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Abstract

Improved out-coupling efficiency and low haze of organic light-emitting diode (OLED) lighting with an auxiliary electrode are
demonstrated by selective microlens arrays (SMLAs). The microlens arrays, aligned with the auxiliary electrode, were
selectively fabricated, since the fully packed microlens arrays lead to OLED lighting with high haze. The external quantum
efficiency and power efficiency of the devices with the SMLAs increased by 32% when compared with the devices without
these arrays. Using the SMLAs, dark gnd lines in the emission region became brighter, with a low haze, and the spectra of
the emitted light had no shift.

© 2013 Optical Society of America
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Improved out-coupling efficiency and low haze of organic light-emitting diode (OLED) lighting with an auxiliary
electrode are demonstrated by selective microlens arrays (SMLAs). The microlens arrays, aligned with the auxiliary
electrode, were selectively fabricated, since the fully packed microlens arrays lead to OLED lighting with high haze.
The external quantum efficiency and power efficiency of the devices with the SMLAs increased by 32% when com-
pared with the devices without these arrays. Using the SMLAs, dark grid lines in the emission region became
brighter, with a low haze, and the spectra of the emitted light had no shift. © 2013 Optical Society of America
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Organic light-emitting diodes (OLEDs) are attractive ow-
ing to their advantages of self-emission, low power con-
sumption, high contrast ratios, high speed operation,
ultrathin profile, and overall flexibility, and are applied
in various fields such as flat panel displays and for illu-
mination [1]. For practical white OLED (WOLED) light-
ing, electro-phosphorescence is widely used due to its
100% internal phosphorescence efficiency [2]. Addition-
ally, the efficiency of the WOLEDs has been reported
to exceed that of fluorescent tubes [3].

Although the internal quantum efficiency approaches
100%, significant research has been conducted on the
light extraction techniques in OLEDs, because about 80%
of light loss generated at the emission layer occurs in the
indium-tin oxide (ITO)/organic mode, substrate mode,
and surface plasmon mode [4]. The emitted light is
trapped in the ITO/organic layer and glass substrate ow-
ing to the mismatch of the refractive indexes between the
organic layers, ITO, glass substrate, and air. The ITO/
organic mode has been out-coupled by a hexagonal-
close-packed array [5], and ultra-low-index grid [6]. Addi-
tionally, the substrate mode has been extracted using
microlens arrays [7,8] and zinc oxide pillar arrays [9].

In OLED lighting, the light out-coupling techniques
mentioned above can be applied to extract the light in
the ITO/organic mode. However, the haze is highly in-
creased when applying extraction techniques to the glass
substrate, such as microlens arrays and zinc oxide pillar
arrays, which leave a regular pattern over the entire sur-
face of the substrate so that OLED lighting becomes
blurred and has a spectral shift [10].

As the size of the emissive area increases in OLED
lighting, the nonuniformity of the emitted light is en-
hanced. The current in the large-area OLEDs mainly
flows in the corner of the emission region. Thus the lu-
minance at the center of the devices decreases, and the
heat generation in the corner of the emission region in-
creases [11,12]. An auxiliary metal electrode has been
fabricated on the ITO to distribute holes onto the anode,
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rendering the luminance and heat distribution uniform.
Additionally, an insulator has been fabricated on the aux-
iliary electrode to avoid short circuits in the devices.
However, the insulator on the auxiliary electrode blocks
the hole injection from the auxiliary electrode into the
organic layer. Furthermore, there is no recombination
between the holes and electrons in the emissive area
directly on the insulator, which reduces the effective
emitting area [13].

In this study, selective microlens arrays (SMLAs), ex-
actly aligned with the auxiliary metal electrode, are fab-
ricated on the backside of the substrate to increase the
external quantum efficiency and power efficiency, and to
reduce the haze of OLED lighting. In the case of the mi-
crolens arrays fabricated on the entire surface of the
glass substrate, the OLED lighting has blurred light
and high haze along with a spectral shift, which is del-
eterious for OLED lighting. For these reasons, the fully
packed microlens arrays on the glass substrate lead to
OLED lighting with a high haze. Thus, the microlens ar-
rays are selectively fabricated on the backside of the
glass to extract light at the nonemissive area of the glass
substrate under the insulator. Then, pure light can pass
through the areas of the glass substrate, where the micro-
lens arrays do not exist. As a result, the external quantum
efficiency and power efficiency of the OLED lighting
increase, and OLED lighting with low haze, is accom-
plished by the SMLAs. The SMLAs are fabricated by
imprinting technology, which has a high reproducibility
and can be applied to large-area OLEDs. The thickness,
width, and arrangement of the SMLAs are simply
controlled by spin-coating and photolithography. The
SMLA has a high transmittance in the entire visible
spectrum and has thermal and chemical resistances ow-
ing to the property of the SU-8 (SU-8 2025, MicroChem).
Further, the refractive index of the resin is slightly
higher than that of the glass substrate, which is appropri-
ate for light extraction from the glass substrate into
the SMLAs.

© 2013 Optical Society of America
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Fig. 1. Schematic illustration of fabrication procedures for the
SMLAs and auxiliary electrode.

A schematic illustration of the fabrication procedures
for the SMLA and auxiliary electrode is shown in Fig. 1.
The negative tone photoresist AZ5214 was first spun on
the ITO at a speed of 4000 rpm for 30 s, followed by a
prebake at 95°C for 60 s. The AZ5214 was exposed to
25 mJ/cm? and annealed at 115°C for 2 min. After
flood exposure without a mask, the AZ5214 was devel-
oped for 50 s. Thermal evaporation in high vacuum
(~2 x 1075 Torr) was used to deposit an aluminum aux-
iliary electrode of 100 nm thickness. Al;O5 of 150 nm
thickness was deposited onto the auxiliary electrode by
radio frequency sputtering in order to fabricate an insula-
tor. Then, the auxiliary electrode was fabricated under the
insulator by a lift-off process.

For the fabrication of the microlens stamp, poly (dime-
thylsiloxane) (PDMS) elastomer was poured onto a mi-
crolens array (MNTECH Co. Ltd.) and cured in an
oven at 70°C for over 3 h. The PDMS stamp could then
be easily peeled off from the master, whose diameter was
78 pm and height was 53 pm. The height and width of the
fabricated PDMS stamp were the same as those of the
master. After fabricating the stamp, the photoresist
SU-8 was spun onto the backside of the glass substrate,
followed by annealing on a hotplate at 95°C for 6 min.
Then, the substrate was completely cooled. The stamp
and SU-8 were placed in contact at room temperature.
A 1 kg iron block was placed on the combined stamp
and SU-8, followed by heating in the oven at 100°C for
45 min. Next, the combined stamp and SU-8 were allowed
to cool down. Afterward, the stamp was detached from
the SU-8 [14]. Since the difference in the surface energies
between the SU-8 and PDMS is small, the PDMS
stamp was simply detached from the SU-8. Using an
aligner and an optical microscope, UV light could be
exposed to the SU-8 at the same position as the auxiliary
electrode. After developing for 1 min in a sonicator
(JAC-2010, Kodo Technical Research Co. Ltd.), followed
by postbake at 160°C for 10 min, the SMLAs were
completed.

The following layers were then thermally evaporated
onto the auxiliary electrode and ITO of the anode in a
high vacuum (~2 x 10~ Torr): a 60 nm thick N,N"-bis(a-
naphthyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine layer
for hole transport, an 80 nm thick tris-(8-hydroxyquino-
line) aluminum layer for light emission, a 0.8 nm thick
lithium fluoride layer as an electron injection layer and
100 nm thick aluminum as a cathode layer.

Three types of devices were fabricated to study the
effects of the SMLAs. All three device types have an

October 15, 2013 / Vol. 38, No. 20 / OPTICS LETTERS 4183

Table 1. Three Types of Fabricated Devices for
Investigating the Effect of the SMLAs

Type Structure of the Fabricated Devices

Device A Glass/ITO/auxiliary electrode/NPB/Algs/LiF/Al

Device B SMLAs with 78 pm width/glass/ITO/auxiliary
electrode/NPB/Alq; /LiF /Al

Device C  SMLAs with 312 pm width/glass/ITO/auxiliary

electrode/NPB/Alqs /LiF /Al

auxiliary electrode. Device A is a reference, without
SMLAs; the other two devices comprise SMLAs with
78 and 312 pm widths, respectively (devices B and C).
The device with 312 pm width SMLAs was composed
of four SMLAs with a 78 pm width. The three types of
fabricated devices are summarized in Table 1.

The current-voltage characteristics were measured
using a Keithley 237 High-Voltage Source-Measure Unit
(Keithley Instruments, Inc.), and the electrolumines-
cence (EL) efficiency was measured using a Spectroradi-
ometer (PR-670 SpectraScan, Photo Research, Inc.) in a
dark box.

A photograph and optical microscope images of the
auxiliary electrode with an insulator are shown in
Figs. 2(a) and 2(b), and the scanning electron micro-
scope (SEM) images of the SMLAs are represented in
Figs. 2(c) and 2(d). The diameter and height of the SMLA
are 82 and 45 pm, respectively, and the size ratio is ap-
propriate for the light extraction, since the coupling en-
hancement factor of the microlens is highest at this
ratio of hemisphere structure size. The height and width
of the SMLAs are almost the same as those of the stamp.
The stamp has a high reproducibility since the difference
in the surface energies between the SU-8 and PDMS was
small; therefore, there is no residue in the stamp after
detachment. The SU-8 exhibits more than 95% transmit-
tance in the visible light spectrum and has high thermal
and chemical resistance. By controlling the exposure re-
gion in photolithography, devices B and C, with a height
of 45 pm, were easily fabricated. In this fabrication tech-
nique, the shape of the arrangement is easily controlled
by the mask patterns of the photolithography. Since the

Fig. 2. (a) Photograph and (b) optical microscope image of
the auxiliary electrode and insulator after the lift-off process.
(c) and (d) Scanning electron microscope images of the SMLAs.
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auxiliary electrode has a grid shape, the SMLAs also have
an arrangement of grid patterns.

The EL characteristics of devices A-C are shown in
Fig. 3. Figure 3(a) shows the current density as a function
of voltage. The current densities of devices A-C are all
similar in value because all these devices have the aux-
iliary electrode, which implies that the total resistance of
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Fig. 3. (a) Current density—voltage characteristics. (b) Current
efficiency and power efficiency as a function of luminance
(solid and open symbols represent the current efficiency and
power efficiency, respectively). (c) External quantum
efficiency—current density characteristics of the OLEDs that
have the auxiliary electrode without SMLAs (square), with
78 pm width SMLAs (circle), and with 312 pm width SMLAs
(diamond).
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Fig. 4. Electroluminescence as a function of the wavelengh of
the OLEDs that have the auxiliary electrode without SMLAs
(square), with 78 pm width SMLAs (circle), and with 312 pm
width SMLAs (diamond), at a current density of 100 mA/cm?.

the devices is the same. The total resistance of the
OLEDs with the auxiliary electrode is smaller than that
of the OLEDs without the auxiliary electrode, which re-
sults in more current in the OLEDs with the auxiliary
electrode. The device with wider SMLAs exhibits higher
current efficiency and power efficiency, as shown in
Fig. 3(b). The current efficiencies of the devices are
2.21 cd/A (device A), 2.52 cd/A (device B), and
2.92 cd/A (device C), respectively, at 1000 cd/m?, and
their power efficiencies are: 1.12 Im/W (device A),
1.32 Im/W (device B), and 1.59 Im /W (device C), respec-
tively, at 1000 cd/m?. These increases in the devices with
SMLAs correspond to the enhancements of 17.8% (device
B) and 41.9% (device C) in current efficiency, and 14.0%
(device B), 32.1% (device C) in power efficiency.

The external quantum efficiency is plotted as a func-
tion of the current density in Fig. 3(c). The external quan-
tum efficiency at 100 mA/cm? is 0.83% for device A,
0.96% for device B, and 1.09% for device C, respectively.
The enhancement ratios correspond to 15.7% (device B)
and 31.3% (device C) for the external quantum efficiency.
The SU-8 of the SMLAs whose refractive index is approx-
imately 1.57-1.63 at 380-780 nm is appropriate for light
extraction, because the refractive index of the SU-8 is a
little higher than that of the glass. When light passes from
a material of low refractive index to a material of high
refractive index, it changes its direction closer to the nor-
mal angle. At the SU-8/air interface, light passes with a
low total reflection through the SMLA because of the
hemispherical surface of the SMLA. The SMLAs aligned

(a) (b)

Pt

——

1 mm
——

Lo

Fig. 5. Photographs of two types of OLEDs: (a) with only the
auxiliary electrode (device A) and (b) with both the auxiliary
electrode and SMLAs (device B).
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Table 2. Haze and Total, Parallel, Diffuse Transmittance of the Four Types of Substrates

Type Haze (%) Total Transmittance (%) Parallel Transmittance (%) Diffuse Transmittance (%)
Ref 0.15 80.98 80.86 0.12
SMLAs 78 16.13 74.89 62.81 12.08
SMLAs 312 44.47 74.86 41.57 33.29
MLAs 76.94 79.66 18.37 61.29

with the auxiliary electrode extract the light totally
reflected at the glass substrate/air interface and increase
the efficiency of the devices with the auxiliary electrode.
Consequently, the power efficiency and the external
quantum efficiency are greatly enhanced, as the width
of the SMLA increases owing to the increase in the light
extraction area on the backside of the glass substrate.

Fig. 4 shows the EL spectra of the three devices at a
current density of 100 mA/cm? in the visible light spec-
trum. The EL intensities of devices B and C are enhanced
by 15.8% and 34.2%, respectively, at 525 nm. The peak
intensity of the three devices in the EL spectrum is
approximately 525 nm, and the total spectrum tendency
of devices B and C is the same as that of device A,
because the size of the SMLA is much larger than the
emission wavelength.

As shown in Fig. 5, device A has black grid lines on the
emissive area at an operating voltage 3.7 V and luminance
of 60 cd/m?. The insulator on the auxiliary electrode
blocks the hole injection from the auxiliary electrode into
the organic layer. As a result, there is no recombination
between holes and electrons in the emissive area directly
on the insulator, and light is not generated in the emissive
layer on the insulator. Thus, the actual emission area of
device A decreases, reducing the proportion in the emit-
ting area by 11.4%. The width and length of the auxiliary
electrode are 78 pm and 4 mm, respectively. Using the
SMLAs, the dark grid lines in the emissive area of device
B became brighter. The rest of the emissive area, where
the microlens arrays do not exist, emitted pure light.

To investigate the haze of the SMLAs, four types of sub-
strates were fabricated. A reference comprised of a
200 nm thick ITO on a 0.7 mm soda-lime glass (ITO glass).
SMLAs 78, 312, and MLAs were composed of an ITO glass
with 78 pm width SMLAs, 312 pm width SMLAs, and fully
packed microlens arrays, respectively. The haze are 0.15%
(Reference), 16.13% (SMLAs 78), 44.47% (SMLAs 312),
and 76.94% (MLAs), respectively. As the total area of
the microlens arrays on the ITO glass increases, the dif-
fuse transmittance and haze also increase. Table 2 sum-
marizes the haze and transmittances of each substrate.

In conclusion, we have fabricated SMLAs exactly
aligned with the auxiliary electrode on the backside of
a glass substrate. The totally reflected light at the glass
substrate/air interface has been selectively extracted
by the SMLAs. Therefore, the power efficiency and exter-
nal quantum efficiency of the device increases, and the
dark grid lines in the emission region become brighter,
with low haze. As the total area of the SMLAs on the
backside of the glass substrate increases, the haze as well
as efficiency of the device increases. The efficiency and

haze are in a proportional relationship. Thus, depending
on the goal of the efficiency and haze of the OLED light-
ing, the area of the SMLAs can be controlled.

Moreover, OLED lighting with the SMLAs exhibits no
spectral shift. The SMLAs reduce the energy consump-
tion of the OLED lightings by increasing the efficiency
of the device. In terms of the fabrication process, the
height, width, and arrangement of the SMLAs are simply
controlled by spin-coating and photolithography. The im-
printing technique used in the fabrication process has a
high reproducibility and can be applied to large-area
OLED lighting.
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