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efforts devoted to the development of 
high-performance phosphorescent or 
thermally activated delayed fl uorescent 
emitters and novel device architectures, 
internal quantum effi ciency has already 
achieved ≈100% for energy conversion 
due to the fully use of both singlet and 
triplet states. [ 6–8 ]  Unfortunately, one of the 
major drawbacks of conventional OLEDs 
is the light confi nement that a high frac-
tion of energy fl ow generated in the emis-
sive materials is trapped as substrate, 
waveguide (WG), and surface plasmon 
polariton (SPP) modes in glass substate, 
organic/transparent indium-tin-oxide 
(ITO) layers, and metallic rear electrode 
due to the mismatch of refractive indices 
in the fl at multilayered structures. [ 9–11 ]  
Only 20%–30% energy fl ow can radiate 
outside the device as the useful light 
(denoted as leaky mode), which limits the 

development of highly effi cient OLEDs. Accordingly, the effi -
cient extraction of generated light provides the greatest poten-
tial for a substantial increase in external quantum effi ciency 
(EQE) and power effi ciency (PE) of OLEDs. 

 Indeed, various advanced light manipulation approaches 
have been extensively explored to facilitate the extraction of 
the confi ned photons by forming corrugated structures, such 
as microlens arrays, [ 12,13 ]  modifi ed substrates, [ 14,15 ]  Bragg 
grating, [ 16,17 ]  low-index dielectric grids, [ 18,19 ]  photonic crystals, [ 20 ]  
antirefl ection coatings, [ 21 ]  bioinspired deterministic aperiodic 
moth’s eye nanostructures, [ 5,22 ]  plasmonic nanocavity, [ 23 ]  or peri-
odic metallic grating electrode. [ 24,25 ]  Nevertheless, it remains 
challenging for the light extraction in white OLEDs, since 
periodic structures often results in serious distortion of the 
emission spectra and/or the departure from ideal diffuse emis-
sion characteristics due to specifi c wavelength- or azimuthal 
angle-dependent outcoupling. To solve these drawbacks, strat-
egies including the introduction of random scattering layer, [ 26 ]  
wrinkles, [ 27 ]  nanopillar arrays, [ 28 ]  or nanoislands, [ 29 ]  have been 
proposed, but only experimentally demonstrated for monochro-
matic OLEDs. Therefore, a continuous and demanding task to 
further explore the novel light extraction nanostructure directly 
amenable to white OLEDs is urgently required. 

 Regardless of various nanostructures for effi cient light 
extraction, it remains unclear whether nanoscale funnel-based 
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  1.     Introduction 

 Organic light-emitting diodes (OLEDs) have attracted an enor-
mous amount of attentions for applications in full-color fl at-
panel displays and solid-state lighting sources due to their 
enticing electrical, mechanical and optical features such as low 
power consumption, light weight, fl exibility, fast response, high 
contrast, and wide viewing angle. [ 1–5 ]  Along with signifi cant 
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arrays (NFAs) or cone-based arrays (NCAs) are more benefi cial 
to light extraction in white OLEDs. In addition to light extrac-
tion, other factors, such as ambient light absorption, contrast, 
image sharpness, low-glare, etc, are equally signifi cant for 
display applications. Another important but usually neglected 
factor of the extraction structures is their mechanical property 
that has not been studied before. Particularly, the capability 
against scrubbing is a critical requirement in some practical 
applications, e.g., smart phones or touch screens. 

 To address the above-mentioned issues, we present the 
design, fabrication, simulation, and performance of an effi -
cient method for releasing the trapped energy fl ow in white 
OLEDs. The broadband subwavelength NFAs have been imple-
mented into organic layers and glass substrate simultaneously 
via soft nanoimprinting lithography (SNIL), which are ideal 
for enhancing light extraction without any spectral distortion 
or angular dependence. The resulting EQE of white OLEDs is 
improved to 29.4% at a luminance of 1000 cd m −2 , which is 
≈2.3 times that of a control device with a fl at architecture used as 
a comparison, and the maximum PE increases to 56.9 lm W −1 . 
Except for the excellent light extraction capability with superior 
angular color stability compared with that of NCAs, the experi-
mental proofs reveal that the NFAs afford the enticing capacity 
against scrubbing and the self-cleaning feature, which are crit-
ical to the commercial viability in the practical applications.  

  2.     Results and Discussion 

  2.1.     Design and Fabrication of the NFAs 

  Figure    1   schematically illustrates the fabrication process of 
white OLEDs constructed with quasi-periodic NFAs by SNIL 
technique with the polydimethylsiloxane (PDMS) molds (see 
the details in Experimental Section). [ 22,30 ]  The PDMS molds 

were fabricated using an anodized alu-
minum oxide template-assisted transfer and 
then multiple nanoimprinting lithography, 
etching, and mold duplication (see the details 
in Figures S1,S2, Supporting Information). 
A conductive polymer layer of poly (3,4-eth-
ylenedioxy-thiophene) poly (styrenesulfonate) 
(PEDOT:PSS), which was spin-coated on ITO 
glass as a HIL, was inscribed to the NFAs 
(hereafter termed iNFAs) before the deposi-
tion of organic layers and metal electrode. 
On the contrary, the UV-curable resin drop-
casted on glass surface was patterned with 
nanofunnel topography (hereafter termed 
eNFAs) by UV-assisted SNIL. For the device 
fabrication, the ITO glass substrates with 
both iNFAs and eNFAs (hereafter termed 
dNFAs) were produced by repeating the 
eNFAs after encapsulating the devices with 
a cap glass to prevent the damage to the 
formed iNFAs under pressure. 

  The surface morphologies of white OLEDs 
with NFAs were characterized by atomic 
force microscopy (AFM) and scanning elec-

tron microscopy (SEM), and displayed in  Figure    2  . The AFM 
image of the spin-coated PEDOT:PSS layer (Figure  2 a) clearly 
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 Figure 1.    Schematic of the fabrication process of white OLEDs with dNFAs. a) Spin-coating the 
PEDOT:PSS layer on ITO-glass substrate. b) Imprinting the PEDOT:PSS layer by PDMS mold. 
c) Demolding the PDMS mold. d) Depositing the organic layers and metal electrode onto the 
patterned PEDOT:PSS. e) UV-imprinting the UV-curable resin on the glass substrate.

 Figure 2.    AFM images of a) fl at PEDOT:PSS layer; b) patterned NFAs 
UV-resin on glass surface (period: ≈250 nm, groove depth: ≈250 nm, 
fi ll factor: ≈0.6); (c) patterned PEDOT:PSS layer on ITO-glass substrate 
(period: ≈250 nm, groove depth: ≈80 nm, and fi ll factor: ≈0.6); d) OLED 
with organic layers and Al cathode deposited on patterned PEDOT:PSS 
substrate (period: ≈250 nm, groove depth: ≈40 nm, and fi ll factor: ≈0.6). 
SEM images of e) patterned PEDOT:PSS layer on ITO-glass substrate and 
f) OLED with organic and Al cathode layers deposited on the patterned 
PEDOT:PSS are also shown for comparison.
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reveals a rather smooth surface with a root-mean-square 
(RMS) roughness of approximately 1.1 ± 0.1 nm. In con-
trast, it is evident that the NFAs were successfully transferred 
onto the UV-resin and PEDOT:PSS surface (Figure  2 b–d), 
exhibiting a continuously tapered morphology. Furthermore, 
Figure  2 e,f shows the corresponding SEM images of the cor-
rugated PEDOT:PSS layer before and after the subsequently 
deposited organic layers and metal electrode. It is apparent that 
each successive layer closely followed the surface profi le of the 
corrugated PEDOT:PSS layer. The uniform well-defi ned eNFAs 
on UV-resin (Figure  2 b), iNFAs on PEDOT:PSS (Figure  2 c), 
and Al rear electrode (Figure  2 d) show an almost identical 
period of ≈250 nm and a fi ll factor of ≈0.6, while their groove 
depths are ≈250, ≈80, and ≈40 nm, respectively. Here, a larger 
groove depth was used for imprinted UV-resin eNFAs to 
ensure a high aspect-ratio (≥1) for effi cient enhancement of 
optical transmittance at the substrate/air interface, [ 31,32 ]  while 
the smaller groove depth for PEDOT:PSS iNFAs is designed 
to suppress possible anomalies in current fl ow inside the 
OLED device. [ 33 ]  

    2.2.     Optical and Mechanical Properties of NFAs 

  Figure    3   compares the optical and mechanical properties of var-
ious substrates without and with NFAs. As apparently shown 
in Figure  3 a, the use of dNFAs on ITO-coated glass resulted 
in the highest enhancement of optical transmittance than the 

cases of only iNFAs or eNFAs, which was ≈6.8% larger than the 
bare substrate in the entire visible regime. Meanwhile, a lowest 
refl ection value (≈5.7%) was realized for the substrate con-
structed with dNFAs (Figure  3 b). A striking feature observed 
from the photograph in Figure  3 b is that the coating of NFAs 
on ITO-coated glass substrate resulted in an excellent antire-
fl ection property, while the bare substrate shown a vivid refl ec-
tion image. The signifi cantly reduced refl ection to ambient 
light is rather useful for improving the OLED’s image contrast 
and glare property. According to the previous reports, [ 34,35 ]  
the improved optical features over the broadband spectrum is 
ascribed to the gradient refractive index distribution of NFAs at 
the interface. In addition, Figure  3 c plots the angular depend-
ence of the transmittance of various substrates at a fi xed wave-
length of 550 nm, revealing a signifi cant improvement over a 
wide viewing angle for the use of NFAs. Especially, when the 
viewing angle is beyond the critical angle (41.8°) for glass sub-
strates, the substrates using NFAs show a slower decrease in 
the optical transmittance, implying the capability of NFAs for 
extracting the trapped light from the WG and substrate modes 
more effi ciently in a wider angle. 

  The robustness of NFAs was tested and shown in Figure  3 d. 
As a comparison, the NCAs were produced by a negative mold 
with the same period, groove depth and fi ll factor. It is noted 
that the NFAs and NCAs exhibited the almost identical broad-
band antirefl ective effect (Figure S3, Supporting Information). 
Instead, the NFAs afford the striking capacity against scrubbing 
(e.g., only ≈8% decrease in transmittance after 200 scratching 
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 Figure 3.    Optical properties and characterization against scratching of NFAs. a) Transmittance of incident light toward the ITO surface. Inset denotes 
the schematic of the measurement procedure. b) Refl ection characteristics for incident light toward glass surface with and without NFAs. Inset depicts 
the ambient light refl ection of glass and NFAs/glass. c) Angle-dependent transmission spectra at wavelength of 550 nm. d) Total transmittance upon 
the scratching test for glass substrates constructed with NFAs and NCAs.
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cycles) as compared with the rapid performance degradation 
of NCAs (Figure  3 d). In addition, as presented in Figure S4 
(Supporting Information), the NFAs possessed an initial con-
tact angle of 129°, which was almost 116° after 200 scratching 
cycles. However, the contact angle of NCAs decreased rapidly 
from 133° to 63° after the same scratching test, which was close 
to the value of a fl at UV-resin layer. [ 30 ]  As shown in the SEM 
images of Figure S4 (Supporting Information), the difference 
in the capability against scrubbing is because the cones of the 
NCAs can be more easily broken during the scrubbing process. 
Moreover, the advantageous hydrophobic character of NFAs 
against scratching can lead to the removal of dust particles and 
surface contaminants on the device (namely, the self-cleaning 
capability). [ 36,37 ]  As a consequence, these results provide the 
direct experimental proof that, rather than the conventional 
NCAs, the NFAs are more benefi cial for practical applications 
such as cellphones, tablet computers or any other optical sur-
face to maximize the optical transmission with the capacity 
against scrubbing. 

 To identify the origin of this great enhancement in the 
transmittance characteristics using NFAs, the poynting vector 
 S  (energy fl ow) distributions for glass substrates without and 
with NFAs and NCAs were calculated with the excitation of 
a plane wave located at the semi-infi nite glass. The energy 
fl ow distributions provide a quantitative understanding of the 
enhanced optical transmittance for the substrates with NFAs 
and NCAs. As presented in  Figure    4  , the energy fl ows traveling 
normally and directly into air from glass substrates with NFAs 
and NCAs were squeezed and funneled into air apertures, 
resulting in more effi cient photon transmission than that from 
the bare glass. [ 38 ]  It indicates that the origins of manipulating 
the trapped energy fl ows are identical for NFAs and NCAs with 
the energy primarily fl owing into air through the air groove. 
These results match well with the measurements of optical 
transmittance (Figure S3, Supporting Information). 

    2.3.     Performance Enhancement of White OLEDs Using NFAs 

 The performance of white OLEDs incorporating NFAs was 
investigated (see the Experimental Section for the device fab-
rication processes). A standard white emissive layer (EML), 
which consisted of two complementary colors using bis(3,5-
difl uoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl) iridium(III) 
(FIrpic)-doped  N , N ′-dicarbazolyl-3,5-benzene (mCP) for blue 
emission and Iridium (III) bis[2-metyyldibenzo (f,h) quinoxa-
line](acetylacetonate) [Ir(MDQ) 2 (acac)]-doped mCP for red 
emission, [ 39 ]  was used in all devices. The performance char-
acteristics of white OLED with dNFAs and the control device 
with a fl at structure are plotted in  Figure    5  . For comparison, the 
devices using only iNFAs and eNFAs are displayed in Figure S5 
(Supporting Information). It is evident that all the devices with 
and without NFAs (i.e., iNFAs, eNFAs and dNFAs) exhibit 
almost identical current density–voltage ( J – V ) characteristics 
(Figure  5 b), which is in good agreement with previous observa-
tions in the dark current properties of organic solar cells with 
the incorporation of corrugated organic layers. [ 22,30 ]  Such a 
characteristic is different from the previous reports for OLEDs 
with the corrugated ITO electrodes, [ 27 ]  which is because the real 

device areas for current transport are same for both the devices 
with and without NFAs. However, the luminance of the devices 
with NFAs was markedly increased as compared with the fl at 
control device (Figures  5 b and S5a, Supporting Information). 
More importantly, the normalized electroluminescence (EL) 
spectra of white OLEDs with and without dNFAs (Figure  5 c) 
shows a negligible difference in the spectral profi le, illustrating 
no specifi c wavelength-dependence for light extraction with 
NFAs over the entire visible wavelength range. The EQE and 
PE of various white OLEDs are plotted as a function of lumi-
nance in Figures  5 d and S5 (Supporting Information). The 
corresponding characteristics of various devices are compared 
and summarized in  Table    1  . It is obvious that the EQE and PE 
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 Figure 4.    Calculated poynting vector  S  (energy fl ow) distribution excited 
by a plane wave (550 nm) located at the semi-infi nite glass substrates: 
a) bare glass; b) NFAs; and c) NCAs constructed on glass surface. The 
NFAs and NCAs exhibit the identical period (≈250 nm), groove depth 
(≈200 nm), and fi ll factor (≈0.6). The dashed and solid lines represent 
the layer interface of different materials. The small arrows depict the fl ow 
direction of the energy fl ow.
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values of white OLEDs with NFAs were remarkably enhanced, 
and especially the use of dNFAs resulted in the largest improve-
ment in effi ciency. The white OLED with dNFAs yields an 
EQE of 29.4% and a PE of 36.8 lm W −1  at a luminance of 
1000 cd m −2 , which are ≈2.3 and ≈2.1 times those of the control 
device (EQE = 12.7% and PE = 17.5 lm W −1 ). The maximum 
EQE and PE of white OLED with dNFAs are increased to 32.4% 
and 56.9 lm W −1 , respectively. Apparently, the high light out-
coupling with dNFAs is clearly the combined contributions of 
iNFAs (EQE = 20.0% and PE = 24.6 lm W −1 ) and eNFAs (EQE = 
19.6% and PE = 24.3 lm W −1 ). This feature is in the good agree-
ment with the increasing trend in the optical transmittance for 
various substrates observed in Figure  3 . These results clearly 
prove that the implementation of NFAs into OLEDs can achieve 
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 Figure 5.    Performance characteristics of white OLEDs. a) Photograph of a white OLED under operation. b) Current density–luminance–voltage ( J – L – V ) 
characteristics of white OLEDs with and without dNFAs. c) Normalized EL spectra in the direction normal to the glass substrate at J = 5 mA cm −2 . 
d) EQE and PE as a function of luminance. e) Normalized angular dependence of light intensity for white OLEDs with and without dNFAs. The dashed 
line represents the ideal Lambertian emission pattern. f) CIE 1931 coordinates for white OLEDs with and without dNFAs at  J  = 5 mA cm −2 . The black 
solid line depicts the Planckian Locus. The dashed arrows indicate the decreasing direction of correlated color temperature (CCT) and the shift of color 
coordinates from 0° to 75°, respectively. The green star denotes the CIE coordinates of Standard Illuminant (CCT = 3030 K).

  Table 1.    Performance characteristics of white OLEDs without and with 
light extraction nanostructures. The PE and EQE are compared at their 
maximum values and at a luminance of 1000 cd m −2 . The R EQE  values 
are the enhancement ratios relative to that of the control device at a 
luminance of 1000 cd m −2 . 

Device 
structures

EQE [1000 cd m −2 ] 
[%]

R EQE PE [1000 cd m −2 ] 
[lm W −1 ]

EQE [max] 
[%]

PE [max] 
[lm W −1 ]

Control 12.7 1 17.5 15.4 31.4

iNFAs 20.0 1.6 24.6 23.8 43.1

iNCAs 20.0 1.6 24.7 23.8 43.5

eNFAs 19.6 1.5 24.3 22.6 41.3

dNFAs 29.4 2.3 36.8 32.4 56.9
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the effi cient wavelength-independent light extraction without 
sacrifi cing the carrier transport and recombination properties. 
Correspondingly, a signifi cantly enhanced contrast in white 
OLEDs using dNFAs can be inferred due to the high light 
extraction and low ambient light refl ection. In addition, it is 
interesting to note in Table  1  that the device performance using 
iNFAs was nearly identical to that with iNCAs (EQE = 20.0% 
and PE = 24.7 lm W −1  at 1000 cd m −2 ), which provided a direct 
evidence that NFAs can afford the identical outcoupling capa-
bility as compared with NCAs. 

   The angular dependence of the EL intensities of the devices 
with and without dNFAs is plotted in Figure  5 e. Compared 
with the almost Lambertian emission pattern of the control 
device, it is noteworthy that the use of dNFAs in OLEDs causes 
a stronger side emission. This fact is perfectly consistent with 
the angular transmittance characteristics as shown in Figure  3 c, 
indicating that dNFAs could extract the energy fl ow over a wider 
viewing angle (particularly beyond the critical angle of the glass 
substrate). Additionally, white OLEDs using dNFAs exhibited 
the nearly identical spectral shapes with increasing viewing 
angles, which is in contrast to the control device showing a vari-
ation of the emission spectra (Figure S6, Supporting Informa-
tion). The shift in Commission Internationale d’Eclairage (CIE) 
coordinates ( X ,  Y ) is displayed in Figure  5 d with the viewing 
angle varying from 0° to 75°. Compared with the large angle-
dependent color shift of the control device, the emission profi le 
of the dNFAs-based OLED is very close to the Planckian locus 
and Standard Illuminant A, turning out a perfect blackbody 
radiator of different color temperature. In addition, the fast Fou-
rier transform pattern of the NFA on glass substrate forms the 

“grating vectors” in all azimuthal angles (Figure S7, Supporting 
Information), implying the emission from white OLEDs using 
dNFAs is independent on the azimuth angle due to the broad-
band response and quasi-omnidirectional scattering induced by 
dNFAs. The angular independence of white emission indicates 
the excellent light extraction capability of NFAs without spectral 
distortion, which is regarded as one of the critical requirements 
for full-color display and lighting applications. [ 40 ]   

  2.4.     Optical Simulation 

 To gain a deeper insight into the enhancement mechanisms of 
white OLEDs using dNFAs, the far-fi eld radiation distributions 
were calculated using the fi nite-difference-time-domain (FDTD) 
method for modeling the quasi-periodic NFAs. As shown in 
 Figure    6  a, the radiation profi le of the control device decays 
dramatically away from the EML. However, the use of dNFAs 
can strongly modulate the far-fi eld distribution (Figure  6 b), 
enabling the originally trapped photons radiating into air more 
effi ciently. Figure  6 c,d compares the far-fi eld distributions of 
the devices without and with dNFAs at the substrate/air inter-
face. In contrast to the monotonical decay of the fi eld intensity 
along the substrate surface for the control device (Figure  6 c), 
the quasi-periodic NFAs strongly modulated the far-fi eld with 
an almost sinusoidal grating diffraction pattern away from the 
center (Figure  6 d). These results are highly consistent with 
the observation of angle-dependent emission intensities in 
Figure  5 e, showing a stronger side emission caused by the use 
of NFAs. 
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 Figure 6.    Calculated electric fi eld distributions [log( E  2 / E  0  2 )] at 520 nm with one single perpendicular-oriented dipole, which is located in the middle of 
the emission layer. Far-fi eld distributions of a) the control device and b) dNFAs-based device. Normalized 1D far-fi eld distributions of c) the control 
device and d) the dNFAs-based device at the surface of the substrate/air.
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  According to previous report, [ 41 ]  the extraction layer con-
structed on glass substrate (e.g., eNFAs used here) only affects 
the energy dissipation for the substrate mode, while the 
nanostructures inside the device (e.g., iNFAs) could enable 
the release of the trapped energy fl ow in WG mode as useful 
radiation by manipulating various near-fi eld optical modes. To 
further identify the nature of these unique near-fi eld optical 
modes induced by iNFAs, the dispersion diagrams for both 
transverse electric (TE) and transverse magnetic (TM) polarized 
lights were simulated and displayed in  Figure    7   as a function 
of frequency and in-plane wave vector  K x   in the fi rst Brillouin 
zone of white OLEDs with NFAs. To compare the impacts on 
the manipulation of the energy fl ow by the counterpart topog-
raphy, the dispersion diagrams of the devices with NCAs were 
also calculated (see Figure S8, Supporting Information). For  K x  /
(2π/ P ) <  k  0 , the region located above the line is named as light 
in air. [ 42 ]  It is obvious that the devices with NFAs and NCAs 
show the similar dispersion diagrams. As indicated by the 
sharp spectral features in Figures  7  and S8 (Supporting Infor-
mation), both NFAs and NCAs can enable the effi cient recovery 
of energy fl ow loss from guided-mode resonance (GMR) modes 
of both TE and TM polarized lights, resulting in the energy 
fl ow transfer to leaky modes. This is an important factor for 
the effi ciency enhancement in the near-fi eld optical modula-
tion except for the Bragg scattering. As shown in Figure  7 b, the 
localized surface plasmonic resonance (LSPR) is excited at the 
corrugated organic/Al interface at a specifi c resonant frequency 
of  k  0 /(2π/ p ) = 0.43 (at a wavelength of 580 nm), which splits 
into two branches due to Rayleigh-Wood anomalies (as marked 

by the open arrows). [ 43 ]  Meanwhile, a hybrid anticross coupling 
between the SPPs and GMR occurs at a specifi c resonant fre-
quency of  k  0 /(2π/ p ) = 0.5 (at a wavelength of 500 nm). [ 44–46 ]  
Similarly, the LSPR and anticross coupling for NCAs (Figure 
S8, Supporting Information) are present at resonant frequen-
cies of 0.4 and 0.5, respectively. It should be pointed out that 
the discrepancy in dispersion diagrams for NFAs (Figure  7 ) 
and NCAs (Figure S8, Supporting Information) is ascribed to 
the use of fi ll factor = 0.6. For an exactly complementary fi ll 
factor of 0.5, the devices with NFAs and NCAs would produce a 
completely identical dispersion diagram as shown in Figure S9 
(Supporting Information). 

  The photon fl ux diagrams of the poynting vector  S  were cal-
culated to unveil the origin of these unique optical modes. As 
shown in Figure  7 c, the LSPR mode enables the Bragg scat-
tering coupled with SPPs to radiate into leaky modes. On the 
contrary, anticross coupling between GMR and SPPs promotes 
the photon fl ux to propagate as an extraordinary optical vortex 
from the device to leaky modes eventually, which leads to the 
useful energy fl ow transfer to far-fi eld with low propagation 
loss due the tight-mode confi nement. [ 47–49 ]  Therefore, the simu-
lation results in Figures  6,7  are complementary to analyze the 
modulation behaviors of NFAs in OLEDs from the far-fi eld and 
near-fi eld viewpoints, respectively. In addition, it is noteworthy 
that the far-fi eld behaviors (leaky modes) for devices with NFAs 
and NCAs are comparable regardless of the apparent difference 
in the near-fi eld energy fl ow distributions. This feature matched 
well with the experimental results of optical transmittance and 
performance enhancement as discussed above.   

 Figure 7.    Simulated dispersion diagrams of a) TE and b) TM polarized light as a function of frequency and the in-plane wave vector  K x   in the fi rst 
Brillouin zone of the device with NFAs (fi ll factor = 0.6). The near-fi eld poynting vector  S  (photon fl ow) distributions at c)  k  0 /(2π/ p ) = 0.43, and 
d)  k  0 /(2π/ p ) = 0.5. Red arrows depict the fl ow direction of the energy fl ow. The dashed lines represent the interfaces of different layers.
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  3.     Conclusion 

 In summary, we have demonstrated a simple and powerful 
method for drastically releasing the trapped energy fl ow in 
the conventional white OLEDs using a unique quasi-periodic 
subwavelength NFA structure via soft nanoimprinting lithog-
raphy. The advantages of the NFAs used here are their abilities 
to 1) achieve the broadband light extraction without spectral 
changes and angular dependence, leading to a substantial 
increase in effi ciency over twofold higher than a conventional 
device with a fl at architecture as a comparison; 2) reduce the 
refl ection of the ambient light over a broadband range, hence 
resulting in a signifi cant enhancement of the OLED’scontrast; 
3) tune the far-fi eld emission pattern at a wider viewing angle 
with superior angular color stability; and 4) afford the enticing 
capacity against scrubbing and the self-cleaning feature, which 
are critical to the commercial viability in practical applications. 
Finally, the approach demonstrated here is highly versatile and 
fully compatible with high-throughput low-temperature roll-to-
roll manufacturing on plastic fl exible substrates. We therefore 
anticipate this method would offer a new route to the devel-
opment of high-performance OLEDs for display and lighting 
applications.  

  4.     Experimental Section 
  Device Fabrication : For the fabrication of white OLEDs, ITO-coated 

glass substrates were ultrasonically cleaned with detergent, acetone, 
ethanol, and deionized water for 20 min and subsequently dried in 
an oven. The 100 nm-thick PEDOT:PSS layer was spin-coated onto 
the ultraviolet-ozone (UVO)-treated ITO glass substrate in ambient 
condition, followed by a 120 °C bake on a hot plate for 20 min before 
the subsequent depositions of organic layers and metal electrode. 
After imprinting the PEDOT:PSS layer on the basis of soft nanoimprint 
lithography with the PDMS molds, various patterned substrates 
were transferred into a high-vacuum chamber with a base pressure 
of < 2 × 10 −6  Torr for fi lm deposition by thermal evaporation with a 
shadow mask. The fi lm deposition for phosphorescent white emissive 
layers included a 45 nm-thick TAPC as the hole-transporting layer, a 10 
nm-thick layer of mCP doped with 8 wt% FIrpic as the blue emissive 
layer, a 10 nm-thick layer of mCP doped with 8 wt% Ir(MDQ) 2 (acac) as 
the red emissive layer, a 60 nm-thick layer of 4,6-bis(3,5-di(pyridin-3-yl)
phenyl)-2-methylpyrimidine (B3PYMPM) as the electron-transporting 
layer, and a LiF (1 nm)/Al (100 nm) bilayer cathode. The effective device 
area was 0.1 cm 2 . To ensure consistent results, each series of white 
OLEDs with and without NFAs or NCAs were were simultaneously 
fabricated in the same batch for the spin-coating of PEDOT:PSS and the 
deposition of organic layers and metal electrode. The comparison of the 
device results were also performed from the same series of the devices. 

  Properties Characterization : The refractive index ( n ), extinction coeffi cient 
( k ) and fi lm thickness of all the layers were measured using the alpha-SE 
Spectroscopic Ellipsometer (J.A.Woollam Co., Inc). Optical transmission 
spectra were recorded by a UV–vis/near-IR spectrophotometer (Perkin 
Elmer Lambda 750) with an integrating sphere. Surface morphologies 
were characterized by AFM (Veeco MultiMode V) in tapping mode and 
SEM (FEI, Quanta 200FEG). Contact angle was determined by contact 
angle tester (DataPhysics instruments GmbH). The current density–
voltage–luminance ( J – V – L ) characteristics and EL spectra of the devices 
were measured simultaneously in ambient air using a computer-controlled 
programmable Keithley model 2400 power source and a PhotoResearch 
PR655 luminance meter/spectrometer. The angle-dependent emission 
intensity was characterized by placing the devices on a rotating stage with 
one of the grooves parallel to the rotation axis. 

  Theoretical Simulation : The fi nite-difference-time-domain (FDTD) 
method (Lumerical FDTD Solutions 8.7.3) was used to perform the far-
fi eld radiation distribution of white OLEDs with one single perpendicular-
oriented dipole located in the middle of the emission layer, using 
perfectly matched boundary layers in all dimensions, where the NFAs 
were set as the quasi-periodic structures in the range of ≈8 periods with 
the groove depth, period and fi ll factor data as determined from the AFM 
images. To fi nd a rigorous solution to Maxwell’s equations in the device 
with an outcoupling structure of NFAs and NCAs, rigorous coupled 
wave analysis (RCWA) was adopted to model the dispersion diagram 
(Rsoft DiffractMOD and corresponding codes generated in-house), 
and the FDTD method was used to simulate the near-fi eld poynting 
vector  S  distribution (Rsoft Fullwave) with commercial RSoft 8.1 (RSoft 
Design Group, Inc), where the structures of NFAs and NCAs were set 
with one period and perfectly periodic boundary layers in all dimensions 
due to their short-range-order characters. The complex optical dielectric 
function of the nanostructured Al cathode was fi tted using the Drude–
Lorentz model, taking into account interband transitions and the 
frequency-dependent  n  and  k  values of PEDOT:PSS, ITO and UV-resin 
layers experimentally determined by the ellipsometer.  
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