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High density vertical zinc oxide nanowire arrays were fabricated using highly ordered channels in
anodic alumina membranes via chemical vapor deposition assisted by electrochemical deposition
methods. Using conductive atomic force microscopy, the electrical transport and photoconduction of
individual vertical nanowires were investigated. A negative photoconductivity was observed as a
result of electron trapping in the alumina membrane. In contrast, positive photoconductivity was
observed using a thermally annealed anodic alumina membrane as the nanowire growth template.
These studies provide a pathway for constructing highly integrated nanoscale electronic and
optoelectronic circuits, such as logic circuits, light emitting diodes, solar cells, and ultrahigh
resolution imaging sensors. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2387868兴
In recent years, quasi-one-dimensional 共Q1D兲 semiconducting nanostructures have attracted tremendous interest for
their unique physical properties attributed to their small dimensions. Driven by their enticing potential as nanoscale
building blocks for integrated electronic and photonic circuits, much effort has been invested in the fabrication and
characterization of functional devices based on Q1D nanostructures, such as field-effect transistors, sensors, lasers, solar cells, etc. In parallel, integration of device elements has
been explored by both top-down and bottom-up techniques.
In order to fully utilize the scaling advantage of the Q1D
structures, vertical alignment provides an efficient and flexible way to construct three-dimensional 共3D兲 architectures.
In fact, 3D architecture using semiconducting nanowires as
scaffolds has been utilized for building dye-sensitized solar
cells,1 vertical field-effect transistors,2 and field-emission
devices.3 In most of the previous reports, vertical Q1D semiconducting materials were grown on epitaxial substrates. The
control of their horizontal ordering and density requires complex process.4,5 In addition, the resulting Q1D arrays are
freestanding, thus posing difficulty to fabricate “bottom” and
“top” electrodes to address individual Q1D channels. In this
work, a high density ZnO nanowire array was assembled into
an anodic alumina membrane 共AAM兲 via the chemical vapor
deposition 共CVD兲 method assisted by electrodeposition of tin
共Sn兲 catalysts. The electrical transport and photoconduction
of individual vertical ZnO nanowires were characterized using conductive atomic force microscopy 共AFM兲. This study
provides a pathway for implementing integrated nanoscale
electronics and optoelectronics using highly ordered nanowire arrays.
AAM has been widely used as a template for fabrication
and direct assembly of a variety of Q1D nanostructures.6–8
Its advantage rests in the convenience of controlling the asa兲
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pect ratio as well as the integration density. In this work,
2.5 m thick AAMs were fabricated using a two-step anodization method. In brief, aluminum chips were first electropolished at 25 ° C in a 1:3 mixture of perchloric acid and
ethanol for 5 min then anodized in 0.3 M oxalic acid at 5 ° C
and 60 V for 3 h. The synthesized AAM layer was removed
in a mixture of phosphoric acid 共6 wt % 兲 and chromic acid
共1.5 wt % 兲. The second anodization was then performed for
16 min under the same condition to achieve hexagonally ordered pores with interpore distance around 150 nm, as
shown in the field-emission scanning electron microscope
共FESEM兲 image in Fig. 1. In order to carry out the subsequent catalyst electrodeposition, a current ramping process9
was carried out to decrease the AAM barrier thickness. Such
process usually creates dense subchannels in the barrier layer
as displayed in the inset of Fig. 1.
ZnO nanowires were synthesized into the AAM
nanochannels using electrodeposition followed by laser ablation assisted CVD process. The nanowire growth and contact

FIG. 1. FESEM image of an AAM anodized at 60 V to obtain 150 nm
interpore distance. Inset: cross section of the AAM showing vertical channels and subchannels formed in the barrier layer 共region bounded by the
dashed lines兲.
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FIG. 2. 共a兲 Schematic of the process for fabricating a vertical ZnO nanowire array with a bottom contact electrode. 共b兲 Cross section of an AAM shows the
Sn deposited at the bottom of the pores. Scale bar: 1 m. 共c兲 Cross section of an AAM reveals ZnO nanowires grown for 5 min by CVD. Scale bar: 1 m.
共d1兲 SEM and 共d2兲 BSE 共Zeiss, Ultra 55兲 images of vertical ZnO nanowires capped with Sn nanoparticles. 共e兲 Top view of a ZnO nanowire array embedded
in an AAM after ion milling.

electrode fabrication procedure is illustrated in Fig. 2共a兲. In
the first step, Sn catalyst was deposited into the bottom of the
AAM channels via alternating current electrodepostion at
50 Hz and 4.5 V in a mixture of 70 g / l SnCl2 · 2H2O and
400 g / l sodium citrate. Cross-section FESEM image 关Fig.
2共b兲兴 demonstrates that short Sn nanowires were deposited at
the bottom of the AAM channels with length around 300 nm.
In the second step, the AAM/aluminum chip was placed into
a horizontal furnace using a similar CVD setup as reported
before10 to perform the nanowire growth at 500 ° C and
0.8 Torr. In addition, a pulsed Nd:YAG 共yttrium aluminum
garnet兲 laser was used at 0.1 Hz repetition rate to ablate Zn
powder from upstream to increase Zn vapor concentration.
Figure 2共c兲 demonstrates a backscattered electron 共BSE兲 image taken from the cross section of an AAM after 10 min
CVD growth in which the brightness reflects the atomic mass
difference. It clearly shows that the nanowires grown in
AAM are capped with a heavier atomic mass nanoparticle.
After half an hour of CVD growth, it was found that large
numbers of vertical nanowires were grown out of the AAM
pores, as shown in Fig. 2共d兲. High resolution transmission
electron microscopy and energy dispersive x-ray microanalysis studies have further revealed that these nanowires are
single crystalline ZnO nanowires grown along the 关001兴 direction and the nanoparticles are composed of Sn metal.
These observations are in agreement with the results reported
by Gao et al.11 indicating that the nanowire growth was governed by a vapor-liquid-solid mechanism.
After the CVD process, the AAM/aluminum chip was
subject to ion milling for 30 min to remove the nanowires on
the AAM surface. The FESEM image shown in Fig. 2共e兲
reveals that most of the pores are filled with nanowires.
Thereafter, 20 nm Ti and 180 nm Au films were patterned
onto the AAM using a shadow mask followed by electron
beam evaporation, as illustrated in step 2 of Fig. 2共a兲. In
order to study the electrical property of the individual nanowires embedded in AAM, the entire AAM/aluminum chip
was flipped and bonded to a supporting glass substrate using
epoxy, as shown in step 3 of Fig. 2共a兲. The aluminum was

then removed using a saturated HgCl2 solution and the subchannel layer was removed by ion milling.
In this work, the interpore distance of the AAM channels
is 150 nm determined by the anodization voltage used. In
principle, an interpore distance of 25 nm can be readily
achieved, yielding a channel density of ~1012 per square
inch. Such high density nanowire arrays have promising potential for constructing nanoscale integrated circuits. As a
foundation to investigate the electrical properties of the individual ZnO nanowires in AAM, a conductive AFM probe
was placed on top of an individual nanowire, maintaining
electrical contact with a contact force of 2.4 N. The bottom
electrode was grounded, as depicted in Fig. 3共a兲. To investigate the role of the probe metal coating on the electrical
transport across this metal/semiconductor 共M/SC兲 point con-

FIG. 3. 共a兲 Schematic of using an AFM probe to address and measure
individual ZnO nanowires in a vertical nanowire array. The top layer is an
actual SEM image of an AAM. 共b兲 I-V curves obtained from a vertical
nanowire using conductive AFM probes with Ti and Pt coating, respectively.
共c兲 I-V curves obtained from a vertical nanowire grown in an unannealed
AAM. 共d兲 I-V curves obtained using conductive AFM with and without UV
illumination from a single nanowire grown in an annealed AAM.
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tact, conductive probes with both Pt and Ti coatings were
utilized. Figure 3共b兲 exhibits the current-voltage 共I-V兲 curves
obtained on an individual nanowire which are Schottky in
nature and the one obtained using a Pt coated probe exhibits
a larger barrier compared to the one acquired with a Ti
coated probe. This is a result of the different work functions
共兲 of Ti 共4.31 eV兲 and Pt 共5.56 eV兲, leading to a lower
contact potential barrier between Ti and the n-type ZnO 共
= 4.2 eV兲. The asymmetry in the I-V curves is attributed to
increased band bending at the surface of the n-type ZnO
nanowire when applied with a negative tip voltage.12 Compared with the electrical measurement performed on freestanding ZnO nanorods,13 the level of the electrical current
obtained in our experiment is much higher on AAMembedded nanowires. This accrues mainly from the better
M/SC contact due to the higher contact force, as well as the
selection of the metal electrode. In addition, the unique structure in which the semiconducting nanowires are embedded
inside the Al2O3 membrane prevents surface adsorption of
chemicals that can significantly reduce the conductance.14
ZnO nanowires are known as promising candidates for
nanoscale light detection.15,16 The UV detection characteristic of individual vertical ZnO nanowires was investigated to
explore their potential for integrated nanoscale optoelectronics. Specifically, a nanowire array was illuminated with a UV
lamp 共300– 425 nm, ⬃6 mW/ cm2兲, while the electric current was recorded by a conductive AFM probe with Pt coating in contact with a nanowire. Figure 3共c兲 plots the I-V
curves obtained with and without UV illumination. These
curves illustrate a pronounced optical switching effect with
one order of magnitude conductance change at 10 V bias
voltage. Interestingly, in contrast to the previous report,15 UV
illumination significantly reduces the conductance of the
nanowire. This negative photoconductive behavior is ascribed to electron trapping in AAM. It is known that AAM is
composed of an acid-anion-containing alumina layer and a
pure alumina layer17,18 corresponding to the inner and outer
oxide layers, respectively. It was reported that the anion impurities introduce electron trapping states in the inner oxide
layer.19 Since the ZnO nanowires are tightly surrounded by
the inner oxide layer forming a core-shell heterostructure,
their electron wave functions overlap into the states in the
inner oxide layer. The observation of the negative photoconductivity indicates that some of these trapping states have
energy levels higher than the conduction band in the nanowires. Electrons can thus tunnel into these trapping states
under photon excitation leading to the reduction of the conduction electron concentration in the nanowire channel. In
addition, the trapped electrons in the inner oxide layer produce a negative surrounding gating effect, thus further decreasing the nanowire conductance. The anomalous optoelectronic switching effect from the vertical ZnO nanowires
is essentially the outcome of the interaction between the
nanowire and the surrounding impure alumina. Therefore,
one can reason that a positive switching effect should be
observed if the surface of the inner oxide layer is conformally coated with a layer of high purity Al2O3 or using thermal annealing to decompose the acid anion thus reduce the
impurity levels in the inner oxide layer.20 In order to verify
this rationale, an AAM was thermally annealed at 500 ° C for

13 h in 1 atm pure Ar environment. Then the ZnO nanowire
array was grown inside the membrane, and the bottom contact electrode was fabricated following the procedures described above. The I-V curves obtained with and without UV
illumination on a single nanowire using AFM are shown in
Fig. 3共d兲, which clearly demonstrate the positive photoconductivity.
In conclusion, high density vertical ZnO nanowire arrays
are fabricated via electrodeposition in conjunction with
chemical vapor deposition method. The electrical and photoconductive properties of individual nanowires were characterized with conductive AFM probe. Combining with high
resolution lithographic techniques to address individual
nanowires, the nanowire arrays can be fabricated into even
more complex circuits and devices such as logic gates, photonic crystals, ultrahigh resolution imaging sensors, and display devices.
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