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Abstract

Highly aligned and free-standing ZnO nanotip arrays grown on the ZnO films by soft chemical method are proposed.
X-ray diffraction analysis shows that the ZnO nanotips are hexagonal wurtzite structure, and the c-axes of nanotips are
perfectly along the substrate surface normal. HRTEM demonstrates the ZnO nanotip to be a single crystal. Room
temperature photoluminescence of the ZnO nanotips has a strong UV emission band at 378 nm. The field emission of
ZnO nanotip arrays shows a turn-on field of about 10.8 V/um at a current density of 0.1 pA/cm and emission current
density up to about 1 mA/cm? at a bias field of 19.5 V/um. The mild technique for fabricating ZnO nanotip arrays is
believed to open novel possibilities for nanoscale optoelectronic device applications.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Owing to the unique geometries of small radii of
curvature, the nanotips have attracted significant
interests for the potential applications such as the
probing tip for the high-resolution imaging atomic
force microscopy [1], the photonic crystal for
waveguide and the field emitter for flat-plane
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displays [2]. For the field emitter arrays technol-
ogies, the manipulation of high density, vertical
aligned and well-ordered fine tips are particularly
desirable. Currently, developing high-performance
field emitter mainly relies on materials with low
work function and thermal stability under the high
vacuum environment, such as carbon-based (car-
bon nanotubes, diamond-like carbon) [3], silicon-
based (Si, SiN, SiCN) [4], oxide-based (MoO,,
MoO;, ZnO) [5,6], and other semiconductor
materials [7]. Among these materials, zinc oxide
(ZnO) is a wide band-gap (3.4¢V) and large
exciton binding energy (60meV) semiconductor

0022-0248/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jerysgro.2004.05.009



C.-H. Hung, W.-T. Whang | Journal of Crystal Growth 268 (2004) 242248 243

compound, which is useful for light emitting
diodes, room-temperature nanolasers, gas sensors,
piezoelectric devices, and solar cells [8], etc.
Recently, one-dimensional (1D) ZnO nanostrus-
tures, such as nanowires, nanotubes and nanorods,
have attracted great attentions due to the excellent
physical and chemical properties that are highly
different from the bulk materials.

Generally, 1D ZnO nanostructures are synthe-
sized by the following methods: anodic alumina
template [9], metal catalyst-assisted vapor phase
transport (MCVPT) [10], metal-organic chemical
vapor deposition (MOCVD) [11], metal-organic
vapor epitaxy (MOVPE) [12] and common ther-
mal evaporation method [13]. Much efforts have
been devoted to obtain highly aligned and well-
separated (i.e. isolated standing) 1D ZnO arrays,
which are crucial for developing the next genera-
tion of nanoscale electronic and optoelectronic
devices. Such perfectly aligned ZnO nanowire
arrays are achieved via MCVPT or MOVPE
techniques [8,10,14]. Huang et al. demonstrated
the aligned ZnO nanowire arrays epitaxially grown
on (0001) sapphire substrate by using MCVPT
technique with the gold catalyst at 900-925°C [8].
However, the necessary of relative high tempera-
ture and expensive sapphire substrates restrict the
production and wide applications of 1D ZnO
arrays. In addition, the MCVPT technique is not
suitable for growing sharply tips since the metal
catalyst droplets would form at the terminating
growth front. Notably, the soft chemical route
greatly facilitates the approach to scaled-up
fabricated 1D ZnO nanostructures with relative
low-cost, which also has been demonstrated to be
very efficient in synthesizing single crystal struc-
ture at a remarkably low temperature [15].
Vayssieres et al. reported the aligned ZnO micro-
size rod arrays growing on conducting tin oxide
glass by hydrothermal procedure at 95°C aqueous
solution [16]. Liu et al. utilized the well-defined
(001) facet microrods as the substrates to grow
helical structures of ZnO nanorod and column
arrays [17]. Recently, we proposed the using of a
layer of nanoparticles with self-seeding assistance
to attain ZnO nanorods on ITO substrate [18].
However, the polycrystalline nano-seeds on the
substrate generated the random orientations of

our nanorods, so the nanorod alignment was
unsatisfied. To data, fabricating perfectly aligned
and well-isolated 1D ZnO nanoarrays on the Si
substrates with soft chemical method is a valuable
challenge, which would benefit in the electronic
device integrations due to the mild growth condi-
tions. To our knowledge, growing well-aligned
ZnO nanotip (nanoneedle) arrays on Si substrate
rarely succeeded except using the MOCVD-based
method at temperature 400-500°C [19,20]. In this
study, we grew vertical and isolated single-crystal
ZnO nanotip arrays on a ZnO thin film by soft
chemical technique at a low temperature of 95°C
without any metal catalyst or template. The field
emission (FE) of our ZnO nanotip arrays shows a
turn-on field of 10.8 V/um at a current density of
0.1 ptA/cm. Moreover, we also successfully fabri-
cated the self-oriented nanotip arrays on ZnO
microrod by soft chemical route. This fascinating
morphology suggested that our new strategy might
provide an insight for building a controllable well-
ordered multiple nanostructures at a significant
low temperature.

2. Experimental procedure

All the chemicals from Tokyo Chemical Indus-
try were used as received without further purifica-
tion. ZnO nanotip arrays growth was prepared by
the wet chemical technique, as reported by
Vayssieres et al. [16]. In this study, 0.1 g of zinc
nitrate (Zn(NO);- 6H,0, 3 x 10> M) and 0.1 g of
methenamine (CgH;,Ny4 , 6 X 1073 M) were dis-
solved in 100 ml aqueous solution as the precursor
solution. Prior to growing ZnO nanotips, a thin
ZnO layer (ca. 200nm) was deposited on the Si
substrate by radio frequency sputtering. The
substrate was then put into a bottle filled with
precursor aqueous solution in the oven at 95°C for
several hours. After the crystal growth, the final
products were rinsed with distilled water several
times, and then dried in oven at 100°C for 4 h. The
morphology of as-synthesis products was further
characterized and analyzed by scanning electron
microscopy (SEM) (JOEL JSM-6500F at 10kV)
and high-resolution transmission electron micro-
scopy (HR-TEM) (JOEL 2010F at 200kV).
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Photoluminescence spectrum was also measured at
room temperature using He-Cd laser with a
wavelength 325nm as excitation source.

3. Result and discussion

The surface morphology of as-grown ZnO
nanotip arrays on the ZnO film substrate was
studied by the field-emission scanning electron
microscope (FE-SEM). Figs. la and b show the
top and tilted views of low-magnification SEM
images. The numerous nanotips appear as bright
dots and are well-separated across the entire
substrate, implying that a large density of ZnO
nanotips preferentially grew normally to the
substrate surface, and almost isolated from each

other with a density of approximately
1.22 % 10" tips/cm?. The higher-magnification im-
age (Fig. 1c) further shows the formation of a
regular nanotip arrays with a perfectly vertical
alignment. The nanotips are found to grow from
the tops of nano-grained film and the spacing
between well-oriented nanotips estimates about
100 nm. The detail morphology can be observed by
high magnification side-view image, as shown in
Fig. 1d. The nanotips are parallel to each other
and perpendicular to ZnO thin film. The base
diameter of a nanotip is around 70 nm and the
length is around 410nm. The length could be
further controlled by changing the growth para-
meters, such as reaction times. Typically, the
length of a nanotip decreases to ~160nm in
95°C aqueous solution for 2h growth. In contrast

Fig. 1. SEM images show highly aligned ZnO nanotip arrays grown on the ZnO thin film at 95°C aqueous solution for 6h. Low-
magnification images from (a) top view and (b) tilt view reveal that high density of well-oriented ZnO nanotips were dispersively
distributed on the substrate. (c) top and (d) side view of high-magnification SEM images. (¢) TEM image of a typical ZnO nanotip. (f)
high-resolution TEM image taken from the edge of ZnO nanotips and the corresponding fast Fourier-transform pattern (inset).
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to the hemispherical end and hexagonal-shaped
structure of ZnO nanorod grown by hydrothermal
techniques reported previously [16,18,21,22], the
feature of ZnO nanotips in this study obviously
has a sharp apex and conical morphology. The
structural characterization of the ZnO nanotips
was investigated by transmission electron micro-
scopy (TEM) and the typical TEM image of an
individual nanotip is depicted in Fig. le. The
nanotip end clearly has an extremely sharp
morphology with an apex angle about 13°. The
high-resolution TEM image (HRTEM) in Fig. If
shows a single crystal structure of the ZnO
nanotip. The lattice spacing of about 0.26 nm
between adjacent lattice planes corresponds to the
distance between (002) crystal planes, meaning
that the [001] direction is a common growth
direction of the ZnO nanotip. Energy dispersive
X-ray spectroscopy (EDX) analysis shows the
nanotips only contain Zn and O, confirming that
no other metal impurity exists. The crystal
structure of ZnO nanotips was investigated by
X-ray diffraction. As shown in Fig. 2, only two
diffraction peaks of (002) and (004) of wurtzite
ZnO were observed, implying that the (002)
planes of ZnO nanotips were perfectly oriented
perpendicularly to the surface.
Photoluminescence spectrum (PL) of ZnO
nanotip arrays was measured at room temperature
using a He-Cd laser with an excitation wavelength
of 325nm. The PL spectrum in Fig. 3 exhibits a
strong UV emission at 378 nm (3.29¢V), agreeing
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Fig. 2. X-ray diffraction pattern of ZnO nanotip arrays grown
on the ZnO film.
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Fig. 3. PL spectrum of ZnO nanotip arrays measured at room
temperature.

well with the band gap of bulk ZnO (~380nm)
which comes from recombination of free excitons
via exciton—exciton collision process [23]. Gener-
ally, a green—yellow emission could be observed in
the PL spectrum, which comes from the recombi-
nation of photogenerated hole with a singly
ionized charge state of specific defect [24]. How-
ever, the green—yellow emission did not appear in
our sample. Therefore, the results of PL spectrum
show that our low-temperature growth method
can produce a low concentration of oxygen defects
and high optical quality of singe crystal ZnO
nanotips.

The growth mechanism of ZnO nanotip arrays
on a substrate described here could be based on
conventional crystal growth model of solution
chemistry [16]. Accordingly, the crystal nucleation
and growth in the solutions are controlled by
interface free energy. In present work, the column-
like (002) ZnO thin film was deposited on the Si
substrate as a self-seeding and buffer layer prior to
the crystal growth. Note that no ZnO nanotip was
formed on the bare Si substrate under the same
growth conditions. Certainly, the ZnO film in our
work can effectively provide nuclei sites and
reduce interface energy barrier for ZnO crystal
growth. Upon the hydrolysis-condensation reac-
tion, the reactant [Zn(OH)"] diffused onto the
ZnO film surface and gradually formed a saturat-
ing situation between ZnO film/solution interface.
As soon as reaching a critical saturation point, the
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nuclei of ZnO crystals simultaneously occurred on
the column-like (002) ZnO film, then the ZnO
crystals began to precipitate and resulted in a
preferential orientation along ZnO [0 0 1] by direct
homoepitaxial growth. The nano-grained {002}
ZnO film provided perfectly well-separated and
oriented nuclei for ZnO crystals growth, produ-
cing a well-ordered and vertically aligned nanotip
arrays on the substrate. Moreover, the concentra-
tion gradient of reactant created a driving force for
further crystal growth. According to “‘the lowest
energy”’ argument on polar crystal growth by
Laudise’s et al. [25], the growth velocity along
<001 direction could be much higher than that
along <{101) and <100 directions. In fact, it is
well-known fact that the crystal facets with a faster
growth velocity are easier to disappear and
eventually result in the appearance of the crystal
only built up by slower growth rate facets.
Recently, Park and co-workers [19] also proposed
that sharp-tipped ZnO nanoneedle formation

could originate from a higher growth rate along
the c-axis direction than that along the in-plane
direction. We therefore conclude that the tips-like
ZnO geometry mainly resulted from higher growth
rate along <001 ) direction.

We found that the nanotip arrays can also be
grown on ZnO microrods by similar low-tempera-
ture technique which formed a ‘“‘nanotips-rod”
geometry. Prior to achieving desired nanostruc-
tures, the microsize ZnO rods were deposited onto
ITO substrate by equimolar (0.1 M) of zinc nitrate
and methenamine aqueous solution at 90°C for
24 h. When the (00 1) facets of microrods served as
nuclei sites, the ZnO nanotip arrays dispersively
self-oriented along the well-defined hexagonal
facet (001) plane with a density of about
200 tips/rod, as shown in Fig. 4a. Comparing with
the previous report of growing 1D ZnO on
microrod-based substrates [17] which formed a
much lower density (<20 nanorods/rod) of helical-
like ZnO nanorods, our method should base on

Fig. 4. (a,b) SEM images show the as-grown ZnO nanotip arrays self-organized on the ZnO rod. (c) bright-field and (d) dark-field
TEM images from the nanotips-microrod junction region and (e) the corresponding diffraction pattern of microrod.
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different growth mechanism. Fig. 4b is a higher-
magnification SEM image taken from the top of a
microrod. Obviously, the ZnO nanotips are pre-
cisely grown perpendicular to the (00 1) surface of
the microrod, where these nanotips show a conical
shaped cross-section and around 250 nm in length,
with the base diameter of 60 nm and tip diameter
less than 15 nm. The typical bright-field, dark-field
images and the corresponding electron diffraction
pattern of the ZnO nanostructures captured in
side-view are also depicted in Figs. 4c—e, respec-
tively. The results indicate that the homoepitaxial
orientation growth of the nanotip arrays only
occurred on the hexagonal basal plane of the
microrod.

The field emission measurement of ZnO nanotip
arrays was carried out in a vacuum under a
pressure of ~ 10 °Torr at room temperature. A
cylinder electrode of 2.2mm diameter was placed
above the nanotips top surface with a distance of
50 um. Keithley 237 was employed as a power
supply and a current meter. Fig. 5a shows the
typical result of the field emission current density
versus the applied electric field. The turn-on
electric field for the ZnO nanotips was about
10.8 V/um at a current density of 0.1 pA/cm, and
the emission current density reached about 1 mA/
cm” at a bias field of 19.5V/um. The field emission
current—voltage characteristics can be expressed by
Fowler—Nordheim (F-N) theory:

J = (AE*B* | ®) exp (—BP**BE),

where J is the emission current density (A/cm?), E
is the applied field (V/cm), f is the field enhance-
ment factor related to the emitter geometry, @ is
the work function of the emitter, 4 and B are the
constants with values of 1.56 x 107'° (A/VZeV)
and 6.83 x 10° (V/eV*? um), respectively. By plot-
ting In(J/E?) versus 1/E in Fig. 5b, two-stages
slope behaviors were observed in a measured
range. Such characteristics are also perceived in
many other types of field emitters [26], which may
result from the variation of the tips local field. The
f values are derived from fitting the experiment
curve to F-N theory by assuming the ZnO
nanotips work function of 5.4eV. Therefore, the
field enhancement factor of ZnO nanotip arrays
was estimated to be about 590 for 8, and 270 for
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Fig. 5. (a) Field emission current density versus electric field of
ZnO nanotip arrays on Si substrate and (b) the corresponding
F-N plot.

B,. These values are comparable to the reports of
needle-like ZnO nanowires [27,28], indicating that
the mild method for manufacturing ZnO nanotips
arrays would have a great potential in field emitter
technologies.

4. Conclusions

We have successfully produced uniformly well-
separated ZnO nanotip arrays which are excellent
oriented and vertically aligned on the ZnO film
using a soft chemical route under simple and mild
conditions. The soft growing method also has been
extended to synthesize well-aligned nanotip arrays
on ZnO microrods. The field-emission character-
istics of ZnO nanotip arrays showed a turn-on
field of about 10.8 V/um at a current density of
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0.1 uA/cm. This advanced technique for ZnO
nanotip array fabrication is believed to open novel
possibilities for nanoscale optoelectronic device
applications.
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