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ZnO hexagonal arrays of nanowires grown on nanorods
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ZnO single-crystalline nanowire-type nanostructures were synthesized on silicon by thermal
chemical vapor deposition without catalysts through a two-step pressure-controlled vapor-reflected
process at a low temperature of 550 °C where self-organized hexagonal crystalline or porous
nanowire arrays were grown on nanorods. The nanowire diameter is around 20 nm and number of
nanowires is selected by the nanorod size. Cathodoluminescence spectra exhibit strong green
emissions, indicative of high oxygen-vacancy density, which sheds a light on further applications for
multichannel nanoconductors in nanodevices. @05 American Institute of Physics
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ZnO one-dimensional1D) nanostructures for nano- needed. Notablya 3 mmhigh glass plate acting as a reflect-
optoelectronic devices such as UV Ia§irhg1ve received spe- ing wall was placed on the Si substrate 8 mm away from the
cial attention because of the characteristics of a direct widsource to achieve a vapor-reflected effect. During the experi-
band gap of 3.37 eV and large exciton binding energy of 6ment, the sources were heated at a rate of @0min from
meV at room temperature. ZnO 1D nanostructures have alsmom temperature. Argon at a flow rate of 54 sccm was in-
attracted notice as possibly ideal nanoconductors in optoeletroduced into the deposition system. Once the temperature
tronics due to both high thermal stability and electrical con-was raised to 450 °C, oxygen was switched on at a flow rate
ductivity for intrinsic oxygen vacancy. Therefore, for this of 3 sccm. The working pressure was kept at 15 Torr. After
application, a vapor trapping chemical vapor depositionheating at 550 °C for 30 min, the substrate was slowly
method was developed to obtain high conductive ZnO nanoeooled down in the furnace and the working pressure was
wires with a high density of oxygen vacancfes. decreased from 15 to 5 Torr.

The potential application rests upon the shape of 1D  The morphology of the prepared film was examined with
nanostructures. However, the previously reported 1D nandfield-emission scanning electron microscop8EM). As
structures such as nanowires, nanorods, nanoneedles, nastown in Fig. 1a), nanowire-type nanostructures comprised
belts, and nanoribbons all have a monotonic line shape witlf well organized nanowire arrays connected with hexagonal
a port at one end, which restricts them from being applied irfaceted nanorods were grown on the substrate. The nanorods
advanced systems. However, multifunctional devices capableave an average diameter of 400 nm while the nanowires are
of communicating with many receivers would require higherin a range of 15-25 nm in diameter. An enlarged view and a
integrated nanostructures with many channels. schematic diagram of the embryos of the nanowires are

In this letter, we report on the fabrication of ZnO shown in Figs. b) and Xc), respectively, exhibiting the
nanowire-type nanostructures where well organized hexagdiexagonal array characteristics. The spacing between indi-
nal arrays of nanowires were grown on nanorods by a twovidual nanowires is around 60 nm. The nanoscale spatial
step pressure-controlled vapor-reflected thermal evaporatigpattern could be attributed to the adsorption-desorption ki-
method at a low temperature of 550 °C. Cathodoluminesnetics and nonlinear diffusion of atoms in a deposited layer
cence spectra of both the nanowires and nanorods of the
nanowire-type nanostructures exhibit strong green emissions.
which indicate that the nanowire-type nanostructures posses
high electrical conductivity and are promising candidates for
electron nanoconductors in multichannel optoelectronic de-
vices.

The ZnO nanowire-type nanostructures were synthesizec
via a two-step pressure-controlled vapor-reflected therma
evaporation deposition. A silicof100) wafer and zinc pow-
ders (purity: 99.8% were inserted into a horizontal quartz
tube aml a 1 mm gap was sdtetween the sources and the
substrate. As distinct from the conventional method of ther-| &
mal evaporation, neither tedious catalysts nor additives werd_—

FIG. 1. (@) High-magnification SEM image of nanowire-type nanostruc-
dauthor to whom correspondence should be addressed; also at: Center faures.(b) An enlarged view of the embryos of the nanowires, exhibiting the
Micro/nano Technology Research, National Cheng Kung University,hexagonal array characteristios) Schematic diagram of the hexagonal

Tainan 70101, Taiwan; electronic mail: cpliu@mail.ncku.edu.tw nanowire array.
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(b)
FIG. 2. (a) SEM image of a nanopencil grown by a
two-step pressure-controlled thermal evaporation with-
step out a reflecting wall.(b) The schematic idealized
Re growth habit of ZnO.(c) SEM image of a nanowire-
T / Ra type nanostructure grown with a reflecting wall assisted
% two-step pressure-controlled thermal evaporati@).
Schematic diagram of steps formation leading to hill-
(0001) plane ocks grown on thé0001) face of ZnO.

~fo (0001)

at relative low temperature and sufficiently high atomiccontrast, Figs. @) and 2d) show the SEM image of a
mobility.3 Beyond this, on carefully examining the nano- nanowire-type nanostructure grown by a reflecting wall as-
structures, the nanowires were found to be self-organized imisted two-step pressure-controlled thermal evaporation and
several distinct hexagonal arrays. Furthermore, the numbehe schematic diagram of steps formation leading to hillocks
of the nanowires on a nanorod is approximately proportionagrown on the(0001) face of Zno® respectively.
to the area of the tof0001) platform of a nanorod, indicat- The detailed microstructures of the ZnO nanowire-type
ing the constant nanowire density. nanostructures were studied using a JEOL 2100F field emis-
Here we propose a growth mechanism for the morpholsion transmission electron microscopEEM). Figure 3a)
ogy of the nanowire-type nanostructures, where the growtlshows a typical low-magnification TEM image of the nano-
could be separated into two stages. The first stage is th&tructure. The nanowires are parallel to each other indicating
growth of the nanorods along tt©001] direction. Because good configuration for nanoconductors applications. High-
no catalysts are used, the growth is different from the tradiresolution TEM observations and electron diffraction, shown
tional vapor-liquid-solid mechanism. The nanorods apparin Figs. 3b) and 3c), show that both the nanorods and nano-
ently nucleated via a self-catalyzed mechanfdraudise and  wires are single-crystalline structures growing along the
Ballman claimed that the formation of the hexagonal pris{0001] direction. Furthermore, few nanowire-type nanostruc-
matic shape of ZnO rod-like crystals can be attributed to theures composed of porous nanowires were also found. Fig-
different growth rates of various growth fac&timllowing in ures 3d) and 3e) are the low and medium-magnifications of

the order of[0001]>[1011]>[1010]. Accordingly, while ~TEM images of the porous nanowires of a nanowire-type
the surface diffusion process is the most important rateh@nostructure. Figuresf3 and 3g) show the high-resolution

limiting step in the ZnO crystal growth, th@001) plane image and electron diffraction pattern of these porous nano-
easily disappears and instead is bounded by higher Milleires, respectively, which indicate that these porous nano-

indices but with a lower specific surface energy such adVIres are also single-crystalline structures growing along the

(10?1) plane to form a common tip shape. However, in the'[0001] direction. These porous nanowires may have more

: . ’interesting optoelectronic properties due to quantum confine-
designed vapor-reflected growth process demonstrated in th gop prop q

. . ent.
letter, the increased convection may enhance the surface dif- Figure 4 shows the room temperature cathodolumines-
fusion in a lateral directiorfa) with respect to the vertical

S cence(CL) spectra of both the nanowires and nanorods of
direction(c) so as to accelerate the movement of steps rela-

tive to the nucleation of new stefsTherefore, the(0001)
planes are the most likely facets which remain without (a)

(1011) after the growth.

The second stage is the growth of the nanowires on the
nanorods, when the working pressure was decreased suc
denly at the beginning of the slow cooling process, which
should correspond to the termination of the nanorod growth
due to the shortage of the source vapor. In the first growth
process, though the tof®001) surface is macroscopically : 8 :
flat, nanoscale roughness may be still formed due to ; e * "°°f’2.’

: '(1.079) ’

adsorption-desorption kinetics and nonlinear diffusion of
atoms’ In the second growth stage during cooling, the lower
pressure of both evaporated zinc and oxygen flux would fa-
vor the nucleation of the finer nanowires from those previ- (d
ously formed high coverage spots of the nanoscale spatia
pattern.

To support the proposed mechanism, we compare the
resulting nanostructure morphology from the growth experi-
ment with and without the reflecting wall while maintaining
other growth conditions as before in Fig. 2. Without the re-gig. 3. (a) A typical low-magnification TEM image of a nanowire-type
flecting wall, nanorods exhibit typical nanopencil morphol- nanostructure(b) High-resolution TEM observation of the nanowirés)

. . P . Electron diffraction of the nanowire-type nanostructuf@—(e) low and
ogy with a sharp tip bounded WOH) in the first growth medium-magnification TEM image of a nanowire-type nanostructure with

stage[Figs. da and 2b)], followed by a single tapered porous nanowiresf) High-resolution TEM image of the porous nanowires.

nanowire grown on the tip in the second growth stage. Ing) Electron diffraction of the porous nanowires.
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16000 o [ mmres In summary, the ZnO single-crystalline nanowire-type
PN nanorods nanostructures were synthesized via a simple two-step pres-
sure controlled vapor-reflected thermal evaporation without
catalysts at a low temperature of 550 °C. The nanostructures
possess hexagonal arrays of nanowires grown on top of na-
norods along thg0001]] direction. CL spectra from the nano-
structures exhibit strong green emission, indicative of high
oxygen-vacancy density. This implies that the nanowire-type
nanostructures are promising candidates as electron nano-
conductors in nano-optoelectronic devices.
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