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enhancements in  η  PE  of white OLEDs 
are urgently required, [ 8–13 ]  as they are far 
from the theoretical effi ciency limit of 
249 lm W −1 . [ 14 ]  

 To achieve power-effi cient white 
OLEDs, high internal quantum effi ciency, 
low operating voltage, and high light out-
coupling effi ciency must be simultane-
ously addressed during the conversion 
of electrical energy to photons. [ 2–5,7–13 ]  
Internal quantum effi ciency for the 
electron-photon conversion already 
approaches ≈100% in OLEDs with the 
use of phosphorescence or thermally acti-
vated delayed fl uorescence, which allows 
the harvesting of both singlet and triplet 
excitons generated by electrical injec-
tion. [ 10–13 ]  A number of strategies for 
low-operating-voltage technologies have 
also been adopted with the use of the 

buffer layer and electrical doping for multilayer energy level 
matching, or the control of the molecular orientation, which 
can remarkably reduce the energy loss during charge injection 
and transport processes. [ 8,9,15–18 ]  Another challenge is the lim-
ited light out-coupling, which is as low as ≈20% in the con-
ventional OLED architecture. [ 19 ]  The majority of the internally 
generated light is confi ned in the substrate and waveguide 
modes due to the index mismatch of multiple layers or is lost 
by absorption and surface plasmon polaritons of the metal 
electrode. [ 20,21 ]  

 The development of light extraction technologies is thus an 
increasingly popular strategy to enhance the overall device effi -
ciency in OLEDs. Various photonic structures have been pro-
posed to the appropriate interfaces, including the use of micro-
lens arrays, [ 22–24 ]  high-refractive-index substrates, [ 2,25 ]  sub-wave-
length photonic crystals, [ 26,27 ]  Bragg diffraction gratings, [ 28,29 ]  
low-index grids, [ 5 ]  spontaneously formed buckles, [ 7 ]  surface 
plasmons, [ 30–32 ]  etc. However, many attempts with periodic 
structures are hindered from practical adoption due to limited 
response to specifi c emission wavelengths or viewing angles. 
Considering the desirable features of full-color displays and 
interior lighting, an alternative for enhancing light out-coupling 
is the use of quasicrystalline or random structures, which offer 
unique advantages for broadband, broad-angle light manipula-
tion due to their richer Fourier spectra. [ 33 ]  However, previous 
reports have not fully exploited their potential for device appli-
cations and OLEDs with substantial effi ciency enhancement 
have not yet been shown. 
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  1.     Introduction 

 White organic light emitting diodes (OLEDs) are gaining 
increasing importance in applications including full-color dis-
play panels, wearable intelligent electronics, and ecofriendly 
interior lighting due to their steadily improving effi ciency and 
their other desirable features including superior white color 
balance, fascinating fl exibility, and wide viewing angle. [ 1–8 ]  The 
highest power effi ciency ( η  PE ) of state-of-the-art white OLEDs 
reported in the scientifi c literature has exceeded 90 lm W −1  
beyond fl uorescent tube effi ciency. [ 2 ]  Nevertheless, further 
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 Here, we demonstrate an effi cient white OLED structure 
using a novel approach for broadband quasi-omnidirectional 
light extraction with reduced energy loss during electron-photon 
conversion. The key feature is the use of deterministic aperiodic 
nanostructures (DANs) with long-range disorder and short-range 
order that signifi cantly reduces the optical confi nement without 
spectral distortion. By combining an optimized phosphorescent 
emitter with a multilayer energy cascade structure that mini-
mizes the energetic and Ohmic losses for energy-effi cient photon 
generation, a record effi ciency for white OLEDs is achieved. 
The external quantum effi ciency ( η  EQE ) and  η  PE  are improved 
to 54.6% and 123.4 lm W −1  at 1000 cd m −2 , respectively, which 
are two times those from conventional devices in a fl at structure. 
Moreover, this OLED structure offers an extremely small roll-off 
in effi ciency at high luminance and superior angular color sta-
bility over the visible wavelength range. We anticipate that this 
approach may stimulate the development of white OLEDs in the 
use of full-color displays and lighting sources.  

  2.     Results and Discussion 

  2.1.     Device Design 

  Figure    1  a presents a schematic diagram of 
the device structure constructed with DANs 
by adopting a soft nanoimprint lithography 
(SNIL) technique (see the Experimental Sec-
tion and Supporting Information Figure S1 
for details). The internal DAN in the nano-
honeycomb style is transferred to the poly(3,4-
ethylene dioxythiophene):polystyrene 
sulfonic acid (PEDOT:PSS) layer on top of 
an indium tin oxide (ITO) surface before 
organic layer deposition (hereafter termed 
iDAN), while the external DAN in the nano-
cone style is patterned to UV-curable resin 
on glass surface (hereafter termed eDAN), 
which is conducted after encapsulating the 
device with a cap glass to prevent the damage 
to the formed nanostructures under pres-
sure. The scalable fabrication methods using 
SNIL are fully amenable to large-area mass-
manufacturing of OLED panels.  

 The white organic emitter is constructed 
with complementary blue and yellow phos-
phorescent emissions, consisting of 40 nm-
thick di-[4-(N,N-ditolyl-amino)-phenyl]cyclo-
hexane (TAPC) for hole transport, 5 nm-thick 
4,44′,4′′-tris-(N-carbazolyl)-triphenylamine 
(TCTA) for hole injection, 19 nm-thick 
8 wt% bis(3,5-difl uoro-2-(2-pyridyl)phenyl-
(2-carboxypyridyl)iridium(III) (FIrpic):N,N′-
dicarbazolyl-3,5-benzene (mCP) for blue 
emission, 1 nm-thick 6 wt% Iridium(III)
bis(4-phenylthieno [3,2-c]pyridinato-N,C2′)
acetylacetonate (PO-01):mCP for yellow 
emission, 25 nm-thick 1,3,5-tri[(3-pyridyl)-
phen-3-yl]benzene (TmPyPB) for electron 
transport and hole blocking, and then 
30 nm-thick 25 wt% LiF:TmPyPB for elec-

tron injection (see Experimental Section and Supporting Infor-
mation Figure S2 for chemical structures). Figure  1 b depicts 
the energy level diagram of the highest occupied molecular 
orbital (HOMO), the lowest unoccupied molecular orbital 
(LUMO), and the vacuum level ( E  vac ) for all materials relative 
to the Fermi level ( E  F ), as determined using ultraviolet photo-
electron spectroscopy (UPS) measurements for the HOMO and 
 E  vac  values (Supporting Information Figure S3) and using the 
optical gap for the LUMO values. The Fermi level alignment is 
used here for estimating the interface energetics because of the 
possible presence of the vacuum level discontinuity. [ 34 ]   

  2.2.     Characteristics of DANs 

  Figure    2  a,b show the atomic force microscopy (AFM) images of 
iDAN patterned on PEDOT:PSS and eDAN patterned on UV-
curable resin, displaying both sub-wavelength structures and 
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 Figure 1.    Device structure and energy level diagram of white OLEDs. a) Schematic of the white 
OLED, in which both sides of the ITO glass substrate is patterned with DANs. The organic 
layers and the metal electrode are then subsequently deposited onto the substrate. b) Energy 
level diagram of the organic emitter with the alignment of Fermi level across the interface, 
which is on basis of UPS measurements. Note that the formation of interface dipoles is present.
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a continuously tapered morphology. Simultaneously, the fast 
Fourier transform (FFT) patterns (Figure  2 a,b, inset) reveal an 
extended distribution of periodicity, which indicates that the 
DANs are suitable for broadband response and quasi-omnidi-
rectional scattering. [ 33 ]  The depth profi les show a pseudo sub-
wavelength periodicity in the range from 150 to 350 nm with 
an average depth of 70 nm and 220 nm for iDAN and eDAN, 
respectively. Particularly, the characteristic depth of patterned 
PEDOT:PSS layer is much less than the layer thickness in 
OLEDs, and hence ensures the suppression of possible anoma-
lies in the current fl ow. In addition, surface morphologies of 
the deposited organic layers confi rm the conformal coating of 
the sequential deposition of organic layers and metal electrode 
on the patterned PEDOT:PSS layer (Supporting Information 
Figure S4), showing the extension of corrugated structures over 
all layers in OLEDs.  

 Figure  2 c illustrates the optical transmittance of ITO glass 
substrates without and with DANs, which was measured by 
collecting both specular and diffuse lights using an integrating 
sphere for the propagation of incident light from the ITO side 
(Figure  2 c, inset). Compared to the substrate only with a fl at 

coating of PEDOT:PSS, the nanostructured ITO glass with 
DANs yields a higher value on transmittance with an enhance-
ment of approximately 7% over the entire visible spectrum. 
The broadband optical nature on transmittance enhancement 
results from the broad distribution of periodicity and the gra-
dient refractive index profi les of the sub-wavelength DAN pat-
tern, which can fully interact with incident light and enable the 
reduced refl ection loss. [ 35–37 ]  Note that the increase in the trans-
mittance spectra exhibits no apparent diversity over the visible 
wavelength range of 350–800 nm, suggesting the compatibility 
of DANs to extract the substrate-mode and waveguided light in 
white OLEDs without spectral distortion. 

 In addition to the total transmittance properties, the amount 
of light scattering present in DANs is determined by meas-
uring the specular and diffuse transmission. The transmittance 
haze shows the percentage of light diffusely scattered com-
pared to the total light transmitted, which is one of the pivotal 
features in the display applications. [ 35 ]  Traditionally, the light 
scattering media incorporated into OLEDs always cause an addi-
tional haze (e.g., a haze value of about 80% for the microlens 
arrays), which confl icts with the requisites for high resolution 
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 Figure 2.    AFM images and optical properties of ITO glass substrates patterned with DANs. a,b) Perspective view of DAN transferred to PEDOT:PSS 
layer on ITO surface (a) and UV-curable resin on glass surface (b). Dimensions: 4 µm × 4 µm. The panels below indicate the depth profi les, showing 
the surface root-mean-square (RMS) roughness of about 6.5 nm. Insets show the fast Fourier transform (FFT) patterns of each image. c) Total trans-
mittance of ITO glass substrate without and with DANs. Inset depicts the optical measurement confi guration using an integrating sphere. d) Haze of 
ITO-glass substrate with DANs and an optical image of a plastic thin fi lm coated with DANs (inset).
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displays. [ 38 ]  As depicted in Figure  2 d, the average haze value 
of the ITO glass substrate with DANs is 4.15% over the visible 
spectrum as a comparison to 0.45% of the fl at substrate. This 
result indicates that the DANs sustain not only the antirefl ec-
tive character for enhancing transmittance but also a low haze 
feature for keeping the transparency (e.g., an optical image of a 
plastic fi lm coated with DANs in the inset of Figure  2 d).  

  2.3.     Device Performance 

 To examine the capability of DANs for light extraction, white 
OLEDs were constructed with a structure illustrated in Figure  1 . 

Prior to the incorporation of DANs, we fi rst focused on reducing 
the energetic and Ohmic losses that occur during the electron-
photon conversion. A close-up view of the organic emitter in 
Figure  1 b reveals a multilayer energy cascade structure with 
the insertion of an ultrathin TCTA interlayer and an n-doped 
electron injection layer of LiF:TmPyPB. The multilayer emitter 
is nearly barrier-free with the reduction of Ohmic losses on a 
negligible level, which can energetically facilitate hole trans-
port from TAPC to FIrpic:mCP and electron transport through 
TmPyPB to PO-01:mCP, respectively. The performances of 
white OLEDs with a fl at structure confi rm a drastic decrease 
in operating voltage and thereby an improvement in effi ciency, 
in which the  η  EQE  and  η  PE  at a luminance of 1000 cd m −2  
are optimized to 23.6% and 60.0 lm W −1  with an operating 
voltage below 4 V (Supporting Information Figure S5). 

 Upon optimization of the emitter for energy-effi cient exciton 
generation, white OLEDs with and without DANs were fabri-
cated (see Experimental Section for details), and their perfor-
mance characteristics are compared in  Figure    3  . Current den-
sity is plotted versus operating voltage in Figure  3 a, showing a 
slightly reduced operating voltage for the device with DANs. The 
improved electrical property is mainly due to a stronger electric 
fi eld distribution in the corrugated structure, [ 7 ]  and also implies 
an excellent contact between nanostructured PEDOT:PSS 
layer and the subsequently deposited organic emitter. In addi-
tion, it was verifi ed that the use of DANs has no infl uence on 
the device stability (Supporting Information Figure S6). The 
electroluminescence (EL) spectra of devices with and without 
DANs (Figure  3 a, inset) display a negligible change in the spec-
tral shape, and the corresponding Commission Internationale 
d’Eclairage (CIE) coordinates ( x ,  y ) are slightly shifted from 
(0.347, 0.461) to (0.343, 0.460) with the use of DANs, indicating 
no grating effects and a wavelength-independent response.  

 The  η  EQE  and  η  PE  of devices without and with DANs are 
plotted as functions of luminance in Figure  3 b. The  η  EQE  and 
 η  PE  values, as well as the enhancement ratios relative to that of 
the fl at device are summarized in  Table    1  . It is obvious that the 
use of DANs can drastically increase the light extraction and 
thus the device effi ciency because the difference in operating 
voltages at 1000 cd m −2  for devices with and without DANs is 
less than 0.2 V. Note that the enhanced light extraction caused 
by DANs is the combined effect of iDAN and eDAN, both of 
which can effectively contribute to the increase in light extrac-
tion effi ciency without spectral distortion (Supporting Informa-
tion Figure S7). The use of iDAN promotes the out-coupling 
of the waveguide-mode light from the organic layers and ITO 
electrode into the glass substrate, [ 5 ]  while the eDAN can enable 
the extraction of light trapped in glass due to total internal refl ec-
tion. [ 4 ]  The peak  η  EQE  and  η  PE  values of the white OLED with 
DANs are recorded as 56.1% and 132.8 lm W −1 , respectively, 
which are over two times those of the device constructed on a 
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 Figure 3.    Device performance of white OLEDs. a) Current density–
voltage ( J – V ) characteristics for devices with (fi lled circle) and without 
(open circle) DANs. Inset displays the normalized electroluminescence 
(EL) spectra obtained at 1000 cd m −2  in the direction normal to the glass 
substrate. b) External quantum effi ciency and power effi ciency as a func-
tion of luminance for the corresponding devices.

  Table 1.    Effi ciency comparison for white OLEDs without and with DANs.  

Device structure  η  PE  (maximum) 
[lm W −1 ]

 η  EQE  (maximum) 
[%]

 η  P  (at 1000 cd m −2 ) 
[lm W −1 ]

 η  EQE  (at 1000 cd m −2 ) 
[%]

 η  EQE  enhancement

Flat 68.8 26.0 60.0 23.6 1

Nanostructured 132.8 56.1 123.4 54.6 2.31
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fl at substrate. Moreover, the nanostructured device still main-
tains  η  EQE  = 54.6% and  η  PE  = 123.4 lm W −1  at a luminance of 
1000 cd m −2 , which are among the highest reported effi ciencies 
for white OLEDs in the scientifi c literature (Supporting Informa-
tion Table S1). The effi ciency of white OLEDs can be increased 
further by replacing the commonly used glass (ni = 1.5) with a 
high-refractive-index substrate to extract more light trapped in 
the waveguide mode. [ 2,3 ]   

 Furthermore, it is noteworthy that the nanostructured device 
structure designed here is featured by an extremely small roll-
off in effi ciency as well as excellent color stability at high lumi-
nance. The device with DANs yielded striking  η  PE  values of 
106.5 lm W −1  and 96.1 lm W −1  at 5000 cd m −2  and 10 000 cd m −2 , 
respectively (Figure  3 b), which iares accompanied with a lumi-
nance-independent EL spectrum over a broad range from 1000 
to 30 000 cd m −2  (Supporting Information Figure S8). These 
features are a great improvement towards the current applica-
tions of fl at panel displays and general lighting at high lumi-
nance (3000–5000 cd m −2 ), which is usually challenging for 
phosphorescent OLEDs due to the pronounced effi ciency roll-
off and luminance-dependent color shift.  

  2.4.     Angular Dependency 

 For high-quality white lighting applications, the color sta-
bility with increasing viewing angle is indispensable.  Figure    4   
shows the angular dependence of emission characteristics 
of the devices with and without DANs. It is apparent that the 

emission for the device with DANs (Figure  4 a) keeps a nearly 
identical spectral shape with increasing the viewing angle, 
resulting in a consistent white color. On the contrary, diverse 
EL spectra are observed in the counterpart with a fl at device 
architecture (Figure  4 b). The use of DANs causes a stronger 
side emission than that of the fl at device, where the latter yields 
a Lambertian intensity distribution (Figure  4 c). Correspond-
ingly, the CIE color coordinates (Figure  4 d) are far more stable 
with viewing angle for the device with DANs than for the fl at 
structure. The changes of CIE coordinates (Δ x , Δ y ) from 0° to 
80° are (0.005, 0.004) and (0.007, 0.021) for the devices with and 
without DANs, respectively. The improved angular dependence 
of color stability can be attributed to the redirected emission 
over all azimuthal directions due to the excellent capability of 
quasi-omnidirectional light extraction of DANs for use in full-
color OLEDs. [ 38–40 ]  Additionally, the color stability can be esti-
mated by the color shift (CS), which is defi ned as the Euclidean 
distance between two color points under certain angle and 
under surface normal (0°) in the CIE 1976 ( u ′,  v ′) color space. [ 41 ]  
Accordingly, the CS can be expressed as

 
CS u u v v( ) ( ( ) (0 )) ( ( ) (0 ))2 2θ θ θ= ′ − ′ + ′ − ′° °

  (1) 

 where  θ  denotes the angle at which the chromaticity is meas-
ured with 0° <  θ  ≤ 90°. Given that a lighting source shows 
omnidirectional color uniformity, no color variation is expected, 
showing a dot in the origin of the polar coordinate system. The 
farther the distance away from the origin, the more serious 
color shift. The device with DANs yields a maximum CS value 
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 Figure 4.    Angular dependence of EL performance for white OLEDs. a,b) Normalized EL spectra of white OLEDs with (a) and without (b) nanostructures 
for various viewing angles. c) Normalized angle-dependent emission intensities from devices with and without DANs. The ideal Lambertian emission 
pattern is shown as a guide to the eye. d) CIE color coordinates as a function of viewing angles.
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of about 0.0028 at a viewing angle of 80° (Supporting Informa-
tion Figure S9), revealing a better angular dependence of the 
color stability compared to a corresponding device with a fl at 
structure (with a value of 0.0075). According to the defi nition 
of color spatial uniformity for typical white emission, the devia-
tion on CIE 1976 ( u ′,  v ′) diagram should be within 0.004 from 
the weighted average point. [ 42 ]  The resulting white OLEDs with 
DANs therefore fully satisfy the criteria of white emissions, 
which ameliorate the undesirable angle-dependent issues.   

  2.5.     Theoretical Modeling 

 To elucidate the light extraction nature of DANs in OLEDs, we 
perform the optical modeling calculations using fi nite differ-
ence time domain (FDTD) and rigorous coupled wave analysis 
(RCWA) methods (see Experimental Section for the detailed 
description of the optical modeling).  Figure    5  a displays the 
waveguide modes in the device with a fl at structure using the 
FDTD methods, including two transverse electric modes (TE 0  
and TE 1 ) and three transverse magnetic modes (TM 0 , TM 1  and 
TM 2 ). For the TE modes, the maximum fi eld intensity of the TE 0  
mode is mainly located on the ITO layer, while the TE 1  mode 
shows the highest fi eld distribution near PEDOT:PSS/organic 
interface. For the TM modes, the TM 0  and TM 2  modes have 
maximum fi eld intensities at organic/Al and glass/air inter-
faces, respectively, with a wide distribution of the TM 1  mode 
across all the layers. Since the light extraction effi ciency of the 

waveguide modes is mostly dependent on the distribution of the 
optical fi eld intensity along the corrugated region, [ 7,43 ]  each TE 
or TM mode is expected to be out-coupled by the continuously 
tapered morphology profi le of PEDOT:PSS/organic, glass/air, 
as well as organic/Al interfaces due to the widespread periodici-
ties in DANs. Figure  5 b presents the simulated dispersion dia-
gram of optical intensity for TM polarization in the device with 
DANs using RCWA method. Extraordinary optical absorption 
spectra as a function of the fi ll factor and wavelength were also 
calculated (Supporting Information Figure S10), in which large-
scale absorption occurs with the dispersed fi ll factors. A wide 
distribution of optical intensity is observed when ranging the 
wavelengths from 400 to 800 nm along with the broad perio-
dicities of about 100 to 400 nm.  

 To further understand the extraction of optical modes, 
we proceeded to analyze cross-coupling mechanism with a 
hybrid plasmon-waveguide model. [ 44,45 ]  Figure  5 c,d show the 
calculated absorption spectra as the function of the frequency 
and wave vector  k  x  in the fi rst Brillouin zone for TE and TM 
polarized lights, respectively. The phenomenon of light cou-
pling by waveguide modes is present under TE polarization 
(Figure  5 c), whereas more comprehensive optical response 
occurs for TM polarization. [ 46 ]  First, strongly damped local-
ized surface plasmon (LSP) modes could be excited in conse-
quence of nanostructured metal electrode in the device with 
DANs. The dispersed directions of the LSP mode gradually 
split into two branches, which originates from Rayleigh-Wood 
anomalies. [ 47 ]  Second, strong interactions between LSP and 
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 Figure 5.    Optical simulations of white OLEDs. a) Normalized electric fi eld intensity (| E | 2 ) for TE 0 , TE 1  and TM 0 , TM 1 , TM 2  modes across the entire 
layers at a wavelength of 560 nm. b) Simulated dispersion relations of intensity fi eld distributions as functions of structural periodicity and incident light 
wavelength. c,d) Calculated dispersions as a function of frequency and in-plane wave vector  k  x  in the fi rst Brillouin zone for TE (c) and TM (d) polar-
ized light in the device with DANs. White dashed arrow in (d) corresponds to the cross-coupling direction between plasmonic and waveguide modes.
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photonic waveguide modes turn up, leading to a broadband 
and quasi-omnidirectional absorption enhancement. According 
to the previous reports, [ 48 ]  enhanced light extraction could be 
attributed to the extraordinary absorption by the same optical 
resonant mode in the structure. As a consequence, the simu-
lation results provide theoretical support that the enhanced 
light extraction over a wide range of angles and wavelengths is 
attributed to the excitation of hybrid plasmonic and waveguide 
modes in the device with DANs.   

  3.     Conclusions 

 In summary, high-performance white OLEDs are demonstrated 
by implementing DANs for broadband quasi-omnidirectional 
light extraction and allowing energy-effi cient photon genera-
tion in a multilayer energy cascade structure. The DANs are 
advantageous to manufacturing compatibility for large-area, 
fl exible and low-cost electronic devices and are capable of 
light extraction with broad spectral response and directional 
randomness. The external quantum effi ciency and power effi -
ciency are increased to 54.6% and 123.4 lm W −1  at a luminance 
of 1000 cd m −2 . An extremely small roll-off in effi ciency at 
high luminance is also obtained, yielding a striking value 
of 106.5 lm W −1  at 5000 cd m −2 . In addition to a substantial 
increase in effi ciency, the DANs simultaneously offer the fan-
tastic characteristics of angular color stability over the visible 
wavelength range with wide viewing angle. Note that the obsta-
cles in color rendering index and lifetime issue related to the 
use of sky-blue phosphor FIrpic have to be solved for broad 
application of white OLEDs. We anticipate that the approach 
developed here is promising for accelerating the commerciali-
zation of large-scale and low-cost white OLED panels.  

  4.     Experimental Section 
  Design and Characterization of DANs : The DANs used here were a 

combination of nano-honeycomb-style array patterned on PEDOT:PSS 
layer on an ITO surface and nanocone-style array on UV-curable resin 
fi lm on the glass surface. The negative and positive DAN molds were 
prepared with an elastomeric perfl uoropolyether (PFPE) material by 
a series of chemical etching and multitransfer process according to a 
previous report. [ 4 ]  To prepare the iDAN on the ITO surface, a vacuum-
assisted thermal PFPE nanoimprinting method was introduced on 
the basis of conventional SNILs (Supporting Information Figure S1). 
ITO-patterned glass substrates with a sheet resistance of 20 Ω per 
square were fi rstly cleaned using a routine process. The 100 nm-thick 
PEDOT:PSS fi lm that was spin-coated from the aqueous solution 
(CLEVIOS P VP AI4083) onto the ITO glass substrate was covered 
in conformal contact with a fl exible positive PFPE mold, and then 
transferred into a vacuum oven of ≈10 −2  Torr with the controllable 
temperature at 80 °C. During the degassing process for 30 min, a 
uniform nanohoneycomb morphology was formed due to the synergistic 
powers of capillary force, vacuum pressure and thermal annealing. 
Finally, the preliminary nanopatterned PEDOT:PSS sample was 
annealed at 140 °C under atmospheric conditions for further 10 min to 
consummate the high-profi le 3D sub-wavelength patterns and maintain 
the highly effi cient electrical properties. To prepare the eDAN on the 
glass surface (Supporting Information Figure S1), the negative PFPE 
mold was applied to make conformal coating of positive cone-shaped 
topology after drop-casting the UV-curable resin (D10, PhiChem) on the 
glass surface. The UV-curable resin fi lm was embossed under a constant 

pressure of 1.5 bar for 10 s with a UV illumination at light power 
intensity of 500 mJ cm –2  at a wavelength of 395 nm. The imprinting 
recipe was optimized by a systematic study of the imprinting time and 
pressure.   Surface topology of DANs was characterized by AFM (Veeco 
Multimode V) in tapping mode. Optical transmittance measurements 
were carried out using an UV/vis/near-IR spectrometer (Perkin Elmer 
Lambda 750). For obtaining haze values, total transmittance and 
specular transmittance were collected with and without integrating 
sphere, respectively. The transmittance of air was taken and used as a 
baseline measurement. The haze of ITO/glass substrate with DANs was 
calculated by generating the transmittance values into the formula, haze 
= (total transmittance – specular transmittance)/total transmittance. 

  Device Fabrication and Measurement : The white OLEDs were 
fabricated by subsequently depositing the organic layers and a 
LiF (0.7 nm)/Al (100 nm) bilayer cathode onto the substrates by 
thermal evaporation with shadow mask in high vacuum chamber 
(base pressure ≈2 × 10 −6  Torr), in which the deposition rate and fi lm 
thickness were monitored by a quartz crystal oscillator. The device 
area is 10 mm 2 . White OLEDs with and without DANs were fabricated 
at the same time to ensure consistent results (see Supporting 
Information Figure S2 for chemical structures used for OLEDs).   The 
current density–voltage–luminance ( J – V – L ) characteristics and 
EL spectra of white OLED devices were measured simultaneously 
in air ambience using a programmable source meter (Keithley 2400) and 
a luminance meter/spectrometer (PhotoResearch PR655). The 
angular emission patterns were measured according to emission 
angles. 

  Theoretical Modeling and Simulation : The in-plane waveguide modes 
including TE and TM in OLEDs with DANs were simulated based on 
the rigorous electromagnetic theory through fi nite difference time 
domain (FDTD) approach by Lumerical FDTD Solutions 8.7.3. To fi nd 
a rigorous solution to Maxwell’s equations, the rigorous coupled wave 
analysis (RCWA) method was adopted to model the dispersion diagram 
as well as the near-fi eld distribution of white OLEDs with DANs based 
on the optical calculation module (Rsoft DiffractMOD) from commercial 
software RSoft 8.1 (RSoft Design Group, Inc). For simplicity, hexagonal 
closely packed nanostructures with linearly tapered profi le were 
representatively constructed instead of randomly distributed geometry, 
along with a simplifi ed periodicity of 250 nm replacing the broad 
distributed periodicities. In the device modeling, the complex optical 
dielectric function of nanostructured Al were fi tted using Drude-Lorentz 
model, and the frequency-dependent refractive index ( n ) and extinction 
coffi cient ( k ) of the materials were measured experimentally using an 
alpha-SE Spectroscopic Ellipsometer.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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