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We report resistive switching behaviors in an Al/graphene oxide/Al planar structure. Graphene oxide was synthesized by a modified Hummer’s

method from graphite rods. The planar structures were fabricated on a Si/SiO2 substrate by spin-coating graphene oxide suspensions and

patterning Al electrodes by photolithography. Both diode-like (rectifying) and resistor-like (nonrectifying) behaviors were observed in the device

switching characteristics. Electrical characterization of the Al/graphene oxide interface using the induced current identified a potential barrier near

the interface and its spatial modulation, caused by local changes of resistance at a bias voltage, which correlated well with the resistive switching

of the whole structure. The mechanism of the observed local resistance changes near the electrode and the associated resistive switching of the

entire structure is associated with the electrodiffusion of oxygen and the formation of sp2 graphene clusters in an sp3 insulating graphene oxide

layer formed near the electrode by a pre-forming process. # 2011 The Japan Society of Applied Physics

1. Introduction

Thin films of graphene oxide (GO) have recently emerged
as a new carbon-based nanoscale material for potential
applications in resistive random access memory (RRAM).1,2)

The traditional charge-based memory devices such as
dynamic random access memory (DRAM) and flash memory
have technological and physical limitations. RRAM, based
on a mechanism of change in resistance, has attracted
attention as a promising next-generation nonvolatile mem-
ory owing to its simple structure, facile processing, high
density, high operation speed, long retention time, and low
power consumption.3–5)

The unique mechanical and electronic properties of
graphene as a two-dimensional crystal6) have also led to
scrutiny of the properties of its oxide—GO,7–13) which
consists of a single layer of graphene bound to oxygen in the
form of carboxyl, hydroxyl, or epoxy groups. GO is a wide
band gap material (band gap the order of 6 eV) but a
controlled oxidation/reduction process provides tunability
of the electronic, optical, and mechanical properties
including the possibility of accessing zero-band-gap gra-
phene via complete removal of the C–O bonds. The high
solubility of graphene oxide in water and other solvents
allows it to be uniformly deposited onto any substrate in the
form of thin films using simple methods such as drop-
casting, spin coating, Langmuir–Blodgett deposition, and
vacuum filtration. This makes it potentially useful for the
fabrication of large-scale flexible, transparent, and printable
devices.7)

The transport of charge carriers in reduced GO (r-GO) is
limited by the structural disorder. However, the reported
conductivity between 0.05 and 2 S/cm and the room-
temperature field-effect mobilities of 2–200 cm2 V�1 s�1

for holes and 0.5–30 cm2 V�1 s�1 for electrons9) are
sufficiently large for applications where inexpensive and
moderate performance electronics are required (such as
printable electronics on flexible platforms, like tags, etc.).
Moreover, the transport in r-GO is intriguing owing to
the presence of substantial electronic disorder arising from
variable sp2 and sp3 carbon ratios. In GO, the majority of

carbon atoms bonded with oxygen are sp3 hybridized, which
disrupts the extended sp2 conjugated network of the original
graphene sheet.

Recently, reliable and reproducible resistive switching of
GO thin films14,15) and conjugated-polymer functionalized
GO films16,17) has been reported. However, the microscopic
origin of the resistive switching of thin GO films is not fully
understood.

Here, we report a resistive switching structure based on a
GO thin film in simple geometry with two planar aluminum
electrodes and study the mechanism of resistive switching in
this structure. An Al/GO film/Al planar device structure
was made on Si/SiO2 substrate with a uniform GO film
prepared by spin-coating. This device showed reliable and
reproducible unipolar and bipolar resistive switching (URS/
BRS) depending on the forming process with an on/off
ratio of current �103 and switching voltages of �0:7V. The
remote electron-beam-induced current (REBIC) measure-
ments used in this work showed that the forming process was
accompanied by the formation of the potential barrier near
the electrode. Modulation of the barrier by the bias voltage
leads to the spatial changes of its resistance and the resistive
switching (RS) structure. The microscopic origin of the
RS behavior is evident from the detection of conductive
filaments in the Al/GO interface layer that arise from the
reversible diffusion of negatively charged oxygen ions and
the formation of sp3 and sp2 clusters upon the set and reset
processes, respectively.

2. Experimental Methods

2.1 Preparation of GO

GO was synthesized by oxidation of graphite using the
modified Hummer’s method,18,19) in which the long oxida-
tion time was combined with a highly effective method for
the purification of reaction products. 2 g of natural graphite
(Aldrich graphite, rod, purity 99.995wt%, high density) and
1.5 g of NaNO3 (purity 99%) were placed in a flask. Then,
124.2 g of H2SO4 (purity 96%) was added and the mixture
was stirred and cooled in an ice water bath simultaneously.
As a result we obtain a mix of graphite and concentrated
HNO3 and H2SO4. 15 g of KMnO4 (purity 99%) (as a
reducing agent) was gradually added over about 20min.
Cooling was completed in 2 h, and the mixture was allowed�E-mail address: g panin@dgu.edu
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to stand for 24 h at about room temperature with gentle
stirring to obtain a highly viscous liquid. In this step, the
interaction of sodium nitrate and sulfuric acid with graphite
takes place, which promotes the expansion of the graphite
layers (intercalation of sulfuric acid in graphite), and then
graphite oxidation is expanded by potassium permanganate.
Prolonged exposure of the mixture within 2–3 days not only
leads to expansion of graphite and its oxidation, but also to
an exfoliation of the oxidized graphite into thin GO flakes.
The obtained liquid was added to 200ml of 5wt% H2SO4

aqueous solution for 20min with stirring, and the resultant
mixture was further stirred for 40min. Then, 6 g of 30wt%
H2O2 aqueous solution was added to the above liquid and
the mixture was stirred for 40min. To remove ions of oxi-
dant origin, especially manganese ions, the resultant liquid
was purified by repeating the following procedure cycle 15
times: centrifugation, removal of the supernatant liquid,
addition of a mixed aqueous solution of 3wt% H2SO4/
0.5wt% H2O2, and shaking to re-disperse. The above
purification procedures were similarly repeated a further
three times except that the liquid to be added was replaced
with water. Multiple washing by the mixture with hydrogen
peroxide and then by water is necessary for complete
removal of the reaction products. The resultant mixture was
allowed to stand for one day, to precipitate thick particles,
etc. The precipitated particles were removed, and just one
half of the remaining dispersion was purified by repeating
the same procedures a further 20 times with water. When
the extra small ions derived from oxidants are thoroughly
removed by high purity purification, many layers tend to
separate automatically from each other owing to interlayer
electrostatic repulsion, and then the single-layer GO flakes in
aqueous dispersion are formed.

2.2 Reduction of GO

The resulting GO was partially reduced in two ways: 1) by
annealing in an Ar/H2 mixture (90% Ar, 10% H2) at 900

�C
for 15min and 2) by adding ascorbic acid to suspensions of
GO and annealing of the samples at 200 �C in Ar within 12 h.

2.3 Preparation of Al/GO/Al structures and their

characterization

The Al/GO/Al planar structures were fabricated on a Si/
SiO2 substrate by using spin-coating GO suspensions to
obtain the uniform thin films (50–100 nm) and patterning of
electrodes by photolithography (25–50 �m separation). The
current–voltage (I–V ) characteristics of fabricated Al/GO/
Al structures were measured at RT using a Keithley 4200
SCS semiconductor parameter analyzer in voltage sweeping
mode. Spatial electrical properties of the structures were
characterized using an XL 30SFEG HRSEM with EBIC
system. Transmission electron microscope (TEM), selective
area electron diffraction (SAED), X-ray diffraction (XRD),
atomic force microscopy (AFM), and Raman measurements
were used to characterize the GO structure.

3. Results and Discussion

3.1 Characterization of GO structure

The resulting GO was well exfoliated. The flakes were
usually a few layers thick and several tens of micrometers in
diameter. The thicknesses of GO flakes are usually in the

range of 1–1.4 nm. Figure 1 shows a typical AFM image of a
single GO flake of 1.1 nm thick. The electron diffraction in
TEM (Fig. 2) shows both crystalline and amorphous patterns
in different areas of the flakes indicating their spatially
inhomogeneous electronic properties. Figure 3 shows the
XRD spectrum of a GO thin film. The main XRD peak is
attributed to the GO interlayer spacing. The observed weak
XRD peaks are characteristic of partially reduced GO.

Raman spectra of graphene oxide, obtained before and
after its reduction, show the characteristic D (1357 cm�1)
and G (1578 cm�1) peaks (Fig. 4). The appearance of the D
band in our samples signifies disorder in the carbon lattice.
The intensity ratio of the D and G bands is a measure of the
disorder, as expressed by the sp2/sp3 carbon ratio.20) After

(a)

(b)

Fig. 1. (Color online) AFM image of a single GO flake and its thickness

profile.

Fig. 2. TEM images (a, c) and SAED patterns (b, d) of a GO single flake

obtained at different points.
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the reduction, the ratio of intensities of peaks G to D in-
creases, which can be attributed to a decrease in the density
of defects and changes in the ratio of sp2 and sp3 clusters.

3.2 Electrical measurements

I–V characteristics of the fabricated structures are shown in
Fig. 5. Bias to the structure swept at a constant rate from 0 to
1V and back from 1 to �1 through 0 and back to zero initial
state. I–V curves of the structure, which have not been
subjected to the forming voltage, showed a linear behavior
with no appreciable hysteresis [Fig. 5(a)]. However, the pre-
forming of the structure even at low bias voltage (2V) led to
a clear hysteresis I–V curve [Fig. 5(b)]. In this case, the soft
bipolar resistive switching was observed. With increasing
bias stress, we observed the transition of the structure of
bipolar (V ¼ 2V) to the unipolar soft switching (V ¼ 3V)
[Fig. 5(c)]. For higher forming voltages (V ¼ 5V) the
structure showed a sharp unipolar resistive switching
[Fig. 6]. The ratio of the on and off currents was about
103, and the threshold voltage transition to a low resistive
state was in the range of 0.5–1V, depending on the forming
voltage.
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Fig. 3. XRD pattern of the GO film.
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Fig. 4. (Color online) Raman spectra of GO films obtained before (black

line) and after (red line) reduction.
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Fig. 5. I–V curves of Al/GO/Al structures pre-formed at different

forming voltages.
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Fig. 6. Resistive switching of the Al/GO/Al structure pre-formed at 5V.
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A similar effect of the resistive switching in graphene
oxide structures was reported in refs. 14 and 15. However,
the mechanism of switching of a high resistance state (HRS)
to a low resistance state (LRS) is not fully understood. It
was assumed that the electrodiffusion of metal atoms of
the electrode can lead to the formation of highly conductive
filaments in the bulk oxide film that can switch the
structure.14) In ref. 15 the resistive switching in the Al/
GO/Al structure was explained by the formation of
conducting filaments of aluminum atoms in a thin interface
layer of amorphous aluminum oxide that is formed in the
manufacturing process of the upper electrode.

To investigate the mechanism of resistive switching in our
Al/GO/Al structure, we used the REBIC technique. This
method is widely used to characterize charge transport in
semiconductors with built-in potential barriers with a spatial
resolution.21) Figure 7 shows SE (a) and REBIC (b–d)
images of the pre-formed (5V) Al/GO/Al structure before
(b) and after (c, d) switching from HRS to LRS as well as the
REBIC profile obtained by scanning across the Al/GO
interface barrier (e). In the high resistance state (V < 0:5V),
an additional potential barrier near the electrode is detected
as a narrow continuous line of dark REBIC contrast
[Fig. 7(b)]. Applied voltage on the order of 0.5–1V leads
to local breakdowns in the barrier layer, which appear in the
REBIC mode owing to a local decrease in the induced

current. As a result, a broken line of dark REBIC contrast is
detected. [Figs. 7(c) and 7(d)]. In this state, the structure
shows a low resistance. A reverse bias restores the high
resistance state and the continuous potential barrier near the
electrode is detected again in the REBIC mode. The profile
of the induced current, obtained by scanning an electron
beam across the interface of the structure, shows that a
potential barrier with the opposite direction of the electric
field (negative current and dark REBIC contrast) is formed
near the positively biased electrode [Fig. 7(e)]. Spatial
modulation of the current along the barrier is correlated
with the applied voltage. Local breakdown of this barrier is
apparently responsible for the observed resistive switching.
It should be noted that the structure without a forming
process, demonstrates only the barriers associated with
electrodes that do not show distinguishable features of local
breakdown. Figure 8 shows the SEM-REBIC data of the
built-in barrier modulation at different bias (Vb) and forming
(Vf ) voltages. The structure without the forming process
shows only a bright-dark contrast of the induced current
caused by the electric fields of Schottky contacts [Fig. 8(b)].
However, once this structure was subjected to the forming
bias voltage (5V), a new barrier near the positively biased
electrode is detected in the induced current mode as a narrow
line of dark REBIC contrast [Figs. 8(c) and 8(e)]. In this
state, the structure shows a high resistance, which is
characteristic for its HRS. Reverse bias (negative voltage
on the electrode) leads to local breakdowns in the barrier
layer, which appear as an intermittent narrow line of dark
REBIC contrast with the spatially modulated magnitude of
the induced current [Fig. 8(f)]. The formation of a potential
barrier and its spatial local breakdown are well reproduced
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Fig. 7. SEM images of the Al/GO/Al structure in SE (a) and REBIC

mode (b) 0, (c) 0.5, and (d) 1V; (e) REBIC profile obtained by scanning

across the Al/GO interface along the dotted line in (b).

Fig. 8. SEM-REBIC images of the Al/GO/Al structure with the built-in

potential barrier modulation near the negatively biased Al electrode at

different bias (Vb) and forming (Vf ) voltages: (a) Vb ¼ 0; Vf ¼ 0 (SE mode);

(b) Vb ¼ 0; Vf ¼ 0 (REBIC mode); (c) Vb ¼ 0; Vf ¼ 5V (REBIC mode);

(d) Vb ¼ 0; Vf ¼ 5V (SE mode); (e) Vb ¼ 0:2V; Vf ¼ 7V (REBIC mode);

(f) Vb ¼ 0:5V; Vf ¼ 7V [REBIC mode, the same region as in (e)]. Scale

bars are 100�m in (e) and (f), 50 �m in (a)–(d). Images in (a)–(d) were

obtained by using sequential switching of detected signals of secondary

electrons (SE) and the induced current (REBIC) during the electron beam

scanning.
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and invertible upon application of the reverse and forward
voltages. It should be noted that the higher bias voltage
increases the number of local breakdowns, which could be
used for multi-state switching.

3.3 Model of resistive switching

REBIC studies with a high spatial resolution indicate that the
forming bias leads to the formation of a highly resistive
region near the positively biased electrode. Electrodiffusion
of oxygen ions to the positively charged electrode could lead
to the formation of a continuous sp3 layer between this
electrode and the r-GO layer that accompanies the transition
of structure in the high resistance state. The reverse bias
voltage, which generates an electric field in the opposite
direction, leads to a back diffusion of oxygen and the
formation of low resistive filaments in the GO layer near the
contact region. Possible rearrangement of the structure
owing to the electrodiffusion of excess oxygen in GO at
room temperature for quite long distances is in good
agreement with the observed rearrangement of the potential
barrier at distances of several micrometers from the
electrode.

Electrodiffusion of hydrogen and oxygen in graphene
devices was reported in refs. 22 and 23, where the effect of
adsorption of these atoms from the atmosphere on the
switching characteristics of a graphene FET device was
investigated. A strong decrease in current flow was observed
at high voltages at the second gate, which was attributed to
the onset of the insulating state induced by the electro-
chemical doping, which involves graphene oxidation and
was amplified by the transverse electric field. It was also
shown that one sp3 carbon–oxygen or carbon–hydroxyl bond
per 106 sp2 bonds decreased the conductivity of CNTs by
50%.24) The observed switching of the resistance in our
structure could be explained by a model of cluster structure
of GO consisting of the sp2 clusters in an sp3 matrix enriched
with oxygen25) and its local reversible rearrangement near
the electrical contact in a high electric field. The forming
process leads to the formation near the electrode high
potential barrier, which is apparently associated with sp2–sp3

phase rearrangement. The negative bias voltage leads to a
back diffusion of oxygen and the formation of sp2 cluster
filaments, which leads to the switching structure in the low
resistive state (LRS). The reverse bias voltage results in the
formation of an isolated sp3 cluster layer near the electrode
and switching in the high resistance state (HRS).

4. Conclusions

Resistive switching was observed in the planar structure of
Al/GO/Al at room temperature. Without the pre-forming
process, a smooth transition (‘‘soft’’ switch) of both ohmic
bipolar and rectifying unipolar (bipolar) behavior was
detected. The reliable forming process leads to the abrupt
switching of the structure. Electrical characterization of the
Al/graphene oxide interface with high spatial resolution
using the induced current technique revealed a potential
barrier near the interface and its spatial modulation, caused

by local changes of resistance under applied voltages. The
local changes of resistance in the layer near the Al/GO
interface under a bias voltage as a result of sp3 to sp2

structure reconstruction are assumed to be responsible for
the observed resistive switching. The mechanism of the
resistive switching in the structure is supposed to be related
to the electrodiffusion of oxygen and the formation of sp2

graphene clusters in the sp3 insulating graphene oxide layer
formed near the electrode by a pre-forming process.
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