COMMUNICATION

www.rsc.org/chemcomm | ChemComm

Crystal orientation-ordered ZnO nanorod bundles on hexagonal heads
of ZnO microcones: epitaxial growth and self-attractiont
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We demonstrate a preferential nucleation, epitaxial growth, and
self-attraction of crystal orientation-ordered ZnO nanorod
bundles on (0001) plane of single-crystal ZnO microcones.

Recent developments in nanoscience and nanotechnology have not
only brought potential building blocks for nanoscale electronics
and optoelectronics, but also offer an opportunity to study and
imitate biological functions at the nanoscale." > The gecko has the
ability to climb rapidly up smooth vertical surfaces due to
hundreds of nanorod structures on its feet.>” It will be interesting
to imitate such structures and properties using nanotechnology.
For example, Dhinojwala and the coauthors have reported
constructing polymer surfaces with multiwalled carbon nanotube
hairs, which have strong nanometer-level adhesion forces 200 times
higher than those observed for gecko foot-hairs.® On the other
hand, one-dimensional ZnO nanostructures have attracted special
attention because of their unique properties and diverse hierarch-
ical nanostructures.'° The latter relies on the anisotropic structure
of ZnO and variation of growth rate on different facets. The
priority growth direction of the ZnO nanorods is along the c-axis,
we thus expect epitaxial growth of ZnO nanorods on the (0001)
plane of a single-crystal ZnO substrate. Recently, Gao and
Wang reported the substrate atomic-termination-induced aniso-
tropic growth of ZnO nanorods using the vapor-liquid-solid
(VLS) process.!! In this communication, we demonstrate a
metal-catalyst-free approach to epitaxial growth of crystal
orientation-ordered ZnO nanorod bundles on the hexagonal heads
of single-crystal ZnO microcones. These nanorod bundles have a
similar morphology to gecko foot hairs.

ZnO nanorod bundles were synthesized in a conventional
furnace with a horizontal tube (diameter of 35 mm, length of
100 cm). Instead of well-known VLS growth using metal catalysts,
we used a metal-catalyst-free method. One gram of zinc oxide
powder (99.95%) source material was loaded in an alumina boat
that was located at the center of the furnace. A ZnO microcone
substrate was placed at the low-temperature zone in the tube. The
substrate was 12 cm away from the source material. The ZnO
microcones were prepared via vapor transport deposition at low

“Hefei National Laboratory for Physical Sciences at Microscale,
University of Science and Technology of China, Hefei, Anhui, 230026,
P.R. China. E-mail: gzwang@ustc.edu.cn; Fax: 86 551 3606266,

Tel: 86 551 3600075

bDepartment of Physics, University of Science and Technology of China,
Hefei, Anhui, 230026, P. R. China

“The Wallace H. Coulter Department of Biomedical Engineering,
Georgia TechlEmory University, Atlanta, Georgia, 30322, USA

T Electronic supplementary information (ESI) available: low-magnifica-
tion FE-SEM images of the ZnO bundles before and after self-attraction.
See DOI: 10.1039/b512259g

temperature (see ref. 12 for details). Before being heated, the tube
was evacuated to ~ 107> Torr and kept under vacuum through the
synthesizing process. No carrier gas was used. After being heated
for 35 min, the tube reached the peak temperature of 1350 °C, and
then the heating was turned off. The substrate was removed from
the tube after the furnace had cooled down naturally to room
temperature.

The morphologies of the substrate and as-synthesized products
were analyzed using scanning electron microscopy (SEM) (JEOL
6700F). Fig. 1a shows that each ZnO microcone has a hexagonal
head several micrometers across with a flat surface. X-ray
diffraction spectra and transmission electron microscopy (TEM)
studies have proved that the ZnO microcones are wurtzite
structure single crystal with the growth direction along the c-axis.'?
Fig. 1b and lc, the tilt view of the products with different
magnifications, show hundreds of nanorods growing on the
hexagonal head of a microcone forming a nanorod bundle. All
nanorods growing on the same microcone are well-oriented and
perpendicular to the (0001) plane surface of the ZnO microcone.
The length of nanorods is about 5 micrometers, and the diameters
are in the range 110 + 10 nm. The fact that all the nanorods have
the same length and the same diameter implies they are synthesized

Fig. 1 FE-SEM images of (a) tilt view of the ZnO cones substrate, (b) and
(c) tilt view of ZnO nanorod bundles with different magnification. The inset
in (c) is the schematic diagram of the geometry of nanorods and a microcone.
(d) a top-view of a ZnO nanorod bundle. The center region of the image (d)
shows that only the heads of the nanorods can be observed, indicating the
very straight growth of nanorods for about 5pum. The inset in (d) shows the
root of a ZnO nanorod bundle, and the scale bar is 500 nm. All the images
were obtained with the SEM accelerating voltage of 10 kV.
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by the same mechanism with an equal growth rate. The inset in
Fig. 1c is the schematic diagram of the morphologies. The
hexagonal facet feature of the nanorods shown in the top view
SEM image, Fig. 1d, provides evidence for the ZnO nanorods
growing along the [0001] direction. The inset in Fig. 1d shows the
adjacent edge between a bundle of nanorods and the microcone on
which the nanorods grew. This image suggests an epitaxial growth
of the ZnO nanorods on the ZnO microcones. Because of the
single-crystal feature of the microcone and epitaxial relationship
between the nanorod bundle and the substrate, the ZnO nanorod
bundle is in orientation-alignment, which is further confirmed by
the tip features of the nanorods, as shown in Fig. 1d.

The morphology and the microstructure of the ZnO nanorods
were further investigated by TEM (JEOL 2010). Fig. 2a confirms
the size uniformity of the nanorods. Fig. 2b shows the selected area
electron diffraction (SAED) pattern from a nanorod, which
indicates that the nanorod is single-crystal ZnO with wurtzite
structure. The SAED pattern also confirms the nanorod growing
along the c-axis, which is consistent with the SEM results. The
high-resolution TEM (HRTEM) image from the head of a
nanorod is shown in Fig. 2¢, which presents an atomic resolved
single crystal wurtzite lattice structure along the growth direction
of the c-axis. No dislocations were observed in this area. The edges
of the nanorod are clear, and no amorphous layer was observed on
the surface.

Very recently, Liu’s group reported ZnO hierarchical nano-
structures where the ZnO hexagonal arrays of nanowires were
grown on nanorods by two-step pressure-controlled vapor-
reflected thermal evaporation of zinc powder at 550 °C.'> They
suggested that the vapor-reflected effect plays a key role in the
formation of the hierarchical ZnO nanostructures. In our case, the
ZnO powder was used as source material and no carrier gas was
introduced into the reaction system in the fabrication of the ZnO
nanorod bundles, which implies a different growth mechanism. No
catalyst was used in the synthesizing process, nor were metal
nanoparticles found on the heads of the nanorods, indicating that
the conventional VLS process is not a suitable description for our
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Fig. 2 (a) A low-magnification TEM image of the ZnO nanorod
bundles, and (b) the selected-area electron diffraction (SAED) pattern
from the nanorod indicated by a black arrow in (a). (¢) The high-
resolution TEM image of the nanorod from the same spot as in (a).

case. Therefore, we suggest two factors affect the orientation of the
growing uniform nanorod bundles:'* First there is no carrier gas
during the synthesizing process; the pressure is ~ 107> Torr during
the growth. The high temperature (1250-1350 °C) and low
pressure enhance the decomposition of ZnO into Zn** and O*~
species, and the decomposition process has been demonstrated to
induce the anisotropic growth of nanobelts.'> The second is the
lattice-matched substrate of the ZnO microcones. The heads of the
microcones in Fig. la seem very flat with the SEM accelerating
voltage of 10 kV. However, when the accelerating voltage was
changed from 10 kV to 1 kV, more details of the heads are
observed, as shown in Fig. 3a. The edges of the SEM image are
much sharper and are not overbright at low incident energies.'®
The surface of the head in Fig. 3a consists of many nanoscale
raised dots. These raised dots probably supply the preferential
nucleation sites for the ZnO nanorods since the density of the
raised dots is close to that of the nanorods on microcones.
Considering the above results, we propose a mechanism to
describe the ZnO nanorod bundles growth: When the temperature
of the source exceeds ~ 1250 °C, sufficient Zn** and 0>~ species
are yielded due to the decomposition of the zinc oxide powder and
diffuse to the substrate. The Zn>* and O** species and ZnO vapor
preferably nucleate on nanoscale raised dots of the surface.
Continuous diffusion of Zn>" and O*" species and ZnO vapor to
the substrate region sustains the growth of the ZnO nanorods.
Single-crystal substrate may help well-aligned ZnO nanorod
bundles growth. By comparison, only ZnO nanorod arrays with
large diameter distribution were achieved on polycrystal ZnO thin
film.'"* That no carrier gas was introduced into our synthesizing
process also results in a steady vapor in the reaction system, which
favors a stable growth of the nanorods. In contrast, the carrier gas
used in the vapor transport method should give rise to vapor
turbulence in the synthesizing process.

As shown in Fig. 3b, the ZnO nanorod bundles were observed
to be self-attracted when they were re-examined 20 days after the
first FE-SEM investigation. Recently, Wang and coauthors
reported self-attraction among aligned Au/ZnO nanorods under
electron beam, which is due to the interaction between the
accumulated charges near the metal-semiconductor junctions for
two nanorods of different length.!” In our case, no metal catalyst is
used and no metal nanoparticles are found on the tips of the
nanorods. Therefore, the model presented by Wang is not suitable

Fig. 3 (a) FE-SEM image of the microcone head surface with
accelerating voltage of 1 kV. Many nanoscale raised dots are observed
on the surface of the head, which probably supply the preferential
nucleation sites for the ZnO nanorods. (b) FE-SEM image of the self-
attracted ZnO nanorod bundles on a hexagonal head of ZnO microcone.
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for our case. The mechanism of the bending properties is under
investigation.

Asa unique hierarchical ZnO structure, the ZnO nanorod bundles
on microcons are suggested to have potential in many device
applications: First, the ZnO cones and the nanorod bundles are
aligned and vertical to the silicon substrate, so the structures
probably have applications as conventional ZnO nanoarrays in
nanosensor,'® and filed emission. " Secondly, because of their unique
multi-forked structure, they may used as nanoscale optical
waveguide splitters and recombiners.”®?* Thirdly, in particular,
the bending feature of the ZnO nanorods could be applied as
nanotweezers to capture nanoparticles or other nanostructures,
although the self-attraction between the ZnO nanorods is not clear
yet. Furthermore, the diameter of a microcone is several micrometers
and the length more than 10 um, which allows it to be manipulated
and fixed more easily than a nanostructure. Therefore, the
hierarchical ZnO structures have great advantages as nanotweezers.
Fourthly, the nanorod bundles have morphology similar to a
gecko’s foot hairs. This structure could be used to imitate the
function of a gecko’s foot by adjusting the shape of the bundles.®

In conclusion, we have demonstrated a new approach to
epitaxial growth of crystal orientation-ordered ZnO nanorod
bundles on (0001) plane of single-crystal ZnO microcones. We
suggest that the high temperature (1250-1350 °C) and low pressure
(~107? Torr) enhance the ZnO decomposing into Zn** and 0>~
species, and sufficient and steady Zn** and O* vapor help
nucleate at the raised dots on the heads of the microcones, and
finally the well-aligned epitaxial ZnO nanorod bundles are formed
on the microcones. The ZnO nanorod bundles were also observed
to be self-attracted. With the bending properties, the uniform ZnO
nanorod bundles could be used as nanotools.
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