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Polycrystalline NiO Thin Films Applicable to Nano-Storage Media
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We have investigated local electrical properties of NiO thin lms applicable to nano-storage devices. Polycrystalline NiO thin lms were deposited on Pt/Ti/SiO2 /Si substrates by dc magnetron
reactive sputtering methods. X-ray di raction (XRD) data have shown that polycrystalline NiO
lms without second phases were grown on the substrates. We also observed root mean square
roughness of 1.9 nm in the 15 m  15 m area of a NiO lm by using atomic force microscopy
(AFM) mode. Using conducting atomic force microscopy (C-AFM) mode, we measured the change
in local current distribution and found that the grown NiO lms exhibited excellent resistance
switching behavior at the nanoscale and good retention behavior of the written nano-sized domains.
Moreover, we investigated the relation between pulse height and bit size. It was possible to write
8  8 bits in 4  4 m2 area and to store digital information corresponding to several Gbit/inch2 .
Therefore, we successfully showed the feasibility of NiO lms as media for nano-storage devices.

PACS numbers: 87.64.Dz, 73.61.-r, 81.15.-z
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I. INTRODUCTION

Recently, high-density nano-storage devices using
scanning probe microcopy (SPM) have attracted much
attention due to the fact that their prospective storage
limit is higher than that of conventionally used storage
devices such as hard disk drives. A nano-storage device generally consists of read/write head, scanner, data
processor, and storage media. The storage media used
for the nano-storage devices must have easily accessible
bistable states in order to write and read digital information by using SPM tips. Up to now, storage media tested
have possessed bistable magnetic spin states [1], surface states controlled by local heat [2], crystalline states
[3], or electrical polarization states [4{6]. However, all
the media have their own critical drawbacks hindering
commercialization, such as interference between adjacent
bits, low programming speed, high reset current, or complex structure of reading head, respectively.
A binary oxide lm, such as ZrO2 [7], TiO2 [8], Nb2 O5
[9] or CeO2 [10], can be a good candidate medium applicable to nano-storage devices, since its bistable current
states are extensively investigated for nonvolatile random
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access memory (NVRAM) applications.
However, binary oxide lms used for NVRAM devices
cannot be directly applied to nano-storage devices. Binary oxide lms applicable to nano-storage devices must
have good surface morphology and structure, small thickness, and good retention properties, since a SPM head of
tens-of-nm size writes and reads current domains without a well-de ned top electrode.
In this paper, we report our experimental e orts to
fabricate polycrystalline NiO thin lms with smooth surfaces by using Pt bottom electrodes. NiO is a well-known
binary oxide material applicable to NVRAM, due to its
simple device structure, large ratio between a high conductivity (ON) state and a low conductivity (OFF) state,
and the possibility of easy high density. Furthermore, it
seems to be free from the material drawbacks mentioned
above. Current switching behaviors and retention properties of NiO/Pt/Ti/SiO2 /Si structures have been analyzed by using the conducting atomic force microscopy
(C-AFM) mode of SPM.
II. EXPERIMENTS

Polycrystalline NiO lms were deposited on Pt/Ti/
SiO2 /Si substrates by dc magnetron reactive sputtering
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Fig. 1. (Color online) X-ray -2 scan data of a NiO lm
deposited on Pt/Ti/SiO2 /Si substrate.

methods. The base pressure for sputtering was set to
below 1  10 6 Torr by using a turbo pump. During the
deposition process, substrate temperature and working
pressure of (Ar+O2 ) gases were kept at 300  C and 5
mTorr, respectively. Oxygen content in the gas mixture,
that is the ratio of O2 partial pressure to the working
pressure, was xed at 5%. The structural phase and orientation of the lms were characterized by using x-ray
di raction (XRD), and the thickness of NiO lm was determined as 25 nm by using eld-emission scanning electron microscopy. Surface morphology was investigated
by using atomic force microscopy (AFM) mode, and local current distribution and retention behavior of a current domain were measured by using the C-AFM mode
of a SPA300HV from Seiko accompanied by a Keithley
2400 sourcemeter. For the nano-scale electrical measurements, a bottom Pt electrode was electrically connected
to an AFM sample holder with the aid of silver paste and
a diamond-coated AFM tip was used as a conducting tip.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD -2 scan data for NiO thin
lms with thickness of 25 nm grown on Pt/Ti/SiO2 /Si
structure. By comparing the data (black line) with those
from a bare Pt/Ti/SiO2 /Si substrate (red line), we have
found that the NiO lms have a polycrystalline NaCltype structure. Di raction analysis does not show any
higher oxides, such as Ni2 O3 or NiO2 , or any other compounds.
Surface roughness of a NiO/Pt/Ti/SiO2 /Si lm was
measured by using AFM mode, as shown in Fig. 2. The
root-mean-square (RMS) roughness of the lm is estimated as 1.9 nm in the 15 m  15 m area. By considering the RMS roughness of a bare Pt/Ti/SiO2 /Si sub-
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Fig. 2. (Color online) Atomic-force microscopy image of a
NiO lm.

strate reaching about 1.5 nm, we successfully deposited
a NiO lm with very smooth surface by using a dc reactive sputtering method. A smooth surface with low RMS
roughness is indispensable for nano-storage media, since
surface roughness strongly a ects wear of a conducting
tip and the scanning speed of a tip head.
Figure 3(a) shows a schematic diagram of our C-AFM
measurement system consisting of SPM and Keithley
2400 sourcemeter. It is very dicult to observe current
switching behaviors and to exactly measure the ratio between ON and OFF states, since the high-current limit
measurable with our SPM is too low, that is 100 nA. A
Keithley 2400 sourcemeter can measure a wide range of
current values from 1 pA to 1 A, and thus it was connected to the output channel of the SPM, as shown in
Fig. 3(a). Using this modi ed C-AFM, we can obtain
a full current switching curve at a xed local point on
our NiO lm, which is de ned by a conducting AFM tip,
as shown in Fig. 3(b). By sweeping the voltage to positive values above a certain voltage, an abrupt increase
in leakage current appears.
By this voltage sweep above the certain voltage, a local
non-volatile ON state of a NiO lm is achieved. While
sweeping again, a sudden drop of leakage current appears
at a lower voltage. By this voltage sweep above the voltage, the resistance of the lm is recovered to the original
value and a nonvolatile OFF state is achieved. This local bistable memory switching is entirely reversible and
reproducible although there is a small dispersion in the
values of switching voltages. The data exhibit a ratio between ON and OFF states exceeding 104 , which is large
enough to be discerned by a SPM nano-storage head.
Such a large ON/OFF ratio results in simple reading
and signal processing module in nano-storage devices.
The AFM image obtained just after the C-AFM measurement reveals no surface damage structure, such as
protrusion or subsidence on a NiO lm.
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Fig. 3. (Color online) (a) Schematic diagram of modi ed conducting atomic-force microscopy (C-AFM) system, and (b) local
current switching behavior measured by using C-AFM and surface morphology obtained after C-AFM measurement.

Fig. 4. (Color online) Change in surface morphology and current image of a NiO lm after repetitive voltage scans.

We also measured the change in surface morphology
and local current distribution after repetitive voltage
scan, as shown in Fig. 4. The main current ows through
grain boundaries at the initial stage, and current penetrating grain increases more and more as the voltage
scan is repeated. The data imply that current switching observed in NiO lms may result from a resistance
change inside the grain, rather than at the grain boundary. After several repetitions of the voltage scan using
5-V dc voltage on 500 nm  500 nm area, we compared
the current distribution between the electrically stressed
area and the neighboring area by performing C-AFM
measurements by using 1 V dc voltage on 1000 nm 
1000 nm area, as shown in the rightmost image of Fig.
4. Higher current ows through the electrically stressed
area than the neighboring area. Such current distribution can be measured after a time delay without applied
external voltage indicating that the local current change
is non-volatile.

In order to ascertain the density limitation of our NiO
lms as nano-storage media, we tried to write bit domains by using voltage pulses. We formed an array of
bit domains on a 3 m  3 m area of a NiO lm by using voltage pulses of di erent height and width. Before
forming the arrays, we wrote back poling domains on a
larger 5 m  5 m area by using -10-V dc voltage in
order to obtain clear images. As shown in Fig. 5(a), the
e ect of pulse height from 4 V to 10 V is recorded along
the x -axis direction and the e ect of pulse width from 1
ms to 100 ms is recorded along y -axis direction. Figure
5(b) shows that the size of a written bit increases with
both pulse height and pulse width. We need to apply
a voltage pulse with height over 5 V and width over 10
ms in order to write detectable bits. Using the selected
writing pulse condition of 5-V height and 10-ms width,
we could write the highest density of current bits on a
NiO lm with thickness 25 nm. It is possible to write
8  8 bits in 4  4 m2 area and to store digital infor-
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read/write speed and simple constition. We successfully
deposited polycrystalline NiO thin lms with a few nm
RMS on Pt bottom electrodes. Current domains were
written and read by using AFM mode and C-AFM mode
of SPM, respectively. The NiO/Pt/Ti/SiO2 /Si structures showed good electrical properties, surface morphologies, and retention behaviors of current domain
bits. Based on the stable electrical properties of current
bits, a density of several Gbit/inch2 could be written on
a NiO/Pt/Ti/SiO2 /Si structure.
Fig. 5. (Color online) (a) Detailed bit writing conditions
and (b) array image of written bits on 3 m  3 m area by
using a voltage pulse with di erent voltage height and pulse
width.
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