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Reliable and reproducible resistive switching behaviors were observed in graphene oxide �GO� thin
films prepared by the vacuum filtration method. The Cu/GO/Pt structure showed an on/off ratio of
about 20, a retention time of more than 104 s, and switching threshold voltages of less than 1 V. The
switching effect could be understood by considering the desorption/absorption of oxygen-related
groups on the GO sheets as well as the diffusion of the top electrodes. Our experiments indicate that
GO is potentially useful for future nonvolatile memory applications. © 2009 American Institute of
Physics. �doi:10.1063/1.3271177�

Resistive random access memory �RRAM�, which is
based on resistance switching induced by external electrical
stimulations, has attracted great attention for its potential ap-
plications in next generation nonvolatile memory due to its
simple structure, nondestructive readout, high operation
speed, long retention time, and low power consumption. The
resistive switching effect has been observed in a variety of
materials, including perovskite oxide materials �such as
Pr1−xCaxMnO3 �Ref. 1� and Cr-doped SrZrO3 �Ref. 2��, bi-
nary transition metal oxides �such as NiO,3 ZnO,4 and ZrO2
�Ref. 5��, chalcogenides,6 organic materials,7 and amorphous
silicon.8 In last decades, carbon-based materials have been
studied intensively as a potential candidate to overcome the
scientific and technological limitations of traditional semi-
conductor devices.9–11 It is worthy mentioning that most of
the work on carbon-based electronic devices has been fo-
cused on field-effect transistors.12,13 Thus, it would be of
great interest if nonvolatile memory can also be realized in
carbon so that logic and memory devices can be integrated
on a same carbon-based platform. Herein, we report resistive
switching behaviors in a Cu/graphene oxide �GO�/Pt sand-
wiched structure. Reversible bipolar resistive switching be-
haviors were observed. The possible physical mechanism of
the switching effect is discussed.

GO with an ultrathin thickness is attractive due to its
unique physical-chemical properties. GO can be readily ob-
tained through oxidizing graphite in mixtures of strong oxi-
dants, followed by an exfoliation process. Due to its water
solubility, GO can be transferred onto any substrates uni-
formly using simple methods such as drop-casting, spin coat-
ing, Langmuir–Blodgett deposition and vacuum filtration.
The as-deposited GO thin films can be further processed into
functional devices using standard lithography processes
without degrading the film properties.14,15 In this work, GO
thin films of �30 nm in thickness were prepared at room
temperature �RT� by the vacuum filtration method. First we
obtained GO suspensions through the soft-chemical delami-
nation of GOs as described in Ref. 16. Then 50 g of GO
suspension with a concentration of 6 mg/L was filtered

through a cellulose ester membrane to achieve uniform GO
thin films. The film thickness could be well controlled by
tuning the GO concentration or filtration volume. The as-
filtered GO flakes were then transferred from the filter mem-
brane onto commercial Pt /Ti /SiO2 /Si substrates. The thick-
ness of GO flakes was typically controlled in the range of
20–40 nm. In order to measure the electrical properties, Cu
top electrodes with a thickness of 200 nm and diameter of
100 �m were deposited at RT by electron beam evaporation
with an in situ metal shadow mask. The I-V characteristics of
Cu/GO/Pt structures were measured at RT by Keithley 4200
semiconductor characterization system with voltage sweep-
ing mode. During the measurement, a bias voltage was ap-
plied between the top �Cu� and bottom �Pt� electrodes with
the latter being grounded. The schematic structure of the
sandwiched devices is depicted in Fig. 1�a�.
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FIG. 1. �Color online� �a� A schematic configuration of the Cu/GO/Pt sand-
wiched structure. �b� I-V characteristics of the Cu/GO/Pt structure. The ar-
rows indicate the sweep direction. The inset shows the I-V characteristics in
semilogarithmic scale.
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Figure 1�b� plots a typical I-V curve of a Cu/GO/Pt cell.
The inset of Fig. 1�b� shows the same I-V curve in a semi-
logarithmic scale. During the measurement, the voltage was
swept in a sequence of 0 V→1 V→0 V→−1 V→0 V at a
rate of 0.01 V/s. No forming process was necessary for acti-
vating the resistive switching effect. While increasing the
positive voltage steadily, the current jumps abruptly at a volt-
age value of about 0.8 V. The device switches from the high
resistance state �HRS or off state� to a low resistance state
�LRS or on state�, which is called the “Set” process. A cur-
rent compliance �10 mA in this work� is usually needed dur-
ing the Set process to prevent the sample from a permanent
breakdown. By sweeping the voltage from 1 to �0.4 V, the
device holds on the LRS, and starts switching from the LRS
to the HRS �“Reset” process� from �0.4 V. At the voltage of
�0.75 V, the cell recovers to the HRS, and holds until next
Set process. The I-V characteristics exhibit a typical bipolar
switching behavior. The device yield of the Cu/GO/Pt struc-
ture is more than 50%.

In order to investigate the endurance performance of the
Cu/GO/Pt memory device, cyclic switching operations were
conducted. Figure 2�a� shows the evolution of resistance of
the two well-resolved states in 100 cycles. The resistance
values were read out at �0.1 V in each dc sweep. Although
the resistance values of both HRS and LRS show some fluc-
tuations, the on/off ratios are about 20 without any obvious
degradation within 100 cycles. The distribution of the pro-
gramming voltages �VSet and VReset�, another critical param-
eter to evaluate the memory device, is shown in Fig. 2�b�.
VSet and VReset distribute in a range of 0.3 to 1 V and �0.3 to
�0.9 V, respectively. The switching threshold voltages of the
Cu/GO/Pt sandwiched structure are lower than those of most
reported RRAM devices.1,3,4,8,17

The retention performance of the memory cell at RT is
shown in Fig. 3. The device was switched on or off by dc
voltage sweeping. Then the resistance of LRS or HRS was
read out at a reading voltage of 0.1 V. The readout was found

to be nondestructive. Both the LRS and HRS resistances can
be retained for more than 104 s without an external electrical
power, indicating that the memory device is nonvolatile and
stable at RT.

We intend to attribute the observed resistive switching to
the desorption/absorption of oxygen-related groups on the
GO sheets as well as the diffusion of the top electrodes.
As is well known, a GO layer can be considered as a
graphene sheet with epoxide, hydroxyl, and/or carboxyl
groups attached to both sides, and physical properties of GO
can be modulated by those chemical functionalities on the
surface.18,19 We propose that the desorption and absorption
of epoxide, hydroxyl, and carboxyl groups near the Cu top
electrode may be responsible for the observed resistive
switching in the Cu/GO/Pt cell.20,21 When there are an
amount of epoxide, hydroxyl, and carboxyl groups on the
GO surface, the conductance of the Cu/GO/Pt cell is as-
sumed to be low due to sp3 bonding feature. As a positive
bias is applied on the top electrode, oxygen-related func-
tional groups inside the GO layer�s� close to the Cu top elec-
trode are removed, resulting in an amount of sp2 bonds. The
conductance of the device becomes higher due to an increase
in the concentration of interlayer � electrons. As a result, the
device is switched to the LRS. While sweeping the voltage to
certain negative values, the oxygen-related groups diffuse
toward GO sheets and attach to them again. Correspondingly,
the memory cell returns to the HRS. Therefore, the desorp-
tion and absorption of the oxygen-related groups on the GO
sheets correspond to the on and off states, respectively. In
addition, various metals �such as Ag, Au, and Ti� as top
electrodes were deposited on GO films and the I-V charac-
teristics were investigated. The resistive switching behaviors
were also observed. The devices with Cu top electrodes
showed larger on/off ratio and higher device yield compared
to those with Au top electrodes. This suggests that the
formation/rupture of metal filaments in the GO film due to
the diffusion of top electrodes under an external voltage may
be responsible for the switching as well besides the
desorption/adsorption of oxygen-related groups. Of course,
in order to clarify the real origin of the observed resistive
switching behaviors, more investigations are needed.

In summary, GO thin films were prepared on
Pt /Ti /SiO2 /Si substrates by vacuum filtration method. Reli-
able and reproducible resistance switching behaviors were
found in the Cu/GO/Pt devices. The resistance ratio between
HRS and LRS is about 20. The memory devices exhibited
good retention characteristics and low switching voltages.

101

102

103

104
LRS
HRS

R
es
is
ta
nc
e
(O
hm
)

(a)

0 20 40 60 80 100

-1

0

1

2
VSet
VReset

V
ol
ta
ge
(V
)

Cycle number

(b)

FIG. 2. �Color online� �a� The endurance performance, and �b� the distribu-
tions of the programming voltages �VSet and VReset� of the Cu/GO/Pt memory
cell.
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FIG. 3. �Color online� Retention for the LRS and HRS of the Cu/GO/Pt
device at RT.
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The observed switching effect might originate from the
desorption/absorption process of oxygen-related groups on
the GO sheets and also the diffusion of the top electrodes.

The authors thank the K. B. Yin for his help in the elec-
trical properties measurement. The authors gratefully ac-
knowledge the financial support from Chinese Academy
of Sciences �CAS�, State Key Project of Fundamental Re-
search of China �973 Program�, the National Natural Science
Foundation of China, Zhejiang and Ningbo Natural Science
Foundations.

1S. Q. Liu, N. J. Wu, and A. Ignatiev, Appl. Phys. Lett. 76, 2749 �2000�.
2A. Beck, J. G. Bednorz, Ch. Gerber, C. Rossel, and D. Widmer, Appl.
Phys. Lett. 77, 139 �2000�.

3S. Seo, M. J. Lee, D. H. Seo, E. J. Jeoung, D.-S. Suh, Y. S. Joung, I. K.
Yoo, I. R. Hwang, S. H. Kim, I. S. Byun, J.-S. Kim, J. S. Choi, and B. H.
Park, Appl. Phys. Lett. 85, 5655 �2004�.

4W. Y. Chang, Y. C. Lai, T. B. Wu, S. F. Wang, F. Chen, and M. J. Tsai,
Appl. Phys. Lett. 92, 022110 �2008�.

5X. Wu, P. Zhou, J. Li, L. Y. Chen, H. B. Lv, Y. Y. Lin, and T. A. Tang,
Appl. Phys. Lett. 90, 183507 �2007�.

6T. Sakamoto, H. Sunamura, H. Kawaura, T. Hasegawa, T. Nakayama, and
M. Aono, Appl. Phys. Lett. 82, 3032 �2003�.

7D. R. Stewart, D. A. A. Ohlberg, P. A. Beck, Y. Chen, R. S. Williams, J. O.
Jeppesen, K. A. Nielsen, and J. F. Stoddart, Nano Lett. 4, 133 �2004�.

8S. H. Jo and W. Lu, Nano Lett. 8, 392 �2008�.
9T. Rueckes, K. Kim, E. Joselevich, G. Y. Tseng, C. L. Cheung, and C. M.
Lieber, Science 289, 94 �2000�.

10K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V.
Dubonos, I. V. Grigorieva, and A. A. Firsov, Science 306, 666 �2004�.

11P. Avouris, Z. H. Chen, and V. Perebeinos, Nat. Nanotechnol. 2, 605
�2007�.

12X. R. Wang, Y. J. Ouyang, X. L. Li, H. L. Wang, J. Guo, and H. J. Dai,
Phys. Rev. Lett. 100, 206803 �2008�.

13M. Burghard, H. Klauk, and K. Kern, Adv. Mater. 21, 2586 �2009�.
14L. J. Cote, F. Kim, and J. X. Huang, J. Am. Chem. Soc. 131, 1043 �2009�.
15G. Eda, G. Fanchini, and M. Chhowalla, Nat. Nanotechnol. 3, 270 �2008�.
16X. F. Zhou and Z. P. Liu, “A scalable, solution-phase processing route to

graphene oxide and graphene ultralarge sheets” �unpublished�.
17Y. B. Li, A. Sintskii, and J. M. Tour, Nat. Mater. 7, 966 �2008�.
18K. A. Mkhoyan, A. W. Contryman, J. Silcox, D. A. Stewart, G. Eda, C.

Mattevi, S. Miller, and M. Chhowalla, Nano Lett. 9, 1058 �2009�.
19J. A. Yan, L. Xian, and M. Y. Chou, Phys. Rev. Lett. 103, 086802 �2009�.
20M. Jin, H. K. Jeong, W. J. Yu, D. J. Bae, B. R. Kang, and Y. H. Lee, J.

Phys. D Appl. Phys. 42, 135109 �2009�.
21T. J. Echtermeyer, M. C. Lemme, M. Baus, B. N. Szafranek, A. K. Geim,

and H. Kurz, “A graphene-based electrochemical switch,”
arXiv:0712.2026v1 �unpublished�.

232101-3 He et al. Appl. Phys. Lett. 95, 232101 �2009�

Downloaded 18 Jan 2010 to 60.190.58.162. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.126464
http://dx.doi.org/10.1063/1.126902
http://dx.doi.org/10.1063/1.126902
http://dx.doi.org/10.1063/1.1831560
http://dx.doi.org/10.1063/1.2834852
http://dx.doi.org/10.1063/1.2734900
http://dx.doi.org/10.1063/1.1572964
http://dx.doi.org/10.1021/nl034795u
http://dx.doi.org/10.1021/nl073225h
http://dx.doi.org/10.1126/science.289.5476.94
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nnano.2007.300
http://dx.doi.org/10.1103/PhysRevLett.100.206803
http://dx.doi.org/10.1002/adma.200803582
http://dx.doi.org/10.1021/ja806262m
http://dx.doi.org/10.1038/nnano.2008.83
http://dx.doi.org/10.1038/nmat2331
http://dx.doi.org/10.1021/nl8034256
http://dx.doi.org/10.1103/PhysRevLett.103.086802
http://dx.doi.org/10.1088/0022-3727/42/13/135109
http://dx.doi.org/10.1088/0022-3727/42/13/135109

