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Length control of ZnO nanowire arrays is a valuable concern for both fundamental research and future
device application. In this article, vertically aligned ZnO nanowire arrays were synthesized by a seed
layer catalyzed vapor phase transport method in a single experiment cycle. The length of these nanowire
arrays exhibits a quasi-continuous evolution. It was found that the type and flow rate of carrier gas have
a significant influence on the length modulation of ZnO arrays along the tube. A feasible route to tune
the length of ZnO nanowire arrays from several micrometers to nearly 100 wm could be achieved by
adjusting proper deposition position and carrier gas.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) zinc oxide (ZnO) has received persistent
and particular interest in the past decade, because of its superior
performance on optoelectronic devices [1], gas sensing [2], solar
cells [3], photocatalysis [4], and biocompatibility [5].

There have been a wide variety of 1D ZnO nanostructures,
including nanowires, nanorods, nanonails, nanopencils, nanotubes,
and so on [6-10]. Among these unique structures, vertically aligned
nanowire arrays with the same crystal orientation, similar diame-
ter, uniform length, and large density, are quite critical for device
applications, as they can enhance the performance of the nan-
odevices remarkably. Well-aligned 1D ZnO arrays show excellent
performance in a flat panel display [11], gas sensors [12], nanolasers
[13], photonic band gap crystals [14], piezoelectric antenna arrays,
and nanoelectromechanical systems (NEMS) [15].

Controlled growth of nanowire arrays with desired size (includ-
ing diameter and length) and density is necessary for functional
nanodevices assembly. Among numerous approaches to synthe-
size ZnO nanowire arrays, vapor phase transport (VPT) method
based either vapor-liquid-solid (VLS) or vapor-solid (VS) process
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is widely used because of simple apparatus requirement and con-
trollable synthesis. Metal catalyst is used in VLS synthesis process.
The main drawback is that the remaining metal catalyst may cause
contamination. Metal catalyst-free synthesis of vertically aligned
ZnO nanowires via VS process appears to be more versatile [16-18],
since Tseng et al. reported the synthesis of ZnO nanowires by using
Ga doped ZnO film as seed layer [19]. And much effort has been
devoted to the alignment control [20], diameter control [2] and
density control [21,22] growth of ZnO nanowire arrays, but there
are few reports focused on length control of ZnO nanowire arrays.
Length control is a valuable concern for both fundamental research
and device application. Generally the length of 1D nanostructures
can be modified by adjusting the growth time [23-25]. However,
tedious repetition experiments are needed, which will be a waste
of time and resource.

In this paper, well-aligned ZnO nanowire arrays have been syn-
thesized on thin ZnO buffer layer coated Si substrates via VPT,
and the length of the nanowire arrays could be tuned at a large
extent by adjusting the position of seed wafers in a single growth
period. A simple mode based on the mass transport of reagent
gaseous species along the slender quartz tube is used to illustrate
the different growth rate along the axis of the small tube. The local
concentration disparity of gaseous ZnO is responsible for the length
variation of nanowire arrays. The effect of carrier gas on the mod-
ulation of length variation along the tube has been systematically
studied. An effective and timesaving way to tune the length of ZnO
nanowire arrays could be realized by our approach.
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2. Experimental

ZnO nanowires were fabricated via a VPT process carried out in
a horizontal tube furnace as illustrated in our previous literatures
[26,27]. Briefly, 0.3 g mixture of zinc oxide and graphite powder was
loaded at the bottom of a slender and one-end sealed quartz tube.
Several c-axis orientated ZnO seed wafers prepared by pulse laser
deposition (PLD) were placed 5-25 cm away from the source mate-
rial. 5 sccm air was used as carrier gas. The furnace was heated to
900 °C and kept for 30 min. Thick black-grey layers were deposited
uniformly on Si substrates after the reaction completed.

Samples A1, A2, A3, A4, A5 and A6 are ZnO nanowire arrays
deposited at 5, 8, 12, 15, 18 and 21 cm away from the source mate-
rial respectively, when 5 sccm air was used as carrier gas. To verify
our experiment model and investigate the influence of carrier gas
on the length tuning of nanowire arrays, 5sccm 05, 20sccm Oo,
5sccm N, and 20 sccm N, was used as carrier gas under the same
experiment conditions, respectively.

The morphologies of synthesized products were characterized
by a FEI Sirion-200 field-emission scanning electron microscopy
(FE-SEM). The powder X-ray diffraction (XRD) was performed on a

Philips X’pert PRO diffractometer with Cu Ko (A =1.5418 A). Trans-
mission electron microscopy (TEM) and selected-area electron
diffraction (SAED) analyses were performed on a JEOL 2010 high-
resolution transmission electron microscope. Photoluminescence
(PL) spectra were carried out by Edinburgh FLS920 fluorimeter
instruments with the excitation wavelength of 325 nm at room
temperature.

3. Results and discussion

3.1. Morphologies and crystal structure characterization

The SEM image of ZnO seed layer is shown in Fig. 1a. The film is
smooth and crack-free. Irregular grains with a size of40-100 nm are
closely packed. These nanograins act as catalyst and cause the for-
mation of transition layer at the beginning stage of growth process.
The as-formed transition layer was epitaxially grown on the seed
layer and provided effective nuclei sites for 1D growth of nanowires
[20]. The crystallization of seed layer has a significant influence on
the final products, poorly crystallized or randomly orientated seed
layer would result in sparse or randomly aligned nanowire arrays
[28]. XRD pattern (shown in Fig. 1b) indicates that the thin ZnO
seed layer presents a preferred c-axis orientation. Only wurtzite
structure (002) peak can be detected, which is necessary for the
synthesis of vertically aligned ZnO nanowires.

Black-grey products can be obtained in a wide range in the
long slender tube. Several positions labeled by A1-A6 have been
analyzed by SEM. Fig. 2a-f shows the SEM side views of sam-
ples A1-A6. Separate nanowires as well as bundles of nanowires
show good alignment. The nanowires exhibit a quasi-hexagonal flat
top (the inset of Fig. 2a). The diameters of these nanowires range
from 100 nm to 400 nm, whereas most of them have diameters of
200-300 nm, regardless of different transport distances and tem-
perature regions. The diameter dispersity is due to inhomogeneous
sizes of ZnO nuclei grown on the surface of the ZnO transition layer
[21].

Fig. 3 shows the typical XRD result. The as-synthesized ZnO
nanowire arrays show sharp (002) peak even with a weak X-ray
beam intensity (15 kV, 5 mA), indicating that the ZnO nanowires are
well crystallized and highly oriented with [000 1] direction nor-
mal to the substrate. XRD w-rocking curve of (00 2) peak (the inset
of Fig. 3) could be used to evaluate the alignment degree. Sam-
ple A4 presents a small value (~2.5°) of full width at half maximum
(FWHM) of (0 0 2) peak, which implies good alignment of nanowire
arrays.

[ (b
(b) (002) ZnO seed layer

/;:\ -
&
2
5
=2 L

20 30 40 50 60

20 (degree)

Fig. 1. (a) FE-SEM image and (b) XRD pattern of the ZnO seed layer.

SEM cross section images (Fig. 4a-f) manifest the alignment
degree and length variation of ZnO nanowire arrays. It can be seen
thatlong and straight ZnO nanowires aligned perpendicularly to the
substrate except for sample A3 (Fig. 4c), which is slightly bent. The
length of samples A1, A2 and A3 are 33.4+2.0 wm, 60.5+ 1.0 wm,
and 81.4+1.1 pm, respectively, and the value are 83.24+0.7 um,
57.3+1.5um and 43.2 £ 1.7 wm for sample A4, A5 and A6, respec-
tively. The length of the nanowire arrays increases firstly and then
decreases with the increase of the distance away from the source
materials. And the length varies at a large degree range from 33 pm
to 83 pm. It is worth emphasizing that the distance between sam-
ple A1 and A6 is as long as 16 cm. Large-scale fabrications of ZnO
nanowire arrays by VPT can be achieved. Samples A1-A6 were
obtained by one experiment cycle: the same growth time, the same
chamber pressure (pumped to ~1 Torr), slight difference in deposi-
tion temperature. The reason leading to the length dissimilarity of
six samples will be analyzed in the next section. Usually the length
of nanowires or nanorods can be tuned by shortening or prolonging
the growth time. However, a series of experiments are necessary. It
is time consuming and resource consuming. Moreover, the growth
rate is usually not a constant value due to the consumption of source
materials during the reaction [25]. Length control by this method
is limited. Our approach is simple and effective in tuning the length
of ZnO nanowire arrays.

3.2. Growth mechanism and experimental model

Since no metal catalyst is used in the experiment, the growth
process does not follow VLS mechanism but VS mechanism [17].
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Fig. 2. The placement and the corresponding FE-SEM side view of six samples deposited under a flow rate of 5 sccm air carrier gas. (a)-(f) correspond to A1-A6, respectively.

The inset of (a) shows an enlarged image.

The growth process of ZnO nanowire arrays can be summarized
in three stages: vapor generation (Zn;), vapor transportation
(including Zn(gy and O3 ) and vapor condensation (ZnO,) [11,29].

At the first stage, once the temperature of the source materials
rose to 900 °C, carbothermal reduction of ZnO occurred:

Zn0s) + C5) > Zng) +COg)

ZHO(S) + CO(g) — Zl‘l(g) + COz(g)

Zn vapor was released in situ from the source which was loaded
at the sealed end of the small tube. Therefore, the sealed end zone
was rich in Zn,), and the vapor pressure of Zng) was determined
by the reaction temperature [30].
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Fig. 3. Typical XRD pattern of ZnO nanowire arrays. The inset is XRD rocking curve
of (002) peak (sample A4).

At the transport stage, the transport of gas species was strongly
dependent on geometrical configuration of reactor. A distinctive
gas transport behavior was shown when a vial [31], microchan-
nel [32] or sealed tube [33] was used. In our experiment, a long and
one-end sealed quartz tube was used to guide the reagent gas flows.
The ongoing Zn vapor was confined by the inner wall of the small
quartz tube and would be transported to the open end of the tube
due to concentration gradient, while the other reagent gas O, sup-
plied by 5sccm air would diffuse into the sealed end. Fig. 5 gives
the schematic transport process of the reagent gas species from
the fundamental mass transfer perspective [34]. The opposing gas
flows would confront in the small quartz tube. The oxidation reac-
tion occurred at the overlapping region of two flows, and the local
concentration of ZnOg) is determined by Zn() and O, concentration
ratio:

Zng) + Oz(g) > ZnO(g)

At the third stage, gaseous ZnO molecules would fill with the
tube gradually. A steady, local balanced and high vapor pressure
environment was formed at the overlapping zone. 1D anisotropic
growth by VS mechanism was initiated due to proper gas supersat-
uration range [31]:

ZHO(g) — ZnO(S)

For the nanocrystal grown by vapor phase method, it is gener-
ally believed that the deposition temperature and the local gas
supersaturation determine the growth rate of nanostructures [6].In
case of moderate gas supersaturation (1D growth), the relationship
between the growth rate J and gas supersaturation o, temperature
T can be described by the following equation [35]:

_aoPy
V2wmkT
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Fig. 4. (a-f) FE-SEM cross section views of nanowire arrays corresponding to samples A1-A6, respectively.

where « is the accommodation coefficient, Py is the equilibrium
pressure, k is Boltzmann’s constant and T is the absolute tem-
perature. In our experiment, as the growth temperature variation
between Al and A6 is within 100°C, it can be expected that the
growth rate is mainly determined by vapor supersaturation, with
other experimental parameters playing minor roles.

The evaluation of gas supersaturation along the tube is difficult
without studying chemical reaction rate, fluid dynamics and ther-
modynamics variables inside the tube. A simplified reagent gas flow
mode can be used to qualitatively demonstrate the differences of
ZnO(g) concentration along the tube, by analyzing the local Zng
and O, concentration ratio.

Zn(g) was released from the source material, so the concentra-
tion was high at the sealed end. The concentration decreased with
the increase of transport distance due to oxidation consumption.
The narrow and semi-closed tube reactor could not provide suffi-
cient O,. Most of O, needed for the oxidization reaction was from
carrier gas. Therefore, the open end zone was rich in O,. O, would
diffuse into the sealed end due to concentration gradient, the con-
centration of O, decreased toward upstream. The concentration of
ZnO(g) was dependent on the concentration ratio of Zng) to O; seri-
ously. A few amounts of O, molecules could diffuse into the sealed
end of the small tube. Therefore, the concentration of ZnOg was
low in the upstream. The concentration increased with the increase
of transport distance, as a result of meeting more O, molecules.
The concentration reached a peak value in the midstream of the
tube due to appropriate Zn) and O, ratio [31], and decreased in
the downstream due to severe consumption of Zn, in the mid-
stream. The local vapor pressure of ZnOg) in the midstream was
higher than the upstream and downstream counterparts under a

- Zn(g) Y
>

Zone of O,rich

Fig.5. The schematicillustration of reagent gas transport process in the small quartz
tube. Gaseous Zn transports toward downstream, O, diffuses toward upstream.
Gaseous ZnO was produced at the overlapping region thorough oxidization reaction.

| Zone of Zn (, rich |

flow rate of 5 sccm air. Therefore, ZnO nanowire arrays obtained in
the midstream were longer than those synthesized in the upstream
and downstream.

3.3. Effect of carrier gas on the length tuning of nanowire arrays

The local concentration of ZnO(,) was dependent not only on
Zn(g) (governed by reaction temperature), but also on the local con-
centration of O,, which can be tuned by carrier gas. The following
experiments were focused on the modulation of ZnO(g) concentra-
tion profile by varying carrier gas, keeping the other experimental
parameters unchanged.

When pure O, with the same flow rate was introduced into
the chamber, O, was excessive in the chamber, and sufficient O,
could diffuse into the inner end of the tube and participate in the
oxidation reaction. Then most of the Zn vapor was oxidized and
consumed in the upstream of the tube soon after evaporation. Few
of them could transport freely to the downstream region. The ZnO
vapor concentration decreased toward downstream.

Fig. 6 shows the length variation of vertically aligned ZnO
nanowire arrays deposited under pure O, carrier gas. 5sccm O,
was used as carrier gas at first. The longest nanowire arrays (Fig. 6a)
with length up to 99.3 +1.7 um were obtained in the upstream
6 cm away from the source, and the length attenuates quickly in the
downstream. Nanowire arrays deposited at 10 cm (Fig. 6b), 15cm
(Fig. 6¢) and 18 cm (Fig. 6d) are 50.0+0.5 wm, 12.6 +0.3 wm and
1.14+0.2 um in length, respectively. The length of these nanowire
arrays exhibits a tense transition from 99 um to 1 wm in a single
deposition cycle. The longest arrays are 90 times longer than the
shortest arrays. The length tuning of ZnO nanowire arrays by this
approach is feasible and effective. There is no longer nanowires
deposition on seed wafers placed 19 cm away the source, due to
the exhaustion of Zn vapor. When the flow rate of O, was further
increased to 20 sccm, O, was seriously excessive compared to Zng,).
Most of Zn(g) was fully oxidized and consumed in the narrow space
nearby the source material. Consequently, the ZnO(g) concentra-
tion in the upstream is smaller than the value under 5 sccm O,. The
length of arrays deposited at 6 cm away from the source (shown in
Fig. 6e) is only 14.0 + 0.6 um. Nanowire arrays synthesized at 9cm
(Fig. 6f) are 1.0+ 0.2 pwm in length.

On the other hand, if pure N, was used as carrier gas, no O, was
supplied from MFC. The residual O, in the chamber would act as
reagent gas. Unfortunately, the amount of O, was insufficient. Zng)
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Fig. 6. FE-SEM cross section views of ZnO nanowire arrays obtained in pure O, carrier gas: (a)-(d) are nanowire arrays deposited at 6, 10, 15 and 18 cm away from the source
respectively under a flow rate of 5 sccm O,. (e)-(f) are nanowire arrays deposited at 6 and 9 cm respectively under 20 sccm Os.

was partially oxidized in the transport process. The growth rate was
limited as smaller amount of ZnOg was synthesized through oxi-
dation reaction. Fig. 7a-d shows the FE-SEM cross section images
of ZnO arrays fabricated under 5sccm N, carrier gas. The arrays
deposited at 6 cm (Fig. 7a), 10 cm (Fig. 7b), 15 cm (Fig. 7c) and 20 cm
(Fig. 7d) away from the source are 3.2+0.2 pm, 15.8+0.6 um,
29.8+0.7 wm and 27.1+ 1.1 wm in length, respectively. It is obvi-
ous that relatively short nanowire arrays (within 3-27 wm) can be
synthesized by this approach. If the N, flow rate was increased fur-
ther to 20 sccm, the residual O, was entrained by carrier gas, which
resulted in the serious lack of O in the chamber. ZnO(g) concentra-
tion was further decreased subsequently. Much shorter arrays were
obtained. The arrays deposited at 15 cm (Fig. 7e) and 20 cm (Fig. 7f)
are 6.5+ 0.2 wm and 5.4 £ 0.2 pm in length, respectively.

Fig. 8 shows the correlation between length of ZnO nanowire
arrays and deposition position under different carrier gases and

different flow rates. Quite distinct length profiles indicate trace
0, has a significant influence on the length (local growth rate)
modulation of nanowire arrays. In the case of O, carrier gas, the
length decreases monotonically. In the case of Ny or air carrier
gas, the length increases firstly and then decreases. Moreover, the
arrays lengths can be tuned in large range under 5sccm O, or
air, owing to severe disparity of ZnO(s) concentration along the
tube. Longer arrays were obtained in the area with a higher ZnOg
concentration due to appropriate ratio of Zn(g) to O;. Relatively
short arrays could be synthesized under 5sccm Ny, 20sccm Ny
and 20sccm Oy, because O, in the chamber is either insufficient
or excessive. And the length variations along the tube are slow
in these cases. Fig. 8 is instructive that ZnO nanowire arrays with
arbitrary length (from ~1 to 100 wm) are expected to be synthe-
sized by choosing proper carrier gas and adjusting the deposition
position.

Fig. 7. FE-SEM cross section views of ZnO nanowires obtained in N, carrier gas: (a)-(d) are ZnO nanowire arrays deposited at 6, 10, 15 and 20 cm away from the source
respectively under a flow rate of 5sccm N, carrier gas. (e)-(f) are nanowire arrays deposited at 10 and 15 cm respectively under 20 sccm N,.
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Fig. 8. The relationship between the length of the ZnO nanowire arrays and the
deposition position under various carrier gases. The dot line shows the temper-
ature gradient along the tube. The amount of O, in big quartz chamber plays a
significant role in modulation of gaseous ZnO concentration along the slender tube.
Temperature gradient plays minor role in length distribution.

3.4. Photoluminescence properties

Fig. 9 shows the room temperature PL spectra of as-synthesized
nanowire arrays synthesized under different experimental condi-
tions. All the samples show dominant UV emission located at about
387 nm, and weak, broad green band located at about 525 nm. The
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Fig. 9. Room temperature PL spectra (measured under the same excitation power)
of as-synthesized ZnO nanowire arrays: (a) the effect of deposition zone on the
PL properties of nanowire arrays, when 5 sccm air was used as carrier gas. (b) The
influence of carrier gas on the PL spectra of ZnO nanowire arrays deposited at 8 cm
away from the source.

UV band is assigned to be near band edge (NBE) emission; the
green band is commonly related to defect emission due to oxygen
vacancies [36-38]. The appearance of visual band in PL spectrum
indicates the presence of defects in ZnO [39]. Fig. 9a shows PL spec-
tra of ZnO nanowire arrays obtained in different deposition zones.
Sample A2 was deposited in the upstream, where O, was lack,
according to our model. High oxygen vacancies concentration may
exit. Thus, its green emission is relatively high (dash line shown
in Fig. 9a). The intensity ratio of UV to visible emission (Iyy/Igr) is
11. Sample A6 was obtained in the downstream, where O, was rich.
Therefore, the defect emission is quite weak. A6 exhibits the largest
UV emission efficiency (Iyy/Igg =80). Sample A4 is positioned in
the midstream, where the local Zn and O, concentration are com-
parable. However, UV emission intensity as well as UV emission
efficiency (Iyy/Igr = 10) is the lowest among three samples. A pos-
siblereasonis that the defect formation probability would increases
with the rising of the growth rate [35].

Fig. 9b shows the influence of carrier gas on the PL spec-
tra of nanowire arrays deposited in the upstream. Three samples
exhibit similar PL spectra profiles. Sample deposited under O,
atmosphere shows lowest defect emission (Iyy/Igr=32) due to
high O, concentration. While sample deposited under N, atmo-
sphere exhibits weaker defect emission (Iyy/Igg =20) than sample
deposited under air atmosphere, which may arise from slow growth
rate of nanowires. Based on our experimental data, we can conclude
that sufficient O, atmosphere and slow growth rate would pro-
duce nanowire arrays with low defect concentration, which would
benefit potential optoelectronic applications.

4. Conclusions

In summary, well-aligned ZnO nanowires were synthesized on
thin ZnO coated Si wafers by VPT. The length of these nanowire
arrays exhibits a quasi-continuous evolution along the axis of the
small quartz tube. It was found that the type and flow rate of car-
rier gas have significant influences on the length distribution of
nanowire arrays. ZnO nanowire arrays of arbitrary length (within
the range) are expected to obtain by choosing proper carrier gas and
deposition zone. The structural properties, growth mechanism, and
optical properties were also discussed.
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