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An effective approach is demonstrated for growing ordered large-scale ZnO nanopore arrays
through radio-frequency magnetron sputtering deposition on porous alumina membranes 共PAMs兲.
The realization of highly ordered hexagonal ZnO nanopore arrays benefits from the unique
properties of ZnO 共hexagonal structure, polar surfaces, and preferable growth directions兲 and PAMs
共controllable hexagonal nanopores and localized negative charges兲. Further evidence has been
shown through the effects of nanorod size and thermal treatment of PAMs on the yielded
morphology of ZnO nanopore arrays. This approach opens the possibility of creating regular
semiconducting nanopore arrays for the application of filters, sensors, and templates. © 2006
American Institute of Physics. 关DOI: 10.1063/1.2182025兴
ZnO is an important wide-band gap 共3.37 eV兲 semiconductor with piezoelectric, pyroelectric, and photoconducting
properties. ZnO has potential applications in numerous
fields, including solar cells,1 room-temperature ultraviolet
lasers,2 light emitting diodes,3 field-emission devices,4 gas
sensors,5 and photocatalysts.6 Many kinds of ZnO nanostructures, such as nanorings,7 nanobelts,8 nanodots,9
nanorods,10,11 nanowires,12,13 nanobridges,14 and nanonails,14
have been fabricated to improve performances and broaden
applications. The variety of ZnO nanostructures benefits
from the fact that ZnO has two polar surfaces 关positively
charged 共0001兲-Zn and negatively charged 共0001̄兲-O兴 and
three fast growth directions 共关0001兴, 关101̄0兴 and 关21̄1̄0兴兲.7,8
In this letter, we report a hitherto unexplored type of nanostructure, the large-scale ZnO nanopore arrays, taking advantage of charged surfaces and controllable sizes in hexagonal
morphologies of both ZnO and self-organized porous alumina membranes 共PAMs兲.
The basic idea comes from the unique properties of both
ZnO and PAMs. A number of planes, which are composed of
tetrahedrally coordinated Zn2+ and O2− ions, stack alternately
along the c axis to form the hexagonal ZnO grain. As Fig.
1共a兲 shows, the oppositely charged ions produce negatively
charged 共0001̄兲-O and positively charged 共0001兲-Zn polar
surfaces on either the top or the bottom of the ZnO grain.7
The width and height of the ZnO grain are determined by the
growth along the six equivalent side faces 兵101̄0其 and the c
axis, respectively, and can be well controlled by the growth
conditions during the magnetron sputtering.15 On the other
hand, PAMs are versatile templates, which have hexagonal
nanopore arrays with controllable pore diameter of
20– 200 nm, interpore spacing 50– 400 nm, and thickness
0.1– 200 m.16–21 Each hexagonal nanopore is formed by six
hexagonal amorphous alumina nanorods 关see Fig. 1共b兲兴,
where negative charges localize at the intermediate part of
the PAM top surfaces due to the inhomogeneous distribution
− 22,23
of anion species 共C2O2−
4 and OH 兲.
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During the deposition of ZnO grains on PAMs with Si
substrates, these localized negative charges will attract Zn2+
ions, resulting in the ZnO nucleation and growth along the
preferable directions at the PAM top surfaces, rather than
onto the Si substrates through PAM nanochannels. This kind
of nucleation process at the PAM top surfaces has been directly observed through field emission scanning electron microscope 共FE-SEM兲.24 Under certain growth conditions, the
width of the grown ZnO grains on the PAM top surfaces can
be very close to the size of the hexagonal amorphous alumina nanorods, and these six grains will form an hexagonal
nanopore pattern identical to that of the PAMs, as shown
schematically in Fig. 1共c兲. Therefore, well-ordered largescale ZnO nanopore arrays can be fabricated on the top surfaces of the PAMs. With further deposition of ZnO grains,
the O2− ions on the surfaces will play the same role as the
localized negative charges in PAMs, leading to the formation
of the next round of ZnO nanopore array layer, i.e.,
multilayer growth of ZnO nanopore arrays 关see Fig. 1共d兲兴.
Figure 1共e兲 shows the cross-sectional view of multilayer
ZnO nanopore arrays on top of a PAM on Si 共100兲 substrate.
We prepare ultrathin PAMs through a typical two step
anodizing procedure with high-purity 共99.999%兲 aluminum
foil as the anode in a 0.3 M oxalic acid electrolyte.16,20
Throughout PAMs with controllable alumina nanorods
共5 – 70 nm兲 were obtained by dissolving the barrier layers in
phosphoric acid for different times. The free-standing ultrathin PAMs 共150– 500 nm兲 were washed and transferred onto
Si substrates21 for the ZnO deposition. ZnO layers were deposited on top of PAMs from bulk ZnO by radio-frequency
共13.56 MHz兲 magnetron sputtering with a substrate temperature of 200 ° C. The base pressure, deposition pressure,
substrate–target distance, and the Ar flux were 2 ⫻ 10−4 Pa,
2 Pa, 4 cm, and 20 sccm, respectively, thus the depostion
rate is less than 3 nm/ min. The as-prepared specimens were
cut to observe the cross section. The morphology and microstructure of the porous ZnO were observed by atomic force
microscope 共AFM兲 共Digital Instrument Multimode Nanoscope IIIa兲, FE-SEM 共Philips XL30FEG兲, and high resolution transmission electron microscope 共HRTEM兲 共JEOL
JEM-2100F兲. The temperature-dependent micro-Raman and
PL spectra were measured through Jobin Yvon LabRam HR
800UV system with a 325 nm He–Cd laser.
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FIG. 1. 共Color online兲 Schematic diagrams of growth mechanism for the
ordered ZnO nanopore arrays by the aid of PAMs.

The inset of Fig. 2共a兲 shows the AFM image of a typical
hexagonal PAM where a single hole is formed by six surrounding amorphous alumina nanorods. Since the size of
ZnO grains can be well controlled by the Si substrate temperature during the magnetron sputtering deposition, we
have employed the growth temperature of 200 ° C to yield
suitable ZnO grain width of ⬃30 nm15 共intermediate size of
the tested 5 – 70 nm alumina nanorods兲. For the PAM with
the alumina nanorod size of ⬃30 nm 共i.e., very close to the
width of ZnO grains兲, the FE-SEM images shown in Fig.
2共a兲 共oblique view兲 and Fig. 2共b兲兲 共top view兲 demonstrate
that we have realized ZnO nanopore arrays on top of the
PAM. The morphology of the ZnO nanopore arrays basically
copies the highly ordered hexagonal pattern of the PAM,
with the ZnO pore size, interpore distance, and thickness of
⬃70, 100, and 30 nm, respectively. The low magnification
image displayed in Fig. 2共c兲 further indicates the growth of
large-scale 共⬎5 m ⫻ 10 m兲 ordered ZnO nanopore arrays.
The evidence for the synthesis of the ZnO nanopore arrays can be first observed in the energy-dispersive x-ray
共EDX兲 spectra 关Fig. 2共d兲兴 taken on different layers of the
specimen in Fig. 2共c兲. The EDX spectrum for the bottom
PAM layer shows three peaks, i.e., the strong Si peak from
the Si substrate, and the Al, O peaks due to the porous alumina layer. The absence of the Zn peak indicates that there is
no ZnO deposited on either the sidewalls of the PAM or the
Si substrate through the PAM nanochannels, consistent with
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FIG. 3. 共a兲 HRTEM image of the interface between the PAM and ZnO
showing perfect crystalline ZnO on the amorphous alumina with a 3 – 4 nm
ZnO transitional layer, the inset is the SAED pattern of the top ZnO layer,
and 共b兲 and 共c兲 are the micro-Raman and PL spectra of the obtained highly
ordered ZnO nanopore array.

the clean PAM nanochannels and Si substrate in the FE-SEM
images 关see e.g., Fig. 2共a兲兴. In contrast, the EDX spectrum
for the top porous arrays does exhibit the Zn peak, verifying
the formation of ZnO nanopores on the top surface of PAM.
The EDX compositional line profile in the inset of Fig. 2共d兲
further supports the above arguments.
Second, HRTEM at the interface between the ZnO nanopore array and PAM 关Fig. 3共a兲兴 shows clean and perfect
microstructure of the crystalline ZnO at the top surface of
amorphous alumina with a very thin ZnO transitional layer
共3 – 4 nm in thickness兲, confirming that high-quality ZnO nanopore arrays can be grown by the present technique. Both
the lattice distance of 0.52 nm and the selected area electron
diffraction 共SAED兲 pattern shown in the inset demonstrate
that the growth orientations of ZnO grains perpendicular and
parallel to the top surfaces of PAMs are 关0002兴 关101̄0兴 respectively. This kind of growth mechanism for the ZnO nanopore arrays agrees with the fast growth directions of ZnO.
Finally, micro-Raman 关Fig. 3共b兲兴 and photoluminescence
共PL兲 关Fig. 3共c兲兴 measurements have also been carried out to
characterize the optical properties of the ordered ZnO
nanopore arrays. Under the backscattering geometry of
Z共X , −兲Z̄, the Raman spectra display one of the fundamental
optical modes in wurtzite ZnO:25 A1 关longitudinal optical
共LO兲兴 at ⬃570 cm−1, which redshifts with the increase of
temperature. The absence of E2 mode is associated with the
oxygen deficiency.26 In the PL spectra, as temperature is increased, the exciton emission in the UV region decreases in
intensity, shifts to low energy, and increases in the full width
at half maximum. The absence of an oxygen–vacancy-related
green 共⬃500 nm兲 luminescence band confirms again the
high quality of the fabricated ZnO nanopore arrays.
Nevertheless, the realization of ordered ZnO nanopores
is limited by the configuration 共pore size and interpore spacing兲 of PAMs. For the PAMs with quite different alumina
nanorod sizes from the width of ZnO grains, the deposited
ZnO, as expected, displays totally different morphology under the same magnetron sputtering conditions. When the alumina nanorod size is ⬃60 nm, the ZnO nuclei grow up into
more than one ZnO grain at the top of a single alumina
nanorod, resulting in the formation of disordered ZnO nanopore arrays, as shown in Fig. 4共a兲. On the other hand, when
the alumina nanorod is only ⬃10 nm, the attraction ability to
Zn2+ ions will become weak due to the partial removal of the
localized negative charges during the pore broadening process, and the ZnO grains cannot grow steadily on top of such
a narrow alumina nanorod. As a result, ZnO migrates onto

FIG. 2. 共Color online兲 FE-SEM images of the: 共a兲 oblique and 共b兲 top view
of the ordered ZnO nanopore array on top of PAM, 共c兲 low magnification
FE-SEM image of the obtained ZnO nanopore array on top of PAM, and 共d兲
the EDX spectra of the bottom PAM layer and the top ZnO layer in 共c兲. The
inset in 共a兲 is the AFM image of the original hexagonal PAM. The inset in
共d兲 is the EDX compositional line profile along the arrow in 共c兲 cross the
interface 共position 0 m兲.
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FIG. 4. 共a兲 Disordered ZnO nanopore array on top of PAM, 共b兲 ZnO nanodot array on the Si substrate after removal of PAM by 1% NaOH, and 共c兲
ZnO deposited on PAM annealed at 900 ° C for 2 h.

the bottom Si substrate through the PAM nanochannels to
form hexagonal ZnO nanodot arrays, as revealed in Fig. 4共b兲.
Further evidence for the role of electrostatic attraction of
Zn2+ ions by the localized negative charges in the formation
of ordered ZnO nanopore arrays comes from our annealing
experiments on PAMs. Figure 4共c兲 shows the cross-sectional
view of the ZnO nanopore arrays deposited on the PAM
annealed at 900 ° C for 2 h. As we know, many C2O2−
4 in
PAMs will decompose into CO2 trapped in the lattice under
an annealing temperature over 600 ° C.27 It is clear that the
obtained ZnO nanopore arrays are not so ordered, and part of
ZnO deposits into and clogs every nanochannel of the PAM
due to the reduced electrostatic attraction.
It should be noted that, during the formation of a ZnO
nanopore array layer, the growth along side faces 共具101̄0典
directions兲 is restrained by the adjacent ZnO grains, limiting
the growth along the 具0001典 orientation with the height of the
ZnO grains along the c axis to a certain value 共⬃30 nm from
Fig. 2兲. With the further continuous deposition of ZnO, the
O2− ions on the surface of the ZnO nanopore array layer will
attract the Zn2+ ions 共i.e., play the same role as the localized
negative charges in PAMs兲, leading to the next round of ZnO
nucleation and preferable direction growth. We therefore expect a multilayer growth of ZnO nanopore arrays 关Fig. 1共d兲兴
with the polar 共0001兲-Zn surface at the bottom to minimize
the energy due to the polar surfaces and charges. Figures
5共a兲–5共c兲 display the realized two, three, and four ZnO
nanopore array layers with the same morphology and height
共every layer ⬃30 nm兲, which clearly demonstrate the above
expectation. Similar phenomena of layer-by-layer growth
along the 具0001典 orientations with a certain value of
layer height have also been observed in the ZnO nanorings
共⬃20 nm兲,7 nanobelts 共10– 30 nm兲,8 and helical nanorods
共⬃15 nm兲.28 The multilayer growth in nanostructures may
be related to the orientation dependent growth energy.

FIG. 5. FE-SEM images of 共a兲 two, 共b兲 three, and 共c兲 four ZnO nanopore
array layers with the same morphology and height.

Finally, we should point out that the as-synthesized
samples 共both single and multilayer兲 are composed of hexagonal ZnO nanopore arrays at a significant percentage 共near
100%兲 of yield without any other formation of ZnO. The
regular nanopores in the present ZnO nanostructure make it
possible for the application of filters and sensors due to the
large surface areas with polar charges. Furthermore, we can
take away the ZnO nanopore array layers intact from the
surfaces of PAMs to produce ZnO templates, which can even
be transferred onto other substrates. Therefore, with the great
advantages of semiconducting ZnO over the amorphous
PAMs, the large-scale ZnO templates will be of great importance for future ZnO-based nanodevice applications.
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