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ABSTRACT: Indium−tin−oxide (ITO) nanorods were fab-
ricated in 10 min from commercially available ITO substrate
using wet chemical etching method. The optical properties of
the ITO nanorods were investigated using transmission
spectroscopy and dark-field optical microscopy. The trans-
mittance and light-scattering characteristics of the ITO
nanorods were better than those of ITO film. The ITO
nanorod layer was further used as a transparent anode in
polymer light-emitting diodes (PLEDs). The brightness and
current efficiency of the PLED with the ITO nanorod layer were enhanced. This performance enhancement can be attributed to
the excellent optical and electrical properties of the ITO nanorod layer.
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Polymer light-emitting diodes (PLEDs) have attracted
considerable attention because of their advantages such

as low power consumption, light weight, and flexibility.
However, the performance of PLEDs must be further
optimized to ensure their possible commercialization. Conven-
tional PLEDs have a multilayer structure consisting of glass
substrate, an indium−tin−oxide (ITO) transparent electrode, a
hole injection layer, emissive and transport layers, and a
cathode. The refractive indices (n) of glass, ITO, and a well-
k n o w n h o l e i n j e c t i o n l a y e r p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) are functions of wavelength and are approximately
1.5−1.6, 1.8−2.3, and 1.5−1.7, respectively.1−3 However,
because of the large difference in their refractive indices, the
generated light is confined in devices, thus resulting in low out-
coupling efficiency. Approximately 80% of the photons are
trapped in different waveguide modes.4−6 Substrate waveguide
mode is caused by total internal reflection in a glass substrate.
To extract light from substrate waveguide mode, numerous
light out-coupling techniques including patterned substrates,7−9

high refractive index substrates,10 and microlens arrays have
been employed.11,12 Similarly, the total internal reflection
occurring in ITO/organic layers leads to an ITO/organic
waveguide mode. Devices with photonic crystals,13−15

micocavities,16,17 and surface plasmons18−20 have been
developed to extract light from ITO/organic waveguide
mode. However, only a few studies4 have incorporated light-
extraction nanostructures for ITO, which has the highest
refractive index in conventional PLEDs. Moreover, most of the
proposed fabrication procedures for light out-coupling
nanostructures involve sophisticated and expensive fabrication
technologies, such as nanoimprint and electron-beam lithog-
raphy. Therefore, an easy and economical procedure must be

developed for fabricating light out-coupling nanostructures with
excellent light-extraction characteristics.
In this study, ITO nanorods were fabricated using wet

chemical etching method, and the fabricated ITO nanorods
were embedded, for the first time, in PLEDs as a light-
extraction layer. ITO nanorods with approximately 30 nm
diameter and 120 nm height were obtained in 10 min. The
transmittance and light-scattering characteristics of the ITO
nanorod layer are enhanced. The PLED with the ITO nanorod
layer exhibits more brightness and higher efficiency than the
reference device without ITO nanorod layer. Because of the
excellent optical and electrical properties of the ITO nanorods,
light was extracted from the ITO/organic waveguide mode, and
maximum current efficiency was improved by 91%.
The ITO nanorods were fabricated from a commercially

available ITO-coated glass substrate using wet chemical etching
method (Figure 1). The substrates were submerged in
phosphoric acid, and the etching process was stopped after a
certain amount of time.21 The formation of ITO nanorods
under different etching times was analyzed using SEM images
of the substrates, as shown in Figure 2. The original thickness
of the ITO film is approximately 250 nm (Figure 2a). As the
etching time increases, cracks are formed, and the gaps between
the ITO nanorods increase. If the etching time is inadequate,
the ITO nanorods are not completely formed. ITO nanorods
suitable for this study can be achieved in 10 min, as shown in
Figure 2c. The ITO nanorods are vertically oriented on a
continuous ITO layer. The height and diameter of the ITO
nanorods are approximately 120 and 30 nm, respectively. The
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existence of a continuous ITO layer is crucial for providing the
electrical conduction path. If the etching time is extended, the
ITO will be over etched, and a continuous ITO layer cannot be
observed on the substrate. The resistance of an overetched ITO
nanorod layer will be dramatically increased; therefore, an
overetched ITO nanorod layer is not suitable for electronic
devices.
Transmittance spectroscopy and dark-field microscopy were

used to investigate the optical properties of the ITO nanorod
layer, as shown in Figure 3. The ITO film exhibits Fabry−Peŕot
resonance22 with transmission peaks at 480 and 710 nm, as
shown in Figure 3a. As can be seen, the transmittance increases
as the ITO film etching time increases, except at the 500 nm
wavelength. At most of the wavelengths, the transmittance
increases by approximately 10%. The SEM images and
transmission spectroscopy results show that the increase in
transmittance can be attributed to the formation of the ITO
nanorod layer. In the ITO nanorod layer, ITO mixes with air or
hole transporting material, thus resulting in a gradient refractive
index, which is essential for an antireflection layer.23,24

Moreover, the dark-field microscopy image of the ITO nanorod
layer (Figure 3b) is brighter than that of the ITO film (Figure
3c). Because a dark-field microscope can collect only scattered
light, the brighter image of the ITO nanorod layer, when
compared with that of the ITO film, indicates the stronger
light-scattering behavior of the ITO nanorod layer.
Because the ITO nanorod layer possesses excellent optical

characteristics, such as high transmittance and strong light-
scattering behavior, output coupling of light can be enhanced in
LEDs. Therefore, the ITO nanorod layer was embedded in a
PLED to demonstrate its merits. To fabricate the PLEDs, we
used PEDOT:PSS as the hole-transporting layer on the ITO
nanorods, and a blend film consisting of poly(N-vinyl

carbazole) (PVK), 2-(4-tert-Butylphenyl)-5-(4-biphenylyl)-
1,3,4-oxadiazole (PBD), N,N′-bis(3-methylphenyl)-N,N′-di-
phenylbenzidine (TPD), and tris(2-(4-tolyl)phenylpyridine)
iridium (Ir(mppy)3) was used as the emissive layer. Further,
LiF and Al were used as the cathode (Figure 1). The device
structure is glass substrate/ITO nanorods/PEDOT:PSS/
PVK:PBD:TPD:Ir(mppy)3/LiF/Al. Green phosphorescent
dopant Ir(mppy)3 was blended with PVK host polymer.
Further, TPD and PBD were also blended with PVK to
facilitate hole and electron transport, respectively, because of
the high hole mobility of TPD (μh ≈ 1 × 10−3 cm2 V−1 s−1)25

and the high electron mobility of PBD (μe ≈ 1 × 10−5 cm2 V−1

s−1).26 The commonly used weight blending ratio of
PVK:PBD:TPD:Ir(mppy)3 = 61:24:9:627,28 was selected.
However, the wetting properties of PEDOT:PSS on ITO
nanorods are poor, and the gaps between the ITO nanorods
were not completely filled with PEDOT:PSS after spin coating.
Therefore, the PEDOT:PSS was blended with isopropanol and
Triton X-100 to improve the wetting properties of
PEDOT:PSS on ITO nanorods. As shown in Figure 4a, after
the wetting problem is resolved by adding additives to the
PEDOT:PSS, the gaps between the ITO nanorods are filled.
The thickness of PEDOT above the ITO nanorods is
approximately 20 nm. The device fabrication process was
completed by further depositing an emissive layer of
approximately 100 nm and LiF/Al as the cathode, as shown
in Figure 4c. A reference device with an ITO film as the
transparent anode was also fabricated, as shown in Figure 4b, d.
The thickness of each layer was controlled to ensure that the
layers are comparable to those of the device with the ITO
nanorod layer.
The characteristics of the device embedded with ITO

nanorods were analyzed and compared with those of the
reference device without ITO nanorods, as shown in Figures
5a, b. The maximum current efficiency of the reference device
without ITO nanorods is 2.86 cd/A whereas it is 5.47 cd/A for
the device with ITO nanorods. The superior current efficiency
of the device with ITO nanorods can be attributed to the

Figure 1. Fabrication procedures of ITO nanorods and polymer light-
emitting diodes.

Figure 2. SEM images of ITO layers etched for (a) 0, (b) 5, and (c) 10
min.

Figure 3. (a) Transmittance spectra of ITO layer etched for different
periods of time. Dark-field microscope images of (b) ITO film and (c)
ITO nanorods etched for 10 min.
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greater brightness (Figure 5b). The high transmittance of the
ITO nanorod layer significantly influences the brightness;

hence, the light out-coupling and current efficiencies are
enhanced. Moreover, the current density values at 11 V are 6.68
and 14.64 mA/cm2 for the devices without and with ITO
nanorods, respectively. The higher efficiency for the device with
ITO nanorods can also be attributed to the higher current
density. The higher current density is the result of a rougher
interface between the electrode and the emissive layer, which
promotes charge injection (Figure 4a).
The angular dependency of brightness was also analyzed.

The brightness at different viewing angles (θ) was recorded, as
shown in Figure 5c. The brightness of the device with ITO
nanorods is greater than that of the device without nanorods at
different viewing angles because of the light-scattering nature of
the ITO nanorods. Therefore, more light is out-coupled at
different angles. A device with enhanced performance can be
achieved by using ITO nanorods, which can be fabricated in
only 10 min.
In summary, PLEDs embedded with ITO nanorods were

realized. The ITO nanorods were fabricated in 10 min using
wet chemical etching method and embedded in PLEDs for light
extraction. The brightness and current efficiency of the PLED
with ITO nanorods were enhanced. This enhancement in
efficiency can be attributed to the excellent optical character-
istics such as high transmittance and stronger light-scattering
characteristics of the ITO nanorods.
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