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Highly oriented polycrystalline nickel-oxide films were grown on Pt (111) substrates moderately
heated by using a non-reactive pulsed laser deposition method. The oxygen pressure of the process
vacuum was varied from 1 to 200 mTorr to study its effect on the composition with the other parameters fixed. The oxygen-pressure-dependent compositional, structural, and electrical properties
of the nickel-oxide films were investigated by using X-ray diffraction, atomic force microscopy, scanning electron microscopy, and current-voltage measurements. From the measurements, the oxygen
content during deposition was an important factor for the structural properties and for reproducible
resistance-switching characteristics.
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I. INTRODUCTION
Recently, reversible bi-stable switching between two
distinct resistance states has been found to take place
even at room temperature, by applying a voltage pulse
in capacitor-like devices composed of a wide variety
of insulating metal oxides sandwiched between two
metallic electrodes. This resistance switching has attracted considerable attention due to strong potential for practical applications such as resistance nonvolatile random access memories. These behaviors
have been observed in metal oxide materials, for example, Al2 O3 , MnO2 , Nb2 O5 , TiO2 , VO2 , Ta2 O5 , doped
SrTiO3 , doped SrZrO3 , Pr0.7 Ca0.3 MnO3 , BaTiO3 , and
(Pb1−y Lay )(Zr1−x Tix )O3 [1–9].
Among them, repetitive resistance switching was discovered in the well-known semiconducting NiO thin
films. Nickel oxide is an attractive material for use as a
stable antiferromagnetic layer in various magnetic structures and is p-type transparent conducting material due
to holes generated by Ni vacancies, in electrochromic devices and in functional sensor layers for chemical sensors.
In the bulk, NiO has a cubic (NaCl-type) structure with
a lattice parameter of 0.4195 nm and is considered to be
a model semiconductor with hole-type conductivity [10].
These films have been fabricated by using various phys∗ E-mail:

ical and chemical vapor deposition techniques because
the chemical stability of the layers, as well as their optical and electrical properties, is excellent. The studies
involving physical deposition show that more thermally
stable off-stoichiometric films can be grown with a reactive deposition method than in pulsed laser deposition
(PLD) method, but the latter can give more accurate
control around slightly off-stiochiometric conditions.
PLD provides unique advantages for multi-component
oxide films because it easily reproduces the stoichiometry of the target in the deposited film and enables even
epitaxial growth of the film on a substrate. Though it
has been shown that oxide films grown using PLD are
sometimes oxygen deficient, the oxygen ambient can be
used to control the formation of constituent vacancies
in the film. In addition, other factors, such as the deposition rate, the substrate temperature, the lattice mismatch, and the thermal expansion difference between the
film and the substrate, can alter the structure of the deposited film. Therefore, the PLD technique may give an
opportunity for more extensive study of the relation between the structure, the composition, and the electrical
properties of the films.
Although the earlier studies were focused mainly on
the reactive sputter method to vary the composition of
NiO to an extent of tens of percent, a small variation
in the number of constituent vacancies in the film may
change the electrical and the optical properties of thin
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Table 1. Process parameters for NiO films produced by
using a pulsed laser deposition.
Base pressure
Working pressure
Substrate temperature
Energy density
Target to substrate distance

1 × 10−6 Torr
1 – 200 mTorr
400 ◦ C
2.5 J/cm2
5 cm

NiO films. Since PLD- grown films show similar thermal
and chemical stabilities compared those grown with reactive methods, this method can give more detailed information on the electrical properties of near stioichiometric
NiO films. In this paper, we will report mainly the effect
of the oxygen pressure during PLD on the structural and
the electrical properties of slightly off-stoichiometric NiO
films.

II. EXPERIMENT
The NiO films were deposited onto (111)
Pt/Ti/SiO2 /Si substrates by using a PLD method.
The output of a short pulse excimer laser [248 nm, 30-ns
full width at half maximum (FWHM)] was focused
onto a stochiometric NiO target (1-inch diameter, 6
mm thickness, nominally 99.9 % pure) with an energy
density of 2.5 J/cm2 . The base pressure before deposition was about 1 × 10−6 Torr, and the oxygen pressure
inside the process chamber was varied from 1 to 200
mTorr, while the substrate temperature was maintained
at 400 ◦ C. The laser-ablation deposition parameters in
this work are summarized in Table 1.
The structural properties of the NiO films were characterized by X-ray diffraction (XRD) measurements using
a Rigaku X-ray diffractometer equipped with a Cu Kα
radiator source. The surface morphologies were examined by using an atomic force microscope (AFM) with
Nanoscope IV from Digital Instruments and a scanning
electron microscope (SEM). The thickness of the deposited NiO films was about 100 nm, which was confirmed by using a cross-sectional SEM. The stoichiometry
of the film was measured using a wavelength dispersive
spectroscopy (WDS) analysis. To minimize the effect
of the bottom electrode in the stoichiometry analysis,
we lowered the beam voltage and tilted the direction of
the beam toward the substrate. The Pt top electrodes,
100 – 400 µm in diameter, were deposited at room temperature by using a dc magnetron sputtering deposition
method with a shadow mask. Electrical and currentvoltage (I − V ) measurements were carried out across
the bottom (substrate) and top electrodes by using a
tungsten point probe station and an Agilent 4156B semiconductor parameter analyzer.

Fig. 1. (a) XRD spectra of NiO films deposited at a 1 −
10 mTorr oxygen ambient pressure and (b) (111) peak shift
of the XRD spectra

III. RESUTS AND DISCUSSION
Fig. 1(a) shows the XRD spectra of the NiO films,
prepared at different oxygen pressures at a fixed substrate temperature. From the XRD spectra, the NiO
films were found to have a highly (111)-oriented structure, which may be due to the direction of the Pt bottom
electrode being the (111) direction and to the difference
in the lattice constants between the film and the substrate not being large. Moreover, the direction of the
lower surface energy for NaCl-type material is the (111)
direction, and the kinetic energy of the material during
PLD is generally larger than that of the material during sputtering. Therefore, the orientation of the NiO
film grown on the (111) Pt substrate by using the PLD
method may be different from that of the NiO film grown
by using reactive sputtering [11]. Fig. 1(a) does not
show any other phases, such as Ni2 O3 or NiO2 or Ni
metal, which implies that our PLD samples have high
chemical stability even when grown at moderate growth
temperatures. Fig. 1(b) shows the apparent shift of the
(111) peak in the diffraction patterns of the NiO films.
The film fabricated at a higher oxygen process pressure
shows a gradual peak shift toward lower angles. These
peak shifts imply that the lattice constant of the NiO
film increases with the oxygen ambient pressure. The
changes in the diffraction spectra and in the derived lattice constants may be explained by the increased tensile
stress due to increased nickel vacancies in the film as the
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Fig. 2. Ni- to-O ratio of the NiO films deposited at a 1 −
10 mTorr oxygen ambient pressure, as given by WDS method.

oxygen pressure is raised [12].
The stoichiometry of the NiO films was analyzed by
using WDS. Fig. 2 shows the composition ratio of Ni to
O atoms inside the sample, as obtained using a 5-keV
electron beam. Experimental data show that the films
prepared at a 1, 2, and 5 mTorr oxygen pressures are
Ni rich and that the films prepared at 10 mTorr higher
are O rich. Although the NiO ceramic target was stoichiometric, the ratio of Ni to O of the sample could be
controlled slightly by changing the oxygen pressure in
the deposition chamber. This tendency of the Ni-to-O
ratio coincides with the (111) NiO peak shifts shown in
Fig. 1(b) and will influence the electrical properties of
the NiO films.
The surface morphologies, which were examined by using an AFM, are shown in Fig. 3. In the figure, as the
oxygen pressure is increased, there are some trends like
the surface of the film becoming denser and smoother.
During PLD, the laser-ablated material is transported
from the target to the substrate. Because the gas inside
the process chamber will collide with the ablated material, the probability to have a collision is decreased and
the deposition rate is increased as the ambient pressure
is decreased. For the film deposited at lower pressure,
therefore, somewhat unfiltered larger grains are found,
and the surface roughness is larger. The measured average surface roughness of the films deposited at 1, 2, 5,
10, 50, and 200 mTorr are 4.7, 3.5, 2.9, 2.5, 4.4, and 4.7
nm, respectively.
Fig. 4 shows the typical I − V curve of the NiO film
deposited at a 5 mTorr oxygen ambient pressure, where
the current (I) was measured in the voltage (V )-sweeping
mode. After the forming voltage had been applied up
to higher than 10 V, a bi-stable switching occurred, as
shown in Fig. 4. In this resistance switching, the write
(set) and erase (reset) voltages were found to be about
4 and 1 V, respectively. The current compliance in the
set process is limited to 10 mA in this case. In memory
applications, the read process can be performed by applying voltages less than 1 V. The switching between the

Fig. 3. AFM images showing the surfaces (2 × 2 µm2 ) of
NiO films deposited at (a) 1, (b) 2, (c) 5, (d) 10, (e) 50, and
(f) 200 mTorr oxygen ambient pressures.

Fig. 4. Memory switching of a NiO film deposited at a 5
mTorr oxygen pressure.

high-R (OFF) and the low-R (ON) states was repeatedly
achieved with reproducibility although the resistances of
the two states differed by a factor of about 30, which is
not large compared with other resistive-switching oxides.
The NiO films deposited at 1, 2, 10, 20, 50, 100, and 200
mTorr did not show the resistance-switching property,
and when the voltage was swept to positive values above
a certain voltage, an abrupt increase in the leakage current was seen. These phenomena may be ascribed to the
contribution of metallic Ni defects (cluster or interstitial
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Fig. 5. Curve fitting plots for applying (a) Schottky and (b) Poole-Frenkel equations to the off-state of a NiO film deposited
at a 5 mTorr oxygen ambient pressure.

site) and Ni vacancies [13,14].
The curve fitting plots obtained by applying the Schottky and Poole-Frenkel equations to the off-state of a NiO
film deposited at a 5 mTorr oxygen ambient pressure are
shown in Figs. 6 (a) and (b), respectively. If the conduction mechanism is governed by either the metal-oxide
interface√or the bulk itself, a linear
√ relationship between
ln I and V or between ln VI and V should be obtained,
respectively. Also, the calculated optical dielectric constants from the model fitting are about 30 and 2500 for
the Schottky and the Poole-Frenkel equations, respectively. Compared with the known optical dielectric constants, which are about 5 – 10 [14, 15], the conduction
mechanism of the off-state of a NiO film may be close
to a Schottky mechanism. This phenomenon can be explained by the existence of tiny conducting filaments in
the off-state, as suggested in earlier studies, changing the
conduction mechanism from that of the initially grown
state that assumes no conducting filaments [16]. If so,
the influence of bulk conduction on the total conduction
mechanism may be less dominant than that of the metalinsulator interface.

IV. CONCLUSIONS
NiO thin films were grown by using a non-reactive
plasma-free pulsed laser deposition method with a stoichiometric nickel-oxide target at various ambient oxygen pressures at a moderate temperature of 400 ◦ C. Our
PLD-grown samples showed a high structural orientation
and high chemical stability compared with those grown
using other reactive deposition methods. By controlling the oxygen ambient pressure of the process chamber, the chemical composition of NiO films was gradually changed to less than a few percents and this small

off-stoichiometry may be ascribed to the well-known Nivacancy or other defect types affecting the electrical
properties of the film. We found a bi-stable resistance
switching of the NiO film at some given conditions, and
that switching could have non-volatile memory applications. The model analysis of the conduction behavior
implies that the bulks insulator transport was not dominant in the off-state; rather Schottky conduction might
be more responsible in this case due to the existence of
conduction filaments.
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