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of OLEDs has reached nearly 100%. [  6,7  ]  
However, a large number of photons are 
still trapped inside the device, mainly due 
to a large refractive index mismatch at the 
interfaces and surface plasmon coupling at 
the metal electrode. [  8,9  ]  Classical ray optics 
shows that the ratio of outcoupled photons 
is limited to only about 20% in conventional 
planar bottom-emitting OLEDs. [  10–12  ]  The 
low light outcoupling effi ciency severely 
limits the potential of OLEDs and calls for 
an effi cient light extraction structure. 

 Much progress has been achieved for 
light trapped in the substrate, where simple 
microscopic structures such as lens arrays 
can signifi cantly improve outcoupling. [  13–15  ]  
In contrast, outcoupling of the waveguide 
modes trapped in the organics/electrode 

thin fi lms is much more challenging for two reasons: First, one 
has to integrate a scattering structure in the active layers which 
potentially hampers their electrical functions. Second, struc-
tures on the order of the wavelength in these layers, i.e. on the 
nanoscale, are needed. These are in particular challenging for 
white OLED for applications, where these nanostructures must 
interact with a broad spectrum, provide a color-stable angular spec-
trum, and remain compatible with low-cost large area fabrication. 
Despite signifi cant efforts using approaches such as low index 
grids, [  16  ]  scattering layers, [  17–21  ]  textured substrates, [  22  ]  corrugated 
substrates, [  23,24  ]  photonic crystals, [  25  ]  and microlenses, [  13–15,26,27  ]  
most techniques still involve complicated and expensive fabrica-
tion processes, and are limited to small area or monochromic 
emission, which is not acceptable for practical applications. The 
alternative approach of using high refractive index substrates 
(n ≥ 1.8) [  4,28  ]  is not suitable for low-cost production due to their 
high-cost and undesirably large total internal refl ection at the air/
glass substrate interface. The approach of reducing optical micro-
cavity effects and suppressing waveguide modes by using a low 
refractive index conductive polymer or an oxide/metal/oxide elec-
trode concept [  29,30  ]  is attractive, but signifi cantly limits the mate-
rial choices and must be combined with other methods. In sum-
mary, a real breakthrough in form of low-cost, wavelength- and 
angle independent, and highly effi cient nanostructures for out-
coupling in white OLED has not been achieved. 

 Here, we report a novel concept to strongly improve the per-
formance of white OLEDs based on a combination of readily 
fabricated internal light extraction system composed of a metal 
oxide nanostructure and a highly conductive low refractive index 
polymer electrode. The use of the conductive polymer electrode 
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  1   .  Introduction 

 White organic light-emitting diodes (OLEDs) have attracted 
much attention in recent years due to their potential as low-cost 
and high effi ciency light sources. [  1–5  ]  With the use of phospho-
rescent emitter materials, the internal quantum effi ciency (IQE) 
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300 nm thick tin (Sn) metal fi lms are deposited on the glass 
substrate by standard magnetron sputtering. By annealing the 
fi lms in vacuum, the metal fi lms melt and agglomerate on the 
glass surface driven by thermal energy, thus forming a nano-
cluster structure as shown in scanning electron microscope 
(SEM) images (Figure  1 c). The fi lms are subsequently annealed 
at 500 °C in air to achieve complete oxidation of the fi lms. The 
resulting fi lms show randomly distributed metal oxide nano-
clusters with particle size from a few hundred nanometers to a 
few micrometers. The integration of such an internal scattering 
structure into OLEDs is challenging since the large surface 
roughness of the nanostructures frequently leads to substantial 
leakage currents. To overcome this issue, a micrometer-thick 
transparent planarization polymer with a refractive index of 
around 1.52 ∼ 1.55 across the visible wavelength range is spun 
onto the metal oxide nanoclusters. We refer to this metal oxide-
based light extraction system as MOLES in the following.  

 The total (specular + diffuse) and diffuse transmittance 
of the scattering system is shown in  Figure   2 a. At a wave-
length of 550 nm the oxidized Sn fi lm shows a total and 

enables a fabrication of low-cost and fl exible devices by replacing 
the conventional indium tin oxide (ITO) electrode which is 
expensive and brittle. The combined benefi cial effects of refrac-
tive index matching, corrugated structure, and light scattering 
allow a signifi cant enhancement of the external quantum effi -
ciency (EQE) by a factor of 1.7, even at a high brightness of 
10 000 cd m −2 . To the best of our knowledge, this enhancement 
is the largest reported for white OLEDs with internal scattering 
structures. The enhancement factor can be further increased to 
2.9 when a hemispherical lens is used to extract all light from 
the glass substrate. Furthermore, the color stability over viewing 
angle is also signifi cantly improved by the light outcoupling 
system. We believe that this novel light outcoupling system is a 
key step towards low-cost and high effi ciency white OLEDs.  

  2   .  Results and Discussion 

 The facile manufacturing process of our light extraction layers, 
consisting of metal oxide nanostructures, is shown in  Figure   1 a. 

      Figure 1.  (a) Schematic process fl ow for spontaneously formed metal oxide-based light extraction systems (MOLES). (b) AFM images of PEDOT:PSS 
polymer electrodes on planar glass and on MOLES (6 × 6  μ m 2 ). Tilted SEM images of (c) metal oxide scattering fi lms without planarization layers and 
(d,e) white OLEDs on MOLES. 
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electrodes in comparison with ITO electrodes for applications 
in organic solar cells as well as OLEDs. [  29,32–34  ]  

 Figure  1 b shows atomic force microscopy (AFM) images 
of MOLES with the electrode coating on top. It is found that 
the corresponding root mean square (RMS) roughness of the 
electrode on top of our MOLES is around 6 nm, which is suf-
fi ciently smooth to avoid electrical short in our devices. It is 
notable that these MOLES have spontaneously corrugated and 
grooved surfaces despite of the planarization layer. These struc-
tures are caused by the embedded metal oxide nanoclusters as 
shown in AFM and SEM images (Figure  1 ) and will contribute 
to interface scattering. In addition, the metal oxide nanoclus-
ters (n  ∼  2.0) [  35  ]  offer a high optical contrast with respect to the 
underlying glass (n  ∼  1.5) and the planarization layer deposited 
on top (n = 1.52 ∼ 1.55) and thus will act as strongly scattering 
objects. The smooth corrugated surface as well as the light scat-
tering effect by the high refractive index nanoparticles is one of 
the key factors to improve the performance of white OLEDs as 
discussed in the following. 

 As next step, we fabricate white OLEDs on top of the com-
bination of MOLES and PEDOT:PSS electrodes. The white 
OLEDs stack consisting of a green/yellow unit and an effi cient 
triplet harvesting blue/red unit in a tandem structure is opti-
mized for high performance. [  36  ]  Three different systems are 
used in this experiment: The Device_ITO is a reference device 
with an ITO electrode without MOLES. The Device_PEDOT is 
a reference with a PEDOT:PSS electrode without MOLES. The 
Device_MOLES is based on a PEDOT:PSS electrode on top of 
the MOLES. 

diffuse transmittance of 77.0 and 57.6%, respectively. The high 
total (i.e., low absorption) and high diffuse (i.e., large scattering 
effects) transmittance of these light outcoupling fi lms should 
greatly increase the light outcoupling from the OLEDs while 
introducing only small optical absorption losses. After coating 
the planarization layer, the total transmittance slightly increases, 
but the diffuse transmittance decreases by more than 10% 
because of a reduced refractive index difference between the sur-
rounding media and the scattering nanoparticles. Nevertheless, 
the diffuse transmittance is large enough to achieve effi cient 
light scattering. The uniformity of the scattering fi lms turns out 
to be excellent since the initial metal fi lms are homogeneously 
sputtered, thus illustrating the potential for easy scaling of the 
process in practical production settings (Figure  2 c).  

 For the transparent bottom electrode on top of the MOLES, 
we use highly conductive poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS). This minimizes the refractive 
index mismatch as the refractive index of PEDOT:PSS (n  ∼  1.5 
at the visible wavelength range) is similar to that of the planari-
zation polymer. Therefore, the internal refl ection between the 
electrode and the MOLES is signifi cantly reduced compared to 
the use of ITO (n  ∼  2.0). Moreover, waveguide modes which 
trap photons in between the glass substrate (n  ∼  1.5) and the 
electrode can be notably suppressed by using the low refrac-
tive index PEDOT:PSS electrode. In addition, the weak micro-
cavity effect in PEDOT:PSS-based OLEDs can reduce wave-
guide modes as described by Cai et al. [  31  ]  Our previous studies 
showed comparable or even better performance of organic 
opto-electronic devices based on highly conductive PEDOT:PSS 

      Figure 2.  (a) Transmittances of the scattering fi lm with and without planarization layer. (b) Device structures of white OLEDs with MOLES. (c) Pho-
tographs of (top) bare glass and (bottom) scattering fi lm without planarization layers, placed on the institute logo. (d) Photograph of a white OLED 
with embedded MOLES. 
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show lower effi ciencies compared to the Device_ITO because 
of leakage currents at the edge of PEDOT:PSS electrodes which 
are laterally patterned by laser ablation. Figure  3 b shows the 
experimental and simulated electroluminescence spectrum for 
the Device_ITO and the Device_PEDOT. Four emitters (red, 
blue, green, and yellow) are fi tted by the measured emission 
spectrum. [  37  ]  The calculated spectrally integrated outcoupling 
effi ciencies of the Device_ITO and the Device_PEDOT are 21.7 
and 23.1%, respectively.  

 Compared to the two reference devices, the Device_MOLES 
shows greatly improved EQE as shown in Figure  3 c and sum-
marized in  Table   1 . The EQE of the Device_MOLES reaches 
over 20.3% at a brightness of 10 000 cd m −2 , an improvement 
by a factor of 1.7 with respect to the reference Device_ITO. To 
our knowledge, this enhancement factor is one of the highest 
values reported for white OLEDs without any additional 
external outcoupling structures at high brightness conditions. 
To investigate this in more detail and to extract photons trapped 

 The current density-voltage-luminance ( J-V-L ) character-
istics of all three types of devices are shown in  Figure   3 a. 
When comparing the two reference devices based on ITO and 
PEDOT:PSS electrodes, the infl uence of the bottom electrodes 
on the OLEDs performance is clearly visible. The Device_
PEDOT shows higher operating voltages compared to the ref-
erence Device_ITO due to the relatively lower conductivity of 
PEDOT:PSS which leads to reduced luminance, in particular 
at high voltages. Although this means that the luminous effi -
cacy of the Device_PEDOT (13.1 lm W −1 ) is slightly lower than 
that of the Device_ITO (14.5 lm W −1 ), the EQE of the Device_
PEDOT (14.3%) is actually higher than that of the Device_ITO 
(12.3%), even at a brightness of 10 000 cd m −2 . This enhance-
ment is mainly caused by the fact that the PEDOT electrode 
suppresses waveguide modes due to the weak microcavity effect 
and the relatively well-matched refractive index between glass, 
PEDOT:PSS, and the organic layers as discussed earlier. At 
low luminances, the Device_PEDOT and the Device_MOLES 

 Table 1.   Parameters of white OLEDs at 10 000 cd m −2  based on the reference and different types of MOLES. The enhancement values are calculated 
from the reference Device_ITO (marked “-”) without a hemispherical lens .

   w/o hemispherical lens    w/ hemispherical lens    

@10 000 cd m −2   lm W −1   EQE  EQE enhancement  lm W −1   EQE  EQE enhancement  

Device_ITO  14.5  12.3  –  25.4  20.8  1.8  

Device_PEDOT  13.1  14.3  1.2  26.1  26.6  2.2  

Device_MOLES  22.7  20.3  1.7  41.6  35.6  2.9  

      Figure 3.  (a) Current density and luminance spectra as a function of driving voltage. (b) Experimental and calculated electroluminescence spectrum. 
The external quantum effi ciency as a function of luminance for white OLEDs (c) without and (d) with a hemispherical lens. 
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taking all angles up to 60° into account for the Device_ITO 
and the Device_PEDOT to the Device_MOLES are 8.3 and 1.6 
respectively, showing a remarkable enhancement of the color 
stability for the Device_MOLES. Stabilizing the color balance 
of white OLEDs is a very challenging task, due to the wide 
emission spectrum, but generally considered to be of great 
importance for practical applications. Thus, we believe that the 
excellent color stability achieved by scattering with MOLES is 
a step ahead for OLED development and that such a scattering 

within the glass substrate, an index-matched hemispherical 
lens is applied to the glass substrate and the effi ciency of the 
devices is measured again, using an integrating sphere and a 
constant current level. As summarized in Table  1 , the Device_
MOLES shows signifi cantly increased EQE from 20.3 to 35.6% 
(EQE increase of 15.3%) by the hemispherical lens, while the 
EQE of the reference Device_ITO increases from 12.3 to 20.8% 
when attaching the hemispherical lens (EQE increase of 8.5%). 
We attribute this to very effi cient scattering of waveguide 
modes into the glass substrate by the MOLES which means 
that for the Device_MOLES much more light is confi ned in the 
glass substrate. Overall, the Device_MOLES shows a dramatic 
improvement of EQE, by a factor of 2.9, compared to the ref-
erence Device_ITO without the lens at the high brightness of 
10 000 cd m −2  (Figure  3 d).  

 It is interesting to note that the Device_MOLES shows a 
greatly reduced operating voltage which is far closer to that 
of the Device_ITO. This voltage reduction is attributed to the 
corrugated surface of our system as shown in AFM and SEM 
images. It is reported that corrugated substrates improve the 
current density of devices caused by a partially reduced organic 
layer thickness, i.e., enhances electric fi elds resulting from non-
uniformity of the organic layer thicknesses. [  23,38,39  ]  The sponta-
neously formed corrugated surface structure of MOLES results 
in benefi cial effects of better charge injection and reduction of 
the operating voltage. Therefore, the effi ciency enhancement 
of the devices based on MOLES is attributed to the combined 
effects of the effi cient light outcoupling by the internal light 
scattering system and the low operating voltage by spontane-
ously formed corrugated structures. The greatly enhanced lumi-
nance of the Device_MOLES compared to the Device_PEDOT 
indicates the effi cient extraction of the waveguide modes (by 
the light scattering) apart from the improvement of electrical 
performance (by the corrugated surface). Furthermore, we 
highlight that the highly improved outcoupling effi ciency in the 
high brightness region is very promising for practical lighting 
applications. As a further advantage, the total/diffuse transmit-
tance and surface roughness of MOLES can be tuned by con-
trolling the thickness, material, and composition ratio of alloy 
fi lms as well as the surface energy of substrates which deter-
mines the magnitude of agglomeration of metal fi lms (see Sup-
porting Information), showing room for further improvement. 

 Besides the enhancement of light outcoupling effi ciency, the 
color stability of the white OLEDs is also markedly improved by 
MOLES.  Figure   4 b shows the angular emission of the Device_
MOLES. The emission dependence of the Device_MOLES 
on viewing angles is very small compared to the Device_ITO 
(Figure  4 a), showing high quality white light. Figure  4 c presents 
the change of the Commission Internationale del’Eclairage 
(CIE) color coordinates of the different devices with respect to 
the viewing angle. The Device_MOLES exhibits an extremely 
stable color point as a function of the viewing angle, indicating 
that MOLES drastically suppresses the color shift of the device 
due to re-distribution of photons by scattering. [  19,20  ]  We quanti-
tatively describe the characteristics of color shift of the devices 
over viewing angles as described by Shama et al. [  40  ]  The quanti-
tative color shift is calculated as the path integral in CIE- L * a * b * 
space weighted with the function of distance from the origin at 
angle = 0. The ratios of the calculated quantitative color shift 

      Figure 4.  Normalized spectral emission intensity for (a) the Device_
ITO and (b) the Device_MOLES for different viewing angle. (c) Shift in 
CIE coordinates over the viewing angle for the white OLEDs. Note the 
extremely small shift of the MOLES device. 
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layers. The layer sequence used for the white OLEDs is as follows 
(from bottom to top): [  36  ]  glass substrate/MOLES/PEDOT:PSS/35 
nm ( N,N,N ′, N ′-tetrakis(4-methoxyphenyl)-benzidine) (MeO-TPD): 
2,2′-(perfl uoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ) (2 
wt%)/10 nm 2,2′,7,7′-tetrakis-( N,N ′-diphenylamino)-9,9′-spirobifl uorene 
(Spiro-TAD)/5 nm  N,N ′-di-1-naphthalenyl- N,N ′-diphenyl-[1,1′:4′,1′′:4′′,1′′′-
Quaterpheny]l-4,4′′′-diamine (4P-NPD): Iridium(III)bis(2-methyldibenzo-
[f,h]chinoxalin)(acetylacetonat) (Ir(MDQ) 2 (acac)) (5 wt%)/3 nm 
4P-NPD/10 nm 4,7-diphenyl-1,10-phenanthroline (BPhen)/90 nm BPhen: 
Cs (1:1)/0.5 nm Ag/75 nm MeO-TPD: F6-TCNNQ (2 wt.%)/10 nm 
Spiro-TAD/5 nm 4,4′,4′′-tris( N -carbazolyl)-triphenylamine (TCTA): fac-
tris(2-phenylpyridine) iridium(III) (Ir(ppy) 3 ): bis(2-(9,9-dihexylfl uorenyl)-
1-pyridine) (acetylacetonate) iridium(III) (Ir(dhfpy) 2 (acac)) (91:8:1 
wt%)/5 nm 2,2'2′′-(1,3,5-benzenetriyl)-tris[1-phenyl-1H-benzimidazole] 
(TPBi): Ir(ppy) 3 : Ir(dhfpy) 2 (acac) (91:8:1 wt%)/10 nm TPBi/60 nm 
BPhen: Cs (1:1)/100 nm Al. After device fabrication, all devices were 
encapsulated with glass lids. The effi ciency of Device_ITO was not 
as high as that reported previously due to partial deviation of a layer 
thickness. [  36  ]  However, the results were repeatable and reference samples 
were proven to be reasonable in other series of experiments. 

 Current-voltage-luminance characteristics and electroluminescence 
spectra were taken using an automated measurement setup with a 
source measurement unit and a calibrated CAS140CT spectrometer 
(Instrument Systems GmbH). External quantum effi ciency and luminous 
effi cacy were calculated with the spatial emission of devices, measured 
by a spectrogoniometer. The emission characteristics of the devices were 
examined at angles from 0° to 90°. The integrated external quantum 
effi ciency and luminous effi cacy were determined by a spectrometer 
measurement in the integrating sphere setup. To extract light trapped 
in the glass mode, a hemispherical lens (a diameter of 1.6 cm) was 
mounted on the substrate with index-matching immersion oil (Zeiss, 
518F n = 1.518).  
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 Supporting Information is available from the Wiley Online Library or 
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layer would signifi cantly improve commercial, white OLED 
products.   

  3   .  Conclusions 

 We have developed a highly effi cient internal light extraction 
and color stabilizing system by using a simple and easy manu-
facturing process. The metal oxide embedded nanostructures 
(MOLES) combined with a conductive polymer electrode show 
a superior refractive index matching from the organic layers to 
the substrate, form a corrugated surface, and provide excellent 
light scattering. This results in a 2.9-fold enhanced EQE for 
white OLEDs, even at a high luminance of 10 000 cd m –2  and 
leads to excellent color stability over a broad range of viewing 
angles. The enhanced performance is wavelength- and angle 
independent. Furthermore, an improvement in the lifetime 
of white OLEDs is expected as a direct result of the enhanced 
luminous effi cacy. In addition to high performance, a signifi -
cant reduction in the cost of device can be achieved by the use 
of the alternative conductive polymer electrode, which replaces 
the conventional ITO electrode. Although the high-temperature 
processing limits substrate availability, we expect MOLES to be 
a superior light extraction system in practical lighting applica-
tions because of its clear advantages. It should be highlighted 
that our approach is a very simple and easy method compared 
to other techniques, allowing low-cost production, reliable and 
high throughput, lithography-free and low-energy processing. 
The performance can be further improved by optimizing the 
size and distribution of metal oxide nanostructures, which are 
controlled by thickness, material, and composition of metal 
fi lms. We believe that this simple, inexpensive, reliable, and 
highly reproducible system is a key technology and will greatly 
contribute the development of effi cient, color-stable white 
OLEDs for lighting applications.  

  4   .  Experimental Section 
  Preparation and Characterization of the Metal Oxide-Based Light 

Extraction System (MOLES) : 300 nm thick Sn fi lms were deposited on 
glass at room temperature by radio frequency magnetron sputtering 
system. The prepared Sn fi lms were annealed under vacuum (10 −3  mbar) 
at 300 °C for 30 min, and subsequently annealed in air at 500 °C for 
1 h. A propylene glycol-monomethyl-ether acetate-based photo-resist 
(Everlight Chemical Industrial Corporation), used as planarization 
polymer, was spun onto the fabricated metal oxide fi lms. Afterwards, the 
spin-coated fi lms were annealed on a hot plate at 130 °C for 10 min. 
As a conductive electrode, PEDOT:PSS (Clevios PH1000, Heraeus) 
mixed with 6 vol.% ethylene glycol was spin-coated on the scattering 
systems. The coated samples were baked at 120 °C for 15 min, as 
described in detail previously. [  33,34  ]  The transmittance was examined by a 
spectrophotometer (Shimadzu MPC3100). AFM images of the scattering 
systems were recorded in tapping mode (AIST-NT Combiscope). SEM 
images were taken by a Zeiss Gemini DSM 982. 

  Fabrication and Characterization of the White OLEDs : The small 
molecule organic layers were thermally evaporated on MOLES in an 
ultra-high vacuum chamber (K. J. Lesker, UK) at a base pressure of 
around 10 −8  mbar. The used organic materials are purifi ed by high-
vacuum gradient sublimation. For the removal of residual water in the 
PEDOT:PSS electrode, the devices were heated at 110 °C for 30 min in 
the vacuum chamber, immediately before the evaporation of organic 
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