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spin coating of polymer solution requires direct contact with 
the organic material which can be damaged by solvents and 
the polymer layer has very poor gas diffusion barrier proper-
ties. [ 6,10 ]  ALD has demerits including high cost, long-processing 
time, low throughput, and vulnerability to external infl uences 
so that it is incompatible with low-cost, high-speed, and high-
throughput R2R processes. Face seal encapsulation may not 
be suitable for R2R process [ 9 ]  because face seal encapsulation 
requires thermal annealing process to remove the solvent and 
crosslink the epoxy resin that requires additional processing 
time and affects performance of organic light emitting diodes 
(OLEDs). However, fl exible encapsulation method for use in 
the R2R processing has not been reported. Remedying this lack 
is a challenge in fl exible encapsulation research. Ideally, fl exible 
encapsulation methods must: i) use a simple process and struc-
ture, ii) be getter-free, iii) have effectiveness comparable to that 
of glass encapsulation, and iv) be easily used in R2R processes 
to allow mass production. 

 We developed a novel fl exible encapsulation method to 
enable R2R lamination: Flex Lami-capsulation ( Figure    1  ) in 
which OEDs are encapsulated in a laminar structure that con-
sists of a thin metal foil and a rubbery polymer layer (e.g., 
poly(dimethylsiloxane) (PDMS)). In this work, we used 0.6 mm 
thick stainless steel (STS) and 40 µm thick Fe–Ni alloy metal 
foil. STS and thin metal foil are unbreakable, fl exible, and light-
weight, have high mechanical strength, thermal stability, and 
form an effective barrier against penetrating oxygen and mois-
ture. [ 11 ]  Our idea to use STS and thin metal foil is to exploit 
these advantages when STS and metal foil coated with a rub-
bery polymer layer are used as an encapsulant by a simple lami-
nation process. [ 12 ]  Flex Lami-capsulation has the target char-
acteristics for ideal fl exible encapsulation such as simplicity, 
speed, low price, scalability, and suitability for encapsulating 
fl exible OEDs. Also, it can be easily applied in R2R processes. 

  The Flex Lami-capsulation process includes treatment 
(Experimental Section) with a self-assembled monolayer (SAM) 
to increase adhesion between STS and PDMS. Then, a 25 µm 
thick PDMS layer was formed onto the SAM-treated STS foil by 
spin coating and thermal crosslinking. Adhesion between STS 
and PDMS yields long-term stability in device applications. Flex 
Lami-capsulation is compatible with R2R processes because 
the resulting structure is fl exible and can be laminated simply 
without any physical damage to underlying OLED stacks. In 
the structure of Flex Lami-capsulation, PDMS has three impor-
tant roles i) The PDMS layer is an insulator, so the electrical 
conductivity of STS does not affect individual device function. 
ii) PDMS makes intimate contact with OLED stack, so no free 
space occurs between STS and OLED stacks; this process needs 
no getter because residual gas is almost completely excluded 
from the internal space. iii) PDMS forms a buffer layer to 
protect the device from outside infl uences. Moreover, to avoid 
degradation by water and oxygen contained in free volume 

  Electronic devices based on organic materials can be large pat-
terned, formable, and designable, and therefore have great 
potential for use in large-area fl exible electronics, displays, and 
solid-state lighting. [ 1 ]  Consequently, organic electronic devices 
(OEDs) are being investigated for use as next-generation elec-
tronics and displays. [ 2 ]  However, conventional OEDs are gener-
ally nonfl exible because they are fabricated on a rigid substrate 
and are encapsulated by hollow glass, thus they are not suit-
able for use in fl exible displays and lightings. To actualize fl ex-
ible OEDs, fl exible encapsulation processes as well as fl exible 
electrodes and impermeable substrates should be developed 
simultaneously. Another requirement is to reduce the cost for 
manufacturing fl exible OEDs. Therefore, a roll-to-roll (R2R) 
process can be used to fabricate them with reduced manufac-
turing cost and time because of its high throughput and large-
area production capability for mass production. [ 3 ]  OEDs are 
easily degraded by external or internal infl uences [ 4 ]  such as 
oxygen and moisture so that R2R OED production must include 
an R2R-compatible fl exible encapsulation process, which is of 
prime importance for real commercialization of fl exible OEDs 
at a low price to increase their durability. [ 5 ]  

 Several different materials and processes have been used to 
encapsulate OEDs. Currently, most OEDs are encapsulated in 
rigid glass due to its impermeability and the reliability of the 
process but it cannot be used for fl exible devices. Although 
glass encapsulation is most effective to achieve long-term dura-
bility of OEDs, it requires a large amount of getters to absorb 
moisture; getters are bulky and trap residual gases within the 
hollow space between the encapsulation glass lid, and the 
device and encapsulation should be performed in inert atmos-
phere such as nitrogen or argon. However, containing residual 
moisture or gases in the hollow space in glass lid encapsu-
lants is inevitable because even the so-called inert atmospheric 
condition in N 2 -fi lled glove boxes is hard to provide perfect 
inert condition without any reactant (i.e., O 2 , H 2 O, and other 
gases). [ 5 ]  Other methods that use spin coating of polymers, [ 6 ]  
atomic layer deposition (ALD) [ 7 ]  of multiple layers of organic 
and inorganic thin fi lms [ 8 ]  or face seal encapsulation [ 9 ]  have 
been studied to develop fl exible encapsulation. However, 
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between polymer chains inside a PDMS layer, the process of 
Flex Lami-capsulation was performed in an inert N 2 -fi lled glove 
box. Use of Flex Lami-capsulation in OED fabrication will allow 
development of an ideal R2R process (Figure S1, Supporting 
Information) which is applicable in all fl exible displays when 
other processes such as UV-curable resin and curing are well 
established. 

 To evaluate Flex Lami-capsulation, we fabricated fl uores-
cent OLEDs (FlOLEDs,  Figure    2  a) comprised of indium–
tin–oxide (ITO) (185 nm)/poly(3,4-ethylenedioxythiophene): 
poly(styrenesulfonate): perfl uorinated ionomer (GraHIL, [ 13 ]  
50 nm)/ N , N -bis-(1-naphthy1)- N , N -dipheny1-1,1-biphen1-4,4-
diamine (NPB, 20 nm)/bis(10-hydroxybenzo[h]quinolinato)
beryllium: 10-(2-benzothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetra-
methyl-1H,5H,11H-(1)-benzopyropyrano(6,7-8-i,j)quinolizin-
11-one (Bebq 2 : 2% C545T, 30 nm)/Bebq 2  (20 nm)/lithium 
fl uoride (LiF, 1 nm)/aluminum (110 nm). The GraHIL is a self-
organized polymer hole injection layer which has a gradient 
work function from the bottom to the top surface and a high 
surface work function (≈5.95 eV). We measured the electrical 
properties, lifetime of OEDs, bending stability of phosphores-
cent OLEDs (PhOLEDs), and water vapor transmission rate 
(WVTR) of encapsulated FlOLEDs. Operating characteristics 
of Flex Lami-capsulated FlOLEDs were comparable to those 
obtained using other conventional glass encapsulation method 
(Figure  2 b–d). All devices had almost identical current density 
(Figure  2 b); this result demonstrated that PDMS did not cause 
electrical defects on the FlOLEDs, so it did not cause change 
in the operating range of voltage because PDMS is inert, non-
toxic, and physically and chemically stable. These encapsulated 
FlOLEDs showed identical operating voltages of 2.6, 3.2, and 
4.7 V at 100, 1000, and 10 000 cd m −2 , respectively (Figure  2 c). 
The device using PDMS-only encapsulation was more easily 
degraded than those with other encapsulations (Figure  2 d) 
because the PDMS fi lm itself has inherent free volume through 
which moisture and oxygen penetrated, and because the epoxy 
resin did not adhere the PDMS well to the edge of the device. 
Thus, when encapsulated in only PDMS, the emitted FlOLED 
pixel area was decreased by dark spots caused by degradation 
before we measured it (Figure  2 d, inset). Therefore, the cur-
rent effi ciency of the device with PDMS-only encapsulation 
was slightly overestimated compared with those with other 
encapsulations. Other encapsulations including hollow glass lid 
encapsulation, fl at glass encapsulation, and PDMS encapsula-
tion showed almost identical electrical characteristics. The max-
imum current effi ciency of Flex Lami-capsulated FlOLED was 

also comparable to that of FlOLEDs with conventional glass 
encapsulation (≈20 cd A −1 ). Moreover, instead of 0.6 mm thick 
STS, 40 µm thick fl exible Fe–Ni thin metal foil (60 wt% Fe–
40 wt% Ni) was used to confi rm application of fl exible metal foil 
and we fabricated PhOLEDs (Figure  2 e). Double emitting layers 
(EMLs) consist of bis(2-phenylpyridine)iridium acetylacetonate 
(Ir(ppy) 2 (acac))-doped 4,4lpyridine)iridium acetyriphenylamine 
(TCTA, 5 nm, 3%) and Ir(ppy) 2 (acac)-doped 4,4′-bis(9H-carb-
azol-9-yl)biphenyl (CBP) (5 nm, 4%) were deposited onto the 
hole transporting layer of 1,1-bis[4-[ N , NN , N -[ N ,tolyl)amino]-
phenyl]cyclohexane (TAPC, 15 nm). An electron transport layer 
(ETL) of 1,3,5-tri(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl 
(TPBi) (55 nm) was deposited onto the EML and LiF (1 nm) and 
Al (110 nm) were sequentially deposited on the organic layers. 
After fabricating PhOLEDs, glass encapsulation and Flex Lami-
capsulation process were performed as described in the Experi-
mental Section. Flex Lami-capsulated PhOLEDs showed ideal 
electrical properties through its comparable passivation per-
formance with glass-encapsulated PhOLEDs. Current density 
and current effi ciency were almost same without any leakage 
and defects (Figure  2 f,g). These two encapsulated PhOLEDs 
had identical operating voltages of 3.1 V at 1000 cd m −2  
and 4.4 V at 10 000 cd m −2  (Figure  2 h). These results mean 
that fl exible ultrathin metal foil/rubbery polymer bilayer can 
be used as a representative fl exible encapsulant. Consequently, 
we expanded our research using the ultrathin metal foil/rub-
bery polymer bilayer to demonstration of large-area fl exible 
OLEDs. 

  During the OED fabrication, organic layers must be pro-
tected from outside infl uences by totally sealing the connection 
between STS or Fe–Ni thin metal foil and substrate using epoxy 
resin. In the Flex Lami-capsulation process, we found an inter-
action that impeded adhesion between STS and epoxy resin. 
PDMS layer was formed by spin coating it on the STS to make 
a 25 µm thick layer (Figure S2, Supporting Information). When 
PDMS was directly coated on the STS, covering the overall STS 
surface with PDMS was inevitable. Therefore, the most impor-
tant requirement is that PDMS must not contact the edge of 
the STS because residual PDMS there obstructs adhesion 
between STS and UV-curable resin (Nagase ChemteX Corpora-
tion, XNR5570). Residual PDMS made the STS surface hydro-
phobic, whereas UV-curable resin is hydrophilic. Obtaining 
long-term stability of OEDs required that this mismatch had 
to be solved. To investigate the impeding effect of PDMS res-
idue, we measured the lifetime of FlOLEDs in the cases of 
both removing residual PDMS and leaving residual PDMS. To 
avoid leaving PDMS residue at the edge of STS, we attached a 
polyimide (PI) tape to the edge of STS before the spin coating 
process and removed the PI tape after the PDMS-curing pro-
cess. The FlOLED with residual PDMS on the edge of STS 
had much shorter lifetime (39.4 h) than did the FlOLED from 
which the PDMS residue had been removed (170.8 h) because 
PDMS residue provided a gas-penetration path through the 
UV-curable resin and also impeded adhesion between STS and 
UV-curable resin ( Figure    3  a). Therefore, atmospheric mois-
ture and oxygen easily penetrated through the weakly adhered 
part of the UV-curable resin from outside. After solving this 
problem, we measured the lifetime of encapsulated FlOLEDs 
at initial luminance of 2000 cd m −2 . Flex Lami-capsulation 
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 Figure 1.    The fl exible lamination encapsulation (Flex Lami-capsulation) 
process.
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 Figure 2.    a) Device structure of FlOLEDs for evaluating encapsulation properties. Electrical properties of encapsulated FlOLEDs. [Square: hollow 
glass lid encapsulation; circle: Flex Lami-capsulation; diamond: fl at glass encapsulation; triangle: PDMS encapsulation.] b) Current density–voltage, 
c) luminance–voltage, d) current effi ciency–voltage (left inset: Flex Lami-capsulated FlOLED and right inset: PDMS-encapsulated FlOLED). e) Device 
structure of PhOLEDs. Electrical properties of encapsulated PhOLEDs. [Squares: glass-encapsulated PhOLEDs; circles: Flex Lami-capsulated PhOLEDs 
using 40 µm thick Fe–Ni alloy metal foil.] f) Current density–voltage, g) current effi ciency–voltage, h) luminance–voltage.
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resulted in device lifetime of 170.8 h at degraded luminance of 
1200 cd m −2 , this lifetime was almost identical to that of 
devices fabricated using conventional hollow glass encapsula-
tion with a getter (173 h) (Figure  3 a). Moreover, we measured 
the lifetime of PhOLEDs encapsulated by hollow glass lid with 
getter and Flex Lami-capsulation using 40 µm thick Fe–Ni thin 
metal foil at initial luminance of 1000 cd m −2 . The lifetime of 
each PhOLEDs reached 116.1 h for glass encapsulation and 
116.5 h for Flex Lami-capsulation at degraded luminance of 
500 cd m −2  (Figure  3 b). This result demonstrated that Flex Lami-
capsulation has the potential to overcome the conventional draw-
backs of glass encapsulation and thin fi lm encapsulation, while 
having the advantages of process simplicity, low cost, and R2R 
compatibility. 

  To prove the feasibility of encapsulation, we used the calcium 
oxidation test [ 14 ]  to measure WVTR (g m −2  d −1 ) of glass-encap-
sulated and Flex Lami-capsulated devices ( Figure    4  a). WVTR 
measurement was performed at 25 °C, 40% relative humidity 
(RH) by measuring the conductance of an oxidized calcium 
fi lm at constant voltage:
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 where  n  is the molar equivalent of the degradation reaction, 
H O2M  is the molecular weight of water (18 g mol −1 ),  M  Ca  is 

the atomic weight of calcium (40.1 g mol −1 ), Caρ  is the density 
of calcium (1.54 × 10 6  g m −3 ), σ  is the resistivity of calcium 
(3.5 × 10 −8 mΩ ), d 1/ /dR t ]( )⎡⎣  is the rate of change of the con-
ductance ( d1 1Ω− − ),  S  Ca  is the area of calcium fi lm (1.44 cm 2 ), 
and  S  is the transmission area of the water vapor surrounded 
with the edge seal of the specimen (0.0336 cm 2 ), WVTR was 
5.9 × 10 −4  g m −2  d −1  in glass-encapsulated devices and 5.5 × 
10 −4  g m −2  d −1  in Flex Lami-capsulated devices. Both encapsula-
tion methods had identical gas penetration paths because glass 
and metal totally block gases from outside and only the epoxy-
resin part was considered as a gas penetration path. These 
WVTR values were similar to the reported WVTR value of the 
epoxy resin we used (4.7 × 10 −4  g m −2  d −1 ); therefore, this result 
was reasonable. 

  One of the important concerns is the mechanical reliability 
of fl exible encapsulation. When the fl exible device is stressed 
by fl exural load, OEDs develop the sides of a concave and a 
convex curvature. Each curvature applies continuous tensile or 
compressive stress to the device structures. [ 15 ]  Therefore, the 
stability of encapsulated OEDs under the fl exural load must be 
determined. To confi rm the minimum bending radius of Flex 
Lami-capsulated PhOLED, we measured bending stability while 
reducing their bending radii. We compared 100 nm thick ITO-
coated 100 µm thick polyethylene terephthalate (PET) substrate 
as a reference and Flex Lami-capsulated PhOLED fabricated on 
the reference (ITO-coated PET). The bending stability test was 
performed in a nitrogen glove box to avoid degradation effects 
due to atmospheric factors. ITO-coated PET and Flex Lami-
capsulated PhOLED were mounted between two parallel device 
holders and bending radius was controlled by decreasing the 
distance between them (Figure S3a, Supporting Information). 
The current versus voltage sweeps were measured in situ at 
different bending radii by using a probe station (Figure S3b,c, 
Supporting Information). Measured current change of samples 
at 3.1 V was plotted as a function of bending radius (Figure 
 4 b). Normalized current of ITO-coated PET substrate was 
dramatically reduced as soon as it was bended, whereas that 
of Flex Lami-capsulated PhOLED was gradually reduced after 
the bending radius was decreased to <7 mm. All device com-
ponents such as substrate, deposited materials, and encapsu-
lant are fl exible, other than ITO, so the reduced current of the 
two samples must have been caused by fracturing of the brittle 
ITO. The current in the ITO-coated PET device was reduced by 
four orders of magnitude as the bending radius changed from 
the initial state of the sample (0 mm) to 2 mm (Figure S3b, 
Supporting Information), whereas the reduced current in Flex 
Lami-capsulated PhOLED was decreased by only two orders of 
magnitude under the same conditions (Figure S3c, Supporting 
Information). This result clearly demonstrates that Flex Lami-
capsulation improves the bending stability of OEDs. Further-
more, the minimum bending radius of Flex Lami-capsulated 
PhOLED was 6 mm when the decrease in the normalized 
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 Figure 3.    a) The lifetime of FlOLEDs encapsulated using three methods. 
Initial luminance at 2000 cd m −2 . [Squares: glass encapsulation with getter 
(173 h); circles: Flex Lami-capsulation using 0.6 mm thick STS (170.8 h); 
inverted triangles: PDMS residue contained Flex Lami-capsulation using 
0.6 mm thick STS (39.4 h).] b) Lifetime measurement of encapsulated 
PhOLEDs at initial luminance of 1000 cd m −2 . [Squares: glass encapsula-
tion (116.1 h); circles: Flex Lami-capsulation using 40 µm thick Fe–Ni 
alloy metal foil (116.5 h).]
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current exceeded 10%. One of considerations in bending sta-
bility analysis is the position of the neutral plane (NP) that 
experiences zero uniaxial stress of fl exural load under bending 
states. The strain of each layer in devices is proportional to the 

distance from the NP while device is bended. [ 16 ]  The NP of ITO-
coated PET substrate was positioned at the center of the PET 
substrate so that the distance between the NP and the ITO layer 
was ≈50 µm and then ITO, which was positioned at the top 
side of the PET substrate, was signifi cantly strained by tensile 
stress (Figure S3d, Supporting Information). In the Flex Lami-
capsulated PhOLED, the distance between ITO and the NP was 
reduced by a laminating 40 µm thick metal foil/25 µm thick 
PDMS bilayer encapsulant on the PhOLED device. Therefore, 
ITO and PhOLED were positioned around the NP and the ten-
sile stress in ITO was signifi cantly reduced (Figure S3e, Sup-
porting Information). [ 17 ]  Therefore, Flex Lami-capsulation can 
improve the bending stability of OEDs. 

 To prove the practicality of using Flex Lami-capsulation in 
large-area fl exible devices, we demonstrated a large-area fl exible 
FlOLED, which was encapsulated by large-area Flex Lami-cap-
sulation using Fe–Ni thin metal foil (PET substrate area: 5 cm 
× 5 cm, Active area: 3 cm × 3 cm). The FlOLED with large-area 
Flex Lami-capsulation worked stably and fl exed without any 
changes of device operation (Figure  4 c). Moreover, light was 
uniformly emitted all over the surface. The upper and bottom 
inset showed side view and top view of large-area Flex Lami-
capsulated FlOLEDs, respectively. The corresponding video 
fi le of large-area demonstration is included in the Supporting 
Information. This demonstration of large-area Flex Lami-capsu-
lation confi rmed the feasibility of using Flex Lami-capsulation 
for large-area fl exible organic electronic applications. 

 In conclusion, we have introduced Flex Lami-capsulation 
using a metal foil coated with a rubbery polymer, which is a 
novel, simple, fast, low-cost, and scalable fl exible lamination 
encapsulation method that is suitable for R2R fabrication of 
OEDs. The electrical properties, luminance, lifetime, bending 
stability, and WVTR of Flex Lami-capsulated OLEDs were meas-
ured. Compared to conventional glass-encapsulated OLEDs, Flex 
Lami-capsulated OLEDs had almost identical operating charac-
teristics ( I – V – L ) and lifetime of encapsulated OLEDs was iden-
tically measured. When the Flex Lami-capsulation was used to 
OLEDs, bending stability of OLEDs was improved by changing 
the position of the NP. In all measurements of OLEDs, Flex 
Lami-capsulation was comparable to conventional glass encap-
sulation. Moreover, we demonstrated a large-area fl exible display 
(5 cm × 5 cm OLED) encapsulated by Flex Lami-capsulation. This 
display worked stably and was easily fl exed without any changes 
in electrical properties; this demonstrated the feasibility of using 
Flex Lami-capsulation for large-area fl exible displays. Flex Lami-
capsulation overcomes limitations of conventional encapsulation 
methods such as infl exibility, high cost, use of getters, scalability, 
and long processing time. Therefore, Flex Lami-capsulation has 
potential to be used in various types of fl exible OEDs such as 
fl exible electronics, displays, and solid-state lighting.  

  Experimental Section 
  Flex Lami-Capsulation Process : For Flex Lami-capsulation, we used 

metal foils such as 0.6 mm thick STS (1.8 cm × 1.8 cm) and 40 µm 
thick Fe–Ni thin metal foil (60 wt% Fe–40 wt% Ni). The metal foils were 
cleaned using chloroform, acetone, and isopropyl alcohol (IPA) in an 
ultrasonic bath and then dried in an oven at 80 °C for 30 min to remove 
solvents. Before PDMS was spin coated on the metal foils, a SAM was 
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 Figure 4.    a) Measurement of WVTR at 25 °C, 40%RH. [Squares: glass 
encapsulation: WVTR = 5.9 × 10 −4  g m −2  d −1 ; circles: Flex Lami-capsula-
tion: WVTR = 5.5 × 10 −4  g m −2  d −1 ]. b) Bending stability measurements of 
ITO-coated PET substrate and Flex Lami-capsulated PhOLED fabricated 
on ITO-coated PET substrate by the bending radius. c) Demonstration for 
large-area FlOLEDs encapsulated with Flex Lami-capsulation using 40 µm 
thick Fe-Ni alloy metal foil. Upper and bottom insets show side view and 
top view of large-area Flex Lami-capsulated FlOLEDs, respectively. (Sub-
strate area: 5 cm × 5 cm; active area: 3 cm × 3 cm.)
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applied to the STS surface to increase adhesion strength between the 
metal foils and PDMS; to do this, cleaned metal foils were UV/ozone 
treated for 40 min, then immersed in octyltrichlorosilane (97% OTS, 
0.1 mol% in toluene). The solution containing UV/ozone treated metal 
foils was transferred to a refrigerator (5 °C) for 30 min. Lastly, the 
treated metal foils were washed and sonicated in toluene to form the 
monolayer. PDMS was spin coated on the SAM-coated STS surface. 
PDMS was prepared by mixing sylgard 184 base and curing agent 
(10:1 wt:wt, purchased from Dow Corning), then the mixed prepolymer 
was put into a vacuum dessicator for 30 min to remove bubbles. 
A polyimide tape was attached to the edge of metal foils before spin 
coating and was removed after PDMS curing. The resulting PDMS was 
spin coated on the SAM-treated metal foils at 1000 rpm for 300 s and 
cured on a hot plate at 80 °C for 1 h. The thickness of PDMS measured 
by a scanning electron microscope (Figure S2, Supporting Information) 
was 25 µm. [ 18 ]  Finally, the PDMS-coated metal foils encapsulated the 
OEDs using a UV-curable epoxy resin (Nagase ChemteX Corporation, 
XNR5570). For the large-area fl exible display, the Fe–Ni thin metal foil 
was used to demonstrate fl exible PhOLEDs. The Fe–Ni thin metal foil 
sheet for large-area PhOLED was 4 cm × 4 cm in area; thermally curable 
epoxy resin (Huntsman Advanced Materials, Araldite) was used as 
a glue. 

  OLED Fabrication : Glass substrates coated with ITO (work function ≈ 
4.8 eV) were used for OLED fabrication. The active area of OLEDs was 
6 mm 2 . ITO (180 nm) coated glass was cleaned with acetone and IPA, 
then treated with ultraviolet ozone (UVO) in a UVO cleaner for 15 min. 
Then a 50 nm thick GraHIL was spin coated on the ITO-coated glass as 
a hole injection layer. The GraHIL is composed of poly(3,4-ethylenedio
xythiophene):poly(styrenesulfonate) (PEDOT:PSS, Clevios P VP AI4083) 
and tetrafl uoroethylene-perfl uoro-3,6-dioxa-4-methyl-7-octene-sulfonic 
acid copolymer, a perfl uorinated ionomers (CAS Number: 31175-20-9) 
(Sigma-Aldrich Inc.). The spin-coated GraHIL was immediately baked on 
a hot plate for 30 min at 150 °C, then loaded in an ultrahigh vacuum 
chamber. Subsequently, other organic layers and cathode were vacuum 
deposited under ultrahigh vacuum (5 × 10 −7  Torr). For fabrication 
of FlOLEDs, NPB as a hole transport layer (HTL, 20 nm), Bebq 2  as 
a host and C545T as a green dopant in the EML (30 nm, 2%), Bebq 2  
as an ETL (20 nm), LiF as an electron injection layer (EIL), and Al as 
a cathode were sequentially deposited. In another case of PhOLEDs 
fabrication, TAPC (15 nm) as a HTL, Ir(ppy) 2 (acac)-doped TCTA 
(5 nm, 3%) and Ir(ppy) 2 (acac)-doped CBP (5 nm, 4%) as double emitting 
layers, TPBi (55 nm) as an ETL, LiF as an EIL (1 nm), and Al (110 nm) 
as a cathode were sequentially deposited. Organic materials and metals 
were purchased from OSM company and Sigma-Aldrich. All fabricated 
OLEDs were sealed by conventional glass encapsulation or Flex Lami-
capsulation with UV-curable epoxy resin. The large-area OLEDs had 
the same structure as the FlOLED (Figure  2 a). As a fl exible substrate, 
ITO-coated PET (area and thickness of PET substrate: 5 cm × 5 cm and 
100 µm, thickness of ITO: 100 nm, purchased from Sigma-Aldrich) was 
used. The ITO-coated PET substrate was patterned using nitric acid to 
avoid having any contact between the ITO anode and Al cathode. The 
active area was 3 cm × 3 cm and the fabricated FlOLED was encapsulated 
by Flex Lami-capsulation with thermally curable epoxy resin. 

  WVTR Measurement : WVTR was measured using a Polaronix M6000 
OLED Lifetime Test System (McScience) at 25 °C and 40%RH. A 
200 nm thick calcium layer (Sigma-Aldrich; CAS Number: 7440-70-2) 
was deposited in an ultrahigh vacuum chamber (5 × 10 −7  Torr). 

  OLED Characterization : We used a source-measurement unit (Keithley 
236) and a spectroradiometer (Minolta CS2000) to measure current –
 voltage–luminance ( I – V – L ) characteristics. We used a Polaronix M6000 
source-measurement unit (McScience) to measure OLED lifetime.  
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