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1. Synthesis of Cobalt Oxide Nanowires
a) Synthesis and characterization of MgO core nanowires
Magnesium oxide (MgO) core nanowires were synthesized via the Au catalyst assisted
vapour-liquid-solid (VLS) growth using pulsed laser deposition (PLD) technique [1-8].
A single crystal [100] oriented MgO substrate allows the nanowires to grow vertically
to the substrate with homoepitaxial growth [1]. Au thin film with 0.7 nm of the
thickness was deposited on 5 mm×5 mm substrate by sputtering (SANYU Electron
SC-701HMC) before the nanowire growth [2]. The PLD chamber was evacuated down
to 10-6 Pa before the laser ablation and then oxygen (99.9999% pure) and argon
(99.9999% pure) gas were introduced into the chamber by controlling the total ambient
pressure of 10 Pa (with the flux ratio of O2:Ar=1:1000) [3,4]. ArF excimer laser
(Lamda-Physik COMPex 102, λ=193 nm) was utilized for the laser ablation. Prior to
the deposition, the Au-coated substrate was preheated at 750 ºC for 15 min [5]. MgO
tablet (99.99% pure) was used as a source of Mg species. The laser energy, the
repetition rate, and the distance between the substrate and the target were set to be 40
mJ, 10 Hz, and 30 mm, respectively [6]. The substrate temperature of 750 ºC was
maintained during the nanowire growth. After 5 hours of the nanowire growth, the
samples were cooled down to room temperature (RT) within 30 min under the ambient
atmosphere. The microstructure, the length, and the diameter of the fabricated MgO
nanowires were characterised by a field emission scanning electron microscopy
(FESEM, Hitachi S-4300) at an accelerating voltage of 30 kV and a high resolution
transmission electron microscopy (HRTEM, JEOL JSM-3000F) at an accelerating
voltage of 300 kV. The diameter and the length of the MgO nanowires were 10-15 nm
and ~5 μm (growth rate: ~16.7 nm/min), respectively.
b) Fabrication and characterization of MgO/cobalt oxide core-shell
nanowires
MgO/cobalt oxide core-shell nanowires were fabricated by using in-situ nanowire
template method [9-12]. MgO nanowires fabricated above were used as a template for
cobalt oxide shell layer growth. cobalt oxide shell layer was deposited by using PLD
without atmospheric exposure after the MgO nanowire growth [12]. Note that the use of
in-situ formation technique is essential to construct the well-defined heterointerface due
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to the large specific surface area of nanowires. Co3O4 pellet (99.9% pure) which was
milled for 1 hour and then compressed and sintered at 1200 ºC for 5 hours was used as
the target. Prior to the shell layer formation, the chamber was evacuated to be less than
5×10-6 Pa to control the remaining oxygen, and then argon gas (99.9999% pure) was
introduced by controlling the ambient pressure of 10-1 Pa. The shell layer formation was
carried out at RT. The laser energy, the repetition rate, and the distance between the
substrate and the target were set to 40 mJ, 3 Hz, and 45 mm, respectively. The shell
thickness, the crystal structure, and the composition of the shell layer were evaluated by
a HRTEM (JEOL JSM-3000F) equipped with the energy dispersed x-ray spectroscopy
(EDS). The shell layer with grainlike morphology was uniform along the nanowire and
the average thickness was ~5 nm, which is controllable by varying the deposition time.
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Figure S1 (a) FESEM image and (b) HRTEM image of MgO/cobalt oxide coreshell nanowires. Upper right inset shows the selected area diffraction pattern
(SAED). Lower left inset shows the magnified image at the core-shell interface.
Most of nanowires were found to grow perpendicular to the MgO (100) substrate due to
the preferential [100] growth of MgO nanowires. SAED pattern clearly shows the
presence of Co3O4 phase in cobalt oxide shell layer.
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2. Device Fabrication and Electrical Measurement
To evaluate the transport properties of the fabricated MgO/ cobalt oxide nanowires,
the devices which consist of a single cobalt oxide nanowire were fabricated onto
phosphorous doped n-type silicon substrate capped with the thermally oxidized SiO2
layer with 300 nm of the thickness [12-14]. Firstly, the fabricated MgO/ cobalt oxide
nanowires were sonicated and dispersed into isopropanol. The frequency and the time of
the sonication were set to 28 kHz and 20 min, respectively [12-15]. Then, the nanowire
suspension was transferred on the SiO2/Si substrate prepatterned with the macroelectrodes for the contact with the electrical probes. Electron beam (EB) lithography
(JEOL JSM-7001F with Nano printer SPG-724) was utilized to define the electrode
pattern for bridging a single nanowire and the macro-electrodes. Following the EB
lithography patterning, Pt/Au (20 nm/100 nm) was then deposited to contact electrically
between the macro-electrodes and the nanowires. The nano-gap spacings were
controlled to be ranged from 100 nm to 400 nm according to the purpose of the
measurement. The transport measurement was performed by using a semiconductor
parameter analyzer (Keithley 4200SCS) at RT in various atmospheres. For the retention
measurement in various reactive gases, the device was set to be low resistance state
(LRS) firstly, and then the chamber was evacuated down to be 10-2 Pa within 2 min.
Then, the various gases were introduced into the chamber by controlling the ambient
pressure of 10-1 Pa. This condition was kept for 5 min prior to the retention
measurement. The retention measurement in various atmospheres was carried out at RT.
[14]
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3. Forming process, data retention properties and endurance data of a
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Figure S2 (a) Current-voltage (I-V) characteristics, (b) data retention and (c)
endurance of cobalt oxide nanowire RS device measured in air.
(a) I-V characteristics of MgO/ cobalt oxide nanowire for different conditions, including
pristine state (green line), ON state (pink line), and OFF state (violet line). The nanogap spacing used in this measurement was ~250 nm. The compliance current of 10-9 A
was used in these I-V measurements. After the forming process, which is defined as the
initial process to introduce the electrical conduction within pristine insulative matrix,
the polarity dependent bipolar RS was clearly seen. When applying the positive voltage,
‘SET’ process from high resistance OFF state (HRS) to low resistance ON state (LRS)
appeared, whereas applying the negative voltage resulted in ‘RESET’ process form LRS
to HRS. Note that the polarity of the electric field for the SET process was always
consistent with the polarity of forming process, indicating that the polarity of bipolar RS
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can be arbitrarily switched by controlling the polarity of the forming process since our
Pt/cobalt oxide nanowire/Pt structure is symmetric. (b) Data retention time of cobalt
oxide nanowire RS device. The measurements were carried out at RT in air. Left y-axis
shows the magnitude of current change compared to the current obtained just after the
occurrence of LRS. Right y-axis shows the actual current values both in LRS and HRS.
Readout of the currents was performed at 2 V. HRS was maintained at least 104 s, while
LRS drastically changed toward HRS within 104 s, clearly indicating that the LRS is an
excited state and the HRS is a ground state in the condition (in air and at RT). (c)
Switching endurance data of the nanowire device. The applied SET voltage, the RESET
voltage and the current compliance were +15 V (500 μs), -3 V (200 μs) and 10-7 A,
respectively. The resistance values of both LRS and HRS were read at 2 V. The
switching endurance was confirmed at least over 108 times, which is equivalent
performance of our previous study. [12]
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4. Device structure and RS characteristics of nanowire FET device.

a
V

b

G

10-8

Icomp= 10-9A

ON state

10-9
ISD (A)

VG=0V

S

D

Cobalt oxide nanowire

V

10-10
SET

10-11

OFF state

10-12

500nm

10-13
-100

-80

-60

-40

-20

0

VSD (V)

Figure S3 Device structure and RS behaviour of a nanowire FET device.
(a) FESEM image of the nanowire FET device. The nano-gap spacing of this device
was ~400 nm. In this measurement, VSD and VG were applied to the drain and the gate
electrodes, respectively, and the source was commonly grounded. The drain electrode
was negatively biased to supply the hole carriers from the grounded source electrode
[16]. The current level of all IGS with varying VG was at least 2 orders of magnitude
smaller than that of ISD, indicating that the influence of IGS when varying the VG is
negligible in this measurement. (b) ISD-VSD characteristics (SET process) of the
nanowire FET device with VG=0 V, where ISD and VSD are the current and the voltage
measured between source and drain. The operating current and electric field intensity
levels were comparable to the devices employed for the other experiments. The
compliance current was set to be 10-9 A.
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5. RS characteristics of the nanowire device used in the multi-probe
measurement.
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Figure S4 I-V characteristics of the nanowire device used in multi-probe
measurement.
(a) I-V characteristics of MgO/cobalt oxide nanowire RS device used in multi-probe
measurement. Inset shows the FESEM image of the employed device. The bias voltage
was applied to the ‘electrode A (anode)’ and the ‘electrode C (cathode)’ was grounded.
Both the nano-gap spacings and the width of electrodes were ~100 nm. The compliance
current of 5×10-9 A was applied for this measurement. (b,c) RS characteristics of the
multi-probe nanowire devices measured using the ‘electrode B’. I-V curves shown here
were obtained by following the measurement in Figure 5. RESET voltages were set to
be (b) -2 V and (c) -4 V, respectively. Clear bipolar RS features were seen in both A-B
and B-C configurations, indicating the validity of the results of Figure 5.
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