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F
lexible organic light-emitting diodes
(FOLEDs) are an emerging display
technology that enables amazing and

efficient displays and lighting panels in
mobile devices, televisions, smart windows,
and other bendable wearable electronics.1�4

To realize highly efficient FOLEDs, two major
challenges have to be addressed. First, trans-
parent conductive electrodes (TCEs) with
excellent electrical, optical, and mechanical
properties have to be achieved. Second,
the light outcoupling efficiency in FOLEDs
should be as efficient as possible for the
extraction of the internally created photons
to the forward hemisphere.
The most commonly used indium�

tin-oxide (ITO) TCE is unsuitable for use in
FOLEDs and other flexible devices due to

its brittleness, scarcity of indium element,
and high-cost and high-temperature pro-
cessing.5,6 Accordingly, potential alternative
TCEs have been extensively pursued for the
development of high-performance ITO-free
flexible optoelectronic devices,7�20 includ-
ing conductive polymers,5,7 graphene,8,9

carbon nanotubes (CNTs),10,11 metallic nano-
wires (NWs),12�15 dielectric/metal/dielectric
(DMD) composite electrodes,16�18 and
metal grids.19�25 Among these emerging
TCEs, printed Ag grids produced by inkjet
printing,23 direct ink writing,24 or screen-
printing25 have attracted much attention
due to their good mechanical flexibility,
superior optical transmittance and electrical
conductivity, and low-cost solution process-
ing compatibility. However, the balance

* Address correspondence to
jxtang@suda.edu.cn (J.-X. Tang),
yqli@suda.edu.cn (Y.-Q. Li).

Received for review May 10, 2015
and accepted July 4, 2015.

Published online
10.1021/acsnano.5b02826

ABSTRACT Enhancing light outcoupling in flexible organic light-emitting diodes (FOLEDs) is an

important task for increasing their efficiencies for display and lighting applications. Here, a strategy for

an angularly and spectrally independent boost in light outcoupling of FOLEDs is demonstrated by using

plastic substrates with a low refractive index, consisting of a bioinspired optical coupling layer and a

transparent conductive electrode composed of a silver network. The good transmittance to full-color

emission (>94% over the whole visible wavelength range), ultralow sheet resistance to carrier

injection (<5Ω sq�1), and high tolerance to mechanical bending of the ameliorated plastic substrates

synergistically optimize the device performance of FOLEDs. The maximum power efficiencies reach 47,

93, 56, and 52 lm W�1 for red, green, blue, and white emissions, which are competitive with similarly

structured OLEDs fabricated on traditional indium�tin-oxide (ITO) glass. This paradigm for light

outcoupling enhancement in ITO-free FOLEDs offers additional features and design freedoms for highly efficient flexible optoelectronics in large-scale and

low-cost manufacturing without the need for a high-refractive-index plastic substrate.
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between optical transparency and electrical conductiv-
ity, the chemical/mechanical stabilities, and the fabrica-
tion process of these emerging TCEs need further
improvement before they can be practically used in
flexible optoelectronic devices.
Regardless of the rapid development of new flexible

TCEs, the majority of the internally generated light of
FOLEDs in a standard substrate emitting architecture
with an ITO electrode on the substrate is trapped in
waveguide and substrate modes due to the optical
confinement and total internal reflection, which are
induced by the large difference in the refractive indices
n between the organic layers (norg ≈ 1.6�1.8), ITO
(nITO ≈ 1.8), the plastic and/or glass substrate (nsub ≈
1.5), and air (nair≈ 1).26 The light outcoupling efficiency
of FOLEDs without outcoupling enhancement is typi-
cally limited to∼20%, suggesting considerable oppor-
tunity for a substantial increase in external quantum
efficiency (EQE) and power efficiency (PE). Therefore,
numerous studies have been dedicated to the realiza-
tion of novel device architectures for improving the
light outcoupling capabilities, including the use of
high-refractive-index substrates, low-index dielectric
grids, a random scattering layer, or deterministic
aperiodic nanostructures.2,27�34 Among them, many
techniques rely on the use of high-refractive-index
substrates to match the refractive index of the ITO
layer for the outcoupling enhancement of the trapped
light.28,34,35 However, flexible plastic substrates [e.g.,
polyethylene terephthalate (PET)] widely used for FOLEDs

have a low refractive index (nsub < 1.6), which is
unfortunately mismatched with that of ITO. A new light
outcoupling strategy is thus highly desirable to realize
high-performance FOLEDs on low-refractive-index
flexible plastic substrates to boost their overall effi-
ciency for their full potential in flexible displays and
solid-state lighting.
Here, we present an alternative route for angularly

and spectrally independent enhancement of light out-
coupling in FOLEDs that does not rely on high-refractive-
index flexible plastic substrates (Figure 1). In these
flexible devices, the key feature is an ameliorated low-
refractive-index PET substrate that consists of a built-in
TCE of a Ag network (AN) and a bioinspired optical
coupling (OC) layer of moth-eye nanostructures
(hereafter termed PET-AN/OC), enabling the broad-
band transmittance to full-color emission (>94% over
the whole visible wavelength range), ultralow sheet
resistance to carrier injection (<5 Ω sq�1), and high
tolerance tomechanical bending. The highly enhanced
light extraction can be realized without alternating the
electrical properties of FOLEDs. As a result, FOLEDswith
PE values of 47, 9, 56, and52 lmW�1 for red, green, blue,
and white emissions, respectively, are demonstrated,
which are competitive with their counterparts fabri-
cated on standard ITO-coated glass substrates.

RESULTS AND DISCUSSION

Ameliorated Plastic Substrate for Carrier Conduction and Light
Outcoupling. Preparation of the PET-AN/OC substrate is

Figure 1. Device structure and characteristics of an ameliorated PET substratewith a built-in Ag network electrode (hereafter
termed PET-AN/OC). (a) Schematic illustration of FOLEDs using PET-AN/OC as a transparent conductive electrode. (b)
Photograph of a large-area PET-AN/OC (size: 20 cm � 10 cm). Inset: Magnified optical image of the hexagonal Ag network
(period = 150 μm, groove depth = 3 μm, and line width = 3 μm), showing the optical transmittance of ∼94% at the visible
wavelength region. Scale bar = 150 μm. (c) 3D atomic force microscopy (AFM) images of moth-eye nanostructures
constructed on PET substrates with period = 200 nm, groove depth = 300 nm, fill factor = 0.6. Inset shows the fast Fourier
transform (FFT) pattern. (d) Measured optical transmittance (at 550 nm) and sheet resistance for PET-ANs and PET-AN/OCs
with various Ag network periods.
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schematically summarized in Supporting Figure S1.
One side of a PET substrate was first coated with a
UV-curable resin, which was then nanoimprinted to
form a hexagonal network of shallow grooves of about
3 μm in width and 3 μm in depth. The grooves were
filled with a silver ink by the doctor blade method. The
Ag network was then formed by annealing at 100 �C
for 6 min. The other side of the PET substrate was
subsequently coated with the same UV-curable resin
and imprinted with a moth-eye nanostructured poly-
dimethylsiloxane mold. The PET-AN/OC substrate is
finally finished by UV-curing of the resin.

Figure 1b shows an optical image of a 20 cm �
10 cm PET-AN/OC substrate put in front of a photo-
graph. The difficulty in discerning the PET-AN/OC
substrate shows its high optical transparency. The inset
shows a magnified image of the silver network with a
period of 150 μm, whose discrepancy from the visible
wavelength also contributes to the high transparency
of the PET-AN/OC substrate. Figure 1c shows an atomic
force microscopy (AFM) image of the bioinspired
moth-eye nanostructure (period = 200 nm, duty cycle =
0.6, and groove depth = 300 nm) prepared as reported
previously.36 Moreover, the character of the extended
periodicity distribution as observed in the fast Fourier
transform (FFT) pattern (Figure 1c, inset) reveals the
formation of quasi-periodic structures, which would be
favorable for the light outcoupling enhancement with
broadband response.29,31,36,37 As depicted in Figure 1d,
the combination of periodic AN electrode and the
moth-eye OC layer can result in the optimization of
optical transmittance and electrical conductivity simul-
taneously. Compared to the PET substrate only with a
built-in TCE of a Ag network (hereafter termed PET-AN),
the optical transmittance of a flexible PET-AN/OC sub-
strate can be enhanced by over 5% without sacrificing
the electric conductivity (Figure 1d and Supporting
Figure S2). For instance, the incorporation of themoth-
eye nanostructured OC layer increases the transmit-
tance of PET-AN/OCs from∼87% to∼94% in the visible
wavelength range of 400�800 nm, while the sheet
resistance remains as low as 5 Ω sq�1 (Figure 1c).
Optical and electrical properties of PET-AN/OCs are
comparable and even superior to other TCEs reported
in the literature (ITO-PET, graphene, metal NWs, CNTs,
etc.).38�42 In addition to the transmittance enhance-
ment, the amount of light scattering present in PET-
AN/OCs with various periods was characterized as
compared to those of bare PET and ITO-coated PET
(ITO/PET)with the samemoth-eyeOC layer (Supporting
Figure S2). It is clear that the haze values of PET-AN/OCs
depend strongly on the periods of the Ag network.
However, the PET-AN/OC with a period of 150 μm
exhibits an averaged transmittance haze of ∼5.4%
over the range of 400�800 nm, which is comparable
to that of ITO/PET and bare PET substrates (Supporting
Figure S2). This result indicates that the PET-AN/OC is

capable of keeping the substrate transparency with a
small fraction of diffusely scattered light, which is one
crucial feature in high-resolution display applications.
Furthermore, the PET-AN/OC substrates show good
stability against atmospheric environment and a high
tolerance to repeated bending (Supporting Figure S3).
It is evident that the PET-AN/OC substrates keep nearly
the same sheet resistance upon exposure to ambient
conditions without any extra protection means
(Figure S3a). Compared to the ITO/PET substrate, the
PET-AN/OC exhibits a better mechanical stability upon
repeatedbending. TheFOLEDsusingPET-AN/OCs show
a small decrease in efficiency under repeated bending,
whereas the corresponding devices on ITO/PET are
quickly damaged to failure due to the cracking in the
brittle ITO (Figure S3b).

Performance of Monochrome FOLEDs. The flexible plastic
substrates of PET-AN/OC and ITO/PET (with and with-
out the same moth-eye outcoupling layer) were used
as substrates for making FOLEDs (12 mm � 12 mm)
of different colors. Taking into account the balance
between optical transmittance and electrical conduc-
tivity, the PET-AN/OC with a period of 150 μm was
used for the device fabrication in this study. Figure 1a
gives a schematic illustration of the device structure.
A 80 nm thick poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) layer was first spin-
coated on the flexible plastic substrate as a hole
injection layer (HIL), which enables efficient hole injec-
tion into organic emitters. NPB, TCTA, and TmPyPB (see
Methods section for material compositions) were used
as the hole transport layer (HTL), electron/exciton
blocking layer (EBL), and electron transport/hole block-
ing layer (ETL), respectively. The ultrathin (0.1 nm) and
nondoped organic red, green, or blue emitter of
Ir(MDQ)2(acac), Ir(ppy)2(acac), or FIrpic was sand-
wiched between the EBL and ETL. The use of ultrathin
nondoped emitters in various devices simplifies the
device fabrication process with comparable efficiency
by avoiding the concentration quenching effect in the
doping-based devices and the requirement of precise
control of the deposition rate of host and dopant
materials.43,44 The details of the device structures and
materials can be found in the Methods section.

Current density�luminance�voltage (J�L�V) char-
acteristics of FOLEDs with red, green, and blue emis-
sions are shown in Figures 2a, e, and i, respectively. It is
evident that the use of PET-AN/OCs causes a reduced
driving voltage as compared to those using the tradi-
tional ITO/PET substrates, which is ascribed to the
smaller sheet resistance of PET-AN/OC (<5Ω sq�1) than
that of ITO/PET (∼20Ω sq�1). It is also observed that the
J�V curves of FOLEDs on ITO/PET substrates with and
without an outcoupling layer are nearly coincident,
indicating that the use of a moth-eye OC layer on
the outer surface of flexible plastic substrates has no
influence on the electrical properties of the devices.
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The photographs (insets in Figure 2b, f, and j) of FOLEDs
using PET-AN/OCs (12 mm � 12 mm) show the ex-
tremely uniform light distribution for red, green, and
blue emissions, indicating the good electrical conduc-
tion and carrier injection of PET-AN/OCs as an anode in
FOLEDs. More importantly, the luminance of FOLEDs
using PET-AN/OCs is significantly enhanced as com-
pared to those on ITO/PET substrates with and without
a moth-eye outcoupling layer (Figure 2a, e, and i).

As extensively studied using ultrathin metal films
as alternative TCEs to replace ITO electrode, a strong
optical microcavity is inevitably formed between the
semitransparent metal film and the highly reflective
metal rear electrode, which would cause spectral dis-
tortion and outcoupling enhancement at limited view-
ing angles.2,16�18 Accordingly, optical effects of the
PET-AN/OC substrate on emission spectra of FOLEDs
were characterized. Figure 2b, f, and j clearly show
that the incorporation of the PET-AN/OC substrate
causes a negligible microcavity effect and, hence, does
not distort or shift the electroluminescence (EL) spectra

in the visible wavelength region. Instead, the emission
intensities of various FOLEDs fabricated on PET-AN/OC
substrates are much higher than those on ITO/PET
substrates.

Figure 2 and Supporting Figure S4 present the
measured EQE, PE, and current efficiency (CE) charac-
teristics of various FOLEDs, and the key efficiency
values are summarized in Table 1. For comparison,
the performance of OLEDs on an ITO-coated glass
substrate is also provided. It is shown that the use
of PET-AN/OCs in FOLEDs causes a dramatic boost in
device efficiency as compared with those on ITO/PET
and ITO/glass substrates. For example, FOLEDs using
PET-AN/OCs yield the maximum EQE values of 32.6%,
31.2%, and 34.2% for red, green, and blue emissions,
respectively. The corresponding PE values are 38.5,
77.2, and 49.9 lm W�1 at a luminance of 1000 cd m�2,
which are significantly enhanced by a factor of ∼2.2,
∼2.3, and∼2.7 times that of the devices on an ITO/PET
substratewith the sameoutcoupling layer, respectively.
These results strongly demonstrate the potential of

Figure 2. Device performance of red, green, and blue FOLEDs using PET-AN/OCs as compared to those on ITO/PET with and
without themoth-eye outcoupling layer. (a�d) Current density�luminance�voltage characteristics (a), electroluminescence
(EL) spectra at the normal direction at 20mA cm�2 (b), and external quantum efficiency (EQE) (c) and power efficiency (d) as a
function of luminance for red FOLEDs. Inset in (b) is a photograph of a red FOLED (12 mm� 12 mm) using PET-AN/OC. (e�h)
Performance characteristics of green FOLEDs. (i�l) Performance characteristics of blue FOLEDs.

A
RTIC

LE



XIANG ET AL . VOL. 9 ’ NO. 7 ’ 7553–7562 ’ 2015

www.acsnano.org

7557

PET-AN/OCs as an alternative TCE to replace ITO in
FOLEDs.

Performance of White FOLEDs. To further elucidate
the characteristics of PET-AN/OCs, white FOLEDs were
fabricated, where ultrathin nondoped red, green, and
blue emissive layers were adopted with a structure of
anode/PEDOT:PSS (80 nm)/NPB (40 nm)/TCTA (13 nm)/
Ir(MDQ)2(acac) (0.1 nm)/TCTA (1 nm)/Ir(ppy)2(acac)
(0.05 nm)/TCTA (1 nm)/FIrpic (0.1 nm)/TmPyPB
(40 nm)/LiF (1 nm)/Al (100 nm). Figure 3a shows J�L�V

curves of the white FOLEDs on PET-AN/OC and ITO/PET
substrates with and without an outcoupling layer.

Similar to the cases of monochrome FOLEDs in
Figure 3a, the use of PET-AN/OCs results in the en-
hanced electrical property and higher luminance
than that on ITO/PET substrates. The picture of white
FOLEDs using PET-AN/OC in Figure 3b shows uniform
white light emission. Figure 3a presents the EL spectra
of white FOLEDs constructed on PET-AN/OC and ITO/
PET substrates at 20 mA cm�2 in the normal direction.
It is apparent that the emission spectra on various
flexible substrates are almost identical, showing a wave-
length-independent output response of PET-AN/OCs
for white light emission.

TABLE 1. Performance Comparison of FOLEDs Using Various Substratesa

device structure CEmax [cd A
�1] CE1000 [cd A

�1] PEmax [lm W�1] PE1000 [lm W1�] EQEmax [%] EQE1000 [%]

red ITO/PET 16.0 ( 0.6 14.3 ( 0.7 15.7 ( 0.4 11.2 ( 0.6 9.8 ( 0.6 8.5 ( 0.7
ITO/PET (outcoupling) 23.5 ( 0.7 21.2 ( 0.8 23.3 ( 0.6 17.3 ( 0.7 14.8 ( 0.9 12.8 ( 0.5
PET-AN/OC 47.0 ( 1.5 43.8 ( 1.3 47.5 ( 0.9 38.5 ( 1.4 32.6 ( 1.1 29.3 ( 1.2
ITO/glass 28.1 ( 0.6 27.4 ( 0.4 30.1 ( 0.7 24.1 ( 0.5 19.8 ( 0.4 18.2 ( 0.5

green ITO/PET 27.2 ( 1.4 26.1 ( 1.3 22.5 ( 1.5 15.8 ( 1.4 10.1 ( 0.7 9.4 ( 0.6
ITO/PET (outcoupling) 45.3 ( 1.7 43.9 ( 1.8 42.3 ( 1.8 33.2 ( 1.6 14.7 ( 1.2 13.5 ( 1.0
PET-AN/OC 95.5 ( 3.1 90.3 ( 2.2 92.9 ( 2.5 77.2 ( 2.9 31.2 ( 1.5 29.1 ( 1.7
ITO/glass 62.5 ( 3.9 60.2 ( 2.7 61.4 ( 3.8 59.0 ( 2.5 18.1 ( 1.7 17.4 ( 1.6

blue ITO/PET 15.2 ( 0.4 14.1 ( 0.6 12.9 ( 0.5 10.2 ( 0.4 9.1 ( 0.6 7.8 ( 0.4
ITO/PET (outcoupling) 23.6 ( 0.8 23.1 ( 0.7 21.5 ( 0.7 18.8 ( 0.9 12.9 ( 1.0 11.8 ( 0.9
PET-AN/OC 57.0 ( 1.3 53.1 ( 1.6 56.2 ( 1.4 49.9 ( 1.7 34.2 ( 1.1 29.6 ( 0.9
ITO/glass 37.4 ( 1.4 34.0 ( 1.6 38.0 ( 1.6 35.5 ( 1.7 16.3 ( 1.3 15.1 ( 1.5

white ITO/PET 13.2 ( 0.8 12.9 ( 0.7 11.1 ( 0.7 9.2 ( 0.5 10.4 ( 0.6 8.8 ( 0.5
ITO/PET (outcoupling) 19.2 ( 0.5 18.6 ( 0.5 16.8 ( 0.7 14.0 ( 0.7 14.4 ( 0.6 13.1 ( 0.5
PET-AN/OC 57.9 ( 1.7 55.8 ( 1.8 52.2 ( 1.6 47.8 ( 1.6 31.5 ( 1.6 29.6 ( 1.5
ITO/glass 33.2 ( 1.1 31.9 ( 0.9 34.1 ( 0.8 33.2 ( 0.7 18.4 ( 0.9 17.1 ( 0.6

a The average current efficiency (CE), EQE, and PE values at the maximum and at a luminance of 1000 cd m�2 are obtained from at least 12 devices.

Figure 3. Performance characteristics of white FOLEDs on various flexible substrates. (a) J�L�V characteristics. (b) EL spectra
of various white FOLEDs at a current density of 20 mA cm�2 in the normal direction. Inset: Photograph of a white FOLED
(12 mm � 12 mm) using PET-AN/OC. (c) EQE as a function of luminance. (d) Power efficiency as a function of luminance.
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Figure 3c and d plot EQE and PE characteristics of
the white FOLEDs on PET-AN/OC and ITO/PET sub-
strates. As summarized in Table 1, white FOLEDs on
PET-AN/OC yield a CE of 55.8 cd A�1, an EQE of 29.6%,
and a PE of 47.8 lmW�1 at a luminance of 1000 cdm�2,
which are almost 3-fold higher than those on ITO/PET
with an outcoupling layer. These results indicate that
the PET-AN/OC not only serves as an efficient conduc-
tive channel for charge transport but also facilitates the
light outcoupling.

Figure 4 displays the angular dependence of emis-
sion characteristics. It is interesting to note in Figure 4a
that white FOLEDs using PET-AN/OC exhibit the almost
identical emission spectra with respect to the increase
in the viewing angle, yielding a consistent white color.
Correspondingly, the angular dependences of Com-
mission Internationale d'Eclairage (CIE) coordinates
(X, Y) of white FOLEDs on various flexible substrates
are compared in Figure 4b, showing the superior
stability of PET-AN/OC-based devices with increasing
viewing angle. Additionally, the use of PET-AN/OC leads
to a stronger emissionat a large viewingangle rather than
that on an ITO/PET substrate with a Lambertian intensity
distribution (Figure 4c), which is consistent with the
simulated results of transverse electric (TE) and transverse
magnetic (TM) modes with the finite-difference time-
domain (FDTD) method (Figure 4d). Through the experi-
mental characterization and theoretical simulations, the

enhanced light emission at wider viewing angles for
white FOLED using PET-AN/OC is ascribed to the cap-
ability of the quasi-omnidirectional light outcoupling
of a biomimetic moth-eye coupling layer at the air/PET
interface, which induces the redirected emission for
the broadband wavelengths over all azimuthal direc-
tions.31,33,45 These results indicate that white FOLEDs
using PET-AN/OC will be applicable to high-quality full-
color flexible displays and solid-state lighting due to the
omnidirectional color uniformity.

Enhancement Mechanism of Light Outcoupling Using PET-
AN/OC. To elucidate the outcoupling enhancement
mechanisms of FOLEDs using PET-AN/OC, emission
behaviors of various FOLEDs were analyzed based on
the opticalmodeling calculations (seeMethods section
for details of the optical modeling). Figure 5 presents
the simulated distributions of the field intensities of TM
and TE polarized light in various layers of FOLEDs on
PET-AN/OC and ITO/PET substrates by using the FDTD
method.29,46 As qualitatively shown in Figure 5a and b,
the removal of the ITO electrode in FOLEDs results
in the relocation of the major field distribution of the
TE-mode polarized light from the ITO layer into the
plastic substrate, implying a substantial suppression
of waveguide mode and a significant gain of substrate
mode. The change in the field distributions is due to
the improved refractive-index matching between the
PET-AN/OC substrate (nsub ≈ 1.5) and the PEDOT:PSS

Figure 4. Angular dependence of emission characteristics of white FOLEDs. (a) EL spectra versus viewing angle for white
FOLEDs using PET-AN/OC. (b) CIE color coordinates as a function of viewing angles for white FOLEDs on various flexible
substrates. (c) Angular dependence of light intensity for white FOLEDs on various flexible substrates. (d) Simulation of angle-
dependent emission intensities of TE and TM polarized light for white FOLEDs on PET-AN and PET-AN/OC substrates, which
were calculated with the finite-difference time-domain (FDTD) method. The ideal Lambertian emission patterns are shown in
(c) and (d) with dashed lines as a guide to the eye.
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layer (nPEDOT≈ 1.5) as compared to the high-refractive-
index ITO layer (nITO ≈ 1.8�2.1).47 As a result, a con-
siderable fraction of the emitted photons originally
confined in the ITO/organic waveguide mode can be
efficiently outcoupled into the PET substrate, which is
beneficial for the overall outcoupling enhancement of
FOLEDs due to the efficient extraction of light trapped
in the substrate modes using a moth-eye OC layer
on the outer surface of the flexible plastic substrate.
This finding is consistent with the experimental results
of the enhanced light outcoupling efficiency and
EQE values for FOLEDs using PET-AN/OC in comparison
with standard devices on ITO-coated substrates
(Figures 2 and 3).

Besides the elimination of the ITO/organic wave-
guide modes due to the replacement of the ITO layer,
the effect of the moth-eye OC layer on the optical
extraction in FOLEDs using PET-AN/OC is analyzed by
modeling the field distribution at the substrate/air
interfaces. As depicted in Figure 5c and d, the optical
modeling qualitatively shows the relatively stronger
electric field intensity on the nanostructured surface
rather than that of the bare PET substrate, revealing
the more efficient light extraction of the PET-AN/OC
substrate. According to the previous reports,48�50 the
subwavelength OC layer withmoth-eye nanostructures
on glass and PET substrates can dramatically enhance

theoptical couplingdue to thegradient refractive index
distribution at the substrate/air interface. Therefore,
the overall light outcoupling and external quantum
efficiencies of FOLEDs using a PET-AN/OC substrate
can be enhanced over the device with a conventional
ITO electrode.

CONCLUSIONS

In conclusion, we demonstrate a simple and novel
method to synergistically optimize both light out-
coupling and hole injection efficiencies in FOLEDs by
developing an ameliorated plastic substrate with low
refractive index that consists of a bioinspired optical
coupling layer and a built-in silver network transparent
electrode. This new flexible plastic substrate enables
the good transmittance to full-color emission (>94%
over the whole visible wavelength range), a highly
conductive channel for charge transport (sheet resis-
tance <5 Ω sq�1), and high tolerance to mechanical
bending. The angularly and spectrally independent
enhancement of light outcoupling is realized in
FOLEDs. As a result, FOLEDs using PET-AN/OC yield PE
values of 47, 93, 56, and 52 lmW�1 for red, green, blue,
and white emissions, respectively, which are competi-
tivewith a conventional OLED constructed on standard
ITO-coated glass substrates. Furthermore, superior
angular color stability of white FOLEDs is observed,

Figure 5. Simulated distributions of electric field intensity by the FDTD method. (a, b) Distributions of electric field intensity
for TE0 and TM0 modes at λ = 470, 520, and 610 nm in FOLEDs on (a) ITO/PET and (b) PET-AN/OC, respectively. (c, d) Field
intensity distributions of plane wave light at λ = 520 nm passing through the flat PET (c) without and (d) with a moth-eye
outcoupling layer. The arrows depict the energy flow direction. The white dashed lines represent the interface of different
layers.
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where the diverse emission spectra are strongly
suppressed regardless of the viewing angle. These
achievements reveal a great potential of using

PET-AN/OCs in large-area next-generation ITO-free
flexible technologies for full-color displays and solid-
state lighting.

METHODS

Device Fabrication. The flexible plastic substrates were ultra-
sonically cleanedwith detergent, acetone, ethanol, andDIwater
for 20 min and finally dried in an oven. The built-in Ag network
TCEwas fabricated on a PET substrate by ingeniously combining
Ag paste scratch technology, nanoimprinting lithography,
and precise pattern photolithography (Supporting Figure S1).
The resulting PET-AN/OC substrate was cleaned by ethanol
and dried in an oven in succession. A 80 nm thick PEDOT:PSS
(with 5 vol % dimethy1-sulfoxide to increase the conductivity
and mixed with 0.5 vol % Zonyl FS-300 fluorosurfactant from
Fluka to promote wetting on the UV-curable resin-coated PET
substrate) was spin-coated onto the ultraviolet-ozone-treated
ITO/PET and PET-AN/OC substrates under ambient conditions,
which was followed by heat treatment at 80 �C for 20 min prior
to subsequent layer deposition. To prepare the moth-eye
antireflection layer on the outer surface of the PET substrate,
a UV-assisted nanoimprinting method was introduced with a
flexible polydimethylsiloxane mold on the basis of soft nano-
imprint lithography under atmospheric conditions, which re-
sulted in the formation of the high-profile three-dimensional
subwavelength patterns. The substrates with a PEDOT:PSS
layer were transferred into a high-vacuum evaporation cham-
ber (base pressure <5 � 10�7 Torr) with computer-controlled
shadow masks for film deposition. For the OLED fabrication,
organic layers and a LiF/Al bilayer cathode were thermally
depositedwith a base pressure of 2� 10�6 Torr, and the deposi-
tion rate and film thickness were monitored by a quartz crystal
oscillator. The emission areas of flexible OLEDs were 144 mm2

on PET-AN/OC, PET-AN, and ITO/PET and 10 mm2 on ITO/glass
substrates. To ensure consistent results, the devices on various
substrates were fabricated in the same vacuum chamber at the
same time. The main materials used have acronyms as follows.
FIrpic: bis(3,5-difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl)
iridium(III) as blue emitter. Ir(ppy)2(acac): bis(2-phenylpyridine)
(acetylacetonate) iridium(III) as green emitter. Ir(MDQ)2(acac):
bis(2-methyldibenzo[f,h]-quinoxaline) (acetylacetonate) iridium(III)
as red emitter. NPB: N,N0-bis(naphthalen-1-yl)-N,N0-bis(phenyl)-
benzidineas thehole transport layer. TCTA: 4,40 ,400-tris(N-carbazolyl)-
triphenylamine as the electron/exciton blocking layer. TmPyPB:
1,3,5-tris(m-pyrid-3-ylphenyl)benzene as the electron transport
layer and the hole/exciton blocking layer. Detailed device struc-
tures are as follow.

Red FOLED: anode/PEDOT:PSS (80 nm)/NPB (40 nm)/TCTA
(15 nm) /Ir(MDQ)2(acac) (0.1 nm)/TmPyPB (30 nm)/LiF (1 nm)/Al
(100 nm).

Green FOLED: anode/PEDOT:PSS (80 nm)/NPB (40 nm)/TCTA
(15 nm)/Ir(ppy)2(acac) (0.1 nm)/TmPyPB (30 nm)/LiF (1 nm)/Al
(100 nm).

Blue FOLED: anode/PEDOT:PSS (80 nm)/NPB (40 nm)/TCTA
(15 nm)/FIrpic (0.1 nm)/TmPyPB (30 nm)/LiF (1 nm)/Al (100 nm).

White FOLED: anode/PEDOT:PSS (80 nm)/NPB (40 nm)/TCTA
(13 nm)/Ir(MDQ)2(acac) (0.1 nm)/TCTA (1 nm)/Ir(ppy)2(acac)
(0.05 nm)/TCTA (1 nm)/FIrpic (0.1 nm)/TmPyPB (40 nm)/LiF
(1 nm)/Al (100 nm).

Device Characterization. The current density�voltage�luminance
characteristics and electroluminescence spectra of the corre-
spondingdevices weremeasured simultaneously in air ambience
using a computer-controlled programmable Keithley model
2400 power source and a PhotoResearch PR 655 spectrometer.
The angle-dependent emission spectra and light intensity were
characterized by placing the devices on a rotating stage with one
of the grooves parallel to the rotation axis. The refractive index (n)
and extinction coefficient (k) of all the films weremeasured using
an Alpha-SE spectroscopic ellipsometer (J.A. Woollam Co., Inc.).
The film thickness was measured by the Alpha-SE spectro-
scopic ellipsometer. Transmission spectra were recorded by a

UV/vis/near-IR spectrophotometer (PerkinElmer Lambda 750)
with an integrating sphere. Surface morphology was character-
ized with AFM (Veeco MultiMode V). The sheet resistances of
different TCEsweremeasured using a digitalmultimeter (Keithley
2100) with a four-point probe configuration to eliminate contact
resistance.

Theoretical Modeling. For deviceswith subwavelength pattern-
ing, geometric optics basedon the ray tracingmethod cannot be
used for simulating the photon flux distribution in nanoscale
optical fields. To simulate the field radiation pattern of TE and
TM polarized light in FOLEDs on various flexible substrates, the
FDTD method was adopted using a commercial FDTD solver
(Lumerical FDTD Solutions 8.7.3), in which hexagonal closely
packed nanostructures with a continuously tapered profile were
used for simplicity instead of a randomly distributed geometry.
In the modeling, electrical dipole oscillators were put inside the
FOLEDs. The complex optical dielectric function of the nano-
structured Al cathode was fitted using the Lorentz�Drude
model, taking into account the interband transitions. The
frequency-dependent n and k of PEDOT:PSS, ITO, and PET
experimentally measured by ellipsometer were used as experi-
mental input parameters for calculations.
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