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M
echanically flexible organic light-
emitting diodes (OLEDs) are emer-
ging as a leading technology for

a variety of wearable intelligent electronics
due to their unique capacity to be inte-
grated with soft materials and curvilinear
surfaces. Applications include bendable
smartphones, foldable touch screens and
antennas, paper-like displays, and curved
and flexible solid-state lighting devices.1�9

To date, the most commonly used transpar-
ent conductive electrode (TCE), indium�tin
oxide (ITO), limits the further development
of high-performance flexible OLED technol-
ogy due to its inherent shortcomings
such as brittleness, material scarcity, and a
low-throughput deposition process.10�12 It
would behighly desirable to replace ITOwith
a new TCE solution which has low cost and
improved bendability for future flexible, roll-
able, or foldable OLED-based applications.
Various types of flexible TCEs with attrac-

tive electrical and optical properties have

been explored as alternative transparent
conductors including graphene,3,13�18 car-
bon nanotubes (CNTs),19,20 Ag nanowires
(NWs),21,22 Cu NWs,23,24 nanopatterned me-
tallic films,25,26 and conductive polymers.27

Despite a strong potential to replace ITO,
flexible OLEDs using these emerging TCEs
show poorer efficiencies than ITO-based
devices by a lack of efficient methods to
improve charge injection and light outcou-
pling (Table S1, Supporting Information)
and often are accompanied by complicated
and hence unacceptably high-cost fabrica-
tion procedures. Further improvements on
electrical and optical properties, chemical
stability as well as the manufacturing pro-
cess are required before they can be mass-
produced as promising next-generation
TCEs.
In addition to the aforementioned strate-

gies, metallic grids, especially printed Ag
grids,28,29 have provided another route to
improving the properties of TCEs.30,31 Ag
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ABSTRACT Because of their mechanical flexibility, organic light-

emitting diodes (OLEDs) hold great promise as a leading technology

for display and lighting applications in wearable electronics. The

development of flexible OLEDs requires high-quality transparent

conductive electrodes with superior bendability and roll-to-roll

manufacturing compatibility to replace indium tin oxide (ITO)

anodes. Here, we present a flexible transparent conductor on plastic

with embedded silver networks which is used to achieve flexible, highly power-efficient large-area green and white OLEDs. By combining an improved

outcoupling structure for simultaneously extracting light in waveguide and substrate modes and reducing the surface plasmonic losses, flexible white

OLEDs exhibit a power efficiency of 106 lm W�1 at 1000 cd m�2 with angular color stability, which is significantly higher than all other reports of flexible

white OLEDs. These results represent an exciting step toward the realization of ITO-free, high-efficiency OLEDs for use in a wide variety of high-performance

flexible applications.
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grids have been conventionally produced on the sur-
face of the underlying substrate using approaches
of inkjet printing,32 direct ink writing,33 and screen-
printing.34 However, these Ag grids used in organic
devices may suffer electrical short-circuits and the loss
of a conductive path due to the mismatch between
the thickness of embossed metal grids (several
micrometers) and the extremely thin organic layer
(a few hundred nanometers).35 Moreover, the poor
adhesion of the grid to the substrate surface and
the low throughput of roll-to-roll deposition with high
resolution make existing Ag grids unsuitable for
achieving highly efficient flexible OLEDs.12

Here we present a novel flexible TCE using plastic
with embedded Ag networks (PEANs), whose fabrica-
tion process is time-saving and cost-effective with the
combination of Ag paste scratch technology, nano-
imprinting lithography, and precise pattern photo-
lithography (Figure 1). The PEAN as a flexible TCE
exhibits excellent optical, electrical, and mechanical

properties, allowing little degradation of electrical
properties upon bending. By employing an optimized
light outcoupling structure with reduced ohmic losses,
flexible green OLEDs yield a power efficiency (PE) >
120 lm W�1 and current efficiency (CE) >140 cd A�1 at
a brightness of 1000 cd m�2, while the flexible white
OLEDs exhibit a maximum external quantum effici-
ency (EQE) of 49% and a record PE of 106 lm W�1 at
1000 cd m�2 with angular color stability. The perfor-
mance of the flexible OLEDs using PEAN is competitive
even to the best results reported from devices on
ITO glass substrates,15,36 which makes the present
work promising for applications in large-area ITO-free
flexible displays and lighting technologies.

RESULTS AND DISCUSSION

The fabrication process of PEANs is schematically
described in Figure 1, which includes the nickel (Ni)
mold design and fabrication, pattern transfer to a
film of UV resin coated on polyethylene terephthalate

Figure 1. Schematic illustration of the fabrication steps of an embedded Ag network on PET substrate. (a) Fabrication of a
hexagonal pattern on the photoresist on a glass substrate using photolithography. (b) Development of hexagonal
photoresist mold. (c) Pattern transfer to a Ni mold using electroforming. (d) Dispersing UV resin on a PET substrate. (e)
Mold transfer with UV nanoimprinting lithography. (f) Hexagonal pattern formation with plasma treating. (g) Dispersing the
nanostructured Ag ink and scratching by Ag paste scratch technology. (h) Sintering and cleaning of the embedded Ag
networks. (i) Dark-field microscopy image of Ag networks.
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(PET) substrates by imprinting, the filling of conductive
nanostructured Ag ink into the embedded groove
structure by scraping, and finally sintering. First, an
embedded hexagonal groove structure of various per-
iodicitieswas transferred to thephotoresist (RZJ-390PG,
Ruihong Electronic Chemical Co., Ltd.) on a glass sub-
strate after exposure by digital micromirror devices
(DMD)-based photolithography (iGrapher200, SVG
DigitOptics, Co., Ltd.). The network structures can be
easily tuned and obtained by adjusting the patterns on
the DMD transferred by the computer. Upon develop-
ment in NaOH (0.4%) solution for 4 s and subsequent
drying in air, the hexagonal groove structure was
transferred to a Ni mold through electroforming. For
the pattern transfer, a 10 μm thick UV-curable resin
(D10, PhiChem), whichwas drop-dispensed on PET film,
was imprintedby theNi stampwith a pressureof 3.0 bar
for 30 s under UV irradiation. For this purpose, an in-
house built roll-to-plane UV nanoimprinting lithogra-
phy system was used at an intensity of 1000 mW cm�2

(SVG DigitOptics, Co., Ltd.). After the Ni stamp was
peeled from the patterned UV resin, the surface of the
UV-curable resin filmwas plasma-treated to improve its
hydrophilic property. Conductive nanostructured Ag
ink (particle diameter between 2 and 10 nm, concen-
tration of 41%, viscosity of 55 cps and surface tension of

30 dyn cm�1) was sequentially drop-dispensed on the
patterned UV film to fill the hexagonal trenches, and
the excess Ag was removed by means of scraping.
Meanwhile, to make the surface clear, the wiping
process was performed with nontoxic organic solvents
(e.g., ethanol). Finally, the flexible PEAN was sintered at
100 �C for 6 min in the infrared-assisted oven. Notably,
the fabrication of PEANs is free from expensive vacuum
techniques and is entirely solution-processed at a low
temperature, which is compatible with plastic sub-
strates and low-cost roll-to-roll manufacturing.
Figure 2a presents a representative image of a

hexagonal Ag network with a 150 μm period, ∼2 μm
groove depth, and ∼3 μm groove width. The period
of the Ag networks are several orders of magnitude
larger than the visible wavelength, which minimizes
light diffraction. The PEANs exhibit highly optical
transmittance (Figure 2d) and electrical conductivity
(Figure 2e), which can be tuned by tailoring the period
of the hexagonal array (Figures S1 and S2, Supporting
Information). The PEANs with a period of 150 μm
possess a transmittance >87% in thewavelength range
of 400�800 nm (Figure S1, Supporting Information)
and a sheet resistance <5Ω0�1 (Figure S2, Supporting
Information), which is superior to the performance of
reported TCEs in the scientific literature, such as Ag

Figure 2. Experimental realization of PET with embedded Ag networks (PEANs) as a transparent conductive electrode. (a, b)
The three-dimensional confocal microscopy images of the top-view (a) and depth profile (b) of the hexagonal Ag networks
(period of 150 μm, groove depth of∼3 μm, andwidth of∼3 μm). (c) Optical image of the PEAN substrate with a diagonal size
of 30 in. (d) Close view of a PEAN under ambient conditions. (e) Electrical resistance testing of the PEAN using an ohmmeter.
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NWs,37 CNTs,20 metal grids,38 and ITO39,40 (Figure S2,
Supporting Information). In addition to the total trans-
mittance properties, the amount of light scattering
present in PEANs is determined by measuring the
specular and diffuse transmission. The transmittance
haze represents the percentage of light diffusely scat-
tered compared to the total light transmitted, which is
one of the pivotal features in display applications.41,42

The haze values of PEANs are strongly dependent on
the period of the Ag networks. A PEAN with a 150 μm
period exhibits an average haze value of ∼4.3% over
the visible spectrum, which is comparable to that of
ITO-coated PET (ITO�PET, haze ≈ 4.9%) and bare PET
substrates (haze ≈ 4.3%) (Figure S3, Supporting
Information). Such low haze indicates that the PEAN
would maintain transparency without causing addi-
tional optical modes (an optical image of the PEAN

is shown in Figure 2b), which is a requisite of high-
resolution displays.42 Moreover, the PEAN can keep
sufficient scratch resistance since the Ag networks are
filled in the grooves of the UV resin (Figure S4, Support-
ing Information).
Phosphorescent green OLEDs were fabricated on

both flexible PEANs and ITO�PET substrates for com-
parison, as schematically shown in Figure 3a (also see
Figure S5, Supporting Information). An 80 nm thick
conductive layer of PEDOT:PSS was spin-coated on
the electrode surface as a hole injection layer, which
enables holes to be injected efficiently into the over-
lying organic emissive layer (EML). Moreover, the PED-
OT:PSS layer is favorable for smoothing the surface
roughness of the PEAN and ITO�PET substrates
(Figure S6, Supporting Information). It is clearly noted
from the AFMmeasurements that the roughness of the

Figure 3. Device structure and performance of flexible green OLEDs. (a) Schematic illustration of flexible green OLEDs using
PEAN as the anode. (b) Optical image of light emission from a flexible green OLED (12 mm � 12 mm) using a PEAN anode.
Inset: the magnified image using an optical microscope (scale bar = 300 μm). (c) Current density and luminance as a function
of driving voltage of flexible greenOLEDs using PEANs (without andwith an outcoupling structure) or ITO�PET as the anode.
(d�f) Current efficiencies (d), external quantum efficiencies (e), and power efficiencies (f) of flexible greenOLEDs as a function
of luminance.
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PEDOT:PSS layer on the ITO�PET substrate is∼3.2 nm,
while it remains ∼8.7 nm for the case of PEAN sub-
strate. It indicates that the surface roughness of the
PEANs can be significantly reduced with an 80 nm
thick PEDOT:PSS coating for the fabrication of OLEDs.
The organic EML was composed of a 45 nm thick hole-
transporting layer (HTL) of N,N0-di(naphthalen-1-yl)-
N,N0-diphenylbenzidine (NPB), a 20 nm thick layer
of 4,40-bis(carbazol-9-yl)biphenyl (CBP) doped with
7 wt % bis(2-phenylpyridine)(acetylacetonate)iridium(III)
[Ir(ppy)2(acac)] for green emission,43 and a 40 nm thick
electron-transporting layer (ETL) of 2,20,200-(1,3,5-
benzinetriyl)tris(1-phenyl-1H -benzimidazole) (TPBi).
A LiF (1 nm)/Al (100 nm) bilayer was used as the cathode.
The photograph of green OLEDs using PEAN shows
uniform light emission (Figure 3b). Furthermore, the
embedded Ag networks can only be detected by micro-
scopy with magnification and thus do not affect the
quality of display and lighting for viewing.
The current density�voltage (I�V) characteristics in

Figure 3c show that green OLEDs using PEAN possess
a slightly reduced driving voltage than the device
on ITO�PET. The comparison of the sheet resistances
of PEAN (∼4.7 Ω 0�1) and ITO�PET (20 Ω 0�1), both
of which have similar transparency, indicates that
the improved electrical properties for devices using
PEAN is due to lower electrode series resistance. More
importantly, the luminance�voltage characteristics
(Figure 3c) show that the luminance at a constant
driving voltage of OLEDs using PEAN is significantly
enhanced in comparison to the case of ITO�PET. As
can be seen in Figure 3d�f, the use of PEANs in flexible
green OLEDs yields a CE of 57.2 cd A�1, an EQE of
19.6%, and a PE of 42.3 lm W�1 at a luminance of 1000
cd m�2, which is over 2 times larger than that using
ITO�PET (the detailed device characteristics are sum-
marized in Table 1). In adition, only a small efficiency
roll-off at high luminance can be observed for OLEDs
using PEANs as compared to that with ITO�PET sub-
strates. For example, the efficiency decreases for CE
and EQE in devices using PEANs are 16.4% and 9.7%,
respectively, when the luminance is increased from
1,000 cd m�2 to 10,000 cd m�2. In contrast, the cor-
responding values in ITO�PET based devices are 29.2%
and 19.3% for CE and EQE, respectively (Table S2,
Supporting Information). It indicates the excellent

charge injection from the Ag network to the organic
layers for balanced charge transport and efficient
exciton generation. In addition, the performance of
the flexible green OLED using PEAN is comparable
with the device using ITO on glass substrate with the
same emission area of 14 mm � 14 mm (Figure S7,
Supporting Information), demonstrating the promise
of PEANs as an alternative TCE to replace ITO in large-
area OLEDs.
To characterize the optical effect of PEANs on actual

emission behaviors, we perform optical modeling cal-
culations (see the Methods for details of the optical
modeling). The relative EQE intensities simulated with
the Monte Carlo ray tracing method indicate that the
enhancement ratio of OLEDs using PEAN in compar-
ison with that on ITO�PET could be as high as ∼2.64
(Figure S8, Supporting Information), which is compar-
able with the experimental value (for example,∼2.1 for
devices without an outcoupling structure in Figure 3).
The slight discrepancy between the optical model and
experimental resultsmight originate from thedifference
in the refractive indices of the ITO layer, the emission
layer, and the plastic substrate. To further understand
the EQE enhancement, the distributions of the electric
field intensities for one transverse-electric (TE0) and two
transverse-magnetic (TM0 and TM1) waveguide modes
were calculated for flexible green OLEDs on PEAN and
ITO�PET using the FDTD method. For the device on
ITO�PET, themaximum electric field intensity of the TE0
mode is located in the ITO layer, and a large part of the
TM0 and TM1 modes also lie in the ITO layer (Figure S9a,
Supporting Information). On the contrary, replacing
the ITO electrode with a PEAN leads to a substantial
suppression of waveguide modes (e.g., TE0, TM0, and
TM1 modes originally trapped within the ITO layer), and
thus a significant gain of substrate modes (Figure S9b,
Supporting Information). The variation of the electric
field distributions in flexible OLEDs on PEAN and
ITO�PET is due to the well refractive-index matching
of PEAN (n = 1.49) to PEDOT:PSS (1.46) and typical
organic layers (n = 1.75) rather than that using ITO
(n = 1.85).44 The removal of the high refractive-index
ITO layer results in the dramatic elimination of the
amount of photon flux trapped in the ITO/organic
waveguide mode, and thus the enhancement in cou-
pling of the emitted light from the organic EML into the

TABLE 1. Performance Characteristics for Flexible OLEDs (size: 12 mm � 12 mm)a

device structures CE (1000 cd m�2) (cd A�1) EQE (1000 cd m�2) (%) PE (1000 cd m�2) (lm W�1) EQE (max) (%) PE (max) (lm W�1)

green ITO 25.3 8.8 18.8 9.4 25.2
PEAN 57.2 19.6 42.3 19.8 52.0
PEAN (outcoupling) 143.1 49.9 123.5 50.0 137.5

white ITO 22.6 8.2 16.1 9.1 19.1
PEAN 48.5 17.8 42.6 18.5 49.4
PEAN (outcoupling) 121.5 46.3 106.0 49.0 118.1

a The CE, PE, and EQE values are compared at their maximum values and at a luminance of 1000 cd m�2.
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substrate. Correspondingly, thehigher light outcoupling
efficiency and the EQE enhancement are expected
for OLEDs using PEAN in comparison with the device
on ITO, which are consistent with the results of experi-
mental device characteristics (Figure 3).
The flexibilities of OLEDs using PEAN and ITO�PET

were tested by repeatedly bending the substrates to a
radius of curvature of about 6mmat a constant current
density of 15 mA cm�2. The flexible OLEDs using PEAN
show stable operation under repeated bendswith only
a small decrease in efficiency, less than ∼19% after
1,000 bending cycles. The device on ITO�PET on the
other hand exhibits a quick degradation to failure upon
the same repeated bending due to cracking in the
brittle ITO and the decrease in conductivity (Figure S10,
Supporting Information), which demonstrates the
superior bending stability of PEAN compared to ITO.
It is known that light outcoupling efficiency is limited

in conventional OLED structures without a light extrac-
tion scheme because 70�80% of the emitted light
is confined in the substrate and waveguide modes,
or lost by the surface plasmon polariton of the metal
electrode (SPP mode).45 To further enhance luminance
and efficiency, a light outcoupling structure for liberat-
ing the trapped photons was integrated into the flex-
ible devices by nanoimprinting the PEDOT:PSS layer
with deterministic aperiodic nanostructures (DANs) and
applying amicrolens array (MLA) to theplastic substrate

(Figures S11 and S12, Supporting Information).46�48

It is evident in Figure 3c that OLEDs with and without
the light outcoupling structure have nearly identical
current�voltage characteristics, indicating that the
patterning of the PEDOT:PSS layer has negligible influ-
ence on the contact resistance and charge injection
behavior. However, the luminance and efficiency of the
device with an outcoupling structure (Figure 3d�f) are
dramatically increasedwith a CE of 143.1 cdA�1, an EQE
of 49.9%, and a PE of 123.5 lm W�1 at 1000 cd m�2,
respectively. Note that the outcoupling enhancement
of light is the combined effect of the DANs and the
MLA (Figure S13, Supporting Information), where the
DANs promote the extraction of light originally trapped
in the organic waveguide mode into the plastic
substrate49 and the MLA extracts light from the sub-
strate to the air.48 The resulting PE at a luminance of
1,000 cdm�2 is∼2.9 times that of the OLED using PEAN
without outcoupling.
To elucidate the optical enhancement mechanisms

of flexible OLEDs using PEAN with an outcoupling
structure, an electromagnetic analysis based on RCWA
method was employed to solve Maxwell's equations
in two dimensions. Figure 4a,b presents the calculated
dispersion diagrams of TM and TE polarized lights
as a function of frequency and in-plane wave vector
Kx in the first Brillouin zone of the device with an
outcoupling structure of the DANs. According to the

Figure 4. Simulation of an OLED device using a PEAN with an outcoupling structure. (a, b) Calculated dispersion diagrams of
TM (a) and TE (b) polarized light as a function of frequency and the in-plane wave vector Kx in the first Brillouin zone of the
device with an outcoupling structure. (c, d) Photon flux diagrams of the poynting vector S distribution at k0/(2π/p) = 0.83 (c)
and k0/(2π/p) = 0.55 (d). Red arrows depict the flowdirection of the photon flux, and the green dash arrows illustrate themain
direction of liberating the photon flux trapped within an OLED with an outcoupling structure. A thicker and longer arrow tail
indicates a stronger intensity of the photon flux.
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previous reports,50�52 the enhanced out-coupling and
the extraordinary optical absorption in the nano-
structured OLEDs can be attributed to the same reso-
nant optical mode in the structure. The phenomenon
of light coupling by waveguide modes is clearly ob-
served with a comprehensive optical response occur-
ring for TM polarization (Figure 4a).53 Compared to the
device without an outcoupling structure (Figure S14,
Supporting Information), the use of DANs allows
efficient photon flux transfer from a guided-mode
resonance (GMR) to leaky modes (KX/(2π/P) < K0) for
both TM (Figure 4a) and TE (Figure 4b) polarized light.
Strongly damped SPP modes can be excited as a
consequence of the corrugated metal electrode in-
duced by the incorporation of the DANs, which split

into two branches due to Rayleigh-Wood anomalies.54

It can be observed in the photon flux diagrams of the
pointing vector S (Figure 4c) that at a specific resonant
frequency k0/(2π/p) = 0.83 a hybrid interaction be-
tween the SPP (at a resonant frequency of k0/(2π/p) =
0.55, Figure 4d) and the GMR enables the photon flux
propagation as an extraordinary optical vortex. With
this fantastic complex coupling, the trapped energy
power within the ordinary flat OLEDs could be more
efficiently extracted.
The device structure of a phosphorescent white

OLED using PEAN is depicted in Figure 5a. N,N0-
Dicarbazolyl-3,5-benzene (mCP) was selected as the
host material due to its high triplet energy, and a
45 nm thick di[4-(N,N-ditolylamino)phenyl]cyclohexane

Figure 5. Device structure and performance of flexible white OLEDs. (a) Schematic of flexible white OLED device structure
using PEAN as anode. (b) Photograph of a large-area flexible white OLED (50 mm� 50 mm) using PEAN as anode. Inset: the
magnified image taken with an optical microscope (scale bar = 3.00 μm). (c) Electroluminescence spectra of flexible white
OLEDs using PEAN (without andwith an outcoupling structure) or ITO�PET as anode at a current density of 15mA cm�2. (d, e)
External quantum efficiencies (d) and power efficiencies (e) as a function of luminance for flexible white OLEDs. (f) Angular
dependence of light intensity for flexible white OLED devices. The dashed line represents the ideal Lambertian emission
pattern.
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(TAPC) was employed as the HTL to match the deep
highest occupied molecular orbital level of mCP. The
white EML with two complementary colors used a
19 nm thick mCP layer doped with 8 wt % bis(3,5-
difluoro-2-(2-pyridyl)phenyl-(2-carboxypyridyl)iridium-
(III) (FIrpic) for blue emission and a 1 nm thickmCP layer
doped with 6 wt % iridium(III) bis(4-phenylthieno[3,2-
c]pyridinato-N,C20) acetylacetonate (PO-01) for yellow
emission. A 40 nm thick TPBi was used as the ETL,which
was followed by a LiF (1 nm)/Al (100 nm) bilayer
cathode. The picture of a large-area flexible white OLED
(50 mm� 50 mm) using PEAN shows that the uniform
white light is emitted and an illuminated object exhibits
vivid color (Figure 5b), indicating the capability for
general lighting. The emission spectra of flexible
OLEDs on PEAN and ITO�PET are almost identical
to each other with the use of the outcoupling structure
(Figure 5c), indicating no grating effects and a wave-
length-independent response. The flexible white
OLEDs have Commission Internationale d'Eclairage co-
ordinates of (0.397, 0.478), (0.398, 0.477), and (0.396,
0.460) for the device structures using ITO�PET, PEAN,
and PEAN with an outcoupling structure, respectively.
The EQE and PE of white OLEDs on PEAN and

ITO�PET are plotted as a function of luminance in
Figure 5d,e. Flexiblewhite OLEDs using PEAN yield a CE
of 48.5 cd A�1, an EQE of 17.8%, and a PE of 42.6 lmW�1

at 1000 cd m�2, which is over 2 times that on ITO�PET
(CE = 22.6 cd A�1, EQE = 8.2%, and PE = 16.1 lm W�1)
(Table 1). The use of the light-outcoupling structure
including DANs and MLA can further increase the
light extraction and thus the device efficiency with-
out spectral distortion (Figure S15, Supporting
Information). The maximum EQE and PE of flexible
white OLEDs using PEAN are recorded as 49% and
118.1 lm W�1. Moreover, the flexible device still main-
tains EQE = 46.3% and PE = 106 lmW�1 at 1000 cdm�2,
which are much higher than previous reports of flex-
ible white OLEDs in the scientific literature and even
competitive to white OLEDs on glass substrates (Table
S1, Supporting Information).
The angular dependence of light intensity is dis-

played in Figure 5f. It is also interesting to note that
flexible white OLEDs using PEANswith andwithout the

outcoupling structure both show a Lambertian emis-
sion pattern with a maximum intensity in the normal
direction, which is consistent with the device on
ITO�PET. Additionally, the emission for OLEDs using
PEAN with and without the outcoupling structure
keeps a nearly identical spectral shape with increasing
viewing angle, resulting in an angular-independent
white emission (Figure S16, Supporting Information).
The angular independence of color stability in the
device with an outcoupling structure is due to the
excellent capability of quasi-omnidirectional light
extraction of the DANs and the MLA for use in full-
color OLEDs.46 Correspondingly, the color stability with
viewing angle in flexible white OLEDs using PEAN
would be beneficial to high-quality white lighting
applications.

CONCLUSIONS

In conclusion, we have demonstrated an innovative
flexible TCE based on PEANs with high optical trans-
parency, high conductivity, and good bending cap-
ability. The PEANs have a lower sheet resistance in
comparison with ITO at a given transparency, which is
beneficial to the realization of large-area organic de-
vices without substantial efficiency losses. The low
surface roughness of PEANs is favorable for the sub-
sequent deposition of organic layers without suffering
electrical short circuits. By combining an optimized
outcoupling structure, the large-area ITO-free flexible
white OLEDs show a record performance among all
OLEDs using flexible TCEs, yielding a maximum PE >
115 lmW�1 with an ideal Lambertian emission pattern
and superior angular color stability. A table comparing
theperformanceof ourOLEDs tootherOLEDs reported in
the literature is displayed in Table S1 (Supporting
Information). The flexible device presented in this work
has thepotential to achieve anevenhigher efficiency if all
the device parameters and optical structures are con-
tinuously optimized to reduce the energetic and out-
coupling losses during electron-photon conversion. The
approach demonstrated here opens up the opportunity
toother large-scale roll-to-roll fabrication technologies for
wearableoptoelectronicswithhighperformance and low
manufacturing and materials cost.

METHODS

Device Fabrication. The glass and PET substrates coated with
ITO electrodes were cleaned with detergent, ethanol, and DI
water for 20 min each and dried in an oven. The PEANs were
cleaned with ethanol and dried in an oven. The 80 nm thick
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS, with 5 vol % dimethy1 sulfoxide and mixed with
0.5 vol % Zonyl FS-300 fluorosurfactant from Fluka to promote
wetting on the UV-curable resin) was spin-coated onto PEANs
and ultraviolet-ozone (UVO) treated ITO substrates in ambient
conditions, followed by a 120 �C bake on a hot plate for
20 min before the subsequent organic deposition. To prepare

the deterministic aperiodic nanostructures (DANs) on the
PEDOT:PSS layer, a vacuum-assisted thermal nanoimprinting
method was introduced with a flexible perfluoropolyether
(PFPE) mold on the basis of soft nanoimprint lithography. The
preliminary nanopatterned PEDOT:PSS samples were annealed
at 140 �C under atmospheric conditions for a further 10 min
to consummate the high-profile three-dimensional subwave-
length patterns and maintain the highly efficient electrical
properties. The imprinting recipewas optimized by a systematic
study of the imprinting time and pressure. The substrates
with the PEDOT:PSS layer were transferred into a high-vacuum
chamber with base pressure of <5 � 10�7 Torr for film
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deposition by thermal evaporation with a shadow mask. The
deposition rate and film thickness were monitored by a quartz
crystal oscillator. The emission areas of devices are 144 mm2 on
PEANs and 10 mm2 on ITO�PET, respectively. The devices on
ITO-glass, ITO�PET, and PEAN without and with an outcoupling
structure were fabricated at the same time to ensure consistent
results.

Device Characterization. The current density�voltage�luminance
(J�V�L) characteristics and electroluminescence spectra of the
corresponding devices were measured simultaneously in ambi-
ent air using a computer-controlled programmable Keithley
model 2400 power source and a PhotoResearch PR655 lumi-
nance meter/spectrometer. The angle-dependent emission in-
tensity was characterized by placing the devices on a rotating
stage with one of the grooves parallel to the rotation axis. The
refractive index (n), extinction coefficient (k), and film thickness
of all the films 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
(PerkinElmer Lambda 750) with an integrating sphere. Surface
morphologies were characterized by atomic force microscopy
(AFM) (Veeco MultiMode V) in tapping mode and scanning
electron microscopy (SEM) (FEI, Quanta 200FEG). The sheet
resistances of all TCEs were measured using a digital multimeter
(Keithley 2100) with a four-point probe configuration to elim-
inate contact resistance.

Theoretical Modeling. The in-plane waveguide modes for TE
and TM polarized light in OLEDs were simulated based on
the finite difference time domain (FDTD) approach (Lumerical
FDTD Solutions 8.7.3). In order to find a solution to identify
the variation of effective refractive index of the OLED devices,
the three-dimensional Monte Carlo ray tracing method was
adopted by assuming a Lambertian point source (1 W, 20000
rays) located within the sample substrate (10 � 10 � 0.8 mm)
and the Al cathode film as a perfect reflector. For devices
with nanostructured patterning, geometric optics based on
the ray tracing method cannot be used for simulating the
photon flux distribution in nanoscale optical fields. To find a
rigorous solution to Maxwell's equations in the device with an
outcoupling structure of DANs, 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 poynting
vector S distribution (Rsoft Fullwave) with commercial RSoft
8.1 (RSoft Design Group, Inc.). The complex optical dielectric
function of the nanostructured Al cathode was fitted using the
Drude�Lorentz model, taking into account interband transi-
tions and the frequency-dependent refractive index (n) and
extinction coefficient (k) of PEDOT:PSS, ITO, and PET experi-
mentally determined by the ellipsometer.
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