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Abstract

We propose an alumina-deposited double-layer graphene (2LG) as a transparent, scalable, and
stretchable barrier against moisture; this barrier is indispensable for foldable or stretchable
organic displays and electronics. Both the barrier property and stretchability were signiﬁcantly
enhanced through the introduction of 2LG between alumina and a polymeric substrate. 2LG with
negligible polymeric residues was coated on the polymeric substrate via a scalable dry transfer
method in a roll-to-roll manner; an alumina layer was deposited on the graphene via atomic layer
deposition. The effect of the graphene layer on crack generation in the alumina layer was
systematically studied under external strain using an in situ micro-tensile tester, and correlations
between the deformation-induced defects and water vapor transmission rate were quantitatively
analyzed. The enhanced stretchability of alumina-deposited 2LG originated from the interlayer
sliding between the graphene layers, which resulted in the crack density of the alumina layer
being reduced under external strain.
Supplementary material for this article is available online
Keywords: double-layer graphene, barrier, aluminium oxide, roll-to-roll transfer, stretchable
display
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

much lower permeabilities have been developed by reducing
defect density. Inorganic materials are regularly used for
barrier layers, and extensive research related to fabrication
process parameters, including various chemistries, deposition
methods, and thicknesses, has been performed to reduce
defect densities [5–11]. Among these materials, the bilayer
coating of Al2O3/parylene C exhibits superior barrier properties [10] and a defect free, ultrathin layer of thermally
grown SiO2 was employed as a water barrier for active,
ﬂexible electronic systems [11]. While the inorganic materials
have a low water vapor transmission rate (WVTR) compared
to polymeric materials, they are easily fractured under
mechanical deformations, and their barrier properties degrade

Stretchable displays based on organic light-emitting diodes
(OLEDs) have attracted considerable attention by offering
user-friendly design and multifunctional features such as
foldable screens and electronic skins [1, 2]. Organic materials
are considered promising candidates for thin and lightweight
displays with stretchability [1–4]. Because these materials are
extremely vulnerable to moisture and oxygen, a barrier layer
is essential. It is also necessary for this layer to be stretchable,
transparent, and scalable.
Thin ﬁlm encapsulation has frequently been adopted for
generating ﬂexible transparent barriers. Barrier materials with
0957-4484/18/125705+09$33.00
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Cu foil at 1000 °C for 30 min. The CVD chamber was then
cooled to room temperature with 300 sccm of Ar and 10 sccm
of H2 for 2 h.
Following the growth of graphene, 2LG was fabricated
on a target substrate by dry transfer using a dispersive
adhesion medium and a hot roller. A polyethylene terephthalate (PET) with a silicone adhesive layer was used as
the dispersive adhesion medium to support the single-layer
graphene during etching of the copper foil. The PET/silicone
ﬁlm was attached to the graphene-grown Cu foil using the
roll-to-roll transfer machine under a nip force per unit width
of 22.05 N mm−1 and a roller speed of 500 mm min−1. The
Cu foil was etched by a 0.1 M ammonium persulfate
((NH4)2S2O8, Sigma-Aldrich) solution containing 5 mM
imidazole (C3H4N2, Sigma-Aldrich) and 50 mM sulfuric acid
(H2SO4, Sigam-Alrdich). The PET/silicone/graphene was
rinsed with deionized water for 30 min and dried. The PET/
silicone/graphene and the 25 μm thick polyimide substrate
were inserted between heated rollers (95 °C) under a nip force
per unit width of 2.45 N mm−1 and a roller speed of
250 mm min−1, to enable the transfer of single-layer graphene
on the polyimide substrate. The above roll-to-roll transfer
process was repeated to fabricate 2LG.

owing to the formation of cracks. An inorganic indium zinc
oxide (IZO)/SiOx/Al2O3 multilayer exhibited barrier performance up to a bending radius of 35 mm (the corresponding
tensile strain is ∼0.27%) [12]. An inorganic/organic hybrid
structure is known to be better than a single inorganic layer
regarding barrier performance under mechanical deformation
[13]. However, the commercial application of such barriers to
ﬂexible displays has been limited because of the complicated
manufacturing process and low resistance to strain [12, 14].
Graphene has become a popular option for use as a
ﬂexible transparent ﬁlm because of its high speciﬁc surface
area, ﬂexibility, and optical transparency [15–21]. Defect-free
monolayer graphene is known to be impermeable to all gases
and liquids, and the hydrophobic surface of graphene prevents
the permeation of water vapor [18, 22, 23]. As a result, graphene and its derivatives, including graphene/polymer
nanocomposites, graphene oxide, and graphene nanosheets,
have been investigated for use as ﬂexible transparent barrier
ﬁlms [16, 24–26]. Among these, chemical vapor-deposited
(CVD) graphene is considered to be the most prospective
barrier ﬁlm because it does not require an additional process
for homogeneous mixing in polymer matrices and additionally, it can also be formed as a multilayered structure with
scalability [27]. Furthermore, several works on CVD graphene have demonstrated the possibility of using it as a
graphene-based barrier [15, 28–30]. Until now, the properties
of CVD graphene barriers are still inferior to those of inorganic materials, and their polymethyl methacrylate(PMMA)based transfer method suffers from poor scalability and
polymeric residue.
In this study, we propose a stretchable and transparent
moisture barrier for stretchable or foldable display applications. This barrier was developed by inserting a dry-transferred double-layer graphene (2LG) between an inorganic
layer and a polyimide ﬁlm, which are common materials for
foldable OLED displays. The polyimide ﬁlm is commonly
used as a substrate of display panels due to its high heat
resistance. The 2LG was fabricated using a roll-to-roll drytransfer technology to demonstrate its scalability. The behaviors of crack generation and evolution in alumina layers with
and without 2LG were characterized using in situ tensile tests.
The crack densities on the alumina layers were drastically
reduced through the insertion of 2LG. The effect of the 2LG
on the WVTR of the barrier was quantitatively characterized
with respect to the applied strain.

2.2. Deposition of Al2O3 on 2LG/polyimide

The polyimide substrate and 2LG/polyimide structure were
loaded into a thermal ALD chamber (S200, Savannah). The
chamber was then evacuated to ∼0.1 Torr under a 20 sccm N2
ﬂow. The deposition was carried out at 70 °C using trimethylaluminum (Al(CH3)3, TMA, Aldrich) and H2O as
precursors. ALD was set in the exposure mode to ensure
uniform deposition of Al2O3. For each ALD cycle, the H2O
pulse was 0.1 s in duration, followed by a 20 s exposure, and
30 s purging time; followed by, 0.015 s in duration, 20 s
exposure, and 30 s purging time for the TMA pulse. We also
included Si pieces as reference samples to estimate the growth
rate of Al2O3.
2.3. Tensile test with in situ optical microscopy measurements

The barrier samples were cut into rectangular strips of 3 mm
widths and gage lengths of 15 mm for tensile tests. In situ
optical microscopic observations were carried out during the
uniaxial tensile tests to study generation and propagation of
crack and buckling delamination of the Al2O3 layers. This
enabled the quantitative measurement of the cracks and
buckling delaminations at a variety of applied strain without
release of the strain. Densities of crack and buckling delamination were deﬁned as the total length of cracks and
buckling delamination per unit area [31, 32]. The adopted
microscopic system had a working distance of 19 mm and
20X magniﬁcation.

2. Experimental details
2.1. Growth and transfer of graphene onto the polyimide
substrate

Monolayer graphene was synthesized on a Cu foil by a CVD
process. A 35 μm thick Cu foil was used as a catalysis for
graphene synthesis, and was preheated at 400 °C for 30 min
with 300 sccm of Ar and 10 sccm of H2 at 640 mTorr. A
precursor gas of methane (CH4) was introduced with a ﬂow
rate of 15 sccm at 1000 °C for 30 min after annealing of the

2.4. WVTR measurement before and after the tensile test

WVTR was measured using the water vapor transmission
testing system (Permatran_W3/33, Mocon, Inc.). The samples were measured at 37.8 °C at 90% RH with 1 cm2 active
2
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Figure 1. (a) Schematics showing sample preparation procedure with a photograph of roll-to-roll transfer machine used for graphene transfer.

(b) Transmittances of PI, Al2O3/PI, 2LG/PI, and Al2O3/2LG/PI. (c) WVTR values of PI, Al2O3/PI, 2LG/PI and Al2O3/2LG/PI at 38 °C
and 90% relative humidity.

sample area. The nitrogen ﬂow rate was set as 10 sccm.
WVTR values were measured after the WVTR change has
been stabilized and saturated. The number of measurement
cycles was set as more than 30 according to the recommended
procedure of Mocon Incorporation.

transfer machine. The custom-made roll-to-roll transfer
machine is equipped with a force and temperature control to
reduce mechanical damage during the transfer of graphene as
described in [33]. Stacked 2LG with negligible polymer
residue on a ﬂexible substrate using dispersive adhesion and a
hot roller is demonstrated during this preparation phase. For
obtaining the Al2O3/2LG barrier, the Al2O3 layer was
deposited using atomic layer deposition (ALD) at 70 °C on
the transferred 2LG. The Al2O3 nucleated around the wrinkles
and point defects of the CVD graphene at the initial stage of
deposition; the nuclei grew larger and coalesced with the
adjacent nuclei to form a continuous ﬁlm with the increase of
the ALD cycle [34, 35]. Regarding the fabrication of the
Al2O3 barrier, an Al2O3 layer was directly deposited on the PI
substrate using ALD to produce a conformal inorganic

3. Results and discussion
3.1. Preparation and characterization of barrier films

Figure 1(a) shows a schematic diagram of the sample preparation procedure and a photograph of the roll-to-roll transfer
machine. To obtain the 2LG, a single-layer CVD graphene
was transferred twice onto a PI substrate using the roll-to-roll
3
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34.44 (±2.6) g m−2 d−1, the WVTR values of 2LG/PI,
Al2O3/PI, and Al2O3/2LG/PI were 21.38 (±8.9), 7.50 × 10−1
(±5.0×10−2), and 3.85 × 10−1 (±2.3× 10−1) g m−2 d−1,
respectively. The results show that the barrier property was
considerably improved by the deposition of the Al2O3 layer,
and that the 2LG also functioned as a barrier layer.
To evaluate the barrier property of 2LG, Al2O3 and
Al2O3/2LG, the barrier improvement factor (BIF), which
expresses the barrier performance of the laminated structure,
was estimated. The BIF is deﬁned as the ratio between the
WVTR value of the unlaminated barrier ﬁlm to that of the
laminate structure [39]. BIFs of the 2LG, Al2O3, and
Al2O3/2LG were 1.61, 45.92, and 89.45, respectively (ﬁgure
S3(a)). The BIF of Al2O3/2LG was 1.9 times larger than that
of Al2O3. The BIFs of 2LG and Al2O3/2LG were compared
with those of other graphene barriers [15, 28, 29] according to
the number of graphene layers (ﬁgure S3(b)). The BIF of 2LG
was similar to that of the 2LG transferred using the conventional PMMA transfer method [15, 28]. The BIF of
Al2O3/2LG was noticeably larger than that of any graphenebased barrier, including 6-layer graphene reported in other
works reviewed in this study.

coating [7]. The thickness of the Al2O3 layer was measured to
be 47 nm by using the ellipsometry measurement method.
Atomic force microscopy (AFM) was used to identify the
surface morphology of the barriers (ﬁgure S1 is available online
at stacks.iop.org/NANO/29/125705/mmedia). The surface of
an untreated PI substrate shows a root mean square roughness of
0.28±0.08 nm. When the Al2O3 layer was deposited directly
onto the PI surface, a granular-like surface was formed (surface
roughness: 0.54±0.08 nm). Because the transferred CVD
graphene was generally accompanied with wrinkles and defects
[34], the roughness increased further to 0.95±0.34 nm through
the transfer of a 2LG onto the PI. The AFM image of
Al2O3/2LG/PI shows that the alumina layer is deposited along
the morphology of the transferred graphene (surface roughness:
1.21±0.56 nm).
The transmittances of the barriers are shown in
ﬁgure 1(b). Given that a value of 550 nm is a peak wavelength of visible light, the transmittance of visible light was
measured at this wavelength. The transmittance of PI and
Al2O3/PI are 87.6 and 90.7%, respectively; the transmittance
increased after the deposition of the Al2O3 layer. Because the
Al2O3 layer is characterized by a lower refractive index than
the PI substrate, it functioned as an antireﬂection coating [36].
The 2LG/PI and Al2O3/2LG/PI ﬁlms showed corresponding
transmittances of 82.9 and 85.8%, respectively. The results
indicate that the transmittance of 2LG decreases only by
∼4.7%, which is in good agreement with previous
results [37, 38].
Water is thousand times more detrimental for OLEDs
compared to oxygen at room temperature [14]; therefore, a low
WVTR is necessary for reliable organic electronics. In the case
of multilayer graphene, polymer residue between the graphene
layers increases the WVTR values by functioning as spacers
between the graphene layers, which would accelerate water
diffusion [15, 30]. Therefore, PET/silicone was adopted to
transfer single-layer graphene. Because the PET/silicone ﬁlm
uses dispersive adhesion, polymer residue does not remain on
the transferred graphene, unlike thermal release tape (TRT)
with foaming agents which results in a lot of polymeric residues. AFM investigation was performed to verify the polymer
residue on the transferred graphene. Residues on graphene
could be scratched using an AFM tip during contact mode
scanning because the residues have low mechanical and
adhesion strengths with graphene. Contact mode scanning was
performed to scratch residues on the graphene on a
1 μm×1 μm area with a contact force of 10 nN. Subsequently, the surface topography of the area, including the
scratched area, was obtained using the non-contact mode
(ﬁgure S2). In the case of graphene transferred by PET/silicone, there is no difference in the height between the scratched
and the non-scratched areas. However, graphene transferred
using TRT shows a height difference of 1.51 nm. Thus, there is
negligible polymer residue on graphene transferred using PET/
silicone in contrast to that transferred via TRT.
WVTR values of the different barriers are shown in
ﬁgure 1(c). When the WVTR value of the bare PI ﬁlm was

3.2. Tensile tests with in situ optical microscopic observations

Because stretchable barriers are often exposed to mechanical
deformations during their manufacturing and operation periods, it is crucial to consider deformation-induced defects on
the barrier ﬁlms, such as cracks, delamination, and wrinkles.
A composite layer of Al2O3 and single-layer graphene has
been proposed as a ﬂexible barrier up to a bending strain of
approximately 0.89% [40]. For the development of a
stretchable barrier, deformation-induced defects on the barrier
should be kept low under a wider range of mechanical strains.
The oxide barrier coating on polymer substrates represents
brittle ﬁlms on deformable substrates. Cracking of a brittle ﬁlm
on a ductile substrate has been primarily studied using the
shear lag analysis [41, 42]. This shear lag model describes the
stress transfer between two layers via an interfacial shear stress.
When a tensile strain is applied to a substrate with a thin ﬁlm
on it, interfacial shear stress occurs between the thin ﬁlm and
the substrate, and as such, the thin ﬁlm experiences tensile
strain due to the shear stress. When the tensile stress exceeds
the tensile strength of the thin ﬁlm, a crack occurs. In our
previous research, we conﬁrmed that the crack density of
indium tin oxide (ITO) decreased via the reduction of interfacial shear stress owing to interlayer sliding of multilayer
graphene. Furthermore, we described the sliding behavior of
the multilayer graphene using the shear lag model [43].
Despite the decrease of the interfacial shear stress as the
number of graphene layer increases, there are disadvantages such
as the reduction of transmittance and increase in cost. In addition,
from experimental results, the effect of a tri-layer graphene on the
crack density of a barrier material was similar to that of a 2LG.
Figures S4(a) and (b) show the crack densities and WVTR values
for Al2O3/1LG/PI, Al2O3/2LG/PI and Al2O3/3LG/PI as a
function of strain, respectively. The difference in the crack
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Figure 2. (a) Optical microscopy images of the Al2O3/PI and Al2O3/2LG/PI layers under tensile strains of 1%, 2% and 3%. Scale bar is
20 μm. (b) Cracks densities of Al2O3/PI and Al2O3/2LG/PI, with respect to the applied tensile strain.

density of Al2O3/3LG/PI and Al2O3/2LG/PI caused by tensile
deformation was not signiﬁcant. However, the crack density of
Al2O3/1LG/PI was much higher than that of Al2O3/2LG/PI
because Al2O3/1LG/PI has no interlayer sliding of graphene
layers. With regards to crack density, the WVTR of
Al2O3/2LG/PI was lower than that of Al2O3/1LG/PI, and it
was the same or slightly higher than that of Al2O3/3LG/PI.
Therefore, a 2LG that is the smallest layer of a multilayer graphene was utilized as a strain relaxer between the barrier material
and the polymeric substrate.
Tensile tests of Al2O3/PI with and without 2LG were
carried out to quantitatively investigate cracks under the
controlled mechanical strain. Figure 2(a) shows the optical
microscopy images of the two types of barriers with 1%, 2%,
and 3% strains. In both cases, cracks appeared in the form of
straight lines perpendicular to the direction of the tensile load.
At the initial stage of loading, some cracks were generated
with a wide inter-spacing distance. When the applied strain

was increased, more cracks were generated between the
existing cracks and the width of the generated cracks
widened. The crack density of Al2O3/2LG/PI was lower than
that of Al2O3/PI under the same strain. In the case of
Al2O3/2LG/PI, buckling delamination activated by transverse compression induced by Poisson’s effect was observed.
Figure S5 shows the AFM image of Al2O3/2LG/PI after
tensile deformation, which exhibits the buckling delamination
of the barriers.
The densities of the crack were measured as a function of
the applied strain by analyzing the optical microscopy images
obtained in situ during the tests [31, 32]. As shown in
ﬁgure 2(b), the crack density of Al2O3/PI increases rapidly
with an increase of the strain. However, the crack density of
Al2O3/2LG/PI is signiﬁcantly lower than that of the
Al2O3/PI for a given strain, and the crack density of
Al2O3/2LG/PI saturates above a strain of 2%, accompanied
by an increase of the crack width.

5
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The lower crack density of Al2O3/2LG/PI implies a
decreased transfer of strain from the PI substrate to the Al2O3
layer. The reason for this decreased strain transfer in the
multilayer structure is the interlayer sliding of the structure.
This sliding mostly occurs at the interfaces characterized by
the lowest adhesion between the adjacent layers. Figure S6(a)
shows a schematic representation of the detachment of the
Al2O3 from Al2O3/2LG/PI after the tensile test. To compare
the interlayer adhesion in the Al2O3/2LG/PI, a surface analysis was performed on the delaminated Al2O3 and the residual surface. Figure S6(b) shows the Raman spectra of bare
tape and the delaminated Al2O3. The G and 2D peaks from
the Raman shift plot indicate the presence of graphene on the
delaminated Al2O3, thus conﬁrming that the delaminated
Al2O3 consists of Al2O3 and graphene. For the residual surface, AFM analysis was performed because Raman spectral
analysis was not efﬁcient due to the background signal of the
PI substrate. Figures S6(c) and (d) show the topographies and
normalized frictional forces, respectively, of the residual
surface and the bare PI substrate. The residual surface contains considerable wrinkles and has a lower frictional force
than that of the bare PI substrate. As the frictional force of the
PI substrate decreases after the transfer of graphene onto its
surface, the low friction implies that graphene remained on
the PI substrate. From these analyses, it is concluded that the
adhesion between the upper and lower graphene was weaker
than that of the other two interfaces and the decrease of strain
transfer is mainly due to the sliding of the graphene interlayers. Interlayer sliding occurs easily in artiﬁcially stacked
multilayer graphene, owing to weak adhesion between the
graphene layers [43, 44].

under the same strains. In the case of Al2O3/PI, the WVTR
and crack density increases rapidly with the applied strain.
However, in the case of Al2O3/2LG/PI, the WVTR increases
with increasing crack density up to a strain of 2%, and after
that, the WVTR continues to increase despite barely any
noticeable incremental change in the crack density.
In addition, to conﬁrm the effect of 2LG under repeated
loadings, the crack densities and WVTR values after performing the cyclic tests were measured. The cyclic tests were
conducted under strain control at a frequency of 1 Hz. A mean
strain of 2.5% and a strain amplitude of 0.5% were chosen by
considering the elastic region of the PI substrate. The WVTR
values and the crack densities were normalized by dividing
the WVTR value and the crack density of Al2O3/2LG/PI
after 1 cycle to conﬁrm a stability under cyclic loading.
Figure S7 shows the normalized WVTR values and crack
densities of Al2O3/2LG/PI with respect to the number of
loading cycles. The normalized values of Al2O3/2LG/PI
remained close to 1 up to 10 000 cycles, demonstrating a high
cyclic stability.
Figure 3(b) shows the relationship between the WVTR
and crack density. The range of tensile strain is from 0% to
3%. Because permeation is dependent linearly on the defect
radius (or the perimeter) instead of the area of defect, the
WVTR of the whole barrier is linearly proportional to the
multiplication of the mean radius and defect density [49].
Crack, is a type of defect, also deteriorates barrier characteristics, and the WVTR is strongly associated with crack
density [50]. Therefore, the relation between the WVTR and
crack density was assumed to be linear. In the case of
Al2O3/2LG/PI, along with the impact of crack density, the
effects of buckling delamination and graphene barrier were
combined. Therefore, the sections before and after the buckling delamination occurred were divided and the relationships
between the WVTR and crack density were obtained. In
general, the WVTR of the Al2O3/PI increased rapidly with
high crack densities, while that of Al2O3/2LG/PI was low
with low crack densities. In the case of Al2O3/PI, the WVTR
increased with a slope of 0.13 as the strain increased. However, for Al2O3/2LG/PI, the slope was as low as 0.02 and
increased after the buckling delamination occurred.
Before the buckling delamination, the WVTR of
Al2O3/2LG/PI increased with a much lower slope than that
of Al2O3/PI. Moreover, Al2O3/2LG/PI still had a lower
WVTR after the buckling delamination occurred. To investigate the reason for this, the Al2O3/2LG/PI ﬁlms were
observed using SEM after the tensile test. The SEM images
shown in ﬁgure 3(c) reveal that the graphene layer is exposed
both in the cracked and buckling delamination areas. This
implies that the graphene layer that was exposed after the
crack and buckling delamination of the Al2O3 layer still acted
as a barrier layer.
Figure 4 shows the schematics of the two barrier structures under tensile deformation. In the case of Al2O3/PI, the
crack density in the Al2O3 layer grows fast with the
increasing tensile strain, and as a result, the WVTR increases

3.3. WVTR measurements after tensile deformation

The WVTR of a barrier ﬁlm can be much higher than the
intrinsic WVTR of the barrier material when the barrier ﬁlm
has pinholes and macroscopic defects because such defects
act as accelerated gas diffusion paths [5, 9, 45]. It was
observed that few large defects contributed most of the permeation [46]. To investigate the effect of 2LG on barrier
property under tensile deformation, WVTR measurements
were performed on Al2O3/PI and Al2O3/2LG/PI after the
tensile tests, up to a tensile strain of 3%. The strain range was
selected because the plastic deformation of polyimide ﬁlms
began to occur between a strain of 2% and 3% [47, 48]. The
samples used were 20 mm wide rectangular strips with a gage
length of 90 mm to allow both tensile tests and WVTR
measurements. Figure 3(a) shows the WVTR and the crack
density of Al2O3/PI and Al2O3/2LG/PI after tensile deformation. Each data was obtained by repeating the test at least
three times. Overall, the WVTR increases with increasing
strain in both barriers. The WVTR of Al2O3/2LG/PI is much
lower than that of Al2O3/PI, by a factor of three, after
deformation of the same strain. In accordance with the results
of the WVTR measurements, the crack density of
Al2O3/2LG/PI is also much lower than that of Al2O3/PI

6
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Figure 3. (a) WVTR values and crack densities of Al2O3/PI and Al2O3/2LG/PI after tensile deformation. (b) WVTR values according to the
crack densities of Al2O3/PI and Al2O3/2LG/PI. The range of the tensile strain is from 0% to 3%. (c) Schematic and SEM images of the
Al2O3/2LG/PI after the tensile test. A is the cracked area and B is the exposed area after buckling delamination. SEM images of A and B
show that graphene layer is exposed both in the cracked and buckling delamination areas.

Figure 4. Schematic representation of the proposed mechanism for water vapor diffusion through Al2O3/PI and Al2O3/2LG/PI after tensile
deformation.

4. Conclusions

rapidly. This is because the bare PI substrate is exposed where
the cracks of the Al2O3 layer are generated. In the case of
Al2O3/2LG/PI, the crack density becomes much lower than
that of Al2O3/PI owing to the decreased strain transfer due to
the sliding of the graphene layers. Moreover, the graphene
layer that remains on the crack and buckling delamination
areas act as the barrier layer for water vapors.

A transparent and stretchable moisture barrier was developed
by inserting dry transferred 2LG between an Al2O3 layer and
a polyimide ﬁlm. The Al2O3/2LG/PI ﬁlm showed a much
lower crack density than that of its Al2O3/PI counterpart
under tensile deformation. The WVTR of the Al2O3/2LG/PI
7
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ﬁlm was measured to be three times lower than that of
Al2O3/PI after a tensile deformation of 2%. It was found that
strain transfer between Al2O3 and PI was greatly reduced
through the insertion of 2LG, and that graphene under the
alumina functioned as a hydrophobic barrier for moisture
diffusion. This study has therefore conﬁrmed that the dry
transferred 2LG can be used for enhancing the stretchability
of inorganic barriers, which is a scalable and promising
solution for stretchable and transparent moisture barrier for
stretchable and foldable OLED displays.
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