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ABSTRACT Preventing reactive gas species such as oxygen or
water is important to ensure the stability and durability of organic
electronics. Although inorganic materials have been predominantly
employed as the protective layers, their poor mechanical property has

hindered the practical application to flexible electronics. The densely

packed hexagonal lattice of carbon atoms in graphene does not allow

the transmission of small gas molecules. In addition, its outstanding
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mechanical flexibility and optical transmittance are expected to be useful to overcome the current mechanical limit of the inorganic materials. In this

paper, we reported the measurement of the water vapor transmission rate (WVTR) through the 6-layer 10 % 10 cm? large-area graphene films synthesized

by chemical vapor deposition (CVD). The WVTR was measured to be as low as 10~* g/m’- day initially, and stabilized at ~0.48 g/m”-day, which

corresponds to 7 times reduction in WVTR compared to bare polymer substrates. We also showed that the graphene-passivated organic field-effect

transistors (OFETs) exhibited excellent environmental stability as well as a prolonged lifetime even after 500 bending cycles with strain of 2.3%. We expect

that our results would be a good reference showing the graphene's potential as gas barriers for organic electronics.
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raphene, an atomically thin two-
Gdimensional carbon allotrope with

hexagonal lattice structures, has been
intensively studied in recent years owing to
its outstanding electrical,"* mechanical,**
and chemical properties®” In particular,
graphene has received much attention as a
promising barrier material not only because
of its densely packed structure that does not
allow the transmission of gases or liquids®~"”
but also because of outstanding optical trans-
parency and mechanical flexibility. This is
particularly important for flexible organic
field-effect transistors (OFETs),'®~2" as the per-
formance of organic materials considerably
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degrades in the presence of water or oxygen
molecules from ambient air.>2~2* Inorganic
materials such as silicone oxides (SiOx) and
aluminum oxides (Al,O3) have been pre-
dominantly employed as the gas barrier
films.2>~%” However, the complicated fabrica-
tion processes as well as the poor mechanical
flexibility of these materials have hindered
the practical application to flexible electronic
devices.®?° In this regard, the excellent gas-
impermeability, flexibility, and transmittance
of graphene films3° are expected to be useful
for more reliable and durable operation of
organic devices. Recently, Lange et al. have
discovered the impermeable characteristics
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of mechanically exfoliated graphene,®’ and Liu et al.

have successfully demonstrated the application of
large-area graphene films to gas-impermeable top
electrodes covering organic photovoltaic devices."'
However, the impermeability of large-area graphene
has not been directly evidenced by measuring the
water vapor transmission rate (WVTR), although it is a
standard parameter showing the performance of gas-
impermeability.

Here, we directly evaluated the gas barrier perfor-
mance of large-area graphene films (10 x 10 cm?)
synthesized by chemical vapor deposition (CVD) by
measuring the WVTR. The WVTR value of 6-layer gra-
phene on PET films was as low as 10™* g/m?- day for
the first few hours. However, it was gradually increased
and stabilized at 0.48 g/m?-day, which is 7 times lower
than bare PET films. The graphene-passivated OFETs
exhibit excellent environmental stability as well as a
prolonged lifetime compared to the nonpassivated
devices even after 500 bending cycles with strain
of 2.3%.

RESULTS AND DISCUSSION

We synthesized large-area graphene using a typical
CVD method using 35-um-thick Cu foils with flowing
35 sccm methane and 5 sccm hydrogen gases at
1000 °C? followed by coating with poly(methyl-
methacrylate) (PMMA) and transfer to PET films. After
the removal of PMMA with acetone, considerable
amount of PMMA residues remains on graphene
surface, which disturbs the close contact between
multitransferred graphene layers. Therefore, the PMMA-
assisted transfer steps need to be minimized for less
polymer residues and for better performance of gra-
phene gas barrier films. Figure 1 shows the difference
between a single PMMA coating/removal step (upper)
and multiple PMMA coating/removal steps (lower). In
the case of conventional transfer processes that in-
cludes multiple PMMA coating/removal steps, PMMA/
graphene is transferred onto target substrate such

Cu removal
by etchant

PMMA

Graphene on Cu
Transfer on PET
& PMMA removal
by acetone

Grapﬁene
on PET

Multiple transfer

as PET, and then PMMA is removed in acetone. Thus,
repetition of PMMA coating/removal steps is needed to
obtain multiple stacked graphene. However, in case of
single PMMA coating/removal step, PMMA/graphene is
directly transferred onto graphene/Cu foil (G/Cu). After
etching Cu foil and transferring on G/Cu several times,
multiple stacked graphene can be obtained without
polymer residue, with only single PMMA removal step.
Thus, we used a graphene transfer method that re-
quires only one time use of the PMMA layer as shown in
Figure 1.3

In the multiple PMMA coating/removal steps, the
greater amount of polymer residues remained on
graphene compared to the case of using a single PMMA
coating/removal step, as evidenced by atomic force
microscopy (AFM) and scanning electron microscopy
(SEM) images (Figure 2a—d). As a result, the WVTR of the
single-PMMA-coated graphene films decreased from
2.22 to 0.94 g/m?-day, indicating that minimizing the
gap between graphene layers efficiently blocks the
penetrating passage of water and oxygen molecules.
It should be noted that the graphene barrier films
initially showed WVTR as low as 10~* g/m?-day, but
the WVTR value gradually increased with time possibly
due to the horizontal diffusion of water molecules
between the graphene layers (Supporting Information
Figure S1). All the WVTR values in the manuscript were
measured after the WVTR change has been stabilized
and saturated.

The WVTR of monolayer graphene on a PET film
(3.11 g/m?-day) does not much differ from that of
a bare PET film (3.28 g/m?-day) because of defects
or tears formed during growth and transfer steps
(Supporting Information Figure S2a,b). However, the
WVTR considerably decreased by adding another layer
of graphene on top (Figure 2f), as the additional layer
can patch the defects on the previous graphene layer
(Supporting Information Figure S2c). The WVTR of the
6-layer graphene film prepared on a PET substrate was
measured to be of 0.48 g/m?- day, which is 7-fold lower

Cu removal
diass by etchant

graphene on PET

Multiple-stacked
~ . graphene on PET £

Figure 1. A schematic representation showing the multiple graphene transfer processes that use only a single PMMA removal

step (upper) and multiple PMMA removal steps (lower).
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Figure 2. (a—d) AFM and SEM images of multilayer graphene transferred by the single PMMA removal step (a and b) and the
multiple PMMA removal step (c and d). Scale bars, 1 um. (e) WVTR values of 4-layer graphene transferred by the multiple/
single use of PMMA coating. (f) WVTR values of graphene transferred on a PET film with respect to increasing number of
graphene layers at 23 °C and 100% relative humidity.

100
(a) osf (b)
~ 96} \ ~ 9
E o4 '\_ £
8 o 8 90
5 \ & 85p"
= 90t =] e
< = /, ——2 Layers
a 88 \ @ 80 r/ —i tayers
——4 Layers
© 86| o 75+ ——5 Layers
L 84} = 6 Layers

0 1 1 1 1 1 1
400 500 600 700 800 900 1000

Number of layers Wavelength (nm)

Figure 3. (a and b) Optical transmittance and UV—vis spectra of graphene films on PET films with increasing number of
graphene layers, respectively.
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Figure 4. XPS spectra of (a) bare Cu foil and (b) Cu foil with graphene film after air oxidation (Cu 2p3/,, 932.6 eV; Cu 2p, 5,

952.4 eV; Cu,0, 932.4 and 952.4 eV; CuO, 933.6 and 953.4 eV; Cu(OH),, 934.3 and 954.5 eV) after two months under ambient
pressure and room temperature. Scale bars, 2 yum.

than that of a bare PET film. It should be noted that the
6-layer graphene exhibits an excellent optical trans-
mittance as high as 85% at a wavelength of 550 nm
(Figure 3), which is of great importance for the barrier
application to various optoelectronic applications.

As mentioned earlier, graphene can act as antiox-
idation layer because of its densely packed structure
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that does not allow the transmission of gases or liquids.
We carried out other research on a long-term corrosion
protection. As-grown graphene on Cu surface exposed
to ambient conditions showed no significant change
for more than 2 months, while the bare Cu surface
is readily oxidized (Figure 4).3* XPS spectra of Cu foil
with graphene indicate two sharp peaks related to
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Figure 5. (a—c) AFM topographs and XPS spectra of bare pentacene, oxidized pentacene with graphene, and oxidized
pentacene without graphene, respectively. Scale bars, 400 nm. The oxidation was carried out by using UV/ozone treatment
for 1 h. The AFM profiles of pentacene on SiO,/Si along the red line clearly shows the degradation of pentacene film by
oxidation. The XPS analyses of the C 1s core level bands show that the oxygen related peaks appear as oxidation proceeds.

Cu (Cu 2ps/,, 932.6 €V; Cu 2p;., 952.4 eV), whereas
those of bare Cu foil show the broad peaks correspond-
ing to copper oxide (Cu,0, 932.4 and 952.4 eV; CuO,
933.6 and 953.4 eV; Cu(OH),, 9343 and 954.5 eV).
Therefore, these results suggest that graphene films
can defend metals against environment oxidants.

To meet the demands of the growing interest in
flexible electronics, organic semiconductors have
been intensively studied as emerging materials due to
high field-effect mobility and outstanding on—off ratio.
Among them, pentacene is a widely used p-type organic
semiconductor;**** however, its electrical properties,
morphology, and chemical states are significantly de-
graded in the presence of water or oxygen species from
ambient air.3%*” Thus, we investigated the barrier effects
of our multistacked graphene by the use of practical
pentacene—FET devices on flexible substrates.?® Stabi-
lity tests under harsh oxygen-rich conditions were con-
ducted by applying UV/ozone treatment (4 = 254 nm)
to the pentacene films. The AFM image shows the
typical three-dimensional pyramidal structure of a
bare pentacene film on a SiO, substrate (Figure 5a). As
the UV/ozone treatment proceeds, the continuous penta-
cene film changed to spherical particles and then gradu-
ally disappeared (Supporting Information Figure S3).

The AFM images, line profiles, and XPS spectra of a
pentacene film on a SiO,/Si substrate in Figure 5 clearly
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show the difference between UV/ozone-treated pen-
tacene films with and without protecting graphene
films. The morphology of the pentacene without pro-
tecting graphene became very rough after oxidation.
The XPS spectra also indicate that the pentacene
unprotected by graphene is easily oxidized while the
graphene barrier layer prevents the pentacene from
oxidation that leads to the degradation of its semicon-
ducting property. We suppose that a new peak arising
at 289 eV (O=C-0), including two conspicuous peaks
of bare pentacene films, one strong peak centered at
284.5 eV (C=C) and a sub-band centered at 285.7 eV
(C—Q), in Figure 5b result from PMMA residues on top
of the protecting graphene layer and the appearance
of the oxygen-containing groups on the graphene
surface; thus, the underlying pentacene is still safe
from the harsh oxidation condition (AFM image in
Figure 5b). As shown in Figure 5c, the new peaks
corresponding to C—C, O=C—0, and 287.6 eV (C=0)
groups reveal that the pentacene film without a
graphene barrier has been heavily oxidized,?* which
is also in good agreement with a previous report that
showed the deformed surface morphology of oxidized
pentacene films after UV irradiation in the presence of
oxygen species (Supporting Information Figure S3).
The barrier robustness of the graphene films
was further verified by applying these to OFETs.
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Figure 6. (a) Time-dependent /"2

vs Vg characteristics of the bare OFETs (left) and an OFET passivated with PMMA/graphene

(right). (b) Time-dependent relative field-effect mobilities of bare pentacene, pentacene with PMMA, and pentacene with
PMMA/graphene films. Bending cycle tests: (c) Ip vs Vg transfer characteristics and the Ip'’? versus V¢ characteristics of a
passivated OFET prepared with PMMA/6-layer graphene. (d) Field-effect mobility and on—off ratio of a passivated OFET
prepared with PMMA/6-layer graphene. All the electrical measurements were performed using the reversed transfer method

at 25 °C under 60% relative humidity.

The field-effect mobilities of the OFETs were obtained
from the slope of a plot of the square root of the drain
current (Ip) versus the gate voltage (Vg) in the satura-
tion current region using the following equation:

WG
Ib = (Z—L')M(VG — Vin)?

where Ip is the drain current, C; is the capacitance per
unit area of the dielectric, and W and L are the channel
width and length, respectively. In case of direct contact
between graphene and pentacene, the pentacene of
the channel region can be seriously damaged due to
the overflow of charges through graphene (Supporting
Information Figure S5¢). To avoid this problem induced
by the conductivity of graphene barrier layers, the
PMMA side of the PMMA/graphene film needs to be in
contact with the pentacene layer, which can be accom-
plished by a reversed transfer method as depicted in
Supporting Information Figure 54.3 PMMA as a dielec-
tric layer can block vertical overflow through the gra-
phene layer.3® We fabricated a device with a structure
containing polyarylate (PAR)/AI/Al,Os/Au/pentacene/
PMMA/graphene (a mobility of ~0.5 cm?-V~'-s™" in
Supporting Information Figure S5a). Figure 6 shows the
characteristics of OFET as time passed and bending
stability, respectively. The devices were kept in a 60 °C
and 60% relative humidity conditioned chamber.
The Ip""? versus Vg and relative mobility of graphene-
passivated OFETs changed much less than the un-
passivated OFETs with the elapse of time (Figure 6a,b).
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Figure 7. Relative WVTR values with increasing bending
cycles, where WVTR, and WVTR,, denote the WVTR values
before and after bending, respectively.

We also evaluated the stability of the graphene
passivation layer by monitoring the OFET performance
with respect to cyclic bending at ~2.3% strain, result-
ing in only ~30% degradation in mobility (from 0.51 &
0.04 to 035 + 0.09 cm?-V'-s") but considerable
enhancement in on/off ratios (Figure 6¢,d). This result
well matches with the stable WVTR values of bended
graphene/PET films (Figure 7). The WVTR of the PET
after 500-cycle bending test increased by a factor
of 10 compared to PET prior to bending, whereas
the barrier properties of graphene/PET films were
gradually stabilized with bending cycles. We suppose
that the poor off-current problem in graphene-
passivated OFETs can be removed if wrinkles and
voids that are unfavorable for the dielectric property

A NTAR S
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of PMMA/graphene layers disappear with cyclic bend-
ing. We further infer that graphene is a very effective
barrier film regardless of the number of bending cycles.

CONCLUSIONS

In summary, we have successfully measured the
WVTR of large-area graphene films grown by CVD,
which is as low as 0.48 g/m?-day corresponding to
a 7-fold improvement compared to a bare PET film.
The AFM images and XPS spectra revealed that the

EXPERIMENTAL SECTION

Sample Preparation. Monolayer graphene was grown on a Cu
foil in a quartz tube using CVD methods. The Cu foil was heated
at 1000 °C for 1 h under a 5 sccm H, flow, and then 35 sccm CH,
was inserted to permit graphene growth over 30 min. Finally,
the furnace was rapidly cooled to room temperature under a H,
flow. To protect the graphene, the PMMA solution was applied
onto the graphene/Cu foil using a spin-coater. The Cu foil was
etched away using 0.05 M ammonium persulfate over 7 h.
The floating graphene layer and the PMMA support film were
transferred onto the target substrate.

A 50 nm-thick Al layer was deposited onto a PAR substrate
to form a gate electrode. Subsequently, a 100 nm-thick Al,03
layer was coated as a gate insulator using a plasma enhanced
atomic layer deposition (PEALD) process. During the PEALD
process, trimethylaluminum (TMA) and oxygen (O,) gases were
used as the sources of Al and O, respectively. The PEALD process
is described in detail elsewhere.”® A 30 nm layer of a cyclic
olefin copolymer (Polyscience Co.) was spin-coated to provide
a bilayer gate dielectric layer. The samples were then heated
on a 120 °C hot plate for 30 min to remove residual solvent.
Subsequently, a 50 nm-thick pentacene film was deposited
onto the dielectric layer by means of organic molecular beam
deposition under high vacuum (i.e., 1077 Torr) at a rate of 0.2 A/s
through a shadow mask. The top-contact geometry was pre-
pared by thermally evaporating gold source/drain electrodes
through a shadow mask onto the pentacene layer (5 A/s under
10-° Torr). The channel length (L) and width (W) of the shadow
mask used for the gold deposition step were fixed at 100 and
1500 um, respectively.

Characterization. The transmittances of graphene were
measured using a SINCO S-3100. The surfaces of the graphene
were imaged using a field-emission scanning electron micro-
scope (AURIGA, Carl Zeiss). The AFM images were collected in the
noncontact mode using a Park System XE-100 atomic force
microscope. The C 1s core level bands of graphene were acquired
using an Axis-HIS (Kratos, Inc.). Water vapor transmission rate
(WVTR) testing was performed in accordance with the ASTM
F1249, using a PERMATRAN_W 3/33 MA (MOCON) at room
temperature and 100% RH. (Film type of barrier materials is
placed in test cell, which is made up inside chamber and outside
chamber and separated by test sample. The inside chamber is
filled with nitrogen (carrier gas) and the outside chamber is filled
with water vapor (test gas). Molecules of water diffuse through
the test film to the inside chamber and are conveyed to the sensor
by the carrier gas. The computer monitors the increase in water
vapor concentration in the carrier gas and it reports that value
on the screen as the water vapor transmission rate.) The electrical
characteristics of the pentacene FETs were measured using
Keithley 2400 and 236 source/measure units. The capacitances
were characterized using a 4284A LCR meter (Agilent Tech).
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able free of charge on the ACS Publications website at DOI:
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graphene films efficiently protect a pentacene film
from oxidizing species. We also showed that the
flexible OFETs passivated with the graphene films
exhibit prolonged lifetimes (~42 days) and mechanical
stability over 500 bending cycles (~2.3% strain). We
believe that our results provide an important reference
that supports the excellent gas barrier properties of
large-area graphene films, but further optimization is
needed to fully utilize the intrinsic gas-impermeable
capability of graphene films.
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