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ABSTRACT There has been strong demand for novel nonvolatile memory technology for low-cost, large-area, and low-power flexible
electronics applications. Resistive memories based on metal oxide thin films have been extensively studied for application as nextgeneration nonvolatile memory devices. However, although the metal oxide based resistive memories have several advantages, such
as good scalability, low-power consumption, and fast switching speed, their application to large-area flexible substrates has been
limited due to their material characteristics and necessity of a high-temperature fabrication process. As a promising nonvolatile memory
technology for large-area flexible applications, we present a graphene oxide based memory that can be easily fabricated using a
room temperature spin-casting method on flexible substrates and has reliable memory performance in terms of retention and
endurance. The microscopic origin of the bipolar resistive switching behavior was elucidated and is attributed to rupture and formation
of conducting filaments at the top amorphous interface layer formed between the graphene oxide film and the top Al metal electrode,
via high-resolution transmission electron microscopy and in situ X-ray photoemission spectroscopy. This work provides an important
step for developing understanding of the fundamental physics of bipolar resistive switching in graphene oxide films, for the application
to future flexible electronics.
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(separation/contact).22 Two-terminal devices consisting of
graphitic sheets grown on nanocables23 or transferred onto
a silicon oxide substrate24 exhibited an enormous and
reversible nonvolatile memory effect, which was attributed
to the formation and breaking of carbon atomic chains.
Recently, reliable and reproducible resistive switching of
graphene oxide (G-O) thin films25 and conjugated-polymerfunctionalized G-O films26,27 were reported. However, application to flexible substrates has not demonstrated, and
also the microscopic origin of resistive switching of thin G-O
films is not fully understood.
Here we introduce a nonvolatile flexible memory array
based on a G-O thin film. G-O is usually prepared by chemical
oxidation of naturally abundant graphite to produce graphite
oxide followed by exfoliation of the graphite oxide into
individual layers (i.e., graphene oxide or G-O platelets).28-31
A trilayer Al/G-O film/Al device of cross-point structure was
made on flexible polyethersulfone (PES) substrate with a
uniform G-O film prepared by spin-casting.32 This device
showed reliable and reproducible bipolar resistive switching
(BRS) with an on/off ratio of ∼100, a retention time of longer
than 105 s, and switching voltages of ∼2.5 V. High-resolution
transmission electron microscopy (HRTEM) and in situ X-ray
photoemission spectroscopy (XPS) measurements showed

he charge-based memory devices such as dynamic
random access memory (DRAM) and flash memory,
while omnipresent today, do have technological and
physical limitations as device dimensions have shrunk. As
an alternative, resistive random access memory (RRAM)
relying upon a switching mechanism based on change in
resistance, has attracted attention as a promising nextgeneration nonvolatile memory (NVM) owing to its simple structure, facile processing, high density, and fast
switching.1-4 To date, various insulating or semiconducting materials have been found to demonstrate resistive
switching, including chalcogenides,5,6 organic materials,7,8
amorphous silicon,9,10 perovskite oxides,11,12 binary transition metal oxides (such as NiO,13-15 TiO2,16-18 and
ZnO19), and even Fe3O4 nanoparticle assemblies.20
Fullerenes, carbon nanotubes, and graphene-based materials have attracted attention as future nonvolatile memory
elements.21 Suspended and crossed carbon nanotubes in an
array configuration yielded bistable resistance switching
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that the oxygen functional groups decorating the stacked/
overlapped G-O platelets in the G-O film migrate into the top
interface layer through redox reactions with the top Al
electrode during its deposition. The microscopic origin of the
BRS behavior is evidently from the formation and depletion
of conductive filaments at the top interface layer that arise
from reversible diffusion of negatively charged oxygen ions
upon the set and reset processes, respectively.
Large-area uniform G-O thin films were made by a simple
and scalable spin-casting process. The G-O films are transferrable to any kind of substrate including flexible substrates.
The spin-cast G-O thin films can be immediately integrated
into practical devices in conjunction with standard CMOS
processes so that this approach can be readily used for
nonvolatile memory devices. Furthermore, the resistive
switching mechanism arising from the interface redox reaction between the Al electrodes and insulating G-O film offers
a new paradigm for carbon-based electronics; one can
imagine other options such as nonconductive amorphous
carbon films that are oxidized on their top surface, and so
on.
Graphite oxide was prepared from natural graphite (Graphit Kropfmühl AG, MGR 25 998 K) by a modified Hummers
method,28 and exfoliated into G-O by sonication for 2 h in
water.33 Unexfoliated particles were removed by centrifugation at 15000 rpm for 20 min (Hanil Supra 22 K). The
supernatant contained ∼2 wt % of G-O. Al/G-O film/Al
memory devices were fabricated as follows. Seventy nanometer thick, 50 µm width Al electrode lines were thermally evaporated onto a substrate (PES or SiO2) through a
shadow mask. The Al-patterned substrates were then cleaned
with a UV-ozone plasma for 5 min. The aqueous G-O
dispersion was spin-cast on the Al-patterned substrate,
followed by drying at 120 °C for 30 min. The thickness and
sheet resistance of the spin-cast G-O films were ∼15 nm and
∼2 × 104 Ω/0, respectively. Finally, an Al top electrode of
∼70 nm thickness was deposited on the top surface of the
G-O film, forming a 5 × 5 cross-bar array memory structure
thus having 25 elements, as seen in Figure 1a.
The left inset of Figure 1b is the real photograph of the
two-terminal 5 × 5 crossbar memory device with 50 µm line
widths on PES substrate. A G-O film (∼15 nm thickness)
prepared by spin-casting is sandwiched between the top and
bottom Al electrodes. Infrared (IR) spectroscopy and Raman
spectroscopy confirmed that the as-cast G-O thin film is
composed of stacked and overlapped (as also shown by
TEM, see below) G-O platelets decorated with oxygen functional groups such as epoxide, hydroxyl, and carboxyl (see
Figure S1 in Supporting Information). Highly uniform G-O
films without wrinkles were readily prepared on the bottom
Al electrodes by spin-casting (see Figures S2 and S5 in
Supporting Information). The bottom Al electrode film had
a high root mean square value of ∼2.5 nm. Perhaps such
surface roughness relaxes the stress upon thin film casting,
© XXXX American Chemical Society

enabling a large-area processability of a uniform G-O memory
device on an Al electrode.
A typical current-voltage (I-V) curve of a Al/G-O/Al/PES
device as measured with a voltage sweeping mode at room
temperature (298 K) is shown in Figure 1b. The voltage bias
was applied to the top electrode, and the bottom electrode
was grounded. Reversible bistable resistance switching
between a high resistance state (HRS) and a low resistance
state (LRS) was observed. Unlike typical metal oxide devices,
the first negative sweep yielded an “ON” state without any
“preforming” procedure.14-18 As reverse biases are required
for switching, our devices represent a typical BRS behavior.
Without any optimization of the fabrication process, the
device yield of G-O memory cells was higher than 80% (20
successes out of 25 point cells).
In order to confirm the feasibility of our G-O device for
flexible memory application,34 mechanical flexibility tests
were measured. When the device was continuously flexed
1000 times, as seen in Figure 1c, the BRS was not degraded.
Figure 1d shows the results of a bending test as a function
of bending radius (R), where the current ratio between the
on and off states was maintained until the bending radius
reached 7 mm. Because this bending radius can be considered as an “extremely flexed state” (20 mm (flat device) f
14 mm), we suggest that this Al/G-O film/Al/PES device is
suitable for flexible nonvolatile memory application.
Retention and endurance tests were then conducted.
Figure 1e shows the retention behavior of this G-O film
flexible memory device. The resistance values of the HRS
and the LRS were obtained at a reading voltage of -0.5 V
per 600 s after switching each state. Both states showed no
disturbance for around 105 s. The device endurance (Figure
1f) was demonstrated with steady operation for 100 cycles.
The resistance values were read out at -0.5 V in each dc
sweep. Although the resistance values of both the HRS and
LRS showed slight fluctuations, a 100× memory window
between the ON and OFF state was obtained without any
noticeable degradation during the 100 cycles.
The G-O film device had a rapid current increase in the
transition region of the negative sweep region. This strongly
suggests the formation of conducting filaments.14,19 The
measured I-V curves were plotted on a double logarithmic
plot. The slopes of the log I-log V plot of HRS sequentially
changed from 1 to 2 to ∞, as V increases for the negative
sweep regions (see Figure S3 in Supporting Information).
This behavior is qualitatively consistent with the shallow
trap-associated space-charge-limited conduction (SCLC)
theory, which is generally described by I(V) ) aV + bV2.35-38
Other I-V fitting methods, such as ln(I/T2) vs V1/2 and ln(I/V)
vs V1/2 revealed that either a Schottky emission or a
Pool-Frenkel conduction mechanism can be ruled out (see
Figure S4 in the Supporting Information). After a sudden
current increase, the device did not follow Ohmic behavior
implying the absence of conducting filaments in the bulk G-O
thin film. Furthermore, the slope of the log I-log V plot in
B
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FIGURE 1. (a) A schematic illustration of a G-O based flexible crossbar memory device. (b) Typical I-V curve of a Al/G-O/Al/PES device plotted
on a semilogarithmic scale. The arrows indicate the voltage sweep direction. The left inset is a real photo image of a device. (c) Continuous
bending effect of a Al/G-O/Al/PES device. The insets show photographs of repeated two bending states. (d) The resistance ratio between the
HRS and LRS as a function of the bending radius (R). The inset is a photograph of an I-V measurement being performed under a flexed
condition. (e) Retention test of Al/G-O/Al/PES device read at -0.5 V. (f) Endurance performance of an Al/G-O/Al/PES device measured during
100 sweep cycles.

the high voltage region of the LRS was 1.5 rather than 2; this
lower value indicates that the current conduction cannot be
simply explained by an electronic trapping and detrapping
process as found in other oxide systems.36,37 We suggest
that local filaments are formed and broken in the thin
insulating barrier at the interface between the top Al electrode and the G-O thin film, rather than in the bulk G-O film.
Such filaments can be induced by oxygen ion transfer
between an insulating barrier and G-O top domain.
We have previously reported that a Al/amorphous
TiO2/Al RRAM device39 had a similar BRS behavior as
reported here for these Al/G-O film/Al devices. In this earlier
study, high-resolution TEM images as well as energy-filtered
TEM images showed that the formation (and subsequent
dissociation) of an amorphous interface layer (Al-Ti-O) was
induced by oxygen ion movement.40 Because TiO2 thin films
were grown by plasma-enhanced atomic layer deposition
(PEALD), the top interface layer formed by the redox reaction was also homogeneous; oxygen ion movement was
uniform under an external bias. In contrast, G-O thin films
© XXXX American Chemical Society

deposited by spin-casting are nonhomogenous because they
are composed of multiple overlapped and stacked G-O
platelets. The top interface insulating barrier is thus nonhomogenous also. This is most likely associated with the abrupt
current increase, which is caused by the presence of conducting filaments within the top insulating interface layer,
not in the G-O thin film bulk. The intermediate current level
of the on state is possible because our G-O film is not a strong
insulator but semiconductor, showing a sheet resistance of
2 × 104 Ω/0.
X-ray diffraction (XRD) patterns were obtained from
G-O film/Al and Al/G-O film/Al samples by the coupled
scan method (θ-2θ) and are shown in Figure 2a. The ascast G-O thin film with the Al bottom electrode has a peak
at 2θ ) 11.6 (d-spacing 7.6 Å), which is in the d-spacing
range of G-O films.41,42 After the deposition of a 10 nm
thick Al top electrode, the intensity of the (002) peak was
significantly reduced showing that the structure of the G-O
film was influenced by deposition of the top Al metal. In
order to further characterize the thin films (Al and G-O
C
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FIGURE 2. XRD patterns of G-O film/Al film and Al film/G-O film/Al film samples measured by (a) θ-2θ coupled and (b) fixed θ (2°), methods,
respectively. In situ XPS spectra of (c) C 1s and (d) Al 2p regions measured as a function of Al thickness.

FIGURE 3. Cross-sectional bright field (BF) TEM images of (a) G-O film/Al film and (b) Al film/G-O film/Al film samples. Insets are the
SAED patterns measured at the regions containing both G-O film and Al film. HRTEM images of (c) G-O film/Al film and (d) Al film/G-O
film/Al film stacks. (e) and (f) are the average profile of intensity obtained in the white rectangular region of (c) and of (d), respectively.

film), XRD patterns were obtained using the fixed θ (θ )
2°) method. Figure 2b shows that the d-spacing of the G-O
thin film decreased with increasing Al thickness. It can
© XXXX American Chemical Society

be inferred that a reaction between the deposited Al metal
and the G-O thin film occurred and that the interlayer
distance between platelets in the G-O thin film decreased
D
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due to the loss of oxygen functional groups and the
possible expulsion of interlamellar water molecules.
The interfacial chemical reaction between the G-O film
and the Al top electrode was characterized by XPS. An in
situ XPS measurement was carried out during the growth
of continuous ultrathin Al layers on a G-O film. Panels c and
d of Figure 2 show the XPS spectra of C 1s and Al 2p
measured as a function of Al deposition thickness, respectively. For an as-cast G-O film the C 1s signal is divided into
two major peaks: carbon-carbon peak of CdC/CsC in
aromatic rings (284.6 eV) related to sp2 carbon bonding;
carbon-oxygen peaks of CsO (286.1 eV), CdO (287.5 eV),
and C(dO)s(OH) (289.2 eV) related to sp3 carbon bonding.43
As the Al film thickness increased, the carbon-oxygen
bonding peak gradually decreased and eventually its relative
intensity with respect to the carbon-carbon peak was
significantly diminishedsthe G-O film surface was strongly
reduced upon Al deposition. The Al 2p spectra in Figure 2d
show that Al is in the Al3+ oxidation state during the early
stages of the Al deposition, demonstrating the formation of
an aluminum oxide interface layer. Thus, the surface of the
G-O film was reduced while the Al at the interface was
oxidized.
The c axis stacking in the G-O film was characterized
using cross-sectional TEM. Panels a and b of Figure 3 are
cross-sectional bright field TEM images obtained before and
after the Al top electrode deposition, respectively. The 15
nm thick G-O film was uniformly cast on the Al bottom
electrode. The insets are the selective area diffraction patterns (SADP). The strong peaks marked with a white circle
correspond to the interlayer lattice for the G-O film. The
broad interlayer peak of the pristine G-O film narrowed and
was more intense at its maximum after the top Al layer
deposition. Panels c and d of Figure 3 are the HRTEM images
of the G-O film/Al and Al/G-O film/Al samples, respectively.
The bottom interface layer was most likely associated with
the native aluminum oxide formed during UV-ozone plasma
cleaning (Figure 3c). A top interface layer was formed on the
G-O thin film when the top layer of Al was deposited: an
amorphous phase with dark contrast as shown in Figure 3d.
The average interlayer distances of stacks of G-O platelets
(marked with white rectangles) were obtained from the
HRTEM intensity profile, as presented in panels e and f of
Figure 3. The interlayer spacing was significantly reduced
in the Al/G-O film/Al structure. The interlayer spacing near
the interface with the top Al film was significantly smaller
which further supports the picture of reduction of the G-O
film at the interface.
The BRS mechanism of the Al/G-O film/Al device is
schematically illustrated in Figure 4. The pristine device has
a relatively thick amorphous interface layer due to the redox
reaction that occurs at the interface with the Al electrode.
This top interface layer is an insulating barrier that dominates the total resistance state (HRS). The critical role of this
amorphous layer was also confirmed by replacing the top
© XXXX American Chemical Society

FIGURE 4. Schematic of the proposed BRS model for Al electrode/
G-O film/Al electrode crossbar memory device. (a) The pristine
device is in the OFF state due to the (relatively) thick insulating top
interface layer formed by a redox reaction between vapor deposited
Al and the G-O film film. (b) The ON state is induced by the
formation of local filaments in the top interface layer due to oxygen
ion diffusion back into the G-O film film by an external negative
bias on the top electrode.

electrode with an inert metal (Au), where the switching
behavior was not observed. (see Figure S6a in Supporting
Information). With negative bias the device switches into the
LRS state due to the growth of local conductive filaments by
field-induced oxygen ion diffusion deeper into the G-O film.
Because the G-O film below the top interface transformed
again to the sp3-bonded state and thus did not have conducting filaments, the LRS did not show Ohmic conduction, as
shown in Figure 1b. The bottom interface layer (a native
aluminum oxide) plays also an important role in protecting
the device from an irreversible permanent breakdown, as
shown in the case of Au bottom electrode of Figure S6b in
Supporting Information.
In summary, we have demonstrated that uniform G-O
thin films prepared by simple spin-casting can be successfully utilized in a novel nonvolatile flexible crossbar memory
device. This device exhibited a typical BRS with set/reset
voltage of ∼-2.5 V/ +2.5 V and a high ON/OFF ratio of >102.
Both ON and OFF states were stable for more than 105 s after
removal of the external voltage stimulus. No degradation of
memory performance was observed ∼100 cycles. The
microscopic origin of the BRS in such Al/G-O film/Al devices
is probably due to the formation and rupture of conducting
filaments in the insulating barrier at the top interface, not
throughout the entire G-O bulk film. The reduction at the
interface of the G-O film and oxidation of the top Al electrode
E
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