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Abstract
Large-scale well-aligned ZnO nanotubes with outer diameters of
100–300 nm and lengths of tens of micrometres have been prepared by a
template-based chemical vapour deposition method. The
photoluminescence spectrum of the ZnO nanotube arrays consists of a strong
violet band at 414 nm, a blue band at 462 nm and a weak shoulder peak at
around 480 nm. The field emission of the ZnO nanotube arrays shows a
turn-on field of about 7.3 V µm−1 at a current density of 0.1 µA cm−2 and
emission current density up to 1.3 mA cm−2 at a bias field of 11.8 V µm−1.

1. Introduction

In recent years, one-dimensional (1D) nanostructures have
stimulated considerable interest for scientific research due to
their importance in mesoscopic physics and their potential
applications in nanotechnology. The development of
nanodevices might benefit from the distinct morphology and
high aspect ratio of nanotubes and nanowires. In particular,
nanotubes possess several different areas of contact (borders,
inner and outer surfaces, and structured tube walls) that in
principle can be functionalized in several ways such as the
incorporation of nanorods in nanotubes and more generally
used as nanoscale host materials. Moreover, the tubular
nanostructures might exhibit some interesting physical and
chemical properties unattainable by other nanostructures, and
open up possibilities for various new application fields such
as catalysis, intramolecular junctions, storage and release
systems. Therefore, the explorations of new fabrication
methods for nanotubes have become an active subject.
Up to now, many kinds of nanotubes, such as sulfides,
nitrides, and oxides, have been reported [1, 2]. Zinc
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oxide, a wide band-gap (3.37 eV) semiconductor with high
exciton binding energy (60 meV), has a wide range of
applications in solar cells [3], sensors [4], optoelectronic
devices, and surface acoustic waveguides [5]. With good
thermal and chemical stability, 1D ZnO nanostructures
are potential candidates for field emitters with long
lifetimes. Recently, various 1D ZnO nanostructures, including
nanowires [6–11], nanorods [12–14], and nanobelts [15],
have been extensively studied and field emission from ZnO
nanowires [8–11], nanorods [14] and nanoneedles [16–18]
have been explored. However, the study on nanotubular ZnO is
quite limited [19–22], and field emission from ZnO nanotubes
has not been reported so far. In this study, well-aligned ZnO
nanotube arrays were fabricated via a simple template-based
chemical vapour deposition (CVD) method, and field electron
emission from ZnO nanotube arrays was investigated.

2. Experimental details

Reagent grade zinc acetylacetonate hydrate [Zn(CH3COCH
COCH3)2·H2O] was used as the CVD precursor without
further purification. Commercially available porous anodic
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alumina (PAA) membranes (Whatman Ltd, Anodisc 13) with
a nominal pore diameter of 100 nm and thickness of 60 µm
(actual pore diameter of about 100–300 nm) were used as
templates. The apparatus used for synthesis of ZnO nanotubes
is a conventional tube furnace with a horizontal quartz tube. In
a typical experiment, the organometallic precursor (∼300 mg)
in a ceramic boat was placed at the upstream end and the PAA
template was placed vertically at the central high-temperature
zone of the tube furnace. O2 was used as both a carrier and
a reactive gas for both the oxide synthesis and the removal
of organic ligands as oxidized volatile byproducts. After the
system had been evacuated to 100 Pa, O2 was kept flowing
through the quartz tube from the precursor to the template.
The gas flow rate was 30 sccm (standard cubic centimetres per
minute) and the pressure of the system was maintained at about
1.5 kPa. The furnace was then heated to 500 ◦C at a rate of
10 ◦C min−1 and kept at this temperature for 1 h for CVD. The
precursor was situated in advance according to the temperature
gradient from the centre to the ends of the tube furnace so that
its temperature could be held at about 200 ◦C. After deposition,
the pumping was stopped and air was admitted into the reactor.
The temperature of the furnace was raised to 600 ◦C at a rate of
5 ◦C min−1 and maintained for 4 h for annealing. The resulting
template was collected after the furnace was cooled to room
temperature. The cover layer on the surface of the resulting
template was removed by polishing with 1500 grid sandpaper
for further characterization and detection.

The as-deposited products with PAA membranes support
were characterized with a D/Max-RA x-ray diffractometer
with Cu Kα radiation. The morphology and the composition of
the products were examined by scanning electron microscopy
(SEM, JSM-840A) equipped with an energy dispersive
spectrometry (EDS). The structure and diffraction pattern
of the nanotubes were investigated by transmission electron
microscopy (TEM, JEM-200CX). Photoluminescence (PL)
studies were conducted using a Aminco Bowman Series 2
fluorescence spectrophotometer with an Xe lamp at room
temperature. The excitation wavelength was 302 nm. The field
emission measurements were carried out by a two parallel-
plate configuration in a vacuum chamber with a pressure of
1.6 × 10−4 Pa. The distance between the electrodes was
200 µm. The dependence of the emission current on the
applied voltage was recorded automatically by a field emission
detection system.

Specimens for SEM were prepared as follows. The
sample was fixed at a piece of copper tape and immersed in
1 mol l−1 NaOH aqueous solution for about 1 h to remove
the alumina template. After careful rinsing with deionized
water and drying, the tape was attached to an SEM sample
stub and was sputtered with a thin layer of gold. Samples
for TEM were prepared by placing a piece of the resulting
membrane in 2 mol l−1 NaOH aqueous solution for about
40 min to dissolve the alumina. The solution was removed
carefully using a syringe and the sample was rinsed with
distilled water at least twice. The sample was collected on
a carbon-coated copper grid and allowed to air-dry before
measurement. Specimens for field emission measurement
was prepared as follows. An Au thin film was deposited on
one side of the resulting membrane in order to reduce the
influence of PAA membrane on conductance, and 2 mol l−1

NaOH aqueous solution was dropped onto the other side of
the resulting membrane to partially dissolve the alumina for
about 10 min. After careful rinsing with deionized water and
drying, the membrane with its sputtered Au side was attached
to a stainless-steel plate using conducting glue as cathode for
field emission measurement.

3. Results and discussion

Figure 1 shows SEM images and an EDS spectrum of the
as-prepared ZnO nanotubes. Figure 1(a) shows a low-
magnification SEM image of aligned ZnO nanotubes after
partly removing PAA templates. The surface layer was not
completely removed, which made the ZnO nanotubes stick
together. The lengths of the nanotubes are up to several
tens of micrometres. From figure 1(b), it can be seen that
the nanotubes have open ends and are arranged in a parallel
and well-ordered way. The diameters of the nanotubes are
in the range 100–300 nm, which corresponds to the pore
diameter of the PAA template. The compactness of the
nanotubes is quite high, about 1.0 × 109 cm−2, corresponding
to the pore density of the PAA. The energy-dispersive x-ray
spectroscopies (EDSs) of the nanotubes shown in figure 1(c)
confirmed that the nanotubes were composed of zinc and
oxygen with the atomic ratio of about 1:1. The Au peak
in figure 1(c) originates from the Au-sputtered sample for
SEM measurement. The result indicates that the tubular ZnO
nanostructures are highly pure, and there is no any contaminant
of carbon, which could be attributed to the oxidation reaction
with oxygen. X-ray diffraction (XRD) measurement was
performed to probe the crystal structure and phase purity of the
nanotubes. Figure 2 shows a typical XRD pattern of the ZnO
nanotube arrays embedded in a PAA template. All diffraction
peaks can be indexed as hexagonal wurtzite structure ZnO
with lattice constants of a = 3.25 and c = 5.20 Å, which
is consistent with the standard value for bulk hexagonal ZnO
(JCPDS 36-1451). However, comparing the intensities of the
(100) and (101) peaks of the nanotubes with those of the
standard bulk hexagonal ZnO, it was found that the relative
intensity of (100) peak has been dramatically improved,
indicating that the nanoparticles composing nanotubes may
have a different preferential growth direction from that of the
bulk ZnO [19]. According to the Scherrer equation, the average
sizes of the nanoparticles are about 16 nm.

The morphology and structure of individual ZnO
nanotubes have been characterized in further detail using
transmission electron microscopy (TEM) and selected-area
electron diffraction (SAED). Figure 3(a) shows a typical TEM
image of a single ZnO nanotube. It can be seen that the
nanotube is straight and uniform along its whole length. The
outer diameter and wall thickness of the nanotube are about 190
and 25 nm, respectively. The nanotube is composed of ZnO
nanocrystals with sizes about 10–20 nm, which is consistent
with above calculated value from the Scherrer equation. In
addition, the corresponding SAED pattern (figure 3(b)) shows
that the ZnO nanotubes are polycrystalline, and the diffraction
rings observed in the SAED pattern can be indexed as the (100),
(101), (102), (110), (103) and (112) lattice planes of hexagonal
ZnO.

2040



Fabrication, characterization and field emission properties of large-scale uniform ZnO nanotube arrays

Figure 1. SEM images and an EDS spectrum of the as-prepared ZnO nanotubes. (a) Low-magnification image of aligned ZnO nanotubes.
(b) Tilted view of ZnO nanotube arrays. (c) EDS spectrum of the nanotubes.

(This figure is in colour only in the electronic version)
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Figure 2. XRD pattern of the ZnO nanotube arrays embedded in
PAA membrane.

The PL of the ZnO nanotubes with PAA support was
measured at room temperature. Three emitting bands,
including a strong violet band at 414 nm, a blue band at 462 nm,
as well as a weak shoulder peak at around 480 nm, have been
observed (figure 4). Since alumina has a band gap around
8.8 eV, the possibility that the observed PL was emitted from
the coexisting alumina template could be excluded [23]. The
PL of the ZnO nanotubes is considerably different from the
typical observation in ZnO crystals, which usually exhibited a
narrow UV peak at 370–390 nm and a broad green emission
centred at 510–550 nm [24–26]. Recently, violet and blue

luminescence such as 413 nm [27], ∼420 nm [28–31],
446 nm [32], ∼465 nm [20, 33] and ∼482 nm [29, 31]
from ZnO thin film, nanoparticles, and whiskers have been
reported. Violet emission at ∼413 nm observed in ZnO films
has been attributed to the possible existence of cubic ZnO [27].
However, the emission centred at 414 nm in present sample
could not originate from cubic ZnO due to the pure wurtzite
phase of the nanotubular ZnO as shown in the XRD results.
It can possibly be attributed to the interstitial oxygen and/or
transition between defects (interface traps) at grain boundaries
and the valence band, which have been proposed to explain
the emissions at ∼420 nm [28–30]. The shoulder peak at
480 nm can be assigned to a transition between the oxygen
vacancy and interstitial oxygen and/or lattice defects related to
oxygen and zinc vacancies as reported previously [29, 31].
The blue band at 462 nm is similar to previously reported
results for ZnO nanotubes (465 nm) [20] and ZnO nanorods
(440–480 nm) [13], and may be in correlation with the defect
structures. The quench of green luminescence might be
ascribed to the low concentration of oxygen vacancies [34]
in the ZnO nanotubes grown under oxygen-rich conditions.
The quench of UV luminescence can be attributed to the poor
crystalline quality of the ZnO nanotubes [29, 30].

Field emission properties of the ZnO nanotube array with
an emitting surface area of 0.1 cm2 are shown in figure 5. As
can be seen from the J –E plot in figure 5, the turn-on threshold
field is around 7.3 V µm−1 at a current density of 0.1µA cm−2.
The field emission current density reaches 1.3 mA cm−2 at
11.8 V µm−1, which is sufficient to excite the phosphor for
flat panel display applications. These values are comparable
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Figure 3. (a) TEM image and (b) SAED pattern of the ZnO nanotubes.
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Figure 4. Room-temperature PL spectrum of the ZnO nanotubes
embedded in PAA template under excitation at 302 nm.

to those from a ZnO nanowire array obtained by Lee et al
[8]. The exponential dependence between the emission current
and the applied field, plotted in ln(J/E2)–1/E relationship in
figure 5, indicates that the field emission from ZnO nanotube
array obeys the Fowler–Nordheim (FN) equation:

J = (Aβ2E2/φ) exp(−Bφ3/2/βE)

where J is the current density, E is the applied electric
field, φ is the work function of the emitter material (5.3 eV
for ZnO), A and B are constants with the value of 1.54 ×
10−6 A eV V−2 and 6.83 × 103 V eV−3/2 µm−1, respectively,
and β is the field enhancement factor at sharp geometry. The
linear ln(J/E2)–1/E plot indicates that the currents are field
emission currents. From the slope of the ln(J/E2)–1/E
plot, the estimated field enhancement factor is 570, which is
comparable to the reported results from ZnO nanowires [8],
nanoneedles [16] and nanotips [35].

4. Conclusion

In summary, large-scale high-density and well-aligned ZnO
nanotube arrays have been fabricated by a template-based CVD
method. The ZnO nanotubes have diameters in the range 100–
300 nm and lengths up to tens of micrometres. Compared with
the template-based electrodeposition and vapour deposition
methods, which all tend to form ZnO nanowires in the PAA
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Figure 5. The dependence of the field emission current density J on
the applied electric field strength E of the ZnO nanotube array.
(a) J–E plot (◦) and (b) Fowler–Nordheim relationship of
ln(J/E2)–1/E plot ( ).

membranes [6, 7], the present method possesses a unique
advantage in fabricating ZnO nanotubes. The PL spectrum of
the ZnO nanotube arrays at room temperature shows a strong
violet emission at 414 nm, a blue band at 462 nm and a weak
shoulder peak at around 480 nm. Field electron emission
for ZnO nanotubes was studied for the first time. The turn-
on electric field for the ZnO nanotube array was found to be
about 7.3 V µm−1 at a current density of 0.1 µA cm−2. The
emission current density reached 1.3 mA cm−2 at a bias field
of 11.8 V µm−1. It is reasonable to expect that the ZnO/PAA
assembly system fabricated by this approach can be applied to
optoelectronic devices.
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