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We patterned a-Fe2O3 nanowires by a simple pressing method and investigated their field emission prop-
erties. We synthesized a-Fe2O3 nanowires from a sputtered thin Fe film. Fe films (thicknesses: 150, 300,
650 and 1700 nm) were annealed from room temperature to 375 �C for 1 min and maintained at a tem-
perature of 375 �C for 0–60 min. The length of the nanowires increased with the annealing time and
thickness of the Fe films. We pressed a microstructured mold onto the nanowires and patterned the
nanowires with an island array. The field-emission current of the nanowires patterned by pressing a mold
was higher than that of nonpressed nanowires.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Metal oxide nanowires are very interesting for diverse applica-
tions, such as field emission devices [1,2], gas sensors [3] and solar
cells [4]. Metal oxide nanowires have been successfully synthe-
sized by various methods. Since metal oxide nanowires have high
aspect ratios and are easy to fabricate, they have attracted consid-
erable attention as promising materials for field emitters in
field-emission displays. We have investigated the effect of the dis-
persion degree of nanowires on their field-emission properties
[5,6]. Fig. 1(a) and (b) shows schematics of electric fields around
uniformly and discretely synthesized nanowires, respectively. An
electric field at the tip of discretely synthesized nanowires is more
concentrated than that at the tip of uniformly synthesized
nanowires [7]. Concentrating an electric field at the tip of nano-
wires increases their emission current. We have indicated that dis-
cretely synthesized nanowires have high field-emission properties
by performing an experiment using tungsten oxide nanowires syn-
thesized on tungsten islands and electrostatic simulations [5].
However, it is very complicated to pattern the nanowires since it
requires lithography and lift-off techniques.

In this study, we developed a very simple one-step method for
patterning nanowires by pressing a microstructured mold onto
nanowires and investigated the field emission properties of nano-
wires patterned by pressing. We used a-Fe2O3 nanowires which we
successfully synthesized from sputtered films, and confirmed that
they grew vertically from the surface of substrate [8]. Nanowires
growing vertically are assumed to be suitable for patterning by
ll rights reserved.
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pressing, since a mold is pressed parallel to the substrate. Thus
we chose a-Fe2O3 nanowires for patterning in this study.
2. Experimental

2.1. Synthesis of a-Fe2O3 nanowires

We sputtered Fe and Cr thin films on Si substrates. The Cr thin
film (100 nm) was sputtered to prevent the detachment of the Fe
film from the substrate. The base pressure of the sputtering cham-
ber was 1 � 10�2 Pa and the sputtering pressure was 5 � 10�1 Pa.
To investigate the relationship between the Fe film thickness and
the nanowire length, we prepared four Fe film samples with thick-
nesses of 150, 300, 650 and 1700 nm. The samples were placed in a
vacuum furnace and annealed by infrared heating. The base pres-
sure of the furnace was 2 Pa. Keeping a rotary pump on, we intro-
duced air. The gas flow rate of was 2.5 L/min. We annealed the
samples from room temperature to 375 �C for 1 min and then
maintained them at a temperature of 375 �C for 0, 10, 30 or
60 min. After annealing, we cooled the furnace to room tempera-
ture while maintaining the air flow and removed the samples from
the furnace. The surfaces of the samples were observed by scan-
ning electron microscopy (SEM).
2.2. Patterning nanowires by pressing a mold

A microstructured mold was pressed onto the a-Fe2O3 nano-
wires, and the nanowires were patterned with an island array.
We used a Si mold, and the pitch and depth of the pattern were
5 and 3 lm, respectively. The mold was pressed onto the nano-
wires by a pressing machine (VX-1000N-NN, SCIVAX Co.) for 10 s
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Fig. 1. Schematics of electric fields around (a) uniformly and (b) discretely
synthesized nanowires.
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at room temperature, and the press pressure was 5, 10, 20 or
30 MPa.
Fig. 3. Average lengths of a-Fe2O3 nanowires synthesized from Fe films with
thicknesses of 150, 300, 650 and 1700 nm with annealing times of 0, 10, 30 and
60 min.
2.3. Field emission

To investigate the field emission properties of the patterned
nanowires, the samples were set opposed to ITO glass in a vacuum
chamber and connected to a high-voltage dc power supply. The
gap between the samples and the ITO glass was set at 70 lm.
The base pressure of the vacuum chamber was 1 � 10�3 Pa. We
used the nanowires synthesized from Fe films with a thickness of
650 nm, annealed for 30 min and pressed at 30 MPa.
Fig. 4. SEM image of microstructured mold (tilt angle: 40�).
3. Results and discussion

Fig. 2 shows SEM images of the a-Fe2O3 nanowires synthesized
from Fe films with thicknesses of 150, 300, 650 and 1700 nm. Ver-
tical bladelike or wirelike nanostructures with sharp apexes and a
greater width at the base were synthesized on the substrate. As the
thickness of the Fe film increased, the nanowires became longer
and wider. Fig. 3 shows the average length of the nanowires syn-
thesized from Fe films thicknesses of 150, 300, 650 and 1700 nm
as a function of annealing time (0, 10, 30 and 60 min). The length
of the nanowires increased with the annealing time and thickness
of the Fe films. Generally, the synthesis of metal oxide nanowires
by the oxidation of a metal substrate is considered to follow the va-
por–liquid–solid growth model [9] or the solid-phase growth mod-
Fig. 2. SEM images of a-Fe2O3 nanowires synthesized from Fe films with thicknesses of 15
sectional images. Lower panels show top-view and tilted (60�) images.
el [10]. In these models, Fe atoms initially enter the liquid phase
and are then oxidized, and FeOx nanowires grow at the boundary
between the liquid Fe and the oxidized Fe (solid). While the nano-
wires grow, the oxidation of the Fe film proceeds, and the nanowire
growth may stop when the Fe film is completely oxidized. There-
fore, the thicker the base metal (Fe film), the longer the nanowires
grow.

Fig. 4 shows a SEM image of the mold and Fig. 5 shows SEM
images of the nanowires patterned by pressing at 5, 10, 20 and
30 MPa. We observed that the nanowires pressed at 5 MPa were
broken near the tip and the nanowires were slightly patterned
with an island array. The nanowires pressed at 20 and 30 MPa were
broken near the root and distinctly patterned with island array.

Fig. 6 shows current density versus electric field (I–V) plots and
Fowler–Nordheim (F–N) [11] plots for a-Fe2O3 nanowires pat-
0, 300, 650 and 1700 nm. The annealing time was 30 min. Upper panels show cross-



Fig. 5. SEM images of patterned a-Fe2O3 nanowires pressed at 5, 10, 20 and 30 MPa. Upper panels show tilted (60�) images and lower panels show cross-sectional images.

Fig. 6. (a) Current density versus electric field (I–V) plots for a-Fe2O3 nanowires
patterned by pressing and nonpressed a-Fe2O3 nanowires. The inset shows their
Fowler–Nordheim (F–-N) plots. (b) A SEM image of nanowires patterned by press
(tilt angle: 60�). (c) A SEM image of as non-pressed nanowires (tilt angle: 60�).
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terned by pressing and nonpressed a-Fe2O3 nanowires. The area
used to calculate the current density of the patterned nanowires
is the overall emission area, i.e., the area including pressed and re-
mained area. The plots show typical field-emission current density
versus applied electron field characteristics for a nanowire cathode
in the diode configuration. The linear F–N plot indicates that the
electron emission of the nanowires proceeded from a field-
emission process, such as the tunneling of electrons through a
potential barrier. The field-emission current of the nanowires
patterned by pressing is about twice that of the nonpressed nano-
wires. Since the nanowires became discrete upon patterning, the
electric field at the tip of the nanowires is more concentrated than
that at the tip of the nonpatterned nanowires. Therefore, the
field-emission current is increased by patterning.

4. Conclusions

We synthesized a-Fe2O3 nanowires from sputtered thin Fe
films, patterned the a-Fe2O3 nanowires by pressing, and investi-
gated their field-emission properties. Fe films (thicknesses: 150,
300, 650 and 1700 nm) were annealed from room temperature to
375 �C for 1 min and maintained at a temperature of 375 �C for 0,
10, 30 or 60 min. The length of the nanowires increased with the
annealing time and thickness of the Fe films. We pressed a micro-
structured mold onto the nanowires at a pressure of 5, 10, 20 or
30 MPa, and the nanowires pressed at 20 and 30 MPa were dis-
tinctly patterned with an island array. The field-emission current
of the nanowires patterned by pressing was higher than that of
nonpressed nanowires.
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