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’ INTRODUCTION

Hematite (R-Fe2O3) is a direct narrow band gap (2.1 eV)
n-type semiconductor with a stable chemical state, unique mag-
netic properties,1 and good thermal stability.R-Fe2O3 nanomater-
ials have been studied extensively in terms of their synthesis and
applications in gas sensors,2 water splitting,3 photodetectors,4 solar
cells,5 field-emission (FE) devices,6,7 and field-effect transistors.8

Many R-Fe2O3 nanostructures have been fabricated, such as
nanowires (NWs),1,6 nanobelts,9 nanobridge,4,8 hollow spheres,10

shuttlelike nanostructures,11 and fiber-in-tube and tube-in-tube
nanostructures.12 Recently, a three-dimensional (3D) urchin-like
R-Fe2O3 structure has been fabricated via hydrothermal routes

13�20

using templates.
One-dimensional (1D) nanostructures have been extensively

studied in FE applications due to their high aspect ratio and sharp
tips. In addition to 1D nanostructures, the FE properties of 3D
nanostructures such as ZnOnanotetrapods,21 Eiffel-tower-shapeAlN
nanotips,22 6-fold-symmetrical AlN hierarchical nanostructures,23

and urchin-like ZnO nanostructures24 have also been investigated.
These materials are composed of 1D sharp-tip nanostructures that
point in various directions, which is beneficial for FE applications.24

In the present study, we report a simple one-step thermal
oxidation process for synthesizing 3D urchin-like R-Fe2O3

structures. The morphology of the urchin-like R-Fe2O3 obtained
here is different than those of urchin-like R-Fe2O3 materials
reported in the literature.18�20 The FE performance of the
proposed urchin-like R-Fe2O3 structure was studied. A low
turn-on field of 2.8 V/μm, high emission spot density (ESD)
over a large area (2� 2 cm2), and good stability during a 24 h test
were obtained.

’EXPERIMENTAL SECTION

3D urchin-like R-Fe2O3 structures were grown via the oxidation of Fe
spheres at various temperatures (250�400 �C). Fe powders (1�4.5 μm)
with a purity of 97% (Sigma-Aldrich) were heated at a desired temperature
in air from 0 to 12 h. The morphology and crystalline structure of the as-
grown samples were examined by field-emission scanning electron
microscopy (FE�SEM, HITACHI S�4800), high-resolution transmis-
sion electron microscopy (HR�TEM, Philips Tecnai F20), X-ray photo-
electron spectroscopy (XPS, Kratos Axis Ultra DLD), micro-Raman
spectroscopy (Jobin Yvon, Labram HR), and X-ray diffraction (XRD,
RIGAKU Miniflex using Cu KR radiation). The FE properties of the
samples were investigated in a vacuum chamber at 1 � 10�6 Torr. The
voltage was swept from 0 to 950 V and the emission current was
monitored using a sourcemeter (Keithley 2410). Well-dispersed urchin-
like R-Fe2O3 on Ag paste (2 � 2 cm2) was used as the cathode. A
phosphor screen was used as the anode to measure the emission current
and to obtain fluorescence images. The cathode and anode were separated
by a 150-μm-thick spacer.

’RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show an example of iron particles before
and after thermal oxidation, respectively. The iron particle is
spherical with a diameter of about 1 μm. After thermal treatment
at 300 �C in air for 10 h (Figure 1b), high-density nanoflakes
grew radially on the surface of the particle. The surface coverage
density is about 2.5 � 1012 nanoflakes per square meter. For all
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the experimental conditions investigated, the nanoflakes were
aligned perpendicularly to the surface of the sphere. The
diameter and length of the nanoflakes were 10�20 nm and
several micrometers, respectively. According to the SEM ob-
servation, the material can be considered as a 3D urchin-like
structure. Figure 1c)demonstrates that a large number of urchin-
like structures can be produced using iron spheres via a simple
one-step air oxidation process. Figure 1d shows a nanoflake
removed from the urchin-like material. The nanoflake has a high
aspect ratio with a wide root tapering to a sharp tip. An
HR�TEM image and the corresponding selected-area electron
diffraction (SAED) pattern of the nanoflake are shown in
Figure 1e and its inset, respectively. The analysis reveals that
the nanoflake is a single rhombohedral structure ofR-Fe2O3 with
its growth direction along [110], which is parallel to the long axis

of the nanoflakes. The fringe spacing of 0.251 nm agrees well with
the interplanar spacing of the (110) plane of R-Fe2O3.

Figure 2a shows the XRD patterns of Fe powder and the
urchin-like R-Fe2O3 structure. The spectrum of the Fe powder
is identified as that of R-Fe and the spectrum of the urchin-
like structure indicates that the material is composed of Fe3O4,
R-Fe2O3, and R-Fe. The presence of Fe3O4 was probably due to
the incomplete oxidation of Fe powder. Fe is the core of the
sphere. In addition, the high-intensity (110) peak can be
regarded as the contribution from R-Fe2O3 nanoflakes, which
was confirmed by HR�TEM analysis. For the surface analysis
of the samples, Raman spectroscopy and XPS were conducted;
the results are shown in Figure 2b (for Raman), 2(c), and 2(d)
(for XPS). As expected, both spectra reveal that the surface com-
position of the material is mainly R-Fe2O3, which is chemically
stable as it is the final oxidation state of Fe.

To understand the compositions of the surface and inner
layers of the urchin-like structure, the samples were ultrasonically
broken up. As shown in Figure 3a, the shell was removed from
the main body of the material. The thickness of the shell is about
150 nm. The removed shell was collected and studied by TEM.
Figure 3b shows a low-magnification TEM image of the shell of
the urchin-like R-Fe2O3. The area marked with a dot-circle was
further investigated by HR-TEM; the result is shown in
Figure 3c. The shell is a single-crystal structure with a lattice
spacing of 0.251 nm. The SAED pattern shown in the inset of
Figure 3c indicates that the shell is a rhombohedral structure of
R-Fe2O3. The nanoflakes and removed shell are thus confirmed
to be single-crystal R-Fe2O3 structures. Figure 3d shows a SEM
image of the core�shell interface enlarged from Figure 3a. As can

Figure 1. FE-SEM images of (a) Fe powder, (b) as-grown product,
and (c) a large number of urchin-like structures. TEM image of (d) an
R-Fe2O3 nanoflake, (e) HR-TEM image of an R-Fe2O3 nanoflake, and
SAED pattern of R-Fe2O3 nanowire (inset).

Figure 2. (a) XRD patterns of the urchin-like R-Fe2O3 structure and Fe powder, (b) Raman spectrum, and XPS profiles of the (c) O 1s region and
(d) Fe 2p region for the urchin-like R-Fe2O3 structure.
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be seen, there are many small protrusions on the surface of the
core. Figure 3e shows the fixed X-ray energy of Fe KR and O KR
obtained by EDS mapping the area shown in Figure 3d. Green
dots indicate the existence of the elements.25 The densities of Fe
in the shell and the core are almost the same. In contrast, the
distribution of the O element can be divided into the oxygen-rich
region (shell) and the oxygen-depleted region (surface of the
core). The data implies that the shell (R-Fe2O3) has a higher
oxygen concentration than that of the surface of the core. As a
result, the composition of the surface of the core might not be
Fe2O3 (O/Fe=1.5) but another form of iron oxide, which has a
lower O/Fe ratio than that of Fe2O3. As the XRD results show
that the urchin-like nanoflake structure consists of Fe, Fe3O4, and
R-Fe2O3, we believe that the surface of the core is dominated
by Fe3O4 (O/Fe = 1.3). The urchin-like material might thus
consist of (from inside to outside); Fe core (no oxidation),
Fe3O4 surface of the core (partial oxidation), R-Fe2O3 shell
(complete oxidation), and R-Fe2O3 nanoflakes (selective oxida-
tion of R-Fe2O3 in the [110] direction).

The growth mechanism of the urchin-like R-Fe2O3 structure
by thermal oxidation has not been previously investigated.
However, the synthesis of R-Fe2O3 NWs/flakes was discussed
by Takagi26 and in our previously study.6,8 Since the growth
temperature is much lower than the melting points of
Fe (1538 �C), Fe3O4 (1538 �C), and R-Fe2O3 (1566 �C),27
the vapor�liquid�solid (VLS) and vapor-solid (VS) mechan-
isms are not responsible for the nanoflake growth. The growth
mechanism of nanoflakes is suggested to be selective directional
growth via the interdiffusion of oxygen and iron atoms. Thus, the
growth mechanism of the urchin-like R-Fe2O3 may be similar to
the growth of R-Fe2O3 NWs. The growth mechanism of nano-
flakes on a sphere was observed with the increase of the oxidation
time. Figure 4 shows an example of the morphological change of
an Fe sphere during thermal oxidation in air and the possible
growth mechanism. Figure 4a shows the original iron sphere and
Figure 4b shows the sphere after oxidation in air at 300 �C for
30 min. Worm-like protrusions can be seen on the surface. It is
believed that these protrusions were iron oxides partially covering

Figure 3. (a) FE-SEM image of the core/shell/nanoflake structure of the urchin-like R-Fe2O3, (b) TEM image of the removed shell, (c) HR-TEM
image and SAED pattern (inset) of the shell of the urchin-like R-Fe2O3, (d) high-magnification FE-SEM image of the core/shell structure, and (e) EDS
mapping of Fe and O elements at the interface of the core/shell structure.
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the surface of the sphere. After 1 h of the thermal process at 300 �C
(Figure 4c), a rough oxide layer replaces the protrusions. The
diffusion of oxygen atoms toward the core and the diffusion of
inner iron atoms toward the surface increased the thickness of the
oxide layer and decreased the core diameter of the iron sphere. The
layer is believed to be a mixture of Fe2O3 and Fe3O4.

28 When the
oxidation time reached 2 h, nanoflakes appeared in the cracks of
the oxide layer, as shown in Figure 4d. We believe that the
nanoflakes formed via selective directional oxidation (growth)
because of the rapid oxidation rate of the [110] direction of iron
oxide. Figures 4e�g show results for oxidation times of 4, 8, and
10 h, respectively; the length and the number of nanoflakes
increased with oxidation time. The diameter of the urchin-like
sphere increased due to an increase of the oxide shell thickness. In
addition, the roots of the nanoflakes became wider with increasing
oxidation time. For the thermal process at 300 �C, the length and
the number of nanoflakes reached their maximum values after
10 h. As the thickness of the layer increased to a critical point, the
interdiffusion of oxygen atoms and iron atoms was slowed down
and eventually stopped. The tip diameters and lengths of nano-
flakes were 30�50 nm and 1�2 μm, respectively.

The effects of oxidation temperature on the growth of the
urchin-like R-Fe2O3 structure were investigated at oxidation
temperatures of 250, 300, 350, and 400 �C for dwell times of
0�12 h, respectively. Figure 5 shows SEM images of the samples
for various temperatures and times. The results show that the

urchin-like nanoflake R-Fe2O3 structure forms at temperatures
of 300 - 400 �C. The oxidation time required for the nanoflakes to
form decreased with increasing temperature. The morphologies
of the nanoflakes obtained at temperatures of 300, 350, and
400 �Cwere slightly different in terms of the diameter and length.
According to our observations, the morphological differences are
due to differences in the oxidation temperature (or oxidation
rate), which led to different degrees of roughness of the sphere in
the early stage of the oxidation process and affected the growth
behavior of the nanoflakes. As shown in the four SEM images in
the first column (Figure 5), which correspond to samples
processed at 250, 300, 350, and 400 �C, respectively, without a
dwell time, the surface roughness increased with increasing
oxidation temperature. The surface roughness affected the
diameters of the nanoflakes; a rougher surface resulted in a larger
diameter of the nanoflakes. For example, the tip diameters of the
nanoflakes on the spheres are in ranges of 10�20, 20�30, and
40�60 nm for oxidation temperatures of 300, 350, and 400 �C,
respectively. As previously mentioned, the nanoflakes grew from
the surface cracks. A rougher surface created larger cracks, which
led to the formation of nanoflakes with wider diameters. Figure 5
also shows that the length and the number of nanoflakes
increased with increasing oxidation time. No significant changes
were found in terms of the diameter, length, and density of the
nanoflakes after 10 h at 300 �C, 8 h at 350 �C, and 6 h at 300 �C.
The diameter, length and density of the R-Fe2O3 nanoflakes
increase with oxidation time for a given oxidation temperature.
For example, the tip diameter of the R-Fe2O3 nanoflakes
increased to 20�30 nm (10 h of oxidation) from 10�20 nm
(6 h of oxidation) at a synthesis temperature of 300 �C. The
diameter and the density of theR-Fe2O3 nanoflakes increase with
oxidation temperature for a given oxidation time. For example,

Figure 4. Schematic diagram and FE-SEM images of the formation of
the urchin-like R-Fe2O3 nanostructure.

Figure 5. FE-SEM images of urchin-like R-Fe2O3 grown at 250, 300,
350, and 400 �C for 0, 2, 4, 6, 8, 10, and 12 h, respectively.
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for an oxidation time of 6 h, the tip diameter of the R-Fe2O3

nanoflakes increased to 60�100 nm (synthesis temperature of
400 �C) from 10�20 nm (synthesis temperature of 300 �C). The
morphology of the R-Fe2O3 nanostructure changed from nano-
wires to nanoflakes with increasing oxidation temperature.
Table 1 summarized the relationship of the length, diameter,
and aspect ratio of the NWs or nanoflakes for various oxidation
temperatures.

The field-emission properties of the urchin-like R-Fe2O3

structure were investigated. Figure 6(a) shows the dispersion
of the urchin-like R-Fe2O3 on Ag film. The Fe powder was
dispersed on precoated Ag paste by an air spray gun at first. After
the thermal process (300 �C, 10 h), urchin-like R-Fe2O3

structures formed on the Ag film (Figure 6a). The distance
between each urchin-like R-Fe2O3 particle was 20�40 μm.
Figure 6b shows a cross-section image of the urchin-like emitter
on the substrate. As can be seen, the urchin-like R-Fe2O3

structure was embedded in the Ag film, which indicates good
contact with the conductive Ag layer; good field-emission
performance is thus expected. In addition, the radial feature of
the nanoflake structure ensures that some of the emitters face the
anode, so that the cathode does not require a tapping process,29

which is used to lift up the tips of the emitters embedded in the

conductive layer after the screen printing of the emitters. The
field-emission current density (J) versus electrical field (E) curve
is shown in Figure 6c. The turn-on field (defined as the applied
field attained to an emission current density of 10 μA/cm2) is
about 2.8 μm/V, which is better than that of R-Fe2O3 nano-
flakes/NWs reported in the literature.6 The Fowler�Nordheim
(F�N) equation21 was employed to analyze the field-emission
properties of the urchin-like R-Fe2O3:

J ¼ A
ðβEÞ2
j

eð�Bj3=2=βEÞ ð1Þ

where J is the emission current density; E is the electrical field;
j is the work function of R-Fe2O3 (5.6 eV

6); A = 1.54 � 10�6

AeVV�2; and B = 6.83 � 103 eV�3/2 V μm�1. β is the field-
enhancement factor, which depends on the morphology and the
crystal structure of the emitters. The inset of Figure 6c shows the
F�N plot of 1/E versus ln(J/E2) of the urchin-like R-Fe2O3

emitters. The linear relationship of 1/E versus ln(J/E2) indicates
that the field-emission behavior fits the F�N mechanism. β was
obtained as 4313. In our previously study,6 which used Fe film for
the growth of Fe2O3 nanoflakes/NWs, the β of R-Fe2O3 NWs
was 1754, which is much lower than that obtained in the present
study. We believe thatR-Fe2O3 nanoflakes grown on the spherical
support have a higher field-enhancement factor (β) than that of
R-Fe2O3 NWs on the planar support. This implies that field-
emission performance strongly depends on the structure of the
support (sphere or film).

To verify the effect of the support structure, the electric field of
the emitter was analyzed using a SIMION software simulation.
Electron tunneling is affected by the local electric field, which
depends on themorphology (such as the diameter and the aspect
ratio) of the emitters and the spacing between the emitters.30

Figure 7 shows the electric-field contours around the emitters.
The field distributions around nanoflakes (diameter = 15 nm,
length = 2.5 μm, spacing between nanoflakes = 350 nm) on a
spherical support (diameter = 4.5 μm) and on a planar support
are shown in panels a and b in Figures 7, respectively. The results
show that the local electric field of the tip was 45.77 V/μm at
point 1 for the urchin-like structure, and 29.73 V/μm at point 2
for the nanoflake on the planar support. According to the electric
field analysis, the local electric field of the nanoflakes on the
spherical support was much higher than that of the nanoflakes on
the planar support. The higher local electric field enhanced the
rate of electron tunneling,30 which led to a lower turn-on voltage
and higher β. The local electric field can thus be amplified by
changing the structure of the support.

Figure 8 shows fluorescence images of field emission (4 cm2)
for the urchin-like R-Fe2O3 emitters with various applied electric

Table 1. Relationship of the Diameter and Aspect Ratio of
Nanoflakes for Various Oxidation Temperatures

Figure 6. FE-SEM images of urchin-likeR-Fe2O3 grown at 300 �C for 10 h. (a) Top-view and (b) cross-section of the urchin-likeR-Fe2O3 on Ag paste.
(c) Current density as a function of the electrical field for the urchin-like R-Fe2O3; the inset corresponds to the Fowler�Nordheim (F�N) plot.
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fields. It can be seen that the emission spot density (ESD) is
directly proportional to the current density. EDS increased with
increasing applied electric field. Due to the good dispersion and
high efficiency of the urchin-like R-Fe2O3 emitters, the ESD
increased in a narrow range of the applied field (5.3�6.0 V/μm).
Almost all the phosphors were excited under an applied field of
6.3 V/μm, with bright spots uniformly distributed on the screen.
This excellent emission homogeneity is important for display and
lighting applications.

The emission stability of urchin-like R-Fe2O3 was also investi-
gated. Figure 9 shows the current density over a long period of
time. The applied field was fixed at 6.0 μm/V for 24 h. No obvious
degradation of the emission performance was observed, and the
fluctuation of the emission current was less than 4% throughout
the continuous high-current operation. The good field-emission

stability of the urchin-like R-Fe2O3 can be attributed to (1) the
chemical stability of the R-Fe2O3 (R-Fe2O3 is the most stable iron
oxide in an ambient environment) and (2) its unique structure
(urchin-like R-Fe2O3 nanoflakes structures). The low turn-on
field, high β, high ESD, and good emission stability of the urchin-
like R-Fe2O3 make it a promising candidate for field-emission
devices.

’CONCLUSION

A simple, template-free, and one-step thermal oxidation of Fe
spheres for the synthesis of a 3D urchin-like R-Fe2O3 micro-
structure was reported. Thematerial was constructed ofR-Fe2O3

single-crystalline nanoflakes perpendicular to the surface, a shell
layer of R-Fe2O3 and Fe3O4, and an Fe core. The oxidation
temperature played an important role in the formation of a rough
surface layer, which affected the diameter of the nanoflakes. A
field-emission study using the urchin-like R-Fe2O3 as emitters
shows that the emitters have a low turn-on field of 2.8 V/μm, a
high β of 4313, a high ESD over a large area (2 � 2 cm2), and
good emission stability during a 24-h test. These experimental
results indicate that the urchin-like R-Fe2O3 is a candidate for
field-emission devices.
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