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Abstract. Flexible organic light-emitting diodes (OLEDs) are candidates for next-generation
solid-state lighting because they have merits such as low driving voltage, various color tuning,
designable form, and large-area light emission. Although OLEDs’ efficiency, luminance, and
lifetime have been improved enough to be commercialized, they are still inflexible despite
being based on organic materials. To achieve efficient and reliable flexible OLEDs for solid-
state lighting, flexible substrates for OLEDs should be developed. For this purpose, progress
must be made in developing good flexible substrates, electrode materials, and encapsulation
techniques compatible with these flexible substrates. Here, we review and discuss progress
made in these three technologies for solid-state lighting using flexible OLEDs. Addressing
the technical challenges associated with the development of high performing flexible substrates,
electrode materials compatible with these substrates and good encapsulation techniques would
lead to efficient and reliable flexible OLEDs and make flexible solid-state lighting commercially
feasible. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.5
.053599]
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1 Introduction

After a great breakthrough by Tang and Van Slyke in 1987,1 the materials,2–8 device structures9–12

and fabrication processes of organic light-emitting diodes (OLEDs) have been noticeably devel-
oped to the level required for commercialization.13–16 They are now considered as strong can-
didates for next-generation high-resolution full-color large TV displays. Moreover, OLEDs show
promise for use in solid-state lighting because of their various merits such as low-cost fabrication,
thinness, the possibility of achieving lightweight and large-area devices with a low driving volt-
age, use of environmentally benign materials, adjustable transparency according to the on/off
state, and innovative designs.2,17–19 Therefore, industrial interest in OLED lighting has been
very high, and currently the technologies of OLEDs have been upgraded to a level required
for practical application. Recently, Philips announced a commercially available 127 × 127 mm2

OLED lighting panel with brightness up to 300 lm at power efficiency >50 lm∕W.20 OSRAM
recently launched a development project for OLED lighting and presented panels with a power
efficiency of 40 lm∕W.21 Furthermore, LG Chemical revealed the world’s largest (320 ×
320 mm2), extremely thin (0.88 mm) OLED lighting panel;22 it has a power efficiency of
60 lm∕W, brightness of 850 lm, color rendering index > 90, color temperature of 3000 K,
and lifetime of 40,000 h at luminance of 3000 cd∕m2; these characteristics demonstrate its poten-
tial for future applications.

Flexible OLEDs can be applied to innovative and pioneering designs for lighting as surface
light sources in automotive, clothing, healthcare, decorative illumination, signage, advertisement
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fields, and others fields. However, although flexible OLED technologies for solid-state lighting
have been improving, three technologies must be perfected before OLEDs can be practical.

1. Flexible electrodes. During bending, OLEDs must be sufficiently stable and must main-
tain high power efficiency. OLEDs based on electrodes using flexible materials such as
graphene, conducting polymers, Ag nanowires (AgNWs), and dielectric/metal/dielectric
(DMD) can overcome the inflexibility of currently available devices based on brittle
indium tin oxide (ITO).4

2. Flexible encapsulation. Encapsulants for OLEDs must be flexible. Organic materials in
OLEDs can be easily degraded by chemical reaction with moisture and atmospheric gas,
so they must be encapsulated to minimize exposure to air. However, conventional encap-
sulants are rigid glasses, which are not appropriate for use in flexible OLEDs.

3. Flexible substrates. Brittle glass substrates should be replaced by flexible substrates such
as polymers and metal foils.

Therefore, this review consists of three sections which describe advances in flexible electro-
des, encapsulation methods for solid-state lighting, and development of flexible substrates. In the
conclusion, we suggest future research directions.

2 Flexible Electrodes

Conventional transparent electrodes are fabricated using ITO, but it is brittle and increasingly
expensive, so alternative flexible transparent electrodes should be developed to replace ITO elec-
trodes. Charge-carrier injection from the electrode is a major factor that influences the luminous
characteristics and lifetime of OLEDs because charge carriers injected by the electrode deter-
mine the charge balance of electrons and holes in the organic emitting layer. Therefore, to enable
development of flexible solid-state lighting using OLEDs, the properties and applications of
flexible transparent electrodes should be investigated.

2.1 Graphene

Graphene is a two-dimensional (2-D) sheet of sp2-hybridized carbon atoms. It has excellent
electrical and mechanical properties due to its unique electronic structure. Graphene has electron
mobility ∼200;000 cm2∕ðV · sÞ at room temperature, Young’s modulus of ∼1 TPa,23–26 and
∼97% optical transmittance (OT) at 550 nm; these are major advantages for its use in flexible
solid-state lighting as a transparent electrode.23–26 Since mechanical exfoliation methods using
scotch tape first demonstrated single-layer graphene flakes,23 various methods to grow and trans-
fer graphene have been developed.25,26 Mechanical exfoliation of graphene flakes is not practical
for development of flexible electronics due to the limited size of graphene that it produces.23

Chemical exfoliation is a simple process that can be used to fabricate graphene electrodes at low
cost, but the process leaves functional groups which significantly reduce the electrical conduc-
tivity of graphene film.27 Chemical vapor deposition (CVD) using hydrocarbon gas sources
allows synthesis of large-area, high-quality graphene sheets that are suitable for use in practical
flexible organic opto-electronics.25,26,28 Patterned and large-scale graphene film synthesized
using CVD with prepatterned Ni catalyst and graphene film can be transferred to the target sub-
strate by using a polymer supporter (Fig. 1).25 CVD using Cu foil has been used in roll-to-roll
production of 30-in. high-quality single and multilayer graphene.4 Because graphene has out-
standing electrical properties, mechanical robustness, and high OT, it is been evaluated as a
replacement for ITO in OLED electrodes.

Peuman’s group reported the first OLEDs with graphene electrodes, which were produced
using solution-processed graphene film.29 An aqueous dispersion of functionalized graphene
oxide (GO) flakes was used to form a graphene anode film, which was then thermally reduced
at temperatures >1000°C to increase its electrical conductivity and OT. The resulting solution-
processed reduced GO film had high sheet resistance Rs∼800 Ω=sq but low OT ∼82%
at 550 nm. Fabricated green fluorescent OLEDs with a graphene anode showed very low
power efficiency ∼0.3 lm∕W and external quantum efficiency (EQE) ∼0.2%, which are
lower than those of OLEDs that use an ITO anode (Fig. 2).
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Qin’s group reported a top-emitting OLED with multilayered graphene film that was syn-
thesized by CVD using a Ni catalyst. This electrode also had high Rs∼310 Ω=sq and low
OT∼85% at 520 nm.30 Top-emitting green phosphorescent OLEDs with a multilayered graphene
anode also showed low current efficiency of 0.75 cd∕A and low power efficiency of 0.38 lm∕W.
These low luminous efficiencies of flexible OLEDs with a graphene anode can be attributed to its
high Rs, and to the high hole injection energy barrier (∼1.0 eV) between the graphene anode and
the hole transporting layer (HTL). Pristine graphene has the inherent disadvantages of higher Rs

(>300 Ω=sq) and lower work function (WF∼4.4 eV) compared to those of ITO (∼10 Ω=sq,
∼4.8 eV. Because these two characteristics of pristine graphene can be a critical impediment
for efficient hole injection from a graphene anode, OLEDs that use pristine graphene anodes
have had limited device efficiencies.29,30

Lee’s group reported high-efficiency flexible green OLEDs and white OLEDs (WOLEDs)
that use a modified graphene anode.4 High-quality single-layer graphene synthesized by CVD
using Cu foil was repeatedly stacked on a polyethylene terephthalate (PET) substrate to form a
multilayered graphene anode. Multilayered graphene was modified to have low Rs∼30 Ω=sq

Fig. 1 Synthesis and transfer process of patterned graphene film onto target substrate. [Reprinted
from Ref. 25 Copyright © 2009, Nature Publishing Group.]

Fig. 2 (a) Current density and luminance characteristics according to voltage. (b) External quan-
tum efficiency and luminous power efficiency of organic light-emitting diodes (OLEDs) using
indium tin oxide (ITO) and graphene anode. [Reprinted from Ref. 29 Copyright © 2010,
American Chemical Society.]
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and high surface WF (6.0 eV) by using chemical p-type doping and a polymeric hole injection
layer that develops a gradient increase of WF from the graphene anode to the HTL. Reducing the
Rs and the hole injection energy barrier between the graphene anode and the overlying organic
layer resulted in a modified graphene anode that showed near-perfect ohmic contact and a higher
hole injection efficiency than that of ITO anode. Consequently, flexible green phosphorescent
OLEDs that use this graphene anode had very high luminous efficiency (∼98.1 cd∕A,
102.7 lm∕W) which was higher than that with an ITO anode (∼81.8 cd∕A, ∼85.6 lm∕W).
Researchers also fabricated WOLEDs with modified graphene anodes; these devices had a good
white Commission International de l’Eclairage coordinate (0.32, 0.42), and device efficiency

Fig. 3 (a) Schematic illustration of hole injection through hole injection layer with gradient work
function from graphene. (b) Luminous efficiencies of green phosphorescent OLEDs. (c) Current
efficiencies of white fluorescent OLEDs with graphene and ITO anode. (d) Electroluminescence
(EL) spectrum of white fluorescent OLED with graphene anode. (e) Flexible white OLED lighting
with a graphene anode (5 × 5 cm PET substrate). [Reprinted from Ref. 4 Copyright © 2012,
Nature Publishing Group.]
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∼16.3 cd∕A, which was higher than that in the device with an ITO anode (∼10.9 cd∕A). Finally,
the first large area and flexible WOLED solid-state lighting devices using graphene anode on the
PET substrates were demonstrated (Fig. 3).

The Chen group also reported flexible green and WOLEDs using single-layer graphene
grown using CVD with a Cu catalyst.31 Triethyloxonium hexachloroantimonate (OA) was
used to p-type dope single-layer graphene; this doping reduced its Rs to ∼200 Ω=sq and raised
its WF to ∼5.1 eV. The authors also used conducting polymer hole injection layer, [poly(3,4-
ethylene dioxythiophene)/poly(4-styrenesulfonate), PEDOT:PSS]/transition metal oxide
ðmolybdenum trioxide;MoO3Þ∕MoO3 doped organic layer to facilitate efficient hole injection
from a graphene anode to overlying organic layers. The resultant fabricated green phosphores-
cent OLEDs on a single-layer graphene anode had EQE > 20% and current efficiency
∼80 cd∕A at ∼2000 cd∕m2 with a low efficiency roll-off. They also fabricated WOLEDs with
single-layer graphene and with an external enhanced light out-coupling structure, and achieved
power efficiency ∼80 lm∕W at ∼3000 cd∕m2 (Fig. 4).

2.2 Conducting Polymers

Conducting polymers [e.g., PEDOT:PSS, Fig. 5(a)] have been evaluated as next-generation flex-
ible transparent electrodes for flexible OLEDs. PEDOT:PSS is dispersed in water as gel particles.
The negatively charged PSS chains make the positively charged PEDOT chains dispersible in
water.32 Therefore, thin films of PEDOT:PSS can be easily fabricated using simple and in-
expensive solution processes including spin coating, bar coating,33 stamp printing,34 and inkjet
printing.35 For solid-state lighting applications, complicated electrode-patterning processes
including photolithography are not necessary; this is an advantage over display applications
that require ultra-high optical resolution, and therefore, entail fine pixel-pattering processes.
Therefore, PEDOT:PSS thin films as flexible transparent electrodes are more likely to be applied
to flexible solid-state lighting than to displays. Many research groups have tried to improve the

Fig. 4 (a) Schematic illustration of p-type graphene doping with OA. (b) Optical images of white
OLEDs with single layer graphene, (c) EL spectra, and (d) power efficiencies and current efficien-
cies of white phosphorescent OLEDs with enhanced light out-coupling using graphene and ITO
anode. [Reprinted from Ref. 31 Copyright © 2013, Nature Publishing Group.]
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electrical conductivity of PEDOT:PSS thin films to enable their use as flexible transparent elec-
trodes in OLEDs.

To be feasible for use as flexible transparent electrodes, the electrical conductivity of the
PEDOT:PSS films should be increased. The electrical conductivity of PEDOT:PSS is due to
its positively doped PEDOT chains. The backbones of these chains have π-π conjugation
which allows charges to flow, and the negatively charged PSS chains cause the PEDOT
chain to be positively doped. However, PSS is insulating, so excess PSS chains must be separated
or removed from the PEDOT chains in the PEDOT:PSS films to increase their electrical con-
ductivity. This separation of excess PSS chains from the PSS chains can improve the π-π cou-
pling between the conducting PEDOT chains.

One effective way to separate or remove excess PSS chains from the PEDOT chains is to treat
PEDOT:PSS films with polar solvents such as dimethyl sulfoxide,36–38 ethylene glycol,39–41 for-
mic acid,42 or glycerol monostearate.43 When the polar solvents are added to PEDOT:PSS films,
the polar solvent molecules intercalate between the positively charged PEDOT chains and the
negatively charged PSS chains, and reduce the columbic interaction between PEDOT and PSS.
As a result, the electrical conductivity of PEDOT:PSS films can be increased by several orders of
magnitude.36–39 By immersing PEDOT:PSS films in polar solvents40–42 or by spin-coating polar
solvent on top of the PEDOT:PSS films,43 excess insulating PSS chains can be removed and the
electrical conductivity of the PEDOT:PSS films can be increased.

Another method to separate the PSS chains from the PEDOT chains is polar solvent vapor
annealing (PSVA) [Fig. 5(b)].44 When the PEDOT:PSS films are annealed in a polar solvent
atmosphere, the time required for phase separation of PEDOT from PSS increases. This
approach has increased the electrical conductivity of PSVA-treated PEDOT:PSS thin films to
1057 S∕cm. PSVA also causes the concentration of PSS chains to increase on top of the film
surface, and as a result its WF increases from 4.99� 0.02 to 5.30� 0.05 eV.

Immersing PEDOT:PSS films in highly concentrated H2SO4 increases their electrical con-
ductivity to 4380 S∕cm by removing the excess insulating PSS chains.45 The H2SO4 molecules
produce two ions, H3SO

þ
4 and HSO−

4 , which can stabilize the segregated states of the positively

Fig. 5 (a) Chemical structure of PEDOT:PSS. [Reprinted from Ref. 39 Copyright © 2013, The
Royal Society of Chemistry.] (b) Schematic diagram of the polar solvent vapor annealing
(PSVA) method. [Reprinted from Ref. 44 Copyright © 2012, American Chemical Society.]
(c) Schematic diagram of the H2SO4-treatment. [Reprinted from Ref. 45 Copyright © 2014,
Wiley-VCH.]
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charged PEDOT and the negatively charged PSS chains [Fig. 5(c)]. Rinsing the H2SO4-treated
PEDOT:PSS films with deionized water easily removes the excess PSS chains and leaves a min-
imal number of PSS chains to dope the PEDOT.

Although many research groups have tried to improve the electrical conductivity of PEDOT:
PSS films, few researchers have applied them to OLEDs as flexible transparent electrodes.44,46–48

The first devices that used PEDOT:PSS thin films as transparent electrodes showed poor lumi-
nance and efficiency compared to devices that use ITO transparent electrodes. However, methods
to improve the electrical conductivity and WF of the PEDOT:PSS thin films9,32,49–54 have been
developed, and the luminance and efficiency of OLEDs using the PEDOT:PSS transparent elec-
trode have surpassed those of ITO-based devices. The highest maximum current efficiency
among reported OLEDs that use PEDOT:PSS electrodes is 127 cd∕A.

The advantages of the PEDOT:PSS electrodes on light extraction from OLEDs have been
studied using optical simulation. Large refractive index differences between adjacent layers such
as substrate, anode and overlying organic layers trap emitted photons inside the devices due to
waveguide modes.55 Compared to the refractive index of the PEDOT:PSS thin film (∼1.6), that
of ITO (∼2.0) is high. Because the refractive indices of organic layers used in OLEDs are ∼1.7,
ITO transparent electrodes cause strong waveguides; as a result, the out-coupling efficiency of
the ITO-based devices is limited. The weak waveguides of OLEDs fabricated on PEDOT:PSS
electrodes have been simulated using a classical dipole model. Compared to the ITO-based devi-
ces, the PEDOT:PSS-based devices produced a small core of waveguides [Fig. 6(a)],47 and there-
fore, had a higher maximum power efficiency (118 lm∕W) than did ITO-based devices
(82 lm∕W).

Another advantage of PEDOT:PSS electrodes is that they do not require complicated fab-
rication processes and can be easily incorporated with other materials. By incorporating metal
oxide nanostructures, the out-coupling of WOLEDs fabricated on the PEDOT:PSS electrodes is
additionally improved.48 The light scattering of the metal oxide nanostructures also reduced the
angle-dependent color change [Fig. 6(b)]; this reduction is important in solid-state lighting. Also,
the resultant EQE of WOLEDs that used PEDOT:PSS electrodes was 1.7 times that of devices
that used ITO electrodes.

2.3 Ag Nanowires

Randomly dispersed AgNW film is a promising transparent electrode for flexible WOLEDs, due
to the properties of AgNWs such as high electron density, transparency and solution process-
ability. AgNW ink consists of AgNWs with diameters of 25–35 nm and lengths of 10 to 20 μm,
and a thin AgNW layer is usually fabricated by a simple solution coating process such as spin
casting and spray coating.56–65 Percolation of NWs is critical to achieve favorable electrical and

Fig. 6 (a) Angular emission profiles of the OLEDS on top of PEDOT:PSS and ITO. [Reprinted from
Ref. 47, Copyright © 2012, Wiley-VCH.] (b) CIE coordinate changes depending on the viewing
angle for the white OLEDs with the different transparent anodes. [Reprinted fromRef. 48 Copyright
© 2013, Wiley-VCH.]
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optical characteristics of sheet-type transparent electrode. Moreover, the surface of the AgNW
electrode must be flattened to prevent a short circuit of the opto-electronic devices; for example,
composite electrodes composed of polymer film with embedded AgNWs are effective to achieve
low root-mean-squared (RMS) surface roughness (<10 nm).56–65 A transparent electrode with an
AgNW network had 10 ≤ Rs ≤ 50 Ω=sq and 80 ≤ OT ≤ 90%, which are comparable to those
of conventional ITO (10 ≤ Rs ≤ 30 Ω=sq, OT∼90%).57 Moreover, due to superior mechanical
flexibility, AgNW transparent electrodes can effectively replace ITO electrodes.56–65 Therefore,
flexible opto-electronic devices with AgNW electrodes are the subject of active research.56–65

When AgNW solution was spray-coated on poly(methyl methacrylate) (PMMA) film/
substrate, and the AgNW/PMMA composite film on the substrate was patterned by an
infrared laser,57 the resulting film had Rs ¼ 12.5 Ω=sq, average OT ¼ 92%, and 6 nm ≤
RMS roughness ≤ 8 nm. Moreover, its average optical haze which affects the current efficiency
of OLEDs due to light scattering was 6.8% in the visible range. Tandem WOLEDs with AgNW
electrodes showed similar current-voltage-luminance (I-V-L) characteristics to that of a reference
device with an ITO electrode (Fig. 7). Tandem WOLEDs with AgNW electrodes showed small
leakage current due to their low roughness [Fig. 7(a)]. In the comparison of spectral emission
properties at the same current density [Fig. 7(b)], AgNW-based OLEDs achieved higher intensity
than the reference device in green and yellow wavelengths; therefore, the AgNW device showed
a higher current efficiency than the reference device [Fig. 7(c)]. Furthermore, due to light scat-
tering caused by the AgNWs’ nanostructure, the color of the OLED emission did not vary with
the viewing angle [Figs. 7(d) and 7(e)].

An electrode that combined GO and a soldered AgNW network was fabricated by dipping a
bar-coated AgNW film into a GO sheet solution. This electrode had Rs ¼ 14 Ω=sq and OT ¼
88% at a wavelength of 550 nm (Fig. 8).59 Moreover, after 12,000 cycles of bending with a radius
of 4 mm, Rs changed by only 2%–3%. These electrical and mechanical properties were stable
because the GO sheets were strongly attached and covered the AgNWs [Fig. 8(a)], so contact
resistance and mechanical stability at the junction of AgNWs were much improved. GO-soldered
AgNW had 14 Ω=sq ≤ Rs ≤ 1045 Ω=sq depending on the duration for which AgNW was
immersed in the GO sheet solution [Fig. 8(b)]. Moreover, a GO-soldered AgNW embedded
in polyurethane acrylate (PUA) which is a rubbery stretchable polymer film, showed a smaller
change in Rs at a tensile strain of 80% (10.6 times) than did AgNW electrode fused by conven-
tional high-temperature annealing (17.2 times).

A fully stretchable white polymer light-emitting diode (PLED) using the GO-soldered
AgNW/PUA composite electrode as both anode and cathode emitted stably even under stretch-
ing of 130% [Figs. 8(c) and 8(d)]. After a stretching-relaxing cycle test between 0% and 40%

Fig. 7 (a) Absolute current density-voltage-luminance characteristics, (b) spectral radiance-wave-
length characteristics, (c) current efficiency-luminance characteristics of white tandem OLEDs
with Ag nanowire (AgNW) and ITO electrodes. Normalized spectral radiant intensity of white
OLEDs with (d) ITO and (e) AgNW electrodes. (f) Digital image of OLEDs with AgNW electrodes.
[Reprinted from Ref. 57 Copyright © 2013, Wiley-VCH.]
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strains, the leakage current and luminance of original device decreased, but current efficiency
was increased due to reduction in leakage current [Figs. 8(e)–8(g)].

Single-wall nanotubes (SWNTs) that cover the overall surface of an AgNW can reduce its
surface roughness (RMS∼1.51 nm) and charge conductivity.58 Moreover, inclusion of barium
strontium titanate nanoparticles in a polymer [poly(diacrylate)] film in which AgNW/SWNT had
been embedded (AgNW/SWNT-nanocomposite) caused light scattering which increased the
light extraction efficiency in white PLEDs. Therefore, the EQE of the white PLEDs with
AgNW/SWNT-nanocomposite was increased 224% compared to the reference white PLEDs
with an ITO electrode. The white PLEDs with AgNW/SWNT-nanocomposites showed a
high current efficiency of 44.7 cd∕A and uniform light emission color spectrum at viewing
angles from 0 deg to 90 deg.

2.4 Dielectric/Metal/Dielectric Multilayer

DMD multilayer structure has also been investigated as a flexible electrode.66–70 A DMD multi-
layer consists of a thin metal layer between high-index dielectric layers. Thin metal layers (5–
20 nm) enable electrodes to have low Rs and high electrical conductivity, dielectric layers pro-
vide optical interference and make the substrate surface smooth, and DMD multilayer structure
induces high optical transparency by an interference effect. Moreover, inserting metal layers
between the dielectric layers makes the DMD multilayer structure more flexible than conven-
tional ITO. Zinc sulfide (ZnS), zinc oxide (ZnO), and tungsten trioxide (WO3) have been used
for dielectric layers and Au and Ag have been used for metal layers. The DMD multilayer struc-
ture has low Rs < 10 Ω=sq and highOT > 80%. To obtain a DMDmultilayer electrode with low
Rs and high OT, the thickness of the metal layer should be optimized because the Rs and OT of
metal layers are inversely related.

The Yoo group reported a ZnSð40 nmÞ∕Agð20 nmÞ∕WO3 (5 nm) (ZAW) multilayer struc-
ture as a flexible electrode.67 Although the ZnS layer has a smoothing effect on the glass sub-
strate, an additional planarization layer is needed on PET substrates. The ZAW-based devices
showed comparable current efficiency (6.2 cd∕A at 1000 cd∕m2) and a maximum EQE (2.0%)
compared with those of ITO-based devices (current efficiency of 5.0 cd∕A at 1000 cd∕m2, EQE
of 1.7%). During an identical bending test, ZAW-based devices maintained initial luminance
with a bending radius of 7 mm, while ITO-based devices showed a rapid bending-induced deg-
radation as the bending radius was reduced to 15 mm.67

Fig. 8 (a) Schematic illustration of the structure of GO-soldered AgNWs. (b) Sheet resistance of
GO-soldered AgNWs depending on the emerging time in graphene oxide (GO) sheet solution.
Digital image of stretched white PLED with GO-soldered AgNWs at the strain of (c) 0% and
(d) 130%. (e) Current density-voltage characteristics, (f) brightness-voltage characteristics and
(g) current efficiency-brightness characteristics of the white PLED with GO-soldered AgNWs
after stretching-relaxing cycles with strains between 0% and 40%. [Reprinted from Ref. 59
Copyright © 2014, ACS Publications.]
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To achieve low resistance and to improve the optical properties of DMD multilayer electro-
des, the Choi group investigated asymmetric dielectric/metal/transparent conductive oxide
(TCO)/metal/dielectric (DMOMD) multilayer structures by using ZnSð35 nmÞ∕Agð12 nmÞ∕
ZnOð100 nmÞ∕Agð20 nmÞ∕WO3 (45 nm) (ZAZAW) multilayer electrodes.68 ZAZAW multi-
layer electrodes have low Rs (2.17 Ω=sq) and high OT (82%) in the visible range. The Rs

of ZAZAW multilayer electrodes on PET substrate was maintained down to a bending radius
of 0.5 cm, whereas that of an ITO-coated PET substrate was significantly increased after bend-
ing. In contrast to the optimized conditions of ZAZAW obtained from optical calculations and
measured resistance and transmittance, ZAZAW-based devices were greatly influenced by the
microcavity effect by varying the thickness of theWO3 layer. A 10-nm-thickWO3 layer resulted
in higher power efficiency (4 lm∕W) and luminance (∼8000 cd∕m2 at 200 mA∕cm2 of
ZAZAW-based devices) than those of an ITO-based device (power efficiency of 3.4 lm∕W
and luminance of 6500 cd∕m2 at 200 mA∕cm2) due to the high intensity of output light
and narrow full width at half maximum.68

3 Flexible Encapsulation

Lifetime and luminance of OLEDs can be easily degraded by chemical reaction with atmos-
pheric reactants such as oxygen and moisture. In particular, because OLEDs are very vulnerable
to moisture, they require a water vapor transmission rate (WVTR) <10−6 g∕ðm2 · dÞ, which is
very low compared to the requirements of other organic electronic devices.71 Conventional
OLEDs have been fabricated on a glass substrate and encapsulated in rigid glass; therefore,
they are very durable. However, to implement flexible OLEDs while ensuring a high degree
of protection, the encapsulants must also be flexible.

The most representative encapsulation technology of OLEDs uses ultraviolet (UV)-curing
epoxy resin in an inert atmosphere to attach a glass lid to the substrate [Fig. 9(a)].72 The
glass lid includes a getter to absorb reactive molecules. However, due to the rigidity of glass,
this method cannot be used for flexible devices. Here, we review typical flexible encapsulation
techniques for flexible OLEDs.

Thin-film encapsulation (TFE) is the best-known technique of flexible encapsulation
[Fig. 9(b)],73 but its poor barrier properties are inferior to those of glass encapsulation; TFE
also has the disadvantage that the device must be operated at a lower temperature than glass-
encapsulated devices. High-density barrier films (e.g., Si nitride, Al, Ta, and Si oxide) may
achieve low permeability. However, they have defective and porous structures when the layers
are deposited by sputtering, evaporation, or plasma vapor deposition.74 Thus, a single-layer film
alone cannot act as a barrier film to encapsulate the flexible OLEDs, but an effective barrier can
be achieved by using multilayer films.75 One of the most popular flexible encapsulation tech-
niques is Barix encapsulation of Vitex, which uses multilayer inorganic and organic layer pairs
made of Al2O3 and polyacrylate layers [5-dyad WVTR < 10−6 g∕ðm2 · dÞ] (Fig. 10).76,77

Barix encapsulation has a layer-stacked structure achieved by sputtering Al2O3 layers between

Fig. 9 Schematic of OLED structures with encapsulation: (a) conventional glass lid and (b) thin-
film encapsulation.
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polyacrylate layers that are deposited using evaporation followed by UV curing. The polyacry-
late layers smooth the substrate and buffer it against mechanical damage, and the Al2O3 layers
provide thin barrier layers. By repeating this multiple-layer deposition, propagation of water and
hydrogen molecules can be reduced. However, deposition of inorganic layers in a vacuum con-
dition entails high cost, long processing time and low production throughput. To overcome these
limitations and to enable commercialization of flexible encapsulation technique for flexible
OLEDs, atomic layer deposition (ALD) and molecular layer deposition (MLD) methods
have been introduced (Fig. 11).78,79

ALD exploits a self-limiting surface reaction mostly based on a binary reaction sequence to
deposit films (various oxides, metal nitrides, metals, and metal sulfides), and can be used to
fabricate barrier films that are very thin and conformal on an atomic scale.80,81 The advantages
of the ALD method are fine control of film thickness and reaction cycle, thus ALD can yield
uniform and reproducible films. Furthermore, it cannot cause pin holes in the films because it
uses a self-limiting reaction that stops the growth process after reaction of all surface sites. A thin
Al2O3 layer with a high barrier property [WVTR < 10−5 g∕ðm2 · dÞ] has been deposited by
ALD on a polymer substrate.78 MLD also uses a self-limiting reaction and can be used to

Fig. 10 A cross-sectional scanning electron microscopy (SEM) image of Vitex Systems. (Trade
name: Barix®).

Fig. 11 Transmission electron microscopy (TEM) image of 1:1 alucone alloy molecular layer dep-
osition (MLD) film between two Al2O3 ALD films. [Reprinted from Ref. 79 Copyright © 2012,
American Chemical Society.]
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synthesize several types of organic polymer layers by using molecular fragment precursors.82,83

However, ALD and MLD have high production costs and insufficient throughput due to the
slow growth rate of the layers. Therefore, studies have been conducted to overcome these
limitations.84

As an example, another type of flexible encapsulation uses a photopolymer (NOA63) encap-
sulation film that has microstructures on its surface (Fig. 12).85 This film functions simultane-
ously both as an encapsulation film and a light extraction film. A microstructured poly
(dimethylsiloxane) (PDMS) mold was placed on a photopolymer which is spin coated on flexible
top-emitting OLEDs (FTOLEDs). Exposing the photopolymer to UV light through the trans-
parent PDMS mold cured the photopolymer into a solid form, then the mold was peeled off. By
using a microstructure with a 2-D array of tapered micropillars on the polymer encapsulation
film, the efficiency of FTOLEDs was improved and their lifetime was approximately doubled
compared to nonencapsulated OLEDs. Recently, LG Chem introduced face-sealing encapsula-
tion technology for commercialization of flexible OLED devices.86 Face-sealing encapsulation
uses inorganic/organic/inorganic layers. This technology has a low enough WVTR [∼10−6 g∕
ðm2 · dÞ] and sufficient high-temperature (85°C) and high-humidity (85%) storage reliability for
it to be useful in encapsulating OLED devices.87 Lee’s group reported a novel flexible lamination
encapsulation method (Flex Lami-capsulatioin) using an metal foil/elastic polymer bilayer.88

Flex Lami-capsulation shows a comparable property to the glass encapsulation, high flexibility
with minimum bending radius of 6 mm, and a scalability.

4 Flexible Substrates

Most OLEDs have used a glass substrate due to its transparency in the visible range, low cost,
thermal stability, and impermeability to oxygen and moisture. However, glass substrate is fragile,
heavy, and inflexible, so it cannot be used as the substrate of flexible OLEDs.89 Before a substance
can be used as a flexible substrate, several physical properties (Young’s modulus, thermal expan-
sion coefficient, minimum bending radius, glass transition temperature, and WVTR) must be con-
sidered. Although the 100-μm-thick thin glass substrate was used, it showed a large safe bending
radius (∼40 cm) and large elastic modulus (∼70 GPa) that are inappropriate for use in a flexible
substrate. Compared to a glass substrate, reported flexible substrates using plastics and thin metals
showed a small safe bending radius (∼4 cm) and small elastic modulus (∼5 GPa).89

Substrates for OLEDs must have WVTR < 10−6 g∕ðm2 · dÞ to prevent degradation due to
permeation by moisture and atmospheric reactants. Plastic substrates including polycarbonate
(PC), PET, polyethersulfone, polyimide, and polyethylene naphthalate (PEN) have been used as
flexible substrates, but have 10 ≤ WVTR ≤ 100 g∕ðm2 · dÞ and so are not suitable for use in
organic opto-electronic devices.90–95 Many research groups have tried to reduce the WVTR by
coating the organic layer,90,91 inorganic layer,78,92–94 and organic/inorganic multilayers.95

Plasma polymerized para-xylene (PPpX) has been used as an intermediate layer between
OLEDs and a PET substrate.90 The cross-linked network structure in PPpX coated on the
PET substrate increases the lifetime of OLEDs from 1.86 to 4.38 h by reducing moisture per-
meation through the PET. Furthermore, coating of PPpX on the PET substrate increased the
maximum luminance of OLEDs from 1900 to 2200 cd∕m2 by reducing the PET surface rough-
ness and the contact resistance between the organic layer and substrate. Although the lifetime of
an OLED is more than doubled after coating the organic layer, its moisture barrier property
should also be improved before it is feasible for use in OLEDs.

Fig. 12 The structure of flexible top-emitting OLED (FTOLED) with microstructured polymer
encapsulation. [Reprinted from Ref. 85 Copyright © 2014, Elsevier B.V.]
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An inorganic single layer can decrease WVTR more than an organic single layer can.78,92–94

The WVTR of a 50-nm-thick SiNx barrier coating on the PC substrate was decreased to
∼0.01 g∕ðm2 · dÞ and the surface roughness was reduced from 1.71 to 0.89 nm.92 SiNx∕PC
substrate was also flexible, and had 0.1 g∕ðm2 · dÞ as a WVTR after 6000 bendings
[Fig. 13(a)]. PEN film coated with Al2O3 by using ALD showed 10−3 g∕ðm2 · dÞ [Fig. 13(b)],93
but use of an inorganic multilayer can effectively decrease the WVTR of plastic substrates even
more. A thin (∼5 nm) Al2O3 layer on the SiN layer [Fig. 13(c)] or SiO2 layer decreased WVTR
to ∼10−5 g∕ðm2 · dÞ,78,94 which is comparable to the WVTR of glass; therefore, this method to
reduce the WVTR of a plastic substrate can enable the plastic substrate to be used in flexi-
ble OLEDs.

Inorganic/organic multilayers can decrease the WVTR and effectively increase the flexibility
and heat resistance because the inorganic layer can act as an oxygen/moisture blocking layer, and
the organic layer can act as a smoothing, strengthening, and defect-coupling layer.95 A structure
of three SiOx∕SiNx stacks/parylene/three SiOx∕SiNx stacks achieved WVTR ¼ 2.5 × 10−7 g∕
ðm2 · dÞ due to the oxygen/moisture blocking inorganic multilayers and the smoothing and
defect-coupling organic layer [Fig. 13(d)]; the structure retained WVTR ¼ 2.1 × 10−6 g∕ðm2 ·
dÞ after being flexed 5000 times. Therefore, this structure is suitable for use in flexible OLEDs.

The use of metal foils as flexible substrates is promising due to their advantages of flexibility,
impermeability to oxygen gas, high electrical conductivity, and low cost.96–100 Nontransparent
metal foils can improve light extraction efficiency in top-emitting OLEDs by exploiting the
strong light out-coupling between the semi-transparent top electrode and nontransparent
metal foils. Metal foils can be easily used in the roll-to-roll process due to their flexibility

Fig. 13 Water vapor transmission rate (WVTR) of (a) SiNx film on Ar plasma-treated polycarbon-
ate (PC) film [Reprinted from Ref. 92 Copyright © 2006, Elsevier B.V.], (b) 26-nm Al2O3 atomic
layer deposition (ALD) coated polyethylene naphthalate (PEN) film [Reprinted from Ref. 93
Copyright © 2006, American Institute of Physics.], (c) Al2O3 ALD on SiN/PEN [Reprinted
from Ref. 94 Copyright © 2009, American Institute of Physics], and (d) optical microscope
image of calcium test on the polyethylene terephthalate (PET) with three SiOx∕SiNx stacks/encap-
sulated parylene + three SiOx∕SiNx stacks. [Reprinted from Ref. 95 Copyright © 2007, Wiley-
VCH.]
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and mechanical stability. Furthermore, the excellent thermal stability of metal foils makes them
suitable for use in high-temperature processes. Especially, stainless steel (STS) has a much lower
electrical resistance than other metal substrates and has interfacial stability because STS has no
insulating native oxide layer on the surface.96 Although STS has many advantages as a flexible
substrate, high surface roughness and the conductivity of foils can induce leakage current
in OLEDs.

A Si layer coated with a thick polyvinyl acetate (PVA) layer by spin coating can be an insu-
lating layer and a planarization layer for STS.97 Use of Si can provide an insulating layer, but
cannot solve the roughness problem. PVA has good film-forming capability due to its excellent
adhesion ability with STS, and can cover the entire STS surface [Figs. 14(a) and 14(b)]. A 2-μm-

Fig. 14 SEM images of ITO on (a) steel foil/Si oxide and (b) steel foil/PVA/Si oxide [Reprinted from
Ref. 97 Copyright © 2004, Elsevier B.V.], (c) J-V characteristics, and (d) EL efficiency-J character-
istics of three devices with a configuration of steel/PVA/ITO ð100 nmÞ∕NPBð60 nmÞ∕
Alq3ð60 nmÞ∕Smð30Þ nm (closed circles), steel∕SOG∕Agð60 nmÞ∕CFX ð0.3 nmÞ∕NPBð60 nmÞ∕
Alq3ð60 nmÞ∕Smð30 nmÞ (open circles) and steel∕SOG∕Agð60 nmÞ∕CFX ð0.3 nmÞ∕NPBð60 nmÞ∕
Alq3ð60 nmÞ∕Smð30 nmÞ∕Alq3 (60 nm) (open triangles). (e) Photograph of FTOLED in bend-
ing with a configuration of steel∕SOG∕Agð60 nmÞ∕CFX ð0.3 nmÞ∕NPBð60 nmÞ∕Alq3ð60 nmÞ∕
Smð30 nmÞ∕Alq3ð60 nmÞ. [Reprinted from Ref. 98 Copyright © 2003, Elsevier B.V.]
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Fig. 15 SEM and AFM images of (a) tin-plated steel surfaces, (b) steel surface after treatment,
(c) current density-voltage, (d) current efficiency-voltage characteristics of OLED devices on pol-
ished steel substrates, (e) current density-voltage, (f) current efficiency-voltage, (g) EL character-
istics of white OLED devices on polished steel substrates and (h) 60 × 60 cm white lighting panel
on steel. [Reprinted from Ref.100 Copyright © 2011, SPIE.]
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thick PVA spin coated on the STS can reduce the leakage current of OLEDs by flattening the
STS surface. With PVA as a planarization layer and Si as an insulating buffer layer, OLEDs
achieved a maximum current efficiency of 0.56 cd∕A and maximum luminance of ∼200 cd∕m2.

A spin-on-glass (SOG) single layer can also form a good planarization/insulating layer on an
STS substrate.98 An SOG-coated STS substrate showed reduced roughness due to the single
layer’s excellent adhesion to the metal surface; the substrate also has excellent thermal stability
and is, therefore, compatible with high-temperature processes. Flexible OLEDs on an STS sub-
strate with an SOG planarization/insulating layer showed current efficiencies of 1.8 and
4.4 cd∕A with Alq3 light out-coupling layer, which are much greater than the those of
glass/ITO-based OLEDs (0.54 cd∕A) [Figs. 14(c) and 14(d)]. OLEDs fabricated on an
SOG-coated STS substrate can emit green light and do not crack during bending [Fig. 14(e)].

Chemically and mechanically polishing the metal foils’ surface to reduce the roughness is
another planarization method to obtain high efficiency and luminance of OLEDs fabricated on
metal foil substrates [Figs. 15(a) and 15(b)].100 Wet and dry polishing using a degreasing solvent
and reactive plasma greatly reduced the surface roughness of STS, and also reduced the number
of defects and contaminants. The RMS surface roughness decreased from 110 to 3.3 nm after
polishing; this smoothness can increase the device’s reliability. Furthermore, with a semitrans-
parent cathode and an optimum p-doped hole transport layer and an n-doped electron transport
layer (anode/p-doped hole transport layer/electron blocking layer/emitting layer/hole blocking
layer/n-doped electron transport layer/semitransparent cathode), it achieved current efficiency
>70 cd∕A and luminance >100;000 cd∕m2 [Figs. 15(c) and 15(d)]. Furthermore, warm
WOLEDs on flexible metal foils were fabricated. These devices showed low leakage current
due to the smooth surface [Figs. 15(e)–15(g)]. Large-area panel OLEDs on metal foils were
also demonstrated; this approach demonstrates the feasibility of using flexible OLEDs on
thin metal foil substrate as solid-state lighting [Fig. 15(h)].

5 Conclusion

Flexible OLEDs are candidates for next-generation solid-state lighting that has flexible, bend-
able, and designable characteristics. The reliability of each flexible part (e.g., electrode, encap-
sulant and substrate) must be increased before practical applications of flexible OLEDs are
feasible. Graphene has been considered as a material for use in fabrication of flexible electrodes,
due to its superior electrical properties, mechanical robustness, and high OT, but graphene typ-
ically still has numerous structural defects that can degrade its electrical properties, and needs an
additional doping process to improve its electrical conductivity. Furthermore, transferring the
graphene to the flexible substrate entails complex processes. Conducting polymers have also
been assessed for use in flexible electrodes; but despite the development of several methods
to improve the electrical conductivity of conducting polymers, they still have a lower electrical
conductivity than ITO, thus practical application of conducting polymers will not be feasible
until a method to further enhance their electrical conductivity is developed. AgNWs are not
independently used in flexible electrodes because AgNWs have high surface roughness that
can cause leakage current in the OLEDs; therefore, use of AgNW necessitates an additional
synthesis process to produce an AgNW composite that has reduced surface roughness. DMD
multilayer electrodes have low Rs, high flexibility and high optical transparency in comparison to
ITO film electrodes. However, DMD multilayer electrodes are not suitable for low-cost device
fabrication. Although good electrical, optical and mechanical performances of flexible electrodes
fabricated by using graphene, conducting polymers, AgNWs, or DMD multilayer structures
have been demonstrated in OLEDs, the use of these devices in the production of solid-state
lighting will not be feasible until the durability, reproducibility, process complexity, and pro-
ductivity of these materials are sufficiently secured.

Flexible encapsulation has been achieved by thin-film encapsulation using ALD, MLD, sput-
tering, and hybrid-type encapsulation by spin coating. These flexible encapsulation methods
have sufficiently achieved low WVTR and high bending stabilities, but constraints remain to
be solved, including high cost, low throughput, long processing time, and relatively lower
durability than conventional glass encapsulation. Recently reported Flex Lami-capsulation pro-
vides the possibility to reduce processing cost with high throughput and low material cost.
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Flexible substrates have also been developed. Plastics have high WVTR, and are, therefore,
not suitable for practical use in organic opto-electronic devices. To reduce the WVTR of a plastic
substrate, an additional organic/inorganic barrier coating layer is required. Metal foil substrates
have sufficiently low WVTR, but require surface treatment to reduce surface roughness. These
complementary deficits of plastic and metal substrates remain to be solved.

Therefore, the properties of currently available flexible electrodes, flexible encapsulation
methods and flexible substrates are still insufficient to allow them to replace the rigid compo-
nents of OLEDs. Immediate requirements include (1) development of a flexible electrode that
has high electrical conductivity, high bending stability, few defects, smooth surface morphology,
and highWF; (2) reduction in theWVTR of flexible encapsulants and substrates; and (3) increase
in the bending stability of flexible components. For next-generation solid-state lighting using
flexible OLEDs to be feasible, these problems must be solved.
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