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ABSTRACT A multistate nonvolatile memory operated at sublithographic scale has been strongly desired since other nonvolatile

memories have confronted the fundamental size limits owing to their working principles. Resistive switching (RS) in metal-oxide-metal

junctions, so-called ReRAM, is promising for next generation high-density nonvolatile memory. Self-assembled oxide nanowire-based

RS offers an attractive solution not only to reduce the device size beyond the limitation of current lithographic length scales but also

to extract the underlying nanoscale RS mechanisms. Here we demonstrate the multistate bipolar RS of a single Co3O4 nanowire (10

nm scale) with the endurance up to 108. In addition, we succeeded to extract a voltage-induced nanoscale RS mechanism rather than

current-induced RS. These findings would open up opportunities to explore not only for the intrinsic nanoscale RS mechanisms with

the ultimate size limit but also for next generation multistate three-dimensional ReRAM.
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R
esistive switching (RS) phenomena in metal-oxide-

metal sandwich junctions, so-called “ReRAM” and/

or “Memristors”, have attracted a great deal of scien-

tific and industrial interest as next-generation high-density

nonvolatile memories due to their structural simplicity and

excellent memory characteristics compared with existing non-

volatile memories such as flash-memory, FeRAM, MRAM and

PRAM.1-5 Previously various oxides including NiO,6-10,22,23

TiO2,
11-14 CuO,15 CoO16,17 and others18-21 have been

investigated. The observed RS behaviors have been catego-

rized into three types including bipolar,9,13,14,17,19-21,23

unipolar,6-8,11,12,15,16,18,22 and threshold switching.10 Al-

though several models have been proposed to explain RS, a

model based on nanoscale conducting filaments within insu-

lators has most successfully explained many RS features.6,7,9-20

However, the mechanisms especially at nanoscale are under

debate due to the finite size of such conducting filaments.19,20

To achieve high-density memory, it is crucial to reduce the

size of RS cells beyond the limitation of current lithographic

length scales. ReRAM has been especially expected to show

the multistate memory effects at sublithographic scale,

hardly attainable with other nonvolatile memories due to

their working principles. Thus the scaling down of RS cells

is strongly desired not only for understanding the underlying

RS mechanisms at sublithographic scale but also for improv-

ing the characteristics. Although the bottom-up approach24

using self-assembled oxide nanowires is a promising solution

for scaling down the device size, the reliable multistate RS

of oxide nanowire had been unfeasible.22,23 In this Letter,

we demonstrate for the first time the multistate bipolar RS

effect of a single cobalt oxide (p-type) nanowire (10 nm

scale) with endurance up to 108.

Cobalt oxide nanowires were fabricated as core-MgO/

shell-cobalt oxide nanowires by an in situ nanowire template

method.23,25-27 MgO nanowires were grown on MgO (100)

single crystal substrate by Au catalyst assisted vapor-

liquid-solid (VLS) growth using pulsed laser deposition. The

details of MgO nanowire growth can be seen elsewhere28-34

(see Supporting Information). The typical growth conditions

were 750 °C of the substrate temperature and 10 Pa (Ar:O2

) 1000:1) of ambient pressure. The length and the diameter

of fabricated MgO nanowires were typically 5 µm and 10

nm, respectively. A cobalt oxide layer was deposited onto

the core nanowires without atmospheric exposure. A Co3O4

pellet (99.9% pure) was used as a target. Prior to the shell

layer formation, the chamber pressure was set to be less

than 5 × 10-6 Pa, and then Ar gas (99.9999% pure) was

introduced. The shell layer formation was performed under

room temperature (RT) and 10-1 Pa of the ambient pressure.

The microstructures, compositions, and crystallinity of

core-shell nanowires were evaluated by field emission

scanning electron microscopy (FESEM) and high-resolution

transmission electron microscopy (HRTEM) equipped with

energy dispersed electron spectroscopy (EDS). To evaluate

the transport properties of MgO/cobalt oxide nanowires, we
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utilized the devices composed of individual nanowires,

which were fabricated on degenerately doped n-type silicon

substrate capped with thermally oxidized SiO2 layer with

300 nm of the thickness.35,36 Combining photolithography

and electron beam (EB) lithography processes enables elec-

trode patterns to be defined on the SiO2/Si substrate, fol-

lowed by metal deposition of Pt/Au (20/100 nm). The

transport measurements were performed in atmospheric air

at RT by using semiconductor parameter analyzer (Keithley

4200SCS).

Figure 1a shows the FESEM image of MgO (core)/cobalt

oxide (shell) nanowires grown on the substrate. Most nanow-

ires are grown vertically to the substrate due to the prefer-

ential crystal growth along the MgO (100) direction.28-34 The

diameter, the crystal structure, and the composition of core/

shell nanowires were evaluated by HRTEM-EDS, as shown

in Figure 1b (see part 1 in Supporting Information). The

uniformity of the shell layer with the grainlike morphology

can be seen. The diameter of MgO nanowire was typically

10 nm and the shell thickness was 5 nm, which is controllable

by varying the deposition time. The EDS and ED pattern

analysis identified that the crystal structure of shell layer is a

spinel Co3O4 (see part 1 in Supporting Information). Figure 2a

shows the current-voltage (I-V) characteristics of the nano-

wire device in a semilogarithmic current scale. The inset

shows the FESEM image of the device. Initially the nanowire

was highly insulative (1013
Ω at 1 V). By performing a so-

called “forming” process with high electric field,14,15,18,21 the

resistance decreased down to 1010
Ω (see part 2 of the

Supporting Information). After the forming process, the I-V

data of Figure 2a were obtained with the compliance current

of 10-9 A. The presence of bipolar RS, which is defined as a

polarity-dependent RS,8,9,13,14,17,19-21 can be clearly seen.

When a positive voltage was applied, a “SET” process from

a high resistance OFF state (HRS) to a low resistance ON

state (LRS) appeared, whereas applying the negative voltage

resulted in a “RESET” process from LRS to HRS. Once the

SET or RESET process was performed, LRS and HRS were

kept as long as the electric field was applied to the same

polarity. The occurrence of such a bipolar RS within the shell

layer was confirmed by performing the I-V measurement

for the device comprised of only the MgO core nanowire,

FIGURE 1. (a) FESEM (false color) and (b) HRTEM images of the MgO/Co3O4 heterostructured nanowires. Upper left and lower right insets in
(b) show the selected area electron diffraction (SAED) pattern and the magnified heterointerface of nanowires, respectively.

FIGURE 2. (a) Typical I-V characteristics of the individual MgO/Co3O4 nanowire device. The external scales show the corresponding current
density (y axis) and electric field (x axis), respectively. The inset shows the FESEM image of the nanowire device structure. All I-V characteristics
were measured by using adjacent two electrodes. A typical nanogap distance was ∼250 nm. (b) Switching endurance data of the MgO/Co3O4

nanowire device. For switching endurance, the applied SET (from HRS to LRS) voltage, the RESET (from LRS to HRS) voltage, and the compliance
current were 15 V (500 µs), -3 V (200 µs), and 10-7 A, respectively. Resistances of both LRS and HRS were read at 2 V.
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where RS was not observed at all (see part 2 of the Support-

ing Information). Figure 2b shows the switching endurance

of nanowire device. The switching endurance was confirmed

at least 108 times, which exceeds the limitation of current

flash memories. As to the retention time, both HRS and LRS

were maintained in vacuum at least up to 104 s (see part 3

of the Supporting Information). Thus these results highlight

the nonvolatile bipolar RS memory effects in the present

nanowire device. The operating voltage (∼15-40 V) seems

to be larger than typical values of thin film devices (∼1-5

V).16,17 We calculated the electric field intensity (∼0.6-1.6

× 106 V/cm), which is comparable to that of thin film devices

(∼(0.2-1) × 106 V/cm).16,17 Thus the apparent discrepancy

in the operating voltages between nanowire and thin film

devices is due to the different gap distance between elec-

trodes. The bipolar RS could be operated for the current

range (∼10-9 A), which is much lower than typical operating

currents (∼10-2 A) for the thin film devices.17 Since the

cross-sectional area of the Co3O4 shell layer is ∼10-4
µm2,

which is at least 6 orders of magnitude smaller than typical

thin film devices previously reported, 102
µm2,17 the reduc-

tion of operating current level might be also related to the

size effects of RS events. Although several models have been

proposed for RS behavior,6,10,11,14,19-21 a so-called filament

model, which explains a RS in terms of the formation and

rupture of conducting filaments within insulators, is a prom-

ising model. One of the unique features of the filament

model is the presence of a forming process. As mentioned

above, the present nanowire devices exhibited the forming

process in the first I-V sweep (see part 2 in the Supporting

Information). On the basis of the filament model,6,7,9-20 the

LRS resistance is determined by the number and/or the size

of nanoscale conducting filaments. Since the size of the

filaments in present nanowire devices is confined to less

than the size of nanowire, the confinement effects of

conducting filaments within nanowires might result in a

decrease of the current level for RS. Thus these results

highlight the presence of nonvolatile bipolar RS memory

effects within the present nanowire device down to a 10 nm

size range, and the low power consumption properties.

Figure 3a shows the I-V characteristics of SET processes

when the compliance currents ranged from 10-10 to 10-8

A. For the RESET process, a constant voltage of -20 V was

applied in each measurement. It can be seen that varying

the compliance current value (i.e., programming voltage)

resulted in the variation of LRS resistance, although the HRS

resistance in each measurement was almost identical. More

importantly, there was a systematic relationship between

the compliance current and the LRS resistance, indicating

the “multistate memory effects”. Figure 3b shows the

compliance current dependence on the resistances of both

LRS and HRS. The resistance values of both LRS and HRS

FIGURE 3. (a) I-V characteristics of the SET process when varying the compliance current (10-10
-10-8 A). (b) Compliance current dependence

of the nanowire resistance. Resistances were read at 5 V in both LRS and HRS. The same RESET voltage of -20 V was applied in each
measurement. The inset shows the relationship between the compliance and the SET voltage. (c) Switching endurance data for various
programming SET voltages (5, 10, 15, 20 V, 1 ms). RESET voltage was set to be -3 V (1 ms) in each experiment. Resistances for both LRS and
HRS were read at 2 V.
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were measured at 5 V. LRS resistance systematically de-

creased with increasing the compliance current. The LRS/

HRS resistance ratio increased from 3 to 300 when increas-

ing the compliance current from 10-10 to 10-8 A. Recently

Jung et al.5 reported controllable three different resistance

states by utilizing Ge2Sb2Te5/GeTe core-shell heterostruc-

tured nanowires. The present oxide nanowire ReRAM de-

vices can offer more multistate memory effects by just

programming the compliance current in 10 nm size range.

Figure 3c shows the endurance data when varying the

programming voltage. The stable RS for each memory state

can be seen up to 104 times. These results highlight the

feasibility of oxide nanowire-based nonvolatile RS devices

for high density and multistate memory.

Next we examine the mechanisms of bipolar RS with the

multistate memory effects in the present nanowire devices.

In the filament model,6,7,9-20 the rupture and formation of

filaments result in SET and RESET processes, respectively.

The occurrence of both SET and RESET processes has been

attributed to (1) Joule heating, (2) electrochemical redox

events with filaments, and others.6,8,11,12,17,19,20 The polarity

dependence of bipolar RS seems to be consistent with the

scenario based on an electrochemical redox.8,17,19,20 Since

Co3O4 is a p-type semiconductor,37 the conducting path

might be composed of oxygen-rich phases. The importance

of anion and/or cation movements has been indicated for

bipolar RS mechanisms,8,17,19,20 and thus it would be very

interesting to identify whether the bipolar RS in nanowire

devices is induced by the electric field or the current.19 To

confirm this, we have investigated the relationship between

RESET and SET voltage and/or currents. Figure 4 shows the

relationships between RESET and SET voltages and/or cur-

rents. Here, SET voltage was defined as the voltage where

the current reached to the compliance current (10-9 A).

There is a reasonable correspondence between SET voltage

and RESET voltage, whereas no clear relationship between

SET current and RESET current exists, which completely

differs from the trends of current-induced unipolar thin film

devices (see part 4 in the Supporting Information). The

relationships between the resistance and the voltage were

also analyzed (see parts 5 in the Supporting Information).

Thus these results highlight that the bipolar RS in present

nanowire devices is induced by the electric field rather than

the current, inferring the electrochemical redox events via

the ion movements within nanowires. Further investiga-

tions, including real time composition variation analysis and/

or atmosphere dependent transport measurements, should

be undertaken to clarify the detailed redox based RS

mechanisms.

In conclusion, we successfully demonstrate the sublitho-

graphic scale multistate bipolar RS in MgO/Co3O4 core/shell

nanowires with endurance up to 108. A voltage-induced RS

mechanism was identified by analyzing the RS properties.

These findings would open up opportunities to explore not

only for the intrinsic nanoscale RS mechanisms with the

ultimate size limit but also for next generation multistate 3D

ReRAM.
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