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a  b  s  t  r  a  c  t

Position  controlled  single  crystalline  ZnO  nanowires  are  grown  on periodically  polarity-inverted  (PPI)
ZnO  heterostructures  without  catalyst.  PPI  ZnO  templates  were  fabricated  by  using selective  growth
method  of  polarity  with  Cr-compound  intermediate  layers  by  plasma  assisted  molecular  beam  epitaxy.
In order  to  control  the  position,  we  used  the  in-plane  two-dimensionally  discrete  PPI ZnO  templates.  The
lateral polarity  inversion  in PPI  template  was  confirmed  by  piezo  response  microscopy.  After  syntheses
eywords:
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of  ZnO  nanowires,  vertically  aligned  ZnO  nanowires  were  grown  only  onto  the  Zn-polar  regions  without
the  O-polar  regions.  The  results  clearly  show  that  the  position  control  of  ZnO  nanowires  is  possible  using
the  PPI  ZnO  templates.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

One-dimensional (1D) nanostructures have attracted consider-
ble attentions for the past decades as building blocks for photonics
nd electronic nanodevices [1–3]. Among compound semicon-
uctor nanomaterials, ZnO nanowire is a representative oxide
emiconductor material with versatile application fields such as
olar cell [4],  chemical and biological sensing [5,6], optoelectron-
cs [7],  energy conversion [4],  and field emission [8]. In order to
ntegrate of nanodevices grown on various substrates, the growth
f the nanowires in the desired area is required. The position con-
rolled ZnO nanostructures are very useful to be used as a functional
omponent in nanoscale photonic devices [9]. Although a few well
ontrolled compound semiconductor nanowires with or without
he catalyst are reported, catalyst free position controlled growth
f oxide nanomaterials are not so many demonstrated [10,11].
ntensive efforts for the growth of well aligned ZnO nanostruc-
ures have been successfully achieved on various substrates via a
apor–liquid–solid (VLS) mechanism [12,13] using catalyst seeds
sed for promotion of nanowires growth. But remained metal

atalyst after synthesis process may  contaminate the target nano-
aterials and usually act as impurities which degrade the material

roperties including optical and structural and finally harmful to
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device level applications [14,15]. In addition, the use of catalyst for
the VLS process based on the supersaturation in catalyst make the
migration and diffusion of metal atoms into the source materials
or substrate, which can make it difficult to control the position and
materials properties [16].

Therefore, recently, some efforts are conducted for the growth
of vertically aligned ZnO nanorods using the template-assisted
growth [5] and electrical field alignment without the any catalyst
[17]. Even though the expansion to the periodical two-dimensional
(2D) ZnO nanostructures from 1D has potential applications in var-
ious lateral optical and electrical devices, few studies about them
have been reported [18].

ZnO crystallizes in a wurtzite structure and naturally has crystal
polarity along the c-axis. Due to the differences of material prop-
erties depending on the polarity, various methods are suggested to
control the polarity of ZnO films on c-sapphire substrates [19–21].
Until now, the polarity control itself has been extensively studied,
but the spatial array and applications are not so many reported
[22]. Here, we would like to emphasize that periodically polarity-
inverted (PPI) ZnO heterostructures can be used as a template for
position controlled ZnO nanostructures without catalyst.

CrN used in our experimental has many advantages for the
growth of GaN and ZnO because the lattice constant and thermal

expansion coefficient of rock-salt CrN layer lie in between those
of wurtzite compound semiconductors and c-sapphire [22,23]. In
terms of the formation of CrN, there are versatile mechanisms using
the nitridation of Cr-metal layer and direct growth of CrN using the

dx.doi.org/10.1016/j.jallcom.2011.10.015
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. (a) AFM and (b) PRM images of PPI

BE  system [23,24].  In the case of the CrN growth the growth range
s very wide which means that we can easily growth the high qual-
ty CrN. In addition, the pattern formation is very easy using the
elective etching by Cr-etchant [25,26].

In this paper, we report the realization of a vertically aligned
D ZnO nanowires on PPI ZnO heterostructures, which were fab-
icated using previously proposed in situ polarity control methods
21]. This approach will open the possibility of creating patterned

utidimensional nanostructures for applications as optoelectron-
cs, sensors, and nonlinear optical devices.

. Experimental details

In order to fabricate the PPI ZnO templates on c-Al2O3 substrate, we  used the
n  situ polarity control methods using the Cr compound buffer layers. The details for
he selection of polarity of ZnO and fabrication methods are can be found elsewhere
22].

The ZnO nanowires on PPI ZnO templates were grown by chemical vapor trans-
ort and condensation method using carbothermal reduction of ZnO powder in
urnace. A mixture of equal amounts of ZnO (99.999%, Sigma–Aldrich) and graphite
99.9%, Sigma–Aldrich) powder was used as a Zn source. The source boat was  placed
t  the center of the quartz reactor equipped with the inner tube. The mixture gas
ade of argon (95%) and oxygen (5%) was used as an oxygen source. The reactor was

eated to the set temperatures and maintained at 900 ◦C for the specific growth time.
he  produced ZnO nanowires were characterized by scanning electron microscopy
SEM: JEOL) and high resolution X-ray diffraction pattern (HR XRD, Phillips Cu-K˛
adiation). The optical properties of the ZnO nanowires grown on PPI ZnO template
ere measured at room temperature using a photoluminescence (PL) with a 325 nm
e–Cd excitation source.

. Results and discussion

To elucidate the periodical polarity inversion in the fabri-
ated structures, we conducted piezo response microscopy (PRM)
easurements using an atomic force microscopy (AFM, SPA400).

ig. 1(a) shows the AFM image of PPI ZnO template surface showing
he 1D patterning with 500 nm period, and the contrast observed in
he figure results from the difference in the heights of the Zn- and
-polar regions, which is related to the difference of growth rate
epending on the polarity. In the case of PPI ZnO heterostructure,
he growth rates of Zn- and O-polar ZnO are different; as a result,

 step height is formed, whose magnitude depends on the growth
onditions of the PPI ZnO structure [21].
The PRM technique has been successfully used to determine
he polarity of ZnO film with patterned Zn and O polarities at the

icrometer scale [22]. The ZnO films can expand along the [0 0 0 1]
xis with a positive electric field and contract when the direction of
emplates formed on c-sapphire substrate.

the electric field is reversed; the contrast in PRM image shows this
expansion and contraction effects. The image of the piezoelectric
response of the fabricated PPI structure clearly shows both regions
with different brightness, as shown in Fig. 1(b). Here, the bright and
dark regions correspond to the O-polar and Zn-polar films, respec-
tively. The PRM images and piezo response curves (not shown here)
can be considered clear evidences for the polarity inversion in the
PPI ZnO structures with nanometer scale period.

Fig. 2 shows the position-controlled vertical arrays of ZnO
nanowires on PPI ZnO templates. Fig. 2(a) and (b) shows low
magnification and high magnification top view of ZnO nanowires,
respectively. Two or three white spots are shown in the each island
which is related to the Zn-polar regions formed in plane discrete
PPI ZnO templates. All of the ZnO nanowires have almost the same
height of about 6 �m and their diameters range between 80 and
120 nm.  It clearly demonstrates that most of the ZnO nanowires
grow perpendicular to the substrate. Moreover, those are grown
on the Zn-polar ZnO regions without on the O-polar regions. We
want to find out the possible mechanism from the self-catalyzed
effect on Zn-polar region which was  suggested by Wang et al. They
previously reported the different growth characteristics of ZnO
nanoribbon using different polar surface [27]. They concluded that
Zn-polar surface is chemically active possibly due to self-catalyzed
process in growth of ZnO, while the O-polar surface is chemically
inert. Therefore, the ZnO nanowires can be preferentially grown on
discrete Zn-polar regions on templates with 500 nm scale pattern
size.

In order to investigate the structural properties including the
epitaxial relationship and crystallinity of ZnO nanowires on PPI
ZnO structures, a HR XRD machine was used. Fig. 3(a) shows
the XRD �–2� scan data of the position controlled array of ZnO
nanowires. These spectra can be indexed to ZnO (0 0 0 2), CrN
(1 1 1), and Al2O3 (0 0 0 6) for diffractions peaks at 34.48◦, 38.02◦,
and 41.70◦, respectively. Typical full width at half maximum of
rocking curves data obtained from the (0 0 0 2) peak of the as-
grown ZnO nanostructures were between 0.2 and 0.3◦. In addition,
as shown in Fig. 3(b), six equidistant narrow peaks of the ZnO
(1 0 1̄ 1) plane are observed in the ˚-scan range of 0–360◦, which
is indicative of the growth of good crystallinity and vertical align-
ment of the nanowires on the PPI substrate without the rotational

domains.

In order to collect optical properties of the vertical aligned
ZnO nanowires on PPI ZnO, PL spectra were acquired from the
ZnO nanowire arrays. Fig. 4 shows the PL spectra of the ZnO
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Fig. 2. (a) Low magnification top-view SEM image of 2D aligned ZnO nanowires grown 

nanowires at an angle of 30◦ . (d) Aligned ZnO nanowires at the edge of the growth patter

Fig. 3. X-ray diffraction (a) �–2� scan, (b) ˚-scan spectra of (1 0 −1 1) planes of
the as-grown ZnO nanowire arrays on the PPI ZnO template. Inset of (a) shows the
typical �-rocking curve of the (0 0 0 2) ZnO plane.
onto 2D PPI ZnO. (b) The magnification of (a). (c) Tilted images of the aligned ZnO
n. Scale bar indicates the 2 �m.

nanowire obtained at 10 K. Strong near band edge emission in
the UV range and negligible week green emission were observed.
Two  peaks at 3.360 and 3.374 eV can be assigned to DoX and FX
associated with neutral donor-bound and free exciton recombina-
tion, respectively [28]. Surface exciton related emission also clearly
appeared at 3.368 eV which indicates that the ZnO nanostructure
has a large surface to volume ratio [29]. The peak at 3.321 eV with
the strongest intensity corresponded well with the reported posi-
tion for a free-electron-to-bound-hole (eA0) [30]. This peak was
observed in ZnO films on Cr-compound related buffer layers [21].
Two emission lines in the low energy part, at around 3.29 eV and

3.22 eV, are assigned to phonon replica of DoX with 71 meV  spacing,
respectively.

Fig. 4. 10 K PL spectra of the vertically aligned ZnO nanowires grown on PPI ZnO
templates. The inset shows a detail of the near band edge emission.
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. Conclusions

In conclusion, we present the fabrication methods of catalyst
ree position controlled ZnO nanowires on PPI ZnO templates on
0 0 0 1) Al2O3 substrate. In order to prepare the PPI ZnO, the peri-
dical polarity inversion method based on in situ polarity control is
sed. The well aligned nanowires can be grown on the only Zn-polar
egions which makes selective growth of ZnO nanowires on desired
egions. In general, we believe that this approach using periodi-
al array of ZnO templates will open the possibility of the other
xpended well-aligned hybrid nanostructures for optoelectronics,
hotonic crystal, sensor arrays, and nonlinear photonic crystals.
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