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Abstract: Quasi-periodic WO3 nanoislands are introduced to extract two 
optical modes in organic light-emitting diodes. The nano-scaled and size-
tunable WO3 islands were fabricated by use of wet-etching with self-
aggregated Ag mask. The improvement of light extraction efficiency 
originates to the recovery of light losses which are surface plasmon mode 
and waveguide mode. As a result, external quantum efficiency and power 
efficiency were increased. No changes in emission spectrum and CIE color 
coordinates with WO3 nanoislands at various observation angles are 
desirable if this device is to be utilized in optical system. Furthermore, cost-
effective fabrication makes it possible to adopt this system in large area 
fabrication. 
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1. Introduction 

Organic Light Emitting Diodes (OLEDs) have attracted great interest due to their potential 
applications in, for example, display devices and lighting systems. While the achievement of 
highly efficient OLEDs is important for utilization in various applications, one of the 
problems of OLEDs is their low out-coupling efficiency due to various optical loss channels 
in the device [1]. One of loss channels is the substrate mode, which is induced by differences 
in the refractive index between the layers [2]. To address this problem, a micro-lens array and 
a scattering layer have been reported [3, 4]. A large portion of the light loss also occurs from 
the surface plasmon polaritons (SPPs) and from the waveguide mode. A surface plasmon is a 
type of charge oscillation along the surface of the metal; the light loss induced by the surface 
plasmon mode is strongly confined between the organic layers and the metal cathode [5]. The 
waveguide mode is trapped in the thick transparent conductive oxide (TCO) layer, which has 
a higher refractive index than the adjacent layers. Various techniques have been reported to 
extract two optical modes to improve light efficiency; these techniques include use of 
photonic crystals and nanostructures with periodic patterns [6–8]. 

A nano-scaled periodic structure is a good candidate to extract the light loss at a specific 
emission wavelength; however, fabrication to achieve nano-scaled periodic structures, for 
example, photolithography and E-beam lithography, are complex and non-economical. 
Moreover, unexpected changes of color coordinate and electrical property induced by the 
nanostructure are undesirable if such a device is to be utilized in an optical system or a 
display device. 

For this paper, we introduced quasi-periodic Tungsten trioxide (WO3) nanoislands to 
extract the waveguide mode and the surface plasmon mode which are trapped in OLEDs. 
Two optical modes can be extracted through Bragg scattering by inserting a grating structure 
with a periodicity of several hundred nanometers, as shown in Fig. 1. A self-aggregated silver 
(Ag) layer, which is achieved using only a thermal annealing process, was used as mask for 
WO3 wet-etching. The suggested method, based on wet-etching, is extremely simple and size-
tunable. No angular dependency of emission property in this study is desirable if we are to 
adopt such a device for various optical applications. Furthermore, cost-effective fabrication 
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without photolithography makes it possible to adopt WO3 nanoislands in large area 
fabrication. 

 

Fig. 1. Schematic cross section of devices (left) without and (right) with quasi-periodic WO3 
nanoislands considered in this work. 

2. Experimental methods 

We fabricated quasi-periodic nanoislands using the wet-etching process, as shown in Fig. 2. 
WO3 was chosen as the nanoislands due to its good charge injection property [5]. Glass 
substrates coated with 150 nm thick indium tin oxide (ITO) were cleaned using isopropyl 
alcohol and DI water in an ultrasonic bath. On a prepared clean ITO glass (2.5 cm × 2.5 cm), 
30 nm WO3 and 20 nm Ag were sequentially deposited by means of thermal evaporation (Fig. 
2(a)). After this deposition, the sample was heated to 300 °C for 30 min in an N2 environment 
to achieve the self-aggregated mask (Fig. 2(b)). In the literature, Ag has been shown to 
aggregate by itself at high temperature [9, 10]; the size of an aggregated Ag layer can be 
tuned using the Ag thickness, annealing temperature, annealing time, and substrate 
morphology [11]. The amount of aggregation increases as the annealing temperature and time 
increase before reaching the saturation point, so we heated the sample to a high temperature, 
sufficient to allow the Ag nanoislands to aggregate by themselves [9]. After that, the WO3 
layer was dipped in 1 mM Potassium hydroxide (KOH) solution for 90s at room temperature 
to selectively etch the WO3 (Fig. 2(c)) [12, 13]. The Ag mask was removed using a nitric and 
sulfuric acid mixture (MA-S02, Dongwoo Fine-Chem) for 90s at room temperature. 

 

Fig. 2. Fabrication procedures of WO3 nanoislands: (a) Depostion of WO3, Ag on ITO glass, 
(b) thermally annealing process to achieve self-aggregated Ag, (c) WO3 wet-etching with self-
aggregated Ag mask. 

To evaluate the effect of the WO3 nanoislands on the electroluminescence, a OLED 
device with 50 nm N,N'-bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine (NPB) hole 
transport layer / 50 nm tris(8-quinolinolato) aluminum (Alq3) emitting layer / 1 nm lithium 
fluoride (LiF) electron injection layer / 100 nm aluminum (Al) metallic cathode, was 
fabricated by thermal evaporation. The devices were encapsulated with UV curable resin in a 
nitrogen environment. A Keithley 2400 sourcemeter was used to measure the current density 
and voltage. The luminance and emission spectrum were measured using a spectroradiometer 
(CS-2000, Konica Minolta) at various observation angles. Emissions were measured with 
various emission angles ( θ ) ranging from 0° to 60° with an increment of 10°; the azimuthal 
angle ( φ ) was changed from 0° to 360° with an increment of 15° [14–16]. The emission 
spectra at all emission and azimuthal angles are interpolated to calculate the power efficiency 
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and external quantum efficiency. An optical calculation was performed using commercial 
MATLAB software (MathWorks, Inc.) based on the transfer matrix method. 

3. Results and discussion 

Figure 3 shows SEM images of (a) the self-aggregated Ag mask that is achieved by only 
thermal annealing and (b) WO3 nanoislands after wet-etching with the Ag mask. As can be 
seen in the SEM images, WO3 nanoislands were well fabricated by selectively wet-etching. It 
is difficult to obtain periodicity of nanoislands from SEM images. Thus, the power spectrum 
in frequency domain was calculated using following equation [17, 18], 

 
2

0 0

(
1

, ) exp( 2 )exp( 2 ) ( , )
L L

x y x yPS f f i xf i yf I x y dxdy
L

π π= − −   (1) 

where L  is the image size, xf and yf  are the spatial frequencies along the x-axis and y-axis, 

respectively. I  is the contrast intensity of SEM image. In this experiment, WO3 nanoislands 
have no directionality in spatial domain. Thus, power spectrum as a function of radial 
frequency can be achieved by averaging over polar angles using following equation [17, 18], 
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θ θ
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where f  is radial frequency, θ  is polar angle. Figure 3(b) (inset) shows the calculated power 
spectrum of WO3 nanoislands versus the wavelength instead of the radial frequency. Power 
spectrum shows the broad spectrum around 400 nm, thus, we used the peak periodicity for 
calculating Bragg scattering condition, to allow for simple calculation. 

To determine the effect of nanoislands on extracting optical modes in OLEDs, we 
calculated the dispersion relation and the electric field profile of various modes in the 
OLEDs. We assumed that the thickness of the glass and the cathode are infinite, and those of 
ITO, NPB, and Alq3 are 150 nm, 50 nm, and 50 nm, respectively. The refractive indices of 
glass and NPB are fixed at 1.53 and 1.79, respectively [19]. For the refractive indices of ITO, 
Alq3, and aluminum (Al), a function of the wavelength was used [1]. The large portion of 
light losses, which are trapped in the form of waveguide mode and surface plasmon mode, 
can be recovered by nanoislands if the periodicity of nanoislands satisfies the Bragg 
scattering condition [5]. The Bragg scattering condition can be calculated using the following 
equation, 

 guide inplane

guide inplane
guide inplane

cos cos
G

sin sin
k m k

φ φ
φ φ

   
± =   

   
  (3) 

 inplane air sink k θ=  (4) 

 
2

G
a
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where airk  is the wave vector of the free space light, θ  is the emission angle, inplanek  is the 

inplane component of airk , guidek is the wave vector of the waveguide mode, φ  is the 

azimuthal angle of the propagation of light, a  is peak periodicity of nanoislands, and m  is an 
integer. The power spectrum of quasi-periodic nanoislands is broad in the frequency domain, 
but we assumed peak wavelength of the power spectrum as a peak periodicity of quasi-
periodic nanoislands, a  = 400 nm [20]. The grating vector G  can be considered as having 1-
dimension because the nanoislands have no directionality in spatial domatin [20]. For the 
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isotropic nanostructure like in this study, the Bragg scattering condition in normal direction 
can be simplified using the following equation, 

 guide

2
0k m

a

π± =  (6) 

Figure 3(c) shows the calculated periodicity of nanoislands as function of emission 
wavelength in normal direction to extract two optical modes of OLEDs. When the peak 
periodicity of quasi-periodic WO3 nanoislands is about 400 nm, which is represented as the 
horizontal line Fig. 2(c), the matching condition occurs at 600 nm for the TM1 mode, 680 nm 
for the TE0 mode, and 720 nm for the TM0 mode. 

Figure 3(d) shows the electric field profile for the TE and TM modes in the OLED device 
at 530 nm, which is the peak frequency of Alq3. Two light loss channels, the waveguide mode 
and the surface plasmon mode, are highly confined in the form of the TE0 mode and the TM0 
mode, respectively. According to optical calculation, as shown in Fig. 3(c) and Fig. 3(d), 
extraction of two optical modes at 700 nm emission wavelength is expected through Bragg 
scattering, given the peak periodicity of nanoislands, 400 nm. 

 

Fig. 3. SEM images of the (a) Ag mask: self-aggregated Ag on 30 nm WO3 after thermal 
annealing process (b) quasi-periodic WO3 nanoislands after wet-etching. Inset figure is power 
spectrum as function of periodicity instead of wavenumber. The power spectrum was 
calculated using the SEM image; a 400 nm peak periodicity was achieved. (c) Calculated 
isotropic grating period as function of emission wavelength to extract waveguide mode and 
surface plasmon mode. Horizontal line represents a peak periodicity of 400 nm, which is 
achieved by the power spectrum in this experiment. (d) Normalized electric field profiles of 
TE0 and, TM0 modes in OLEDs at 530 nm, which is the Alq3 emission. 

The device characteristics were measured as shown in Fig. 4. The measurements were 
performed varying emission angles ( θ ) from 0° to 60°, while the azimuthal angle ( φ ) was 
fixed, because the quasi-periodic nanoislands has no angular dependency on the azimuthal 
angle [20]; the details will be discussed later. The current density-voltage characteristics of 
the devices are shown in Fig. 4(b). Operating voltage was reduced by insertion of WO3 which 
has good hole injection property [21, 22]. Current efficiency, as shown in Fig. 4(c), is 2.99 
cd/A at 10 mA/cm2 and 3.32 cd/A at 100 mA/cm2 without nanoislands; current efficiency was 
3.66 cd/A at 10 mA/cm2 and 4.03 cd/A at 100 mA/cm2 with WO3 nanoislands. Figure 4(d) 
shows the EQE-luminance measurement results. EQE was 0.98% at 1000 cd/m2 without WO3 
nanoislands, and 1.22% with WO3 nanoislands. Power efficiency was increased by 42% at 
100 cd/m2 and by 45% at 1000 cd/m2.  
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Fig. 4. (a) Schematic of devices in this experiment (b) Current density (J)-voltage (V), (c) The 
current efficiency versus current density, and (d) (solid line) the EQE and (dotted line) the 
power efficiency versus luminance characteristics in this experiment. 

Figure 5(a) shows measured emission spectra of the OLED in the normal direction to 
verify the extraction of two optical modes by nanoislands. The radiant intensity was enhanced 
over a wide wavelength region, thus, we calculated the enhancement ratio of measured EL 
spectra in order to verify the wavelength dependency, as shown in Fig. 5(b). There is a peak 
value of enhancement ratio around 700 nm emission wavelength. In the previous part, we 
calculated the Bragg scattering matching condition given a peak periodicity of WO3 
nanoislands which is around 400 nm; the resulting values are 670 nm for the TE0 mode 
(waveguide mode) and 720 nm for the TM0 mode (surface plasmon mode). As calculated 
from the Bragg condition, as shown in Fig. 3(c), the broad enhancement of the radiant 
intensity originated from the extraction of the optical modes with an emission wavelength of 
around 700 nm. For a periodic nanostructure, each mode has one certain Bragg scattering 
condition; thus, TE and TM mode extraction can be shown at a specific wavelength [23, 24]. 
However, the Bragg scattering condition for an asymmetric nanostructure in this study has a 
broad matching wavelength instead of a certain wavelength. Therefore, extraction of the TE0 
mode and the TM0 mode shows a broad spectrum around 670 nm and 720 nm, respectively. 
The use of a polarizer is one way to distinguish each mode [25], but a high-order term which 
influences the surface plasmon loss and the waveguide loss is also measured in this case. It is 
difficult to determine the exact portion of channels of the extracted light. 
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Fig. 5. (a) The measured EL spectra at 20 mA/cm2 of the fabricated OLED (solid line) without 
and (dotted line) with quasi-periodic WO3 nanoislands (b) Enhancement ratio of EL spectra 
with WO3 nanoislands as function of wavelength. 

Figure 6 shows the current-voltage characteristics of the hole-only devices. We also 
fabricated a device with 30 nm of WO3 film. It was noted that hole injection of the device 
with the WO3 film is improved compared to a device without WO3 film [5]. The current 
characteristic of the hole-only device with WO3 nanoislands is also improved compared to a 
control device. Thus, we conclude that more hole injection by WO3, which is generally used 
as a hole injection material, contributes to reducing the operating voltage. In other words, the 
power efficiency of OLEDs with WO3 nano-islands is improved as follows: 1) the light losses 
that occur in the forms of the waveguide mode and the surface plasmon mode are extracted by 
Bragg scattering, and 2) the operating voltage is reduced by WO3 due to its hole injection 
characteristics. 

 

Fig. 6. I-V characteristics of the hole-only with ITO/hole injection layer/NPB (150 nm)/ Al 
(100 nm) [0 nm WO3 (circle), 30 nm WO3 film (square), 30 nm WO3 nanoislands (triangle)] 

Figure 7 shows the radiant intensity profiles for all observation angles ( θ , φ ) (a) without 
and (b) with WO3 nanoislands. There was no dependency at all observation angles when the 
nanoislands were inserted in the OLED device. A periodic nanostructure is a good candidate 
for more light extraction at specific emission wavelengths but the symmetric geometry of 
nanostructure induces a specific emission pattern [16]. The WO3 nanoislands, proposed in this 
study, induce no specific angular dependency due to the broad range of grating vectors in the 
azimuthal directions [23]. Figure 7(c) shows the radiant intensity for the emission angle (θ) 
while the azimuthal angle ( φ ) is fixed; the proposed WO3 nanoislands extracts more lights 
while the Lambertian emission is maintained. The CIE color coordinates are almost 
unchanged, as shown in Fig. 7(d). When the emission angle was increased from 0° to 60°, the 
CIE coordinates were changed from (0.35, 0.54) to (0.33, 0.56) for the OLED without WO3 
nanoislands, and from (0.36,0.54) to (0.34,0.56) for the OLED with WO3 nanoislands. 
Changes of the CIE coordinates of both devices are nearly identical at 6% and 5% for the x 
and y coordinates, respectively. 
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Fig. 7. The measured radiant intensity profiles at various observation angles (a) without and (b) 
with WO3 nanoislands (c) Angular dependency of light intensity for devices (black line) 
without and (red line) with WO3 nanoislands while azimuthal angle is fixed. Radiation profile 
of a Lambertian emission (dotted line) for each device is also represented. (d) CIE color 
coordinate change for the emission angle of devices (solid line) without and (dotted line) with 
WO3 nanoislands. 

4. Conclusions 

In summary, a nano-scaled and quasi-periodic WO3 islands were fabricated to extract optical 
modes in OLED device. The fabrication method, based on wet-etching, is extremely simple 
and size-tunable. The light losses, which are trapped in terms of the surface plasmon mode 
(TM0) and the waveguide mode (TE0), were recovered by Bragg scattering. Operating voltage 
is also reduced due to the good charge injection of the WO3. Invariance of emission spectrum 
and CIE color coordinates at various observation angles is desirable if this device is to be 
utilized in an optical system or display device. Furthermore, cost-effective fabrication without 
photolithography makes it possible to adopt in large area fabrication. 

Acknowledgments 

This research was supported by Basic Science Research Program through the National 
Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and 
Technology (CAFDC-20100009890). This work was supported by the Industrial Strategic 
Technology Development Program, (No. 10035573), funded by the Ministry of Knowledge 
Economy (MKE, Korea). The authors also would like to acknowledge the support from LG 
Display Co., Ltd. 

 

#183071 - $15.00 USD Received 9 Jan 2013; revised 9 Feb 2013; accepted 18 Feb 2013; published 26 Feb 2013
(C) 2013 OSA 11 March 2013 / Vol. 21,  No. 5 / OPTICS EXPRESS  5431




