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Enhanced light extraction in organic light-emitting devices: Using
conductive low-index layers and micropatterned indium tin oxide

electrodes with optimal taper angle
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Department of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST),

Daejeon 305-701, South Korea

(Received 20 March 2012; accepted 16 May 2012; published online 5 June 2012)

We present our study on organic light-emitting diodes (OLEDs) in which outcoupling is enhanced
based on a bilayer electrode consisting of a conductive low-index layer and micro-patterned
indium tin oxide (ITO) layers. Optical simulation reveals that the taper angle of an ITO pattern is
among the most critical parameters influencing the outcoupling efficiency in the proposed
structure. A fabrication method based on a lift-off process is then employed to control the taper
angle of the ITO pattern to be in the optimal range. OLEDs with the proposed electrode structure
exhibit 50%—70% enhancement in external quantum efficiency over reference devices. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4724306]

Organic light-emitting diodes (OLEDs) have entered the
mobile display market, one of the fastest growing segments
of the display industry, as an ideal light source with various
attractive characteristics. In addition, they are expected to
play a significant role also in the lighting industry in a near
future. In both fields of applications, the importance of effi-
ciency improvement cannot be overemphasized as the
enhanced efficiency not only offers a high lumen per unit
cost but also enables a lower operating current density,
which then tends to extend the device lifetime and reduce
the overall cost of ownership. The efficiency of most
OLEDs, however, is ultimately limited by relatively low out-
coupling efficiency (7,,)—the ratio of the number of the
extracted photons to that of the internally generated pho-
tons—while a careful device engineering can lead to an in-
ternal quantum efficiency (IQE) of almost 100%."> The
limited outcoupling results from the stratified geometry
inherent to an OLED, which causes total internal reflections
at its glass/indium tin oxide (ITO) and air/glass interfaces.
Outcoupling efficiency is known to be limited typically to
20% or less, although the exact number can vary depending
on a model and assumptions used therein.”> Some of the
photons that cannot be coupled out are simply lost by absorp-
tion or plasmonic coupling, but others are trapped or guided
within a substrate [substrate-confined (SC) mode] or within
ITO/organic layers [waveguide (WQG) mode].* The portion
of these SC and WG modes can range from 20% to as much
as 60% even when loss due to absorption and surface-
plasmonic loss is taken into account.* Hence, extraction of
those SC and WG modes, if possible, can provide an oppor-
tunity to enhance the external quantum efficiency (EQE) of
an OLED to a significant degree.

Many groups have thus tried to develop a device archi-
tecture that can convert SC and/or WG modes into out-
coupled modes.® To this end, we recently reported on the
outcoupling enhancement in OLEDs employing a bilayer an-
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ode, consisting of a conductive low-index layer (CLIL) cov-
ering a micro-patterned ITO electrode, the pattern of which
repeats in a 2D square array with a spatial period of several
micrometers.'’ It was demonstrated that the proposed struc-
ture can effectively extract WG modes while having the
advantages of (i) spectrally neutral enhancement; (ii) little or
no distortion of angular characteristics; (iii) no optical blur-
ring; and (iv) absence of an electrically inactive area, all of
which are the characteristics that are highly desired for prac-
tical applications yet have rarely been realized simultane-
ously. Nevertheless, the relative enhancement in our
previous work was rather limited at approximately 25%. In
this study, we investigate how one can take a full advantage
of what the proposed CLIL-based structure can offer in
enhancing 7., of OLEDs. We first perform an optical simu-
lation while varying several parameters to reveal the most
important factor(s) for WG-mode extraction. Upon identifi-
cation of key parameter(s), we then present a simple method
that can lead to a further significant enhancement in 7, in
CLIL-based OLEDs.

Figures 1(a) and 1(b) present a schematic top view of
the anode structure under study and a cross-sectional view of
an OLED made thereof, respectively. A unit cell (a region
surrounded with a solid line in Fig. 1(a)), which consists of
(i) a square-shaped d x d region only with poly(3,4-ethylene-
dioxythiophene): poly(styrene sulfonate) (PEDOT:PSS)
(=region P) and (ii) a region with both ITO and PEDOT:PSS
(=region I/P), repeats with a spatial period of a either in a
square or hexagonal lattice configuration. When the pro-
posed anode is used in OLEDs, the light travelling laterally
within organic layers, which corresponds to WG modes,
eventually runs against the edge of the ITO micro-patterns
that have an inclined surface covered with PEDOT:PSS.
Some of those lights can change their travelling directions in
such a way that they are eventually outcoupled. The ray dia-
grams in Fig. 1(b) show the three representative cases in
which WG modes are converted to outcoupled modes in the
proposed device structure.'® Note that both of the rays origi-
nating from region P (the rays represented by solid and

© 2012 American Institute of Physics
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FIG. 1. (a) Top-view diagram of the bilayer anode structures under study
(left: square lattice; right: hexagonal lattice) and (b) cross-sectional diagram
(along the line A-A’) of an OLED containing them. Three representative ray
diagrams are shown to illustrate the working principle of the proposed
structure.

dashed lines) and region I/P (the ray represented by dotted
lines) can be converted to outcoupled modes. For clarifica-
tion, the ray represented by the dashed line in Fig. 1(b) corre-
sponds to the case in which the light initially generated in
region P on the other side (not shown here) enters into the
ITO layer in region I/P through the inclined surface and is
guided therein.'® It should be noted that extraction of WG
modes in all the cases shown above is enabled by the index
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contrast provided by PEDOT:PSS, which has a lower refrac-
tive index (1.4-1.6)"" than those of ITO and organic layers
(1.7-2.0), allowing the micro-structuring to have a signifi-
cant optical effect.

To see how we can further improve #,,, in the proposed
structure, we carried out an optical simulation using com-
mercial illumination-optic software (LightTools™), which
is based on geometrical and statistical optics. Simulation was
done at a wavelength of 550 nm while the following parame-
ters were varied: the taper angle (0,) of the inclined surface
(Fig. 1(b)), the lattice geometry (square vs. hexagonal), the
spatial period @, and the ratio of d to a. The effect of absorp-
tion occurring within ITO and organic layers was also inves-
tigated and included when studying the effects of a and d/a
ratio. This modification is essential in simulating a more re-
alistic situation and thus minimizing the possible overestima-
tion because some of the waveguide light may need to travel
over a few to several micrometers before being converted to
outcoupled modes in the proposed structure.

The simulation results are summarized in Figs.
2(a)-2(d). First of all, it is noted that the taper angle (0,) is
among the most critical parameters influencing 7, in the
proposed device geometry and that the optimum taper angle
(0,°PY) is approximately 45+ 10° in all of the cases we
simulated. If 0, is too small, a ray that could otherwise be
outcoupled will continue to be guided as if nothing signifi-
cant happens near the tapered interface and will eventually
be lost by absorption. Likewise, if 0, is too high, the same
ray of light would not reflect from the inclined interface as
efficiently as in the optimal case because it no longer meets
the total internal reflection condition. Hexagonal lattice ge-
ometry is also shown to be helpful, albeit not as significant
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as 0,, in improving 74, This is because hexagonal lattice ge-
ometry packs slightly more structured interfaces within a
given area than square lattice geometry does, increasing the
overall probability that the light will run across the inclined
surface of the micro-patterns, which is the key interface ena-
bling the enhanced extraction. The graphs shown in Figs.
2(b)-2(d) and all the experimental results are thus given for
hexagonal lattice geometry unless specified otherwise.

The estimated value for 7,,, exhibited a significant drop
when possible absorption in organic and/or ITO layers was
taken into account, as can be seen from Figs. 2(a) and 2(b).
While absorption in both organic and ITO layers had a sig-
nificant influence on #,,, absorption occurring in organic
layers was shown to be particularly critical. This is partly
because the cases in which the rays are guided mainly along
organic layers (rays represented by solid and dotted lines)
are more abundant than the other case in the proposed
structure.

It may be stressed from the results observed in Fig. 2(b)
that any optical structure extracting WG modes should be
able to convert them into outcoupled modes before the rays
travel too far or preferably within a characteristic distance of
1/o, which is 10um and 1um for « of 10°cm™' and
10*cm™', respectively. In fact, the implication of such
absorption effect can be readily seen from Fig. 2(c) present-
ing the curve of 74y, vs. a. With « of organic (=a,,) and ITO
layers (=oypo) assumed at reasonable values of 10°cm™!
and 1.1x 10*cm','*14 respectively, 7o, increases from
22.7% to 30.1% as a decreases from 7 um to 1 um when 6,
and d/a are fixed at 45° and 0.5. Nevertheless, one may not
decrease a to an arbitrarily small value as it can incur prob-
lems in other aspects. If @ is below 2—4 um, the minimum
feature size for d can be too small to be considered reasona-
ble in terms of fabrication cost. Moreover, undesirable wave-
length dependence may occur if a is too small. Diffraction
phenomenon is one example. A significant diffraction effect,
if any, will induce an undesirable rainbow-like feature when
an OLED device is viewed under ambient light. The curve
with open circles in Fig. 2(c) presents the calculated results
of diffraction efficiency (#4;r) obtained with Diffract-
MOD™ as a function of a for ambient light reflecting from
the proposed OLED device. For simplification, the unit cell
used in calculation of n4;¢ Was given by the one shown in the
square lattice of Fig. 1(a) in the x-direction and has a full
OLED structure but elongated to an infinite scale in the
y-direction so that the model system can be treated as a 1D
reflection grating. The result indicates that 74 for the
reflected light is relatively large unless a becomes larger
than 4 ym. From the observations discussed in this para-
graph, one may regard 5-7 um as an optimal spatial period
in the proposed system.

The effect of the “d/a” -ratio turns out to be rather subtle.
Note that the travel distance to the inclined interface
becomes shorter (longer) for light originating from region I/
P (region P) as d/a increases for a fixed a. Hence, the partial
outcoupling efficiency for the light generated from region I/P
(:nout(I/P )) tends to increase as d/a increases, while that for
the light generated from region P (:nout(P)) tends to
decrease. Since overall 7, is determined by the area-
weighted average of ﬂout(I/P ) and nout(P), the competition
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between those two components results in 7, that increases
with dfa at first but saturates after d/a becomes larger than
about 0.5. Note that the effective sheet resistance Ry, ™ of
the proposed bilayer electrode tends to increase with d/a due
to an increase in the relative portion of region P, which has a
higher sheet resistance than region I/P. In a hexagonal lattice,
R®™ can be obtained, upon consideration of its symmetry,
by calculating the resistance over the rectangular area sur-
rounded by the dashed line in Fig. 1(a) and correcting it for
its aspect ratio. In this way, Ry, ™ of the proposed bilayer
anode in a hexagonal lattice geometry is given by

2 d dRFEP)\
Ri;:lft):7 RJ}TO (\/__) +REEED)<1+G h

(ITO)
V3 d gY

(1)
The sheet conductance (=Gg,“™ =1/Ry,“™) is shown in
Fig. 2(d) for the case in which RshaTO) 11 Q/sq and

R4 TEPOD — 683 O/sq.'° As long as d/a is smaller than 0.56,

is maintained within 20 Q/sq. From the observed
trend of #,,, and Gsh(efD over d/a, the optimal d/a ratio con-
sidering both electrical and optical properties may be set at
around 0.5.

Based on the results obtained from the theoretical study,
we narrowed down to the hexagonal lattice geometry with a
and d/a set to 6 um and 0.5, respectively. Then, we focused
our efforts on controlling 0, to be in the optimal range con-
sidering its strong potential to enhance #,,. It should be
noted that controlling the taper angle is not a trivial task. In
the wet-etching process commonly used for ITO etching, in
particular, it is challenging to control the edge shape of ITO
patterns due to its isotropic etching character.'> According to
our previous results,'® the ITO pattern produced with such
wet-etching process resulted in 0, of approximately 25° or
less, which is much smaller than 0, °PY. Therefore, we
adopted the lift-off process outlined in Fig. 3(a), in which the
taper angle control was done using a commercially available
negative photoresist (AZ5214, AZ Electronic Materials).

Note that the exposure process shown as a single step
for simplicity in Fig. 3(a) in fact consists of multiple steps

Ry, (eff)

uv
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FIG. 3. (a) Overall process flow for fabrication of OLEDs based on the pro-
posed anode structure of which the ITO pattern edge has the optimal taper
angle. (b) The cross-sectional SEM images of the inverse trapezoidal struc-
ture created with negative photoresist (PR) and (c) that of the sputtered ITO
pattern defined by the proposed lift-off process.
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involving (i) spin-coating of AZ5214 on a precleaned sub-
strate (4000rpm, 30s); (ii) pre-baking on a hotplate at
120°C for 1min; (iii) UV exposure using a mask aligner
(Lithotech, ADE-100; i-line, 18.9 mW/cmz) with a photo-
mask in position; (iv) baking on a hotplate at 120°C for
2min; and (v) UV-exposure without the photomask under
the same condition as (iii). Such multiple steps are common
when AZ5214 is used as a negative/image-reversal resist.
This is based on the fact that AZ5214 is a positive photore-
sist as-is but its UV-exposed part can be selectively activated
and cross-linked when going through a proper heat treatment
(110°C=130°C), as in the steps (iii)-(iv).'® To obtain the
pattern shapes with a desired inverse-trapezoidal structure
having the proper range of taper angle, we carefully adjusted
the exposure time. The optimized exposure time was 2 s and
30s for the first and second exposure steps, respectively. It
turned out that developing time was also influential. In gen-
eral, a shorter developing time tended to yield a structure
with a steeper slope (larger taper angle) because the devel-
oper solution has a relatively small amount of time to pene-
trate into the resist film. The optimized developing time was
30s for the developer used in this work (AZ300MIF, AZ
Electronic Materials).

Through the controlled process described above, we
were able to obtain an inverse trapezoidal structure with the
taper angle in the range of 30°-50° as shown in the scanning
electron microscopy (SEM) image presented in Fig. 3(b).
Then, an ITO layer with a thickness of 155*+10nm was de-
posited by RF magnetron sputtering and subsequently went
through the lift-off process using photoresist remover
(AZA00T, AZ Electronic Materials). The taper angle of the
final ITO pattern was measured to be 35*5° (Fig. 3(c)),
thanks to the good step coverage typical of the sputtering
process. The average sheet resistance of the sputtered ITO
layer was 35 )/sq, higher than that of commercial ITO elec-
trodes, which is typically in the range of 10-15Q/sq. After
definition of ITO patterns, OLED devices were fabricated as
described previously'® with high-conductivity grade of
PEDOT:PSS (Baytron PH 500, Clevios™) mixed with 5%
dimethylsulfoxide (DMSO). The OLED devices were based
on an archetypal heterojunction consisting of a hole transport
layer (HTL) of N,N’-Bis(naphthalen-1-yI)-N,N’-bis(phenyl)-
benzidine (NPB) and an electron transport/emission layer
(ETL/EML) of tris(8-hydroxy-quinolinato) aluminum
(Alqgs). The part of the PEDOT:PSS layer covering the out-
side of an active area was masked with an insulating layer to
avoid the possibility of overestimation.

Figures 4(a) and 4(b) present the EQE and power effi-
ciencies (PEs), respectively, of the OLED devices fabricated
in this work as a function of luminance (L). In the high
brightness range where the enhancement results predomi-
nantly from the optical effect,'® the relative enhancement in
EQE with respect to that of a reference device (planar; with-
out PEDOT:PSS) was as large as 50%—70%. Their PE also
showed the similar level of enhancement in the high L range.
These results correspond to >2x improvement over the pre-
vious Work,10 which was based on the same CLIL-based
devices with their ITO patterns defined by the wet-etching
process. Since #,,, of a reference OLED device (%m(reﬂ) is
estimated to be 14.0% with absorption in ITO and organic
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FIG. 4. Experimental results for (a) EQE and (b) PE vs. luminance of
OLEDs under study. OLED devices are in the structure of glass/x/NPB
(50nm)/Algq; (50 nm)/LiF (1 nm)/Al with x being (i) planar ITO without
PEDOT:PSS (=“reference”) or (ii) patterned ITO covered with
PEDOT:PSS (= “CLIL").

layers included, the estimated optical enhancement ratio of
Nou for O, of 45 = 10° is expected to be in the range of
1.43-1.63 and agrees well with the experimental result.
Without inclusion of absorption effect, the maximum
enhancement ratio over 7o, " (=17.6%) is estimated for 0,
of 45 = 10° to be 2.03-2.61, which is too far from the experi-
mental results; this reconfirms the importance of including
the effect of absorption in predicting the #,,, enhancement
without severe overestimation. In the low brightness level,
even a larger degree of enhancement was observed in both
EQE and PE. For example, their EQE and PE were enhanced
by 140% and 180%, respectively, at L of 100cd/m?. Such
large enhancement in this brightness range is attributed not
only to the optical benefit of the proposed structure but also
to the velectrical carrier balance improved by
PEDOT:PSS.'*"

It is also noteworthy that the proposed process results in
a relatively steep inclined surface, yet the edge is still smooth
enough not to cause electrical shorts. Another type of process
such as a directional, plasma-based dry-etching process'
may also be considered, but one has to make sure that the
employed method does not result in excessively sharp or
rough edges that can make devices vulnerable to electrical
shorts.

In summary, we have shown that the outcoupling
enhancement due to the optical effect of a conductive index
layer and micropatterned ITO electrodes can be improved to
a value as high as 50%—70%. The taper angle increased close
to the optimal range of approximately 45 = 10° by the pro-
posed lift-off process was a key to more than 2Xx
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enhancement over the previous work, which was based on
the equivalent structure but with the ITO patterns having
smaller taper angles due to the limitation of the wet-etching
process. Given the advantages of the CLIL-based method
such as spectrally neutral enhancement, no angular distor-
tion, absence of inactive area, and blur-free operation,10 the
proposed method is expected to play a significant role as an
attractive method to enhance the efficiency of OLEDs in var-
ious applications.
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