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By thermally heating a nickel foil in a vacuum of �5�10−2 Torr, films consisting of vertically
aligned cone-shaped NiO microrods were deposited on Si �001� substrates at a temperature of
�300 °C. The NiO rods were grown along �001� directions by stacking the NiO �001� nanoslices,
and are �10 �m long with a sharp nanosized tip. Due to this morphology, the NiO film exhibited
a threshold field of �6.5 V/�m in field emission and a field enhancement factor of 2130 that is
sufficiently high for field emission applications. The optical band gap of the NiO film was estimated
to be �3.68 eV from the optical absorption measurement and was almost a constant upon heating.
In addition, the NiO film exhibited a strong photoluminescence at �674 nm when excited by a 514
nm Ar+ laser, which might be attributed to the oxygen vacancies. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2166479�
There has been increasing interest in developing nano-
structures of metal oxides due to their outstanding properties
and potential applications in electronic and optoelectronic
devices.1,2 Among the transition metal oxides, nickel oxide
has attracted considerable attention in recent years because
of its wide band gap and excellent dielectric properties,3 for
example, NiO demonstrated a giant dielectric constant when
doped with lithum,4 and has thus been widely studied for
applications in electrochromic display devices,5 gas sensors,6

p-type transparent conducting electrodes,7 thermoelectric
devices,8 magnetoresistance sensors,9 etc. However, there are
few studies on the optical and field emission properties of
NiO, especially for NiO nanstructures. Thus, it is of great
interest to synthesize and investigate the related properties of
NiO nanostructures.

To date, NiO nanostructures have been mostly synthe-
sized by the hydrothermal method.10–13 For example, Lin and
co-workers12 produced aligned polycrystalline NiO nano-
wires using a hydrothermal method with anodic alumina
membranes as templates; NiO nanowires have been synthe-
sized by heating Ni�OH�2 nanorods in a muffle furnace at
500 °C.13 Although the hydrothermal method is a powerful
technique in synthesizing metal oxides nanostructure, it is
very hard to fabricate arrays of aligned nanostructures on flat
substrates, such as silicon, which is a necessity for device
applications.14 Therefore, new methodologies that are simple
and capable of producing metal oxides nanostructures on
planar substrates are highly demanded.

In this study, we employed a thermal oxidation method
to synthesize nanostructures of NiO. By this means, NiO
films consisting of vertically aligned cone-shaped NiO rods
were deposited on silicon substrates. The NiO rods were sev-
eral �m long and submicron in diameter and had a sharp
nanosized tip; thus resulting in a large field enhancement
factor for field emission. The optical properties of the NiO
films were also studied.

The nickel oxide nanostructures were prepared using
a simple thermal oxidization approach described in our
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pervious works.15,16 By heating a nickel foil �50 mm�5 mm
�0.6 mm� in a vacuum of 5�10−2 Torr, NiO films were
deposited on Si substrates �2 cm above the nickel foil.
Within a typical deposition time of 20 min, the temperature
of the Si substrates was measured to be below 300 °C by a
K-type thermocouple. The advantage of this approach is the
easy control of the nanostructures growth via adjusting the
pressure and the current passing the foil. The growth mor-
phology, phase structure, and related properties of the depos-
its were examined by scanning electron microscopy �SEM�,
transmission electron microscopy �TEM�, x-ray diffraction
�XRD�, Raman spectrometer, optical absorption measure-
ment, and field emission measurement, respectively.

By passing a current of �60A through the nickel foil
�the temperature of the nickel foil was measured to be
�1250 °C� in a vacuum of �5�10−2 Torr for 20 min, a
thin NiO film was deposited on silicon substrates.
Figures 1�a� and 1�b� show the XRD pattern and Raman
spectrum of the deposits, respectively. The XRD pattern was
taken with a Rigaku x-ray diffractometer using the Cu K�
radiation. The XRD pattern clearly shows the diffraction
peaks of �111�, �200�, �220�, �311�, and �222� of the face-
centered-cubic �fcc� structured NiO at 2�=37.27°, 43.30°,
62.90°, 75.44°, and 79.43°, respectively.17 The Raman spec-
trum was taken with a Reinshaw 1000 micro-Raman spec-
trometer using a 325 nm He–Cd laser as the excitation
source. It shows strong Raman peaks at 559, 721, 891, 1093,
and 1429 cm−1 in the range of 500–1500 cm−1; both the po-
sition and relative intensity of the peaks are in good agree-
ment with that reported for NiO with a fcc structure.18 These
suggest that NiO films with a fcc structure were deposited on
the silicon substrates by this simple thermal oxidation
method.

Figures 2�a�–2�d� show SEM images of the growth mor-
phology of the NiO film. The SEM images were taken with a
LEO-6301 SEM working at 20 kV. The NiO film, as seen
from Fig. 2�a�, consisted of densely packed vertically aligned
NiO rods with a length of �10 �m. The rods are normally
submicron in diameter and are of nano size �several tens nm�
cone-shaped flat tip, see arrows in Fig. 2�d�. It can also be
seen from Fig. 2�d� that the NiO rods were formed by stack-

ing of parallel NiO nanoslices along the growth direction.
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respectively. Inset of �f� is a corresponding SAD pattern of the tip.
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Figures 2�e� and 2�f� are the TEM, high-resolution TEM
�HRTEM� and corresponding selective area diffraction
�SAD� pattern of an individual NiO rod, taken with a JEM-
2010F TEM working at 200 kV. It shows that the NiO rod is
single crystalline, and was grown along the �200� direction
by stacking NiO �200� slices with a thickness of several tens
nm. This is why the NiO film shows a �200� fabric texture in
the XRD pattern �see Fig. 1�a��.

Figure 3�a� shows a typical optical absorption spectrum
of the NiO film measured with a UV2100 spectrophotometer
at room temperature. The inset is a plot of the absorption
edge, from which the optical band gap �Eg� of the NiO film
can be derived using; ��h��2=A�h�−Eg�, where � is the
absorption coefficient, Eg is the optical band gap, A is the
edge-width parameter, and h� is the photon energy,
respectively.19–21 From the inset, the optical band gap of the
NiO film was estimated to be 3.68 eV, which is in agreement
with the data reported in the literature.12,22,23 The optical
band gap of the NiO film was very stable upon heating in the
air. For example, the Eg value changed from 3.68 to 3.62 eV
after annealing at a temperature of 650 °C, which is only a
1.6 % decrease. Figure 3�b� shows a typical photolumines-
cence spectrum of the NiO film excited by a 514 nm Ar+

laser at room temperature. It clearly shows a strong emission
at �674 nm. This emission could be probably due to the
oxygen vacancies in the NiO rods, which could result from
the current deposition method, i.e., NiO rods were grown in

FIG. 3. �a� A typical optical absorption spectrum of the NiO film, inset is a
plot at the absorption edge; and �b� a typical room-temperature photolumi-
nescence spectrum of the NiO film excited with a 514 nm Ar+ laser.
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FIG. 1. �a� XRD pattern and �b� Raman spectrum of the NiO film deposited
on a Si �001� substrate.
FIG. 2. �a� A side-view of the NiO film consisting of vertically aligned NiO
microrods; �b� and �c� are a top view and a tilt view of the sharp tips of the
NiO microrods indicated by the arrow in �a�; �d� is a high magnification
SEM image of the flat top of the sharp tips of NiO mirorods �see arrows�; �e�
and �f� are TEM and HRTEM images of the sharp tip of the NiO microrods, copyrighted as indicated in the article. Reuse of AIP content is subjec
a vacuum environment of limited oxygen supply.
014 11:02:02
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Since the NiO film synthesized by this deposition
method consist of vertically aligned NiO rods with sharp
nanosized tips, see Figs. 2�a�–2�d�, the NiO film might have
good field emission properties. The field emission of the NiO
film was thus measured with a Keithley 485 electrometer in
chamber with a vacuum level of 6�10−9 Torr at room tem-
perature. In measurement, the area of the sample was
0.5 cm2 and the separation between two electrodes was
250 �m. Figure 4 shows a typical field emission curve of the
NiO film. The threshold field of the NiO film �defined as the
field to obtain a current density of 0.1 �A/cm2� was found
to be �6.5 V/�m, and the turn-on field of the NiO film
�defined as the field to obtain a current density of
10 �A/cm2� was estimated to be 11.5 V/�m, which are
similar to that of the Cu2S and ZnO nanowires.24,25 The
field emission behavior of the NiO film can be explained
well with the Fowler–Nordheim �F-N� theory of
J= �E2�2 /��exp�−B�3/2 /E��, where J is the current density,
E is the field applied �E=V /d� , � is the work function
of the materials, � is the field-enhancing factor, and
B=6.83�109�eV−3/2 �m−1�.26 Inset of Fig. 4 is the F–N plot.
The perfect linearity of the ln�J /E2� versus 1/E curve indi-
cated that the field emission of the NiO film matches well
with the F–N theory. Using the work function of 4.3 eV for
NiO, the field enhancement factor � of this NiO film was

FIG. 4. The room-temperature field emission of the NiO film. Inset is the
F–N plot of the field emission curve.
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estimated to be �2130, which is sufficiently high for field
emission applications.

In summary, by thermal oxidizing a thin nickel foil in a
low vacuum, NiO films consisting of vertically aligned NiO
rods of cone-shaped nnaosized tips were deposited on flat
substrates, at a temperature below 300 °C. The film was of
an optical band gap of �3.68 eV that was quite stable upon
heating in the air, and exhibited room-temperature photolu-
minescence at �674 nm. Due to the special growth morphol-
ogy of the NiO film, it showed a field enhancement factor
of �2310, which is sufficiently high for field emission
applications.
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