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R
esistive random access memory
(RRAM) is a feasible next generation,
nonvolatile memory technology

which utilizes two bistable resistances of

high resistance states (HRS) and low resis-

tance states (LRS).1�6 Similar to the simple

structure of dynamic random access

memory (DRAM), one bit of RRAM memory

can be composed of one transistor and one

RRAM capacitor.7,8 However, different from

a DRAM capacitor, a RRAM capacitor exhib-

its two bistable resistances of HRS and LRS,

which can be switched by an external bias

or preserved as information for a long time.

As a result, many researchers have exten-

sively studied various RRAM dielectrics,

from transition metal oxides to chalco-

genides, which show two bistable

resistances.9�15 Since these various RRAM

dielectrics can be more easily fabricated

and handled than other memory media,

such as ferroelectric materials, which re-

quire a high processing temperature for

crystallization, RRAM memory is expected

to be widely utilized for next generation

nanoscale electronic devices.16,17

For the fabrication of nanoscale de-

vices, it is necessary to form nanostruc-

tures of nanodots, nanotubes, and

nanowires based on top-down or

bottom-up approaches.18�21 To provide

small-sized nanostructures at a low cost,

the bottom-up approach, which is mainly

based on the self-assembly mechanism,

is more promising for the fabrication of

nanostructures than the top-down ap-

proach.18 Various nanotemplates, such as

anodic aluminum oxide (AAO), can be

used as templates to form periodically

patterned nanostructures.22,23 These

nanotemplates enable the formation of

various nanostructures with a periodic

pattern, and the interpore distance, pore
diameter, and depth can be easily con-
trolled.23 Thus, nanotemplate-based
nanostructure formation is a feasible
technique for the production of nano-
scale electronic devices.24

Recently, graphene has been actively re-
searched due to its quantum electric trans-
port, remarkably high mobility, high elastic-
ity, and electromechanical modulation,
similar to carbon nanotubes.25�27 Graphene
can be used as a transparent and flexible
electrode and has demonstrated a very low
sheet resistance and a high optical transpar-
ency.27 Thus, it is expected that graphene is
a good electrode, even for the fabrication
of flexible nanoscale electronic devices. In
this work, we fabricated a NiO RRAM nano-
capacitor array containing an individual Pt
top electrode on a graphene sheet attached
to a Nb-doped SrTiO3 substrate. The NiO
RRAM nanocapacitors exhibited typical uni-
polar switching characteristics of a RRAM
capacitor.

The schematic drawings for the fabrica-
tion of the NiO RRAM capacitor array struc-
ture on a graphene sheet are shown in Fig-
ure 1. AAO nanotemplates were prepared
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ABSTRACT In this study, a NiO RRAM nanocapacitor array was fabricated on a graphene sheet, which was on

a Nb-doped SrTiO3 substrate containing terraces with a regular interval of about 100 nm and an atomically smooth

surface. For the formation of the NiO RRAM nanocapacitor (Pt/NiO/graphene capacitor) array, an anodic aluminum

oxide (AAO) nanotemplate with a pore diameter of about 30 nm and an interpore distance of about 100 nm was

used. NiO and Pt were subsequently deposited on the graphene sheet. The NiO RRAM nanocapacitor had a diameter

of about 30 � 2 nm and a thickness of about 33 � 3 nm. Typical unipolar switching characteristics of the NiO

RRAM nanocapacitor array were confirmed. The NiO RRAM nanocapacitor array on graphene exhibited lower SET

and RESET voltages than that on a bare surface of Nb-doped SrTiO3.

KEYWORDS: resistive switching · NiO · nanocapacitor · graphene · anodizing
aluminum oxide

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 5 ▪ 2655–2658 ▪ 2010 2655



with a pore diameter of about 30 nm and an interpore

distance of about 100 nm by four-step anodization of Al

sheets, using 0.3 M oxalic acid at a constant anodiza-

tion voltage of 40 V and a temperature of 15 °C.23 As

shown in the SEM image (Figure 2a), a good AAO

nanotemplate was obtained with a long order. To make

an atomically flat surface on the Nb-doped SrTiO3 sub-

strates (Nb doping level �1 wt % and resistivity �0.001

� · cm), which can be used as a bottom electrode of a Pt/

NiO/Nb-doped SrTiO3 capacitor, as well as the intercon-

nector of the graphene bottom electrode of a Pt/NiO/

graphene capacitor, the Nb-doped SrTiO3 substrates were

dipped in a dilute HF solution and annealed at 1000 °C
for 1 h.28 The Nb-doped SrTiO3 substrate had terraces with
a uniform interval of about 100 nm and a very low rough-
ness below 0.2 nm (Figure 2b). This smooth surface of
the Nb-doped SrTiO3 allows production of a smooth sur-
face of the graphene sheet. After the Nb-doped SrTiO3

substrate with an atomically smooth surface was pre-
pared, graphene was added on the surface of the Nb-
doped SrTiO3 substrate exfoliated by mechanical cleav-
age from highly ordered pyrolytic graphite (HOPG), which
is a periodic stack of two-dimensional graphene sheets
along the c axis.29 Then, the graphene sheet on the Nb-
doped SrTiO3 substrate was covered with an AAO nan-
otemplate, where the graphene sheet is utilized as a bot-
tom electrode of a NiO RRAM capacitor. In this work,
graphene sheets, which are excellent electrodes similar
to metallic carbon nanotubes, were used as the bottom
electrodes for the fabrication of NiO RRAM capacitors.30 It
is expected that the graphene sheets can reduce the SET
and RESET bias voltages of RRAM capacitors because the
work function of graphene (4.66 eV) is lower than that of
noble metals, such as Pt.30�32 An AAO membrane with a
thickness of 400 nm was detached from the Al sheet in an
ethanol/perchloric acid solution (4:1 ratio by volume) by
applying a bias, and the AAO membrane then covered
the surface of the graphene/Nb-doped SrTiO3.33 Through
the AAO nanotemplate as a shadow mask, NiO and Pt
were subsequently deposited by radio frequency (RF)
sputtering. Finally, the NiO RRAM nanocapacitor array
structure was obtained after the removal of the AAO nano-
template. Figure 2c shows an atomic force microscope
(AFM) image of the NiO RRAM nanocapacitor array on a
graphene sheet after the removal of the AAO nanotem-
plate. The NiO RRAM nanocapacitor array also exhibits
a well-arranged pattern, similar to the AAO nanotem-
plate. All NiO RRAM nanocapacitors had nearly uniform
sizes. The terraces of the Nb-doped SrTiO3 substrate
can be vaguely observed below the arrow in Figure 2c,
clarified by black dashed lines. The boundary of the
graphene sheet on the Nb-doped SrTiO3 substrate is
indicated by a white dashed line. The resolution of the
three-dimensional AFM image of the NiO RRAM nano-
capacitors on a graphene sheet was magnified in
Figure 2d. Each NiO RRAM nanocapacitor had a diam-
eter of 30 � 2 nm and a thickness of 33 � 3 nm.

To verify the formation of the Pt top electrode on the
NiO nanodot, the NiO RRAM nanocapacitors were ob-
served by transmission electron microscopy (TEM), as
shown in Figure 3a. Both the NiO nanodot and the Pt
top electrode exhibited a polycrystalline structure. In par-
ticular, this image reveals the precise diameter and thick-
ness of the NiO RRAM nanocapacitor. The thickness of the
top Pt electrode was estimated to be about 5 nm.

For the NiO nanocapacitors, the currents as a func-
tion of applied voltage, resulting from the contact of a
conducting Pt tip with the Pt top electrode of a NiO
RRAM nanocapacitor, were measured (Figure 3b). The

Figure 1. Schematic drawings of the fabrication of a NiO RRAM capaci-
tor array on a graphene sheet: (a) an AAO nanotemplate is covered on a
graphene sheet after the graphene sheet is attached to a Nb-doped Sr-
TiO3 substrate, (b) NiO deposition through the AAO nanotemplate, (c) Pt
deposition on NiO nanodots in the AAO nanotemplate, and (d) the NiO
RRAM nanocapacitor array after the removal of the AAO nanotemplate.

Figure 2. NiO RRAM nanocapacitor array on a graphene sheet. (a) SEM
image of an AAO nanotemplate. The pores of the AAO nanotemplate
show a well-ordered structure with a pore diameter of about 30 nm and
an interpore distance of about 100 nm. (b) AFM image of the Nb-
doped SrTiO3 substrate. Well-arranged terraces are present with a uni-
form interval of about 100 nm. The Nb-doped SrTiO3 substrate has an
atomically smooth surface. (c) AFM image of the NiO RRAM nanocapac-
itor array on a graphene sheet. The arrow beside the AFM image indi-
cates an edge of the graphene sheet. (d) Three-dimensional AFM image
of the NiO RRAM nanocapacitor array from which a diameter of about
30 � 2 nm and a thickness of about 33 � 3 nm were obtained.
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RRAM switching characteristics of NiO RRAM nanoca-
pacitors on a graphene sheet or on a Nb-doped SrTiO3

substrate with a NiO thin film capacitor were compared
in Figure 3c.34 These three NiO RRAM capacitors exhib-
ited typical unipolar RRAM switching behaviors with a
very low ON current below 1 nA. The SET voltage was
about 1.5 V, and the RESET voltage was about 0.5 V for
the two NiO RRAM nanocapacitors, while the SET and
RESET voltages were 2.5 and 1.5 V for the NiO thin film
capacitor. However, the NiO RRAM nanocapacitor on
graphene had slightly lower SET and RESET voltages
than those on the surface of Nb-doped SrTiO3. Gener-
ally, SET and RESET voltages increase with the work
function of electrodes, but well-defined Schottky con-
tact between NiO and a graphene sheet causes a de-
crease of the SET and RESET voltages.32 Thus, we sug-
gest that the well-defined Schottky contact of NiO/
graphene contributes to the lower SET and RESET
voltages of the NiO nanocapacitor on graphene even
though the work function of graphene (4.66 eV) is

higher than that of Nb-doped SrTiO3 (4.2 eV).30�32 To
verify the reproducible switching behavior of a NiO
RRAM capacitor on a graphene sheet, bistable resistivi-
ties as a function of a switching cycle were obtained be-
tween SET and RESET at reading voltages of 0.8, 1.8,
and 0.25 V (Figure 3d). Typical retention and endur-
ance properties of the NiO RRAM capacitor were ob-
served for up to 200 cycles with HRS and LRS, allowing
the possibility for RRAM applications.

In summary, an anodic aluminum oxide (AAO) nano-
template with a pore diameter of about 30 nm and an
interpore distance of about 100 nm was used for the
formation of the NiO RRAM nanocapacitor (Pt/NiO/
graphene capacitor) array. The NiO RRAM nanocapaci-
tor exhibited a diameter of about 30 � 2 nm and a
thickness of about 33 � 3 nm. Typical unipolar switch-
ing characteristics of the NiO RRAM nanocapacitor array
were confirmed. The NiO RRAM nanocapacitor array
on graphene exhibited lower SET and RESET voltages
than those on the surface of Nb-doped SrTiO3.

METHODS
NiO RRAM Nanocapacitor Preparation and Measurements. Polycrystal-

line NiO thin films and Pt top electrodes were deposited on a
graphene sheet on top of a Nb-doped SrTiO3 substrate by a ra-
dio frequency sputtering method.34 Commercially available 2 in.

NiO and Pt targets were used for the deposition of the thin films
that were at a base pressure of �10�7 Torr before deposition.
During the NiO deposition, the working pressure of the gas mix-
ture (argon and oxygen) was maintained at 10 mTorr at room
temperature. The morphology and roughness of the NiO thin

Figure 3. Switching characteristics of the NiO RRAM nanocapacitor array on a graphene sheet. (a) NiO RRAM nanocapacitor
(Pt/NiO/graphene) and TEM image of a NiO nanocapacitor (Pt/NiO/Nb-doped SrTiO3). (b) Electrical contact of a RRAM nano-
capacitor with a Pt-coated cantilever. (c) Typical resistive switching characteristics of the NiO RRAM nanocapacitor on a
graphene sheet and a Nb-doped SrTiO3 substrate. The NiO RRAM nanocapacitor on graphene exhibited lower SET and RE-
SET voltages than those on the surface of Nb-doped SrTiO3. (d) Bistable resistivities as a function of switching cycle for a NiO
RRAM nanocapacitor on a graphene sheet.
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film were observed by atomic force microscopy and transmis-
sion electron microscopy. To characterize the NiO RRAM nanoca-
pacitors, atomic force microscopy was performed using a Pt-
coated Si3N4 cantilever as a conducting AFM tip. The Pt-coated
Si3N4 cantilever enabled contact to an external ampere meter
with a Pt top electrode of an individual NiO RRAM nanocapacitor.
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