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O
rganic electronics, such as organic
light-emitting diodes, solar cells,
transistors, and memory devices,

have been intensively investigated to over-
come several limits of inorganic-based elec-
tronics, such as complex fabrication processes,
high cost, low throughput, and low flex-
ibility.1,2 Organic materials are good for
large-area devices and exhibit high through-
put due to their printability.3,4 Furthermore,
the elasticity and flexibility of organic ma-
terials is an outstanding feature for future
flexible electronics.4�7 Among the various
types of organic electronic devices, organic
resistive memory is being actively re-
searched.4�6,8�12 Organic resistive memory
is similar to inorganic-based resistive ran-
dom access memory (ReRAM), which typi-
cally uses oxide-basedmaterials as an active
layer in terms of the switching characteris-
tics and device structure.13�17 Organic re-
sistivememory devices can be operated at a
fast switching speed and a low voltage.
Recently, 3-dimensional stacked organic
memory devices have been demonstrated
with the potential to open new possibilities
for highly integrable organic devices.10,11

Graphene has been extensively investi-
gated because of its excellent physical
properties, such as its quantum transport ef-
fect,18�21 high mobility,19,22 electrochemical
modulation,23,24 and flexibility.25,26 Gra-
phene has been applied for various purposes:
sensors,22 biodevices,27,28 channels for
field-effect transistors,29�33 the hole trans-
port layer of organic solar cells,34 active
materials for memory devices,35�40 or charge
trapping layer41 and electrodes for optoelec-
tronic devices.42�48 Because of the solution-
processability of graphene, graphene is ap-
plied to an electrical device due to an easy
fabrication process.34,40,42,49 In particular, gra-
phenehasbeenwidely adoptedas apotential
electrode for light-emitting diodes,42,43,45 so-
lar cells,44,46�48

field-effect transistors,50 touch
pad displays,25 and memory devices.51

Transparency and flexibility are essential
requirements for the electrodes of elec-
tronic and photonic devices. Indium tin
oxide (ITO) has been one of the most pop-
ular electrodes for a long time and, thus, has
been used for a variety of device applica-
tions. However, the price of ITO is continu-
ally increasing due to the limited supply of
indium,52 and ITO is difficult to apply in
flexible devices because of its brittle proper-
ties under bending.2,48,53�55 On the other
hand, graphene exhibits excellent durability
under tension and compression,56�58 and
the reported transmittance of graphene is
over 90%.25,44,59 (Comparison results of op-
tical image and sheet resistance of ITO and
multilayer graphene (MLG) films on bend-
ing are provided in the Supporting Infor-
mation.) Moreover, graphene maintains
good interfacial contact with organic mate-
rials and shows a low contact resistance to
organic materials.60 We have previously
reported that organic devices with graphene
electrodes can have a low charge-injection
barrier with enhanced mobility.50 For this
reason, graphene has been used as an
electrode for various types of organic elec-
tronic devices,50,60 including organic mem-
ory devices. Organic resistivememory devices
with unpatterned graphene electrodes have
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ABSTRACT We fabricated 8 � 8 cross-bar array-type flexible organic resistive memory devices

with transparent multilayer graphene (MLG) electrodes on a poly(ethylene terephthalate) substrate.

The active layer of the memory devices is a composite of polyimide and 6-phenyl-C61 butyric acid

methyl ester. The sheet resistance of the MLG film on memory device was found to be∼270Ω/0,

and the transmittance of separated MLG film from memory device was∼92%. The memory devices

showed typical write-once-read-many (WORM) characteristics and an ON/OFF ratio of over∼106. The

memory devices also exhibited outstanding cell-to-cell uniformity with flexibility. There was no

substantial variation observed in the current levels of the WORM memory devices upon bending and

bending cycling up to 10 000 times. A retention time of over 104 s was observed without fluctuation

under bending.
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shownwrite-once-read-many(WORM)-typememorychar-
acteristics with good performance parameters, although in
previous studies, flexibility has not been demonstrated.51

Herein, we report the fabrication and testing of 8� 8
array-type organic resistive memory devices with MLG
top electrodes on a flexible substrate. The memory
devices exhibited typical WORM switching character-
istics, with a high ON/OFF ratio of over∼106, good cell-
to-cell uniformity. The ON current of theWORMmemory
devices did not degrade substantially upon bending
and bending cycling up to 10 000 times. A retention
time over 104 s was sustained by the memory devices
without substantial current fluctuation under bending.

RESULTS AND DISCUSSION

Figure 1 shows the fabrication process of the organic
memory devices with transparent MLG top electrodes.
Figure 1a shows the transferredMLG film on a 300-nm-
thick SiO2 wafer used to prepare the top electrodes of
the memory devices. To form line patterns on the
graphene electrodes, a 50-nm-thick Ni layer was de-
posited on the MLG film using a shadow mask. Subse-
quently, the unwanted graphene was removed by
exposure to oxygen plasma, and the Ni mask patterns
were then etched in aqueous iron chloride (FeCl3)
solution. The final patternedMLGelectrodes are shown
in Figure 1b. The patterned MLG electrodes were
passivated with poly(methyl methacrylate) (PMMA) to
minimize the film damage during the stripping of the
MLG film from the substrate. The PMMA-coated gra-
phene electrodes were stripped from the SiO2 sub-
strate by etching the SiO2 layer with buffered oxide
etchant (Figure 1c).
To form the organic active layer, a poly(ethylene

terephthalate) (PET) substrate was cleaned by an ultra-
sonic cleaning process using acetone, methanol, and
deionizedwater successively for 3min each. To remove
residual solvent from the PET substrate, the cleaned
PET substrate was baked in a vacuum oven at 100 �C
overnight. Al bottom electrodes were not formed well
on the PET substrate without this prebaking process
(see Figure S3 in the Supporting Information). After
prebaking, 50-nm-thick Al bottom electrodes were
deposited with a shadow mask (Figure 1d). As the
active layer of the organic memory devices, biphenyl-
tetracarboxylic acid dianhydride p-phenylene diamine
(BPDA-PPD) as a polyimide (PI) precursor was dissolved
in N-methyl-2-pyrrolidone (NMP) (BPDA-PPD:NMP sol-
vent = 1:3 weight ratio), and 6-phenyl-C61 butyric acid
methyl ester (PCBM) was dissolved in NMP at a con-
centration of 0.5 wt %. A PI:PCBM composite solution
was prepared by blending the PI solution (2 mL) with
the PCBM solution (0.5 mL). The Al surface on the PET
substrate was exposed to UV�ozone treatment.61

Then, the prepared PI:PCBM composite solution was
spin-coated onto the prepared Al bottom electrodes
on PET substrate at 500 rpm for 5 s and then at 2000 rpm

for 35 s (Figure 1e). The thickness of the PI:PCBM layer
was measured to be ∼30 nm based on cross-sectional
transmission electron microscopy (TEM). To minimize
parasitic leakage current during electrical characteriza-
tion, the polymer layer on the Al pads was removed by
methanol after soft baking at 60 �C. Then, the device
was hard baked at 100 �C in a vacuum oven for 24 h to
enhance the film uniformity and allow for the evapora-
tion of residual solvent and thermal curing. Finally, the
patternedMLG electrodes coatedwith PMMA (Figure 1c)
were vertically aligned with bottom Al electrodes and
transferred to the substrate (Figure 1f). PMMAwas then
removed using acetone from the MLG top electrodes.
The optical images in Figure S1 of the Supporting
Information show more details of the device fabrica-
tion process.
We synthesized graphene films by chemical vapor

deposition on a Ni film-deposited SiO2/Si substrate.
Detailed information about the growth of the gra-
phene films is provided in the Experimental Methods.
Figure 2 panels a and b show an optical image and a
Raman spectra of a MLG film from MLG/PI:PCBM/Al
memory device structure on PET substrate, respec-
tively. As shown in Figure 2b, the two intense peaks
are attributed to the characteristicGbandat∼1580 cm�1

and the 2D band at ∼2700 cm�1. The graphene film is
multilayer graphene film because the G band is larger
than the 2D band,62 and the small D band intensity
compared to the G band intensity indicates a low lev-
el of defects or local disorder in the MLG film.44,45

Figure 1. Fabrication process of flexible organic memory
devices with transparent graphene top electrodes.
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The sheet resistance of MLG film on a memory device
was found to be∼270Ω/0. From a separate measure-
ment, the transmittance of MLG films was found to be
∼92%. These characteristics of a MLG film will be
appropriative for transparent electrodes.
Representative current�voltage (I�V) characteris-

tics of an organic memory device are shown in Figure 3a.
The current state of the memory device remained low
(high-resistance state, HRS) at an initial low voltage but
gradually increased as the applied voltage increased.
At a voltage greater than∼4 V, the current state of the
memory device increased abruptly and transformed
into a high-current state (low-resistance state, LRS).
During the sequential sweep, the device remained in
an LRS, indicating a nonvolatile memory effect. Once
the device achieved the LRS, we did not observe
resistance recovery to the initial HRS, even above 15
V, which is known to be a characteristic of WORM-type
memory.63 In particular, the organic resistive memory
showed a high ON/OFF ratio of over 106 at 0.3 V. Bias
was applied to the MLG top electrodes in the electrical
characterization of our devices. It is important to note
that previous reports on memory devices using the
same material (PI:PCBM) have shown rewritable
switching characteristics.5,9,10,64 However, the memory
devices in our study showed WORM-type switching
behavior. Although the switching mechanism is not
understood clearly yet, but it seems that the resistive
switching characteristics is associated with the charge-
trapping mechanism.5,9,10,64�68 Also, the memory
switching behavior depends on the choice of electro-
des and interface treatment between the active layer
and electrodes.13,14,17,61,64,69,70 WORM-type devices
are good for saving important data without data loss.
Note that a cross talk interference between memory
cells can occur due to leakage current paths through
neighboring cells with low resistances in array struc-
tures or an excess of current that may induce electrical
damage. This phenomenon disturbs the reading pro-
cess of the selected cells, which must be eliminated to
enable practical memory application. To prevent this
undesired cross talk problem, architectures invol-
ving switching control elements such as transistors8

or diode9 or blending active materials with ferro-
electric materials71 in organic memory array devices
have been demonstrated. At the current stage, our

devices suffer from the cross talk phenomenon un-
less we can introduce switching control elements in
the graphene�electrode flexible organic memory
array devices.
We investigated the electrical characteristics of the

memory devices under bending. Specifically, we bent
our devices from a flat configuration (the substrate
distance, the distance between two end points of the
substrate, was 15.2 mm) to a radius of curvature of
∼4.2 mm (the substrate distance was 11.0 mm). By
decreasing the substrate distance, an arch shape was
formed; that is, the devices became more bent. The
maximum radius of curvature achieved in our study
was ∼4.2 mm (see Figure S4 of the Supporting Infor-
mation). This high radius of curvature indicates greater
flexibility than previously reported for flexible organic
memory devices with an Al/PI:PCBM/Al structure, which
results from the good flexibility of the MLG electrodes.
As shown in Figure 3a, therewere no significant current
variations under bending. The maximumON/OFF ratio
of the memory devices under the flat condition was
over 106 (Figure 3b).
The statistical cell-to-cell uniformity of memory de-

vices is important for practical device application. The
cumulative probability was analyzed using 30 randomly
selected cells in the memory devices. Figure 3c shows
the cumulative probability data of theMLG/PI:PCBM/Al

Figure 3. (a) I�V characteristics of anMLG/PI:PCBM/Alflexible
organicmemory device under different bending conditions;
(b) ON/OFF ratio of a flat memory device; (c) cumulative
probability data of flatmemory devices; (d) optical image of
flexible organic memory devices with transparent MLG top
electrodes.

Figure 2. (a) Optical image of aMLG film and (b) Raman spectra of aMLG film fromMLG/PI:PCBM/Almemory device structure
on a PET substrate.
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memory devices under the flat condition, which exhibited
good cell-to-cell uniformity. The memory devices with
MLG electrodes showed a narrow distribution in both the
ON and OFF states. More importantly, the ON states were
well separated from the OFF states, indicating that the
memory margin was sufficient to distinguish each state.
Figure 3d showsanoptical imageofanorganicmemory

device to demonstrate its transparency. The logo of our
university placed behind the transparent organic memory
device can be seen clearly. This transparency is due to the
fact that the patternedMLGelectrodes (the vertical electro-
des shown in this image) exhibit excellent transmittance.
Note that our device structure ofMLG/PI:PCBM/Al on PET is
not fully transparent because of Al bottomelectrode. One
would need both top and bottom graphene electrodes
for fully transparent and flexible memory devices.
To evaluate the flexible organic memory devices in

detail, their memory characteristics were analyzed under
various bending conditions. Figure 4a shows the sta-
tistical ON current distribution from the flat to the
maximum bending condition. The ON current remained
stable without any substantial current fluctuation under
the harsh bending conditions, as shown in Figure 4a. In

addition to determining the bending tolerated, it is
important to investigate how long the memory device
can withstand bending cycling. Regardless of the
bending condition, we found that the LRS current state
was well maintained for up to 10 000 bending cycles
(Figure 4b). In Figure 4b, one bending number (x-axis)
denotes one cycle from the flat to the maximum
bending condition (radius of curvature of ∼4.2 mm)
and back to the flat condition. For example, the data
provided for a bending number of 104 indicates the
LRS current state after the device had been bent to the
maximum bending condition 10 000 times. The bend-
ing number was counted by an automated bending
machine (see Figure S5 of the Supporting Information).
In memory devices, the data storage time is very

important for useful device application. For this reason,
the retention of performance was tested under each
different bending condition, and we found that there
was no significant variation in the LRS current state for
over 104 s (Figure 4c). Figure 4d shows the retention
time characteristics for the various bending cycle
numbers. From cycles 0 to 10 000 times, the devices
exhibited stable and reliable characteristics without
any substantial current fluctuations for over 104 s.

CONCLUSION

In summary, we fabricated the 8 � 8 cross-bar array
flexible organic memory devices using transparent
multilayer graphene top electrodes on a PET substrate.
The flexible memory devices exhibited typical write-
once-read-many (WORM)-type memory characteristics
with a high ON/OFF ratio of over ∼106. The memory
devices showed good cell-to-cell uniformity and reli-
able characteristics under various bending conditions
and up to 10 000 bending cycles. The retention time of
the memory devices was maintained over 104 s with-
out any substantial fluctuation under bending and
bending cycling. This demonstration of the perfor-
mance of flexible organic memory devices using
graphene electrodes provides an important step
toward enabling future flexible and transparent de-
vice applications.

EXPERIMENTAL METHODS
Multilayer graphene (MLG) films were synthesized by chemi-

cal vapor deposition. First, a 300-nm-thick Ni film-deposited
substrate (2 � 8 cm2) was loaded into a quartz tube and
preannealed at 300 �C under the flow of 200 sccm of Ar mixed
with 4%H2 for 30min. Then, the temperature of the Ni substrate
was raised, and the MLG film was grown at 900 �C by flowing
5 sccmofmethane and 150 sccmof 4%H2 in Ar at the same time
for 5 min. To suppress thick film formation, Ni substrates with
grown MLG films were rapidly cooled down after MLG film
growth. The synthesized MLG films were transferred and
applied as the top electrode of organic memory devices. All
of the electrical properties of the fabricated memory devices

were characterized using a Keithley 4200-SCS parameter analy-
zer in a N2-filled glovebox.
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organic memory devices during the device fabrication; compar-
ison of ITO and MLG films under bending; the effect of pre-
annealing of the PET substrate in a vacuum oven before Al

Figure 4. Statistical ON current distribution offlexible organic
memory devices (a) under different bending conditions and
(b) for different bending cycle numbers. Retention time of
flexible memory devices under (c) different bending con-
ditions and (d) bending cycles.
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bottom electrode deposition; bending conditions and estima-
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machine. Thismaterial is available free of charge via the Internet
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