layer could still undergo a nonnegligible angular color shift if the
scattering layer has a relatively low S of around 1 to 2. In contrast,
the proposed OLEDs with S of about 7 exhibit color-stable
performance regardless of the observation angle with ideal
Lambertian-like angular characteristics (see Supplementary
Fig. 10).

While the analysis and experiment in this work were done in
the limited spectral range that belongs to green and orange, the
proposed approach will be likely to work well for other colors due
to the relatively color neutral characteristics of Mie scattering and
due to the fact that many of the glassy materials tend to exhibit a
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Table 1 Summary of the performance of the OLEDs with
SiO,-based scattering layers having various S
S External quantum

Power efficiency Current efficiency

efficiency (%) (ImwW-") (cdA M)

at L=10 1000 10 1000 10 1000
Ref. 29.0 26.1 105.1 525 82.7 74.3
0.8 385 349 140.7 71.0 95.5 86.6
1.8 421 38.6 157.5 81.9 10.4 1011
2.7 465 43.0 174.9 92.0 133.2 123.0
49 490 45.8 188.6 103.6 152.7 142.9
71 509 48.1 196.8 me 167.0 1581

(56.3%) (52.6) (221.1) (136.4) (169.6) (158.4)
1.5 506 47.8 198.4 123 172.8 163.2

a0btained at indicated luminance (L) (unit: cd m=2)
bThe values inside parenthesis are for the Type-B OLED in Fig. 4. All the other data are from
Type-A OLEDs

similar trend in their dispersion relations; i.e. individual #ngp and
ng, do vary with A, but both of them tend to increase as A gets
smaller, making An remain almost unchanged in many cases. On
the other hand, the ratio of dgp to A becomes smaller as A
increases, and thus g tends to decrease with A. Nevertheless, the
change remains minor in the visible spectral range (see
Supplementary Fig. 11).

Discussion
In summary, we explored a systematic way to achieve an EQE of
50% or higher in OLEDs that employ only an external scattering
medium rather than resorting to a macroscopic lens or complex
internal structuring. A trans-scale simulation was carried out that
combined the RTT for scattering films and the power-dissipation
model for light-emission in multilayer thin films. Thanks to the
equation-based nature of RTT, a facile global optimization could
be done while simultaneously taking into account several vari-
ables for OLED stacks and scattering layers. Through this study,
we identified the following two important aspects: first, a scat-
tering medium with a high asymmetry parameter (g), achievable
with the case of low An and relatively large dsp, is essential in
achieving the ultimately high #7pqe™® over a wide range of S;
second, a high degree of horizontal orientation of dipole emitters
is still important even when used together with an external
scattering medium. It was further identified that a scattering
medium with a moderate degree of g can also lead to high
Neqe™) provided S is tightly controlled at near the optimum
considering its relatively narrow range of S leading to high effi-
ciency. Nevertheless, the moderate-g scattering system has a
relatively small optimal S and can be realized with a large An that
can result in high Q. These characteristics are expected to be
useful in applications where a highly thin form factor is impor-
tant (e.g. ultraflexible OLEDs), because high efficiency can be
achieved with a relatively thin scattering layer in this case.
Coupled with nanoparticle-based scattering layers tailored via
Mie theory for high g and reasonable range of scattering efficiency
(Qso), optimized OLED stacks based on highly horizontally
oriented dipole emitters exhibited a maximum EQE of 56% and a
power efficiency of 2211m W1, This result is a significant
achievement in that such high efficiency is demonstrated without
a half-ball lens or a complex internal outcoupling scheme. Given
the simplicity of preparing scattering films and their immense
benefits such as angular color shift suppression, the proposed
approach can provide OLEDs with a practically viable route to

ultrahigh efficiency that was available only to state-of-the-art III
—V LEDs, while keeping all the form factor advantages that
organic technologies can offer.

Methods

Preparation of scattering layers. SiO, particles of 0.2, 0.5, 1, 1.5, 3, and 4.5 wt.%
(weight percentage of particles to a host medium) were dispersed in a host material
(NOA 73, Norland Products Inc.). SiO, particles with a diameter of 800 nm (SG-
S0O800) were supplied by Sukgyung AT Co., Ltd., Korea. Similarly, TiO, particles
with a diameter of 200 nm (SG-TO200, Sukgyung AT Co., Ltd.) of 0.05, 0.1, 0.2,
0.5, 1, and 1.5 wt.% were dispersed in the same host material to realize scattering
layers with a moderate degree of forward scattering. Each solution was homo-
genized using an ultrasonic liquid processor (VCX-750, Sonics & Materials, Inc.) at
the power of 300 W for 15 min. Next, each solution was filtered by a PTFE syringe
filter with 5 pm pores (Whatman™ 13 mm Puradisc Syringe Filters, 6784-1350, GE
Healthcare) to remove particle aggregates that may have been present. The solu-
tions were then placed under vacuum for 15 min to eliminate air bubbles. Each
solution was bar-coated with the wet thickness of 300 um defined by the appli-
cation of an SUS plate. The films were UV cured for 5min for complete solidifi-
cation. The average thickness of the scattering layers after UV treatment was 287
(+11) um (see Supplementary Fig. 12 for the scanning electron microscopy
images).

Measurement of the angular intensity of scattered light. After at least 30 min of
stabilization, normally incident light from a 532-nm-laser diode (DJ532-10,
Thorlabs, Inc.) was applied to the scattering samples. Then, a photodiode on a
goniometer was used to measure the angular intensity of transmitted scattered light
passing through a scattering layer. The intensity was considered directly propor-
tional to the current from the photodiode assuming that the spectrum was uniform
over all angles. For other colors, 405-nm- and 635-nm-laser diodes (L405P20 and
L635P5, Thorlabs, Inc.) were used (see Supplementary Fig. 11).

Optical simulation. Trans-scale optical simulation was realized by combining two
custom-made MATLAB codes describing both RTT for scattering layers2%22-20 and
coherent dipole radiation theory also termed as power-dissipation model for OLED
stacks242%34, The latter takes into account Purcell effect, dipole orientation, and
coupling to waveguide and surface plasmon polariton modes and exhibits a
quantitative match with experimental data in angle-resolved and spectrally resolved
manner!®21:34, In the coherent optical simulation for an OLED stack, the emission
zone was assumed to be located at the center of its emitting layer. Electrical loss was
assumed to be absent®>.

The core part of Mie theory simulation code used to find conditions for high-g
scattering was taken from Maitzler and modified to reflect the needs of this work?®.
Scattering layers were assumed to be free from photon absorption throughout this
study. In the simulation based on RTT, Henyey—Greenstein phase function was
employed in lieu of full Mie theory-based phase function for simple and fast
calculation?1:26. Boundary conditions for the interface between a scattering layer
and air were specified using Fresnel equations. Since RTT relies on the statistical
nature of bulk-scattering, propagation within scattering layers were assumed
incoherent. To confirm the validity of the custom-made RTT simulation code, the
extraction efficiency and normalized angular outcoupled intensity of the RTT
simulation was compared with those obtained for Monte-Carlo/ray-tracing
simulation done with commercial software LightTools™. As shown in
Supplementary Fig. 13, the results from the two methods agreed well, which
demonstrates the accuracy and reliability of the realized RTT simulation. All
simulations were done in the spectral range from 450 to 800 nm with a 1 nm
interval, unless specified otherwise.

OLED fabrication and characterization. OLED devices were fabricated on 25
mm X 25 mm glass substrates with half-patterned 150-nm-thick ITO layers (AMG,
Korea) to study EQE over various values of S (Type A). For fabrication of devices
utilizing the scattering-based light extraction to its full potential, 40 mm x 70 mm
glass substrates were used instead to accommodate a large back reflector and to
avoid interference from adjacent devices or electrodes for contacts (Type B). The
substrates were cleaned with deionized water, deionized water with detergent,
isopropyl alcohol, and acetone for 15 min, respectively, in an ultrasonic bath. Then,
the substrates were treated with UV-plasma for 1 min. Immediately after UV
treatment, the substrates were transported to a vacuum thermal evaporator, and all
the layers in the OLEDs were deposited under a pressure less than 5x107° torr
without breaking the vacuum. OLEDs under study had the following structure:
ITO (150 nm)/TAPC (130 nm for Ir(dmppy-ph),tmd; 90 and 80 nm for Ir
(ppy).acac and Ir(ppy)s, respectively)/TCTA (10 nm)/TCTA: B3PYMPM: Ir
(dmppy-ph),tmd (4 wt.%, 30 nm) for orange OLEDs; Ir(ppy),acac (8 wt.%, 30 nm)
or Ir(ppy)s (8 wt.%, 30 nm) for green OLEDs /B3PYMPM (65 nm)/LiF (1 nm)/Al
(100 nm). Here, TAPC, TCTA, Ir(dmppy-ph),tmd, Ir(ppy),acac, Ir(ppy)s, and
B3PyMPM refers to di-[4-(N,N-di-p-tolyl-amino)-phenyl]cyclohexane, 4,4',4"-tris
(carbazol-9-yl)triphenylamine, bis(2-(3,5-dimethylphenyl)-4-phenylpyridine) Ir
(III) (2,2,6,6-tetramethylheptane-3,5-diketonate), bis(2-phenylpyridine)
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(acetylacetonate) iridium(III), tris(2-phenylpyridine)iridium(III), and 4,6-bis(3,5-
di(pyridin-3-yl)phenyl)-2-methylpyrimidine, respectively. All organic materials
except Ir(dmppy-ph),tmd were purchased from Nichem Fine Technology co. Ltd.
The phosphorescent emitter, Ir(dmppy-ph),tmd, was provided from Y.-H.K. and
K.-H.K. Area of all devices were approximately 8.0 mm? and were estimated
carefully from dimensions measured with a digitized vernier calipers.

The scattering layers were optically coupled to the glass substrates at the
opposite side of OLED devices using index matching fluid having a refractive index
of 1.52 (IML 150, Norland Products Inc.). The current density, luminance,
electroluminance (EL) spectra were measured using a programmable source meter
(Keithley 2400), a calibrated Si photodiode, and a fiber optic spectrometer
(EPP2000, StellarNet Inc.) in a nitrogen-filled glove box. The photodiode and
spectrometer were mounted on a custom-made goniometer to measure the angular
EL intensity and spectra. The EQE, power efficiency, and current efficiency were
calculated by fully accounting for the measured angular distribution of the EL
intensity and spectra. When a scattering layer was applied to an OLED, a 100-nm-
thick aluminum back reflector (23 mm x 11 mm for Type A or 38 mm x 38 mm for
Type B) prepared on an Si wafer for Type A case and 40 mm x 40 mm glass for
type B case was placed underneath the OLED to minimize the amount of light that
leaks through the area without a cathode due to the finite dimension of the device
area (see discussion in the main text and Fig. 4b). This reflector was essential in
reducing the gap between the experiment and simulation, the latter of which
assumed an infinitely large device area.

Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information files.
Numerical values of data shown as graphs are available from the corresponding
authors upon reasonable request.

Received: 19 December 2017 Accepted: 18 July 2018
Published online: 10 August 2018

References

1. Adachi, C, Baldo, M. A., Thompson, M. E. & Forrest, S. R. Nearly 100%
internal phosphorescence efficiency in an organic light-emitting device. J.
Appl. Phys. 90, 5048-5051 (2001).

2. Reineke, S. et al. White organic light-emitting diodes with fluorescent tube
efficiency. Nature 459, 234-238 (2009).

3. Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly efficient
organic light-emitting diodes from delayed fluorescence. Nature 492, 234-238
(2012).

4. Gaj, M. P, Fuentes-Hernandez, C., Zhang, Y., Marder, S. R. & Kippelen, B.
Highly efficient Organic Light-Emitting Diodes from thermally activated
delayed fluorescence using a sulfone—carbazole host material. Org. Electron.
16, 109-112 (2015).

5. Liu, X.-K. et al. Remanagement of singlet and triplet excitons in single-
emissive-layer hybrid white organic light-emitting devices using thermally
activated delayed fluorescent blue Exciplex. Adv. Mater. 27, 7079-7085 (2015).

6. Seino, Y., Inomata, S., Sasabe, H., Pu, Y.-J. & Kido, J. High-performance green
OLEDs using thermally activated delayed fluorescence with a power efficiency
of over 100 Im W1, Adv. Mater. 28, 2638-2643 (2016).

7. Lin, T.-A. et al. Sky-blue organic light emitting diode with 37% external
quantum efficiency using thermally activated delayed fluorescence from
spiroacridine-triazine hybrid. Adv. Mater. 28, 6976-6983 (2016).

8. Gather, M. C. & Reineke, S. Recent advances in light outcoupling from white
organic light-emitting diodes. J. Photonics Energy 5, 057607 (2015).

9. Moller, S. & Forrest, S. R. Improved light out-coupling in organic light
emitting diodes employing ordered microlens arrays. J. Appl. Phys. 91,
3324-3327 (2002).

10. Chang, H.-W. et al. Nano-particle based scattering layers for optical efficiency
enhancement of organic light-emitting diodes and organic solar cells. J. Appl.
Phys. 113, 204502 (2013).

11. Koh, T.-W., Choi, ].-M,, Lee, S. & Yoo, S. Optical outcoupling enhancement in
organic light-emitting diodes: highly conductive polymer as a low-index layer
on microstructured ITO electrodes. Adv. Mater. 22, 1849-1853 (2010).

12. Cho, H. et al. Organic wrinkles embedded in high-index medium as planar
internal scattering structures for organic light-emitting diodes. Org. Electron.
46, 139-144 (2017).

13. Jeon, S. et al. Vacuum nanohole array embedded phosphorescent organic light
emitting diodes. Sci. Rep. 5, 8685 (2015).

14. Qu, Y., Kim, J., Coburn, C. & Forrest, S. R. Efficient, nonintrusive outcoupling
in organic light emitting devices using embedded microlens arrays. ACS
Photonics 5, 2453-2458 (2018).

15. Ou, Q.-D. et al. Extremely efficient white organic light-emitting diodes for
general lighting. Adv. Funct. Mater. 24, 7249-7256 (2014).

16. Lee, J. et al. Synergetic electrode architecture for efficient graphene-based
flexible organic light-emitting diodes. Nat. Commun. 7, 11791 (2016).

17. Chang, C.-H., Chang, K.-Y., Lo, Y.-J., Chang, S.-]. & Chang, H.-H. Fourfold
power efficiency improvement in organic light-emitting devices using an
embedded nanocomposite scattering layer. Org. Electron. 13, 1073-1080
(2012).

18. Riedel, D., Wehlus, T., Reusch, T. C. G. & Brabec, C. J. Polymer-based
scattering layers for internal light extraction from organic light emitting
diodes. Org. Electron. 32, 27-33 (2016).

19. Koh, T.-W., Spechler, J. A., Lee, K. M., Arnold, C. B. & Rand, B. P. Enhanced
outcoupling in organic light-emitting diodes via a high-index contrast
scattering layer. ACS Photonics 2, 1366-1372 (2015).

20. Chandrasekhar, S. Radiative Transfer (Dover Publications, New York, 1960).

21. Kim, E. et al. A facile route to efficient, low-cost flexible organic light-emitting
diodes: utilizing the high refractive index and built-in scattering properties of
industrial-grade PEN substrates. Adv. Mater. 27, 1624-1631 (2015).

22. Mudgett, P. S. & Richards, L. W. Multiple scattering calculations for
technology. Appl. Opt. 10, 1485-1502 (1971).

23. Altazin, S. et al. Simulations, measurements, and optimization of OLEDs with
scattering layer. SID Symp . Dig. Tech. Pap. 46, 564-567 (2015).

24. Neyts, K. A. Simulation of light emission from thin-film microcavities. J. Opt.
Soc. Am. A 15, 962-971 (1998).

25. Moon, C.-K,, Kim, S.-Y., Lee, J.-H. & Kim, J.-J. Luminescence from oriented
emitting dipoles in a birefringent medium. Opt. Express 23, A279-A291
(2015).

26. Shiang, J. J. & Duggal, A. R. Application of radiative transport theory to light
extraction from organic light emitting diodes. J. Appl. Phys. 95, 2880-2888
(2004).

27. Kim, J.-S., Ho, P. K. H., Greenham, N. C. & Friend, R. H. Electroluminescence
emission pattern of organic light-emitting diodes: implications for device
efficiency calculations. J. Appl. Phys. 88, 1073-1081 (2000).

28. Wasey, J. A. E. & Barnes, W. L. Efficiency of spontaneous emission from
planar microcavities. J. Mod. Opt. 47, 725-741 (2000).

29. Flammich, M. et al. Oriented phosphorescent emitters boost OLED efficiency.
Org. Electron. 12, 1663-1668 (2011).

30. Liehm, P. et al. Comparing the emissive dipole orientation of two similar
phosphorescent green emitter molecules in highly efficient organic light-
emitting diodes. Appl. Phys. Lett. 101, 253304 (2012).

31. Kim, S.-Y. et al. Organic light-emitting diodes with 30% external quantum
efficiency based on a horizontally oriented emitter. Adv. Funct. Mater. 23,
3896-3900 (2013).

32. Kim, K.-H. et al. Phosphorescent dye-based supramolecules for high-efficiency
organic light-emitting diodes. Nat. Commun. 5, 4769 (2014).

33. Kim, K.-H., Ahn, E. S,, Huh, J.-S., Kim, Y.-H. & Kim, J.-J. Design of
heteroleptic Ir complexes with horizontal emitting dipoles for highly efficient
organic light-emitting diodes with an external quantum efficiency of 38%.
Chem. Mater. 28, 7505-7510 (2016).

34. Furno, M., Meerheim, R., Hofmann, S., Lussem, B. & Leo, K. Efficiency and
rate of spontaneous emission in organic electroluminescent devices. Phys. Rev.
B 85, 115205 (2012).

35. Kim, K.-H., Moon, C.-K,, Lee, J.-H., Kim, S.-Y. & Kim, J.-J. Highly efficient
organic light-emitting diodes with phosphorescent emitters having high
quantum yield and horizontal orientation of transition dipole moments. Adv.
Mater. 26, 3844-3847 (2014).

36. Mitzler, C. MATLAB functions for Mie scattering and absorption. IAP Res.
Rep. 8, 1-24 (2002).

Acknowledgements

This work was supported in part by the National Research Foundation (NRF) of Korea
funded by the Ministry of Science and ICT (NRF-2017R1A2B3010484 and NRF-
2016M3A7B4910631); and in part by a research program “Technology Development of
Low Cost Flexible Lighting Surface”, which is a part of the R&D program of Electronics
and Telecommunications Research Institute (ETRI). We are grateful to Sukgyung AT
Co., Ltd., Korea for providing SiO, and TiO, nanoparticles.

Author contributions

S.Y. and J.S. conceived an idea on trans-scale optical simulation combining the coherent
dipole radiation theory and the RTT for global, multivariable high-speed modeling. J.S.
made custom MATLAB codes for such trans-scale simulation and carried out all the
simulations presented in this article. Based on simulation results, J.S. fabricated and
analyzed scattering layers. E.K. assisted J.S. in performing LightTools™ simulations to
ensure the validity of the proposed simulation. J.-J.K. and S.Y. made an idea of
demonstrating highly efficient OLEDs using a scattering layer and a highly horizontally
oriented emitter based on the result of trans-scale optical simulation. C.-K.M. discussed
with J.S. in verifying a code based on the coherent dipole radiation model in OLEDs. Y.-
H.K. and K.-H.K. provided the phosphorescent emitter. J.S. and K.-H.K. fabricated
OLEDs and tested them with scattering layers. J.S. characterized the fabricated OLEDs. S.

| (2018)9:3207 | DOI: 10.1038/541467-018-05671-x | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/541467-018-05671-x

Y. and J.S. analyzed all the data and wrote the manuscript and S.Y. coordinated all the
experiments. All authors read and have given their approval to the final version of the
manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05671-x.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

10 NATURE COMMUNICATIONS | (2018)9:3207 | DOI: 10.1038/541467-018-05671-x | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-05671-x
https://doi.org/10.1038/s41467-018-05671-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Lensfree OLEDs with over 50% external quantum efficiency via external scattering and horizontally oriented emitters
	Results
	Global analysis of an OLED with an external scattering film
	Design and characterization of scattering films
	Performance and analysis of fabricated OLEDs

	Discussion
	Methods
	Preparation of scattering layers
	Measurement of the angular intensity of scattered light
	Optical simulation
	OLED fabrication and characterization
	Data availability

	References
	Acknowledgements
	Author contributions
	ACKNOWLEDGEMENTS
	Competing interests
	ACKNOWLEDGEMENTS


