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ABSTRACT: We introduce a simple, inexpensive, and large-
area flexible transparent lamination encapsulation method that
uses graphene films with polydimethylsiloxane (PDMS) buffer
on polyethylene terephthalate (PET) substrate. The number
of stacked graphene layers (nG) was increased from 2 to 6, and
6-layered graphene-encapsulation showed high impermeability
to moisture and air. The graphene-encapsulated polymer light
emitting diodes (PLEDs) had stable operating characteristics,
and the operational lifetime of encapsulated PLEDs increased
as nG increased. Calcium oxidation test data confirmed the improved impermeability of graphene-encapsulation with increased
nG. As a practical application, we demonstrated large-area flexible organic light emitting diodes (FOLEDs) and transparent
FOLEDs that were encapsulated by our polymer/graphene encapsulant.

KEYWORDS: graphene, flexible lamination encapsulation, polymer light emitting diodes (PLED), lifetime,
water vapor transmission rate (WVTR)

■ INTRODUCTION

The most representative encapsulation technology of organic
electronic devices (OEDs) fabricated on a glass substrate uses a
glass lid.1 They have been encapsulated by a rigid glass lid
attached by ultraviolet (UV)-curable epoxy resin in an inert
atmosphere; a getter is included to absorb residual moisture
and to react with molecules produced during curing of the resin
and is very reliable. However, owing to the rigidity of glass
encapsulant, this method is not proper for flexible OEDs.2

Thin-film encapsulation (TFE) is the most popular flexible
encapsulation technique; it enables reduction in the weight and
thickness of devices.2,3 High-density films of inorganic materials
(e.g., SiNx, SiOx, AlOx) that are deposited by sputtering,
evaporation, or plasma vapor deposition (PVD) result in low
water vapor transmission rate (WVTR).4−6 Multilayer stacked
films are commonly used to decrease WVTR; for example,
Barix encapsulation of Vitex uses stacks of inorganic and
organic layer pairs made of Al2O3 and polyacrylate (5-dyad
WVTR < 10−6 g m−2 d−1).7,8 Another typical TFE technique
can be atomic layer deposition (ALD) by which one cycle
deposition terminates after the entire surface of the film has
been covered; this self-limiting reaction prevents occurrence of
pin holes.9,10 By control of film thickness and reaction cycles,
ALD yields very thin and uniform barrier films at an atomic
scale. These TFE methods can ensure WVTR < 10−5 g m−2 d−1,
but they are expensive due to the vacuum process and
unproductive due to the slow rate of film growth. Furthermore,
they have limitations such as the poor flexibility of inorganic
films and the requirement that encapsulation be conducted at
relatively low temperature to avoid damaging the OEDs.

Therefore, the feasibility of flexible OEDs could be improved
by development of a simple, efficient, and inexpensive process
to fabricate a highly flexible barrier film with low WVTR that
can provide highly flexible encapsulation. Flexible lamination
encapsulation using thin metal foils can provide one promising
way to achieve these requirements11 but one still needs a
transparent encapsulation method for flexible OEDs which
enables roll-to-roll lamination production.
Graphene12−14 films can provide an excellent barrier to gases

or liquids due to its densely packed structure and fine carbon
lattice and its thermal and chemical stability.15−23 Graphene is
also flexible and transparent, so it has obvious potential
applications as a barrier film to encapsulate flexible optoelec-
tronics. To cover the large-area active region of an
optoelectronic device, multilayered large-area graphene films
are most recommended, because the layers are densely packed
atop each other and can therefore minimize the number of
paths by which moisture and air can cross the barrier.18,19

Although some reports have reported use of graphene oxide,
graphene nanosheets, and composites containing them20−23 to
prove the barrier film property of graphene, the most promising
type of graphene barrier film is large-area chemical vapor
deposition (CVD)-grown graphene, which has larger surface
area per sheet, larger grain size, and less grain boundaries.
Although gas barrier properties of CVD-grown graphene films
have been demonstrated in organic photovoltaic devices

Received: February 6, 2016
Accepted: May 25, 2016
Published: June 2, 2016

Research Article

www.acsami.org

© 2016 American Chemical Society 14725 DOI: 10.1021/acsami.6b01639
ACS Appl. Mater. Interfaces 2016, 8, 14725−14731

D
ow

nl
oa

de
d 

vi
a 

SE
O

U
L

 N
A

T
L

 U
N

IV
 o

n 
D

ec
em

be
r 

22
, 2

02
0 

at
 0

8:
18

:4
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

www.acsami.org
http://dx.doi.org/10.1021/acsami.6b01639


(OPVs) as a top electrode layer and organic field-effect
transistors (OTFTs) as a top passivation layer without a reliable
supporting layer,16,19 there have been no reports (i) to use a
reliable free-standing encapsulation platform containing CVD-
grown graphene barrier films which are combined with an
insulating film for electrical insulation between graphene and
OEDs and with a supporting substrate for reliable continuous
large-scale device fabrication in a production line, and
furthermore (ii) to encapsulate organic light emitting diodes
(OLEDs) which are most sensitive to moisture and oxygen
among OEDs.
Here, we introduce a simple, low-cost, scalable, transparent,

and flexible lamination encapsulation method to encapsulate
OLEDs by using multilayered CVD-grown graphene films
combined with (i) an insulating and elastic polydimethylsilox-
ane (PDMS) buffer for insulation of graphene films from OEDs
and facile lamination of graphene films on OEDs without
physical damage, and (ii) a PET film as a reliable supporting
substrate for the first time. The number of stacked graphene
layers (nG) was increased from 2 to 6, and 6-layered graphene-
encapsulation showed high impermeability to moisture and air.
The graphene-encapsulated polymer light emitting diodes
(PLEDs) had stable operating characteristics, and the opera-
tional lifetime of encapsulated PLEDs increased as nG increased.
Calcium oxidation test data also confirmed the improved
impermeability of graphene-encapsulation with increased nG.
Because of the flexible and transparent properties of polymer/
graphene films, our graphene-encapsulation method is suitable
for flexible electronic devices and for transparent display
devices. As a practical application, we fabricated large-area
FOLEDs (substrate area, 5 × 5 cm; pixel area, 3 × 3 cm) and
transparent FOLEDs laminated with our polymer/graphene
barrier film.

■ RESULTS AND DISCUSSION

To make the graphene-based encapsulation films, graphene
films grown using CVD on Cu foil13 were transferred to a PET
substrate (2 × 2 cm) by a conventional graphene transfer
process.24 Because the CVD-grown single-layer graphene has
various defects such as pinholes, cracks, tears, and wrinkles that
are generated during growth and transfer process, we used
multiple-stacked graphene films to cover the defect sites.18 By
repeating the transfer process, 2-layer (G2), 4-layer (G4), and
6-layer (G6) graphene films were stacked on PET (Figure 1a,
inset). The multilayer graphene films showed good trans-
parency (G6, 85.5%) at 550 nm wavelength (Figure 1a). A
Raman spectroscopy system with excitation of 532 nm was
used to evaluate the quality of graphene films (G2, G4, and
G6).25 The high quality of graphene films with few surface
defects was confirmed by the average Raman spectrum (Figure
1b) and Raman mapping (D-to-G band peak intensity ratio
(ID/IG) < 0.1) (Figure 1c).26,27

Graphene is an excellent conductor, so it may cause electrical
short circuits when it contacts with devices; therefore an
insulating buffer layer must be inserted between the graphene-
encapsulation film and the device surface. In addition, the buffer
layer protects the OLEDs by absorbing external physical
damage. A PDMS (25 μm) pad was formed on graphene films
by spin coating and curing (Figure 2). PDMS is hydrophobic,
whereas the UV-curable resin is hydrophilic; this difference in
properties causes imperfect adhesion between substrate and
encapsulant, and gases can penetrate through the gaps.
Therefore, before spin coating of PDMS, the four-edge of
graphene/PET substrate (∼3 mm) was sealed with polyimide
(PI) tape, which was removed after the PDMS-curing process
to obtain the region that resin will be coated.
To utilize graphene-encapsulation, we fabricated polymer

light emitting diodes (PLEDs) (Figure 3a) composed of indium
tin oxide (ITO) (185 nm)/self-organized gradient hole

Figure 1. (a) UV−vis spectra of transferred graphene on PET substrate. Inset: image of graphene films on PET substrate, 2-, 4-, and 6-layers. (b)
The average Raman spectrum (n = 2500 points) and (c) Raman mapping (scanned area 50 × 50 μm) of randomly stacked graphene films (G2, G4,
and G6).
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injection layer (GraHIL) (50 nm)13,28/green-emitting poly-
fluorene copolymer (Dow Green-B) (80 nm)/lithium fluoride
(LiF) (1 nm)/Al (110 nm) (see the Experimental Section). A
graphene-encapsulation barrier (PDMS/G2/PET, PDMS/G4/
PET, or PDMS/G6/PET) or a flexible encapsulation barrier
without graphene (PET only or PDMS/PET) was attached to
each PLED after device fabrication (Figure 3b,c). The
graphene-encapsulated PLEDs showed identical electrical
characteristics (Figure 3d−f). All PLEDs had similar current
density (Figure 3d); this result means that graphene-
encapsulated devices were well-encapsulated without any
damage due to contact with the encapsulation film. The
encapsulated devices turned on around 2.5 V and had identical
operating voltage of around 4, 5, and 7.5 V at 100, 1000, and
10000 cd m−2, respectively (Figure 3e). Current efficiency was
stable and very similar in all of the devices except one that was
encapsulated using only PET, which showed lower current
efficiency, possibly due to incomplete encapsulation and rapid
penetration of moisture and air through the PET (Figure 3f). A
flat PET film without a PDMS buffer layer (25-μm-thick) lacks
edge space filled with resin. Therefore, the resin can spread
from the edge of the substrate to its center and then attack the
pixel area.
The half-luminescence lifetimes (L50, time for luminance to

decline by 50% in air) of PLEDs were measured at initial

luminance of 1000 cd m−2 (Figure 4). L50 of the PLED that was
exposed to the air after device fabrication (without

encapsulation) was only 2.3 h, and a large dark spot appeared
in the pixel area after ∼3 h (Figure 4, inset). L50 of PLEDs
increased when they were encapsulated with PET or PDMS/
PET films but did not exceed 20 h, because of the relatively
high permeability of PET and PDMS to moisture and air. L50 of
the PLEDs with graphene-encapsulation layers increased as nG
increased, because this increase amplified the impermeability of
graphene to moisture and air. The graphene encapsulation with
nG = 6 resulted in device half-lifetime of 70.7 h. The increase in
lifetime had not ceased at nG = 6, so additional graphene layers
may further increase L50 of devices, but this approach would
only be reasonable when loss of optical transparency is not
important.
To determine the effect of graphene on the barrier film

properties, we conducted a electrical Ca test to obtain WVTR,
which measures the degree of Ca corrosion with high accuracy
(Figure 5).11,29−31 Ca films (200 nm) with an area of 1.2 cm ×
1.2 cm were deposited on patterned Al electrodes on glass
substrates (Figure S1), and the ensembles were encapsulated
using PET, PDMS/PET, or PDMS/2, 4, 6-layer graphene/

Figure 2. Schematic of graphene-encapsulation procedure.

Figure 3. (a) Device structure of PLEDs for evaluating encapsulation properties. (b) Image of graphene-encapsulation film: PDMS/graphene/PET.
(c) Structure of graphene-encapsulation on device substrate. (d−f) Electrical properties of encapsulated PLEDs: (d) current density−voltage, (e)
luminance−voltage, and (f) current efficiency−voltage.

Figure 4. Luminance decay of OLEDs encapsulated using various
methods. (Initial luminance, 1000 cd m−2) Inset: photographs of
PLED exposed to air without encapsulation (up, as exposed; down,
after 3 h).
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PET. Water vapor passing through barrier films reacts with the
metallic Ca to form insulating Ca(OH)2; as a result the
resistance R of the film increases as the oxidation increases. The
slope of nomalized conductance (C = 1/R) versus time
corresponds to WVTR (g m−2 d−1) of the encapsulant:

ρ σ= − ×

− −
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where n (= 2) is the reaction ratio of the degradation,MH2O and
MCa are the molar masses of water (= 18 g mol−1) and Ca (=
40.1 g mol−1), ρCa and σ are the Ca density (= 1.54 × 106 g
m−3) and resistivity (= 3.5 × 10−8 Ω m), [d (1/R) /dt ] is the
rate of the conductance change (Ω−1 d−1), (SCa /S) is the area
ratio of Ca film to the aperture of the encapsultion.11

Measurements were performed at 25 °C, 45% relative humidity
(RH) at 0.05 V.
All plots of normalized C vs time had two major slope

regions (Figure 5). In the first region, C decreased slowly with
linear slope over time which is often referred to as a “lag
time”.32 The initial C is nealy constant in the “lag region” due
to slow vertical penetration of moisture and air through a long
tortuous path of the barrier films. The sequence of points at
which the C reaches zero about all samples was consistent with
that of L50 of encapsulated PLEDs. The C of the bare PET
sample collapsed rapidly (1 h) and we did not calculate the lag
time at this point due to its very short lag region (<1 h) (Table
1 and Figure S2). The lag time of graphene-encapsulated
sample increased as nG increased and the film encapsulated with
PDMS/G6/PET had the longest lag time (∼65 h). This result
may occur because multilayer-stacked graphene films can pack
closely together with regular interlayer spacing (∼0.34 nm).27,33
These multilayer stacks can patch the defects in component
layers, such as point defects that are generated during graphene

synthesis, and polymer residues, ripples, macroscale cracks, and
pores that are generated during metal etching, and graphene
transfer.15,19 As a result, the graphene stacks form a defect-
sealed membrane with low permeability to moisture and air
(Figure 6a,b and Figure S3a,b).

In the second region, the C decreased rapidly, possibly
because of fast horizontal diffusion of moisture and air through
the gap between the films.19 We calculated the WVTR value
from the slope over the range in which C was 40−60% of the
initial value in the “fall off region” (Table 1).34,35 The calculated
WVTR value of PET in the fall off region was 2.18 g m−2 d−1,
which is comparable to the previously reported value.16 The
WVTR value decreased significantly to 3.44 × 10−1 g m−2 d−1

for PDMS/PET and it decreased further as nG increased
(Figure S2). The film encapsulated with PDMS/G6/PET had
the lowest WVTR in the fall off region (1.78 × 10−2 g m−2 d−1)
as predicted from lifetime data of encapsulated PLEDs. This
value is similar to the previous report that demonstrated
graphene gas-barrier films.19 Compared with the previous
report, the WVTR value of PDMS/G6/PET film in the fall off
region (1.78 × 10−2 g m−2 d−1) is lower than that of G6/PET
film in previous reported data (4.8 × 10−1 g m−2 d−1, saturated
region). We attribute this improved result to the additional
PDMS buffer layer which can provide a sticking layer that
eliminates any space in which gas can accumulate between Ca
and encapsulant.
Compared with conventional TFE (<10−4 g m−2 d−1), the

WVTR of our graphene-encapsulation is higher. However,
WVTR can be further decreased by replacing the PET to
another polymer which has low penetration rate, increasing nG,
or using hybrids of graphene with additional organic or
inorganic layer. Because our barrier film-making process is
simple, scalable, and less expensive, it will provide a solution for
overcoming the obstacles of previously reported methods to
fabricate TFE when its WVTR can be reduced as low as those
of conventional methods. Furthermore, because roll-to-roll
transfer of large-area graphene is possible26 and the buffer layer
can be obtained easily on graphene by many kinds of coating
process, this graphene-encapsulation method is compatible with
roll-to-roll fabrication processes, which have high throughput

Figure 5. Normalized conductance versus time from Ca oxidation test
of encapsulated Ca film at 25 °C, 45% RH, and 0.05 V. Dashed arrows:
lag region (left) and fall off region (right).

Table 1. Calculated Lag Times and WVTR Values of Several Encapsulantsa

PET PET + PDMS PET + G2 + PDMS PET + G4 + PDMS PET + G6 + PDMS

lag time (h) − 7 13 45 65
WVTR (g m−2 d−1) 2.18 3.44 × 10−1 (±1 × 10−2) 5.52 × 10−2 (±3 × 10−4) 3.93 × 10−2 (±6 × 10−4) 1.78 × 10−2 (±9 × 10−5)

aLag times and WVTR values were calculated on lag and fall off regions of Ca test plot, respectively.

Figure 6. Schematic diagram of (a) single-layer graphene and (b) 2-
layer graphene barrier films with point defects in the air (H2O, O2).
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and large-area production and can therefore reduce manufactur-
ing cost.
To demonstrate the practical use of our graphene-

encapsulation in flexible device application, we fabricated
large-area FOLED that was encapsulated using our method
(Figure 7a). The large-area FOLED on an ITO-coated PET

substrate (substrate area, 5 cm × 5 cm; pixel area, 3 cm × 3 cm)
with the same structure that we used before (Figure 3a) was
encapsulated using PET/G6/PDMS (4 cm × 4 cm), and
showed stable operation with uniform light emission in air,
while in a highly bent state. We also fabricated a transparent
FOLED (ITO (100 nm)/ZnO (22 nm)/polyethylenimine
ethoxylated (PEIE) (8 nm)/Super Yellow (230 nm)/MoO3 (5
nm)/Ag (15 nm)/MoO3 (45 nm))36 (see the Experimental
Section) that emits light toward the bottom and top
(encapsulated) side; this device demonstrates that our flexible
transparent encapsulation can be applied to transparent or top-
emitting flexible display devices (Figure 7b).

■ CONCLUSIONS
We demonstrated a simple, low-cost, scalable, transparent, and
flexible lamination encapsulation for OLEDs by using multi-
stacked graphene films with a PDMS buffer on a PET substrate.
The electrical and electro-optical characteristics of graphene-
ecapsulated OLEDs showed stable operation upon encapsula-
tion, and the operational lifetime of OLEDs indicated that the
permeability of our graphene-encapsulation decreased as the
number of graphene layers increased. A Ca oxidation test

confirmed this conclusion. We fabricated large-area and
transparent FOLEDs with our graphene-encapsulation method,
which maximizes the merits of flexible transparent graphene
encapsulation. We believe that after further optimization, this
graphene-encapsulation method can eventually achieve a
flexible and highly impermeable encapsulant that overcomes
drawbacks of glass encapsulation and typical TFE such as rigid,
expensive, and unproductive processes and the impossibility of
roll-to-roll. We also believe that our work shows the great
potential of the new flexible encapsulation method to be
applied in flexible OEDs such as OTFTs, OPVs, and OLEDs,
which provide a barrier to moisture and air that is comparable
in impermeability to the conventional flexible encapsulant.

■ EXPERIMENTAL SECTION
PDMS Buffer Layer. PDMS solution (silicone elastomer base,

curing agent = 10 wt/1 wt, SYLGARD 184, Dow Corning) was
prepared, then the bubbles in PDMS solution were removed by using a
vacuum desiccator for 30 min. The edge of graphene/PET substrates
(∼3 mm) was sealed with polyimide tape (PI) before spin coating.
The PDMS solution was spin coated on the graphene/PET (2 cm × 2
cm) substrates at 1000 rpm for 1 min. The PDMS/graphene/PET was
annealed for 1 h at 80 °C for PDMS curing, then PI tape was removed.
Finally, the PDMS/graphene/PET substrate was laminated and
encapsulated by using a UV-curable epoxy resin (XNR5570, Nagase
ChemteX Corporation) on PLEDs. In the case of large-area FOLED,
typical epoxy adhesive (Araldite, Huntsman Corporation) was used for
PDMS/graphene/PET (4 cm × 4 cm) encapsulant.

PLED (and FOLED) Fabrication. A patterned ITO (work function
∼ 4.8 eV, 185 nm) on a glass substrate (2.5 cm × 2.5 cm) (an ITO
film (100 nm) on a PET substrate (5 cm × 5 cm) in the case of large-
area FOLED) was used as an anode. The pixel area of PLEDs was 6
mm2 (9 cm2 in the case of large-area FOLED). ITO coated anodes
were cleaned by sonication with acetone and isopropyl alcohol (IPA)
and then dried on a hot plate. UV−ozone was treated for 15 min, then
a GraHIL13,28 solution, composed of PEDOT/PSS (poly(3,4-ethyl-
enedioxythiophene) doped with poly(styrenesulfonate), Clevios P VP
AI4083) and tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-oc-
tene-sulfonic acid copolymer (one of the perfluorinated ionomers,
CAS Number: 31175-20-9, Sigma-Aldrich) in a 1:1 ratio, was spin
coated on the ITO anodes in air at 4500 rpm for 90 s. After GraHIL
spin coating, samples were annealed immediately on a hot plate in air
at 150 °C for 30 min, then loaded in a N2 glovebox. Green-emitting
polyfluorene copolymer (80 nm, Dow LUMATION Green-B, Dow
Chemical Co.), as an emitting layer was spin coated on GraHIL at
3000 rpm for 90 s and annealed on a hot plate at 85 °C for 20 min
under N2 in a glovebox, then loaded in a high vacuum chamber (5 ×
10−7 Torr). Cathode layers of LiF (1 nm)/Al (110 nm) were vacuum
deposited.

Transparent FOLED Fabrication. PET substrates (2.5 cm × 2.5
cm) coated with ITO (100 nm) were used for PLED fabrication. The
pixel area of PLEDs was 4 mm2. After substrate cleaning, ZnO (22
nm) was spin coated on ITO substrate at 1000 rpm for 60 s and
immediately annealed on a hot plate for 1 h at 150 °C. PEIE solution
(8 nm, dissolved in 2-methoxythanol) was spin coated on ZnO layer at
5000 rpm for 90 s and annealed on a hot plate for 10 min at 100 °C,
then loaded in a N2 glovebox. A Super Yellow (230 nm, Merck OLED
Materials. GmbH, catalog number PDY-132) emitting layer was spin
coated on the PEIE layer at 5000 rpm for 90 s and annealed on a hot
plate for 20 min at 80 °C in a N2 glovebox, then loaded in a high
vacuum chamber (5 × 10−7 Torr).36 MoO3 (5 nm)/Ag (15 nm)/
MoO3 (45 nm) were vacuum deposited as a HIL and transparent
cathode.

OLED Characterization. The electro-optical characteristics of
ecapsulated PLEDs were measured by a source-measurement unit
(Keithley 236) and a spectroradiometer (Minolta CS2000). Lifetimes
of PLEDs were measured by using Polaronix M6000 (McScience) at
25 °C and 45% RH.

Figure 7. (a) Demonstration of large-area FOLEDs on ITO coated
PET substrate with flexible encapsulation using graphene-encapsula-
tion film in the air condition. (Substrate area, 5 cm × 5 cm; pixel area,
3 cm × 3 cm) Inset: encapsulated-side which shows Al cathode (top-
side). (b) Demonstration of transparent FOLEDs on ITO coated PET
substrate with flexible encapsulation using graphene-encapsulation film
in the air conditions. Inset: turn off state.
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WVTR Measurement. The WVTR was measured by using
Polaronix M6000 (McScience) with Ca film (200 nm, Sigma-Aldrich)
at 25 °C and 45% RH.
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