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Aluminium (Al)-doped zinc-oxide (ZnO) nanorod arrays have been successfully prepared using a novel and low-temperature sonicated sol—gel
immersion method. The photoluminescence (PL) spectrum reveals the appearance of two emission peaks from the nanorod that are centred at
381 and 590 nm. The nanorod has a hexagonal structure with a flat-end facet, as observed using field-emission electron microscopy (FESEM).
Interestingly, all samples have similar surface morphologies and diameter sizes of 40 to 150 nm after immersion in different precursor-solution
volumes. The thickness-measurement results show that the thicknesses of the samples increase after immersion in higher precursor-solution
volumes. We show for the first time that the growth of nanorod arrays along the c-axis can be controlled using different precursor volumes, and its
growth mechanism is discussed. X-ray diffraction (XRD) spectra indicate that the prepared nanorods are ZnO with a hexagonal wurtzite structure
that grows preferentially along the c-axis. © 2011 The Japan Society of Applied Physics

1. Introduction

Zinc oxide (ZnO) nanostructures have been extensively
studied due to their potential applications in nanodevices
such as sensors," solar cells,” and light-emitting devices.”
ZnO is a II-VI group semiconductor material with a wide
band-gap energy of 3.3 eV and a high exciton binding energy
of 60meV. It is an environmentally friendly and non-toxic
material that has superior physical and chemical properties,
including radiation hardness, thermal stability and biocom-
patibility.*>

Recently, many efforts have been made to synthesise one-
dimensional (1D) ZnO nanostructures, especially vertically
aligned nanorod or nanowire arrays, due to their attractive
characteristics for various applications. These nanostructures
have large surface areas with high aspect ratios, quantum
confinement and high electron mobility compared to
nanoparticle thin films which exhibit an electron-trapping
phenomenon within grain boundaries. Many techniques have
been used to produce vertically aligned ZnO nanorod or
nanowire arrays, including pulsed laser deposition,® electro-
chemical deposition,” vapor—liquid—solid (VLS) growth,®
and hydrothermal deposition or solution immersion.” Solu-
tion immersion is especially attractive because of its low-
cost, low-temperature synthesis, and the simplicity of its
experimental setup. Furthermore, the controllable growth of
nanorods is achievable under a solution immersion method
by optimising the solution and deposition parameters.
The controllable growth of aligned ZnO nanorods is very
important for achieving the desired level of functionality and
for satisfying application requirements. Many researchers
have reported on controlling the growth of aligned ZnO
nanorods by changing solution concentration and prolonging
immersion time.!®!" In this paper, we highlight the effects
of the volume of the precursor-solution on the controllable
growth of aligned aluminium (Al)-doped ZnO nanorods
along the c-axis using a novel low-temperature method
involving sonicated sol-gel immersion. We doped the ZnO
nanorod with Al because Al-doped ZnO nanostructures are
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regarded as potential semiconductor materials in device
fabrication, which yields high conductivity without dete-
rioration in optical transmittance and crystallinity.'>!¥ To
the best of our knowledge, there has been no report on the
growth behaviour of vertically aligned ZnO nanorods at
different precursor volumes.

2. Experimental Procedure

In our experiment, Al-doped ZnO nanorod arrays were
grown on a seed-layer-coated glass substrate using a
sonicated sol-gel immersion method.'¥ The seed layer,
which consists of Al-doped ZnO nanoparticles, was
deposited on the glass substrates by sol-gel spin coating.
The details on the seed-layer preparation are described
elsewhere.'” Al-doped ZnO nanorod arrays were grown
using aqueous solutions of 0.1 M zinc nitrate hexahydrate
[Zn(NO3),-6H,0; 98% purity; Systerm], 0.1M hexa-
methylenetetramine (HMT; H,NCH,CH,OH; 99% purity;
Aldrich), and 0.001M aluminium nitrate nonahydrate
[AI(NO3)3-9H,0; 98% purity; Analar]. The use of zinc
nitrate rather than zinc acetate makes the nucleation of ZnO
nanostructures more feasible because precipitation occurs
more easily in solutions containing nitrate salt.'® The
reagents were dissolved and reacted in a beaker filled with
distilled water as a solvent under ultrasonic irradiation at
50°C for 30min with an ultrasonic water bath (Hwasin
Technology Powersonic 405, 40kHz). Next, the solution
was stirred and aged for 3h at room temperature.

The resulting solution was poured into vessels with
different volume capacities of 50, 100, 250, 500, and
1000 ml. The-seed-layer-coated-glass substrates were placed
at the bottom of each vessel. Next, the sealed vessels were
transferred into a water bath instrument for the hydrothermal
process. During this process, the temperature was main-
tained at 95°C. After 4h of immersion, the vessels were
removed from the hot water bath, and the samples were
immediately removed from the vessels. The nanostructures
deposited on the substrates were rinsed with distilled water
and dried in a furnace at 150 °C for 10 min.

The photoluminescence (PL) properties of the synthesised
nanorods were investigated using a PL spectrophotometer
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with a helium—cadmium (He-Cd) excitation laser at 325 nm
(Horiba Jobin Yvon-79 DU420A-OE-325). The surface and
cross-sectional images of Al-doped ZnO nanorod arrays
were observed by a field-emission scanning electron mi-
croscopy (FESEM; ZEISS Supra 40VP). The compositional
analysis of the prepared nanorods was characterised using
electron-dispersive X-ray spectroscopy (EDX; INCA) with
FESEM. The thicknesses of the samples were measured
using a surface profiler (KLA Tencor P-6). The crystalline
phase and crystallite orientation were characterised using
X-ray diffraction (XRD; Rigaku Ultima IV).

3. Results and Discussion

Figure 1 depicts the PL spectrum of aligned Al-doped ZnO
nanorod prepared using 100ml precursor solution, which
was measured at room temperature. The nanorod has two
types of emission peaks, which are located in the ultraviolet
(UV) band region (381 nm) and the visible (vis) region
(590 nm). The UV emission peak corresponds to the near-
band-edge transitions of ZnO due to the recombination of
free excitons, and the peak position is close to the ZnO band-
gap energy (3.3eV).!” The wide and strong visible emission
peak is widely attributed to defect states in ZnO.'%!) It is
obvious from the PL spectrum that the visible emission
intensity is more dominant than the UV emission in our
nanorod sample. This finding indicates that the synthesised
nanorods in this deposition process are rich in atomic
defects.?>2) Similar PL characteristics have also been
reported in other studies.'”*?

There are a few techniques that could be considered for
defect passivation on the ZnO-nanorod surface. For instance,
Lin et al. reported that using H,-plasma treatment, the PL
properties were improved by a factor of 60 for the relative
intensity ratio (i.e., UV emission to deep-level emission).”>
It has also been reported that treatment in O, plasma
removes defects such as OH groups on the ZnO surface.>*>>
Besides plasma treatment, the annealing process in ambient
or gaseous ambient (i.e., Oy, Hy, N», etc.) conditions is also
useful to reduce the defect concentration in nanorods.?**”
This annealing treatment could quench the visible emission
by desorbing OH groups from the nanorod surface, thereby
reducing the dislocation, point defects, and other irradiative
recombination centres that are related to the surface/
interface state. These measures will be applied to our
nanorods in the future to reduce the incidence of defect.

Figure 2 shows FESEM images that provide plane and
cross-sectional views of the prepared Al-doped ZnO nanorod
arrays grown on seed-layer-coated glass substrates. From the
images, it is clear that large-scale, well-oriented Al-doped
ZnO nanorods were deposited on the substrates in uniform
and dense arrays. The nanorods have a hexagonal shape
structure with flat-top facets. The size of the nanorod
diameters in the sample prepared using 50 ml of precursor
[Fig. 2(a)] range from 40 to 150 nm. Further increasing the
precursor volume to 250, 500, and 1000 ml, the diameters
of the nanorods remain almost unchanged, as observed
in Figs. 2(b), 2(c), and 2(d). However, the cross-sectional
images of the nanorods prepared using 50 and 1000 ml
of precursor solution, as shown in Figs. 2(e) and 2(f),
respectively, reveal that the lengths of the nanorods differ
between the two samples and increase after exposure to
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Fig. 1. PL spectrum of a synthesised aligned Al-doped ZnO nanorod array.

higher precursor-solution volumes. The EDX measurement
results, as shown in Fig. 2(g), confirm the existence of Al
in the nanorod with an atomic ratio of Al:Zn:0 =
1:39:60.

To investigate growth behaviour, we conducted thickness
measurements to characterise the length of the nanorods
grown with different precursor-solution volumes. Figure 3
shows the thickness measurements of the nanorod arrays
prepared with different precursor-solution volumes. Note
that the seed layer used for this experiment has an average
thickness of 186 nm. After the immersing the seed-layer-
coated glass substrate into 50 ml of precursor solution, the
thickness of the film increased to 438 nm. When 100 ml of
precursor solution was used, the thickness of the sample
improved to 674nm. This trend of increasing sample
thickness is also shown after immersion into 250, 500, and
1000 ml of precursor solution, resulting in average thickness
values of 754, 891, and 1320 nm, respectively. From this
result, we concluded that nanorod growth behaviour using
our process occurs primarily along the c-axis when the
immersion process is carried out using relatively high
precursor volumes. It is interesting to note that the nanorod
dimension increases in length only when immersed in
relatively high volumes of precursor-solution, without
significantly affecting the size of the nanorod diameter.
This result indicates that the controllable growth of the
nanorods along the c-axis can be achieved under different
volumes of precursor-solution using our sonicated sol-gel
immersion method.

The crystal structure of the aligned Al-doped ZnO
nanorod arrays were characterised using XRD measure-
ments. Figure 4 shows the XRD patterns of Al-doped ZnO
nanorod arrays prepared with different precursor volumes
and a seed layer. All nanorod samples show diffraction
peaks, which can be indexed as the hexagonal phase of
7ZnO with a wurtzite structure (JCPDS 36-1451). The XRD
peaks of the seed layer are relatively weak compared to the
prepared nanorods. Figure 4 shows that the (002)-plane-
orientation peak centred at 34.4° is the strongest peak, giving
the highest intensity compared to the other peaks. The results
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Fig. 2.

(Color online) FESEM images of Al-doped ZnO nanorod arrays prepared using (a) 50, (b) 250, (c) 500, and (d) 1000 ml precursor solution. Cross-

sectional images of nanorod arrays prepared using (e) 50 and (f) 1000 ml precursor solution. (g) EDX pattern of the Al-doped ZnO nanorod array.
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Fig. 3. (Color online) Plots of Al-doped ZnO array thickness (with
186 nm seeded catalyst layer) versus precursor volume.

indicate that nanorod growth occurs preferentially along the
c-axis or perpendicular to the substrate. Other orientation
peaks with very weak intensities in the XRD spectra might
be due to imperfect nanorod alignment on the substrate.”®
The intensity of the (002) peak improves when the nanorods
are grown using as the precursor volume increases. This
result suggests that nanorod growth is more active at higher
precursor volumes, which produce longer nanorods on the
seed-layer-coated glass substrate.

Based on these results, we can predict a possible growth
mechanism for the formation of well-aligned ZnO nanorod
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Fig. 4. (Color online) XRD spectra of aligned Al-doped ZnO nanorod
arrays prepared using different volumes of precursor-solution.

arrays on the seed-layer-coated glass substrate using the
sonicated sol-gel method. We suspect that the controllable
growth along the c-axis might be caused by the effects of the
sonication process on the precursor solution, which disperse
and mix the zinc nitrate (i.e., the precursor) and the HMT
(i.e., the stabiliser) very well. The sonication process also
helps crush the agglomerated zinc nitrate and HMT particles,
which hasten physical- and chemical-reaction activity in
the solution. This process enables the Zn>* ion to react
effectively with the HMT, as shown by>"

ZH(NO3)2 + C6H12N4 — [ZH(C6H12N4)]2+ + 2NO3_. (1)

© 2011 The Japan Society of Applied Physics
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The HMT plays a very important role in controlling the
growth of the aligned ZnO nanorods. When it attaches to
the Zn>* ions, particle agglomeration is reduced, and the
formation of ZnO in the solution is slowed.

During the hydrothermal process, the seed catalyst layer
provides a base that initiates the growth of nanorod arrays
through heterogeneous nucleation. It is generally accepted
that heterogeneous nucleation on a seed-layer surface occurs
more easily than homogenous nucleation.’” The seed layer
provides the lowest energy barrier for heterogeneous
nucleation, which produces almost negligible lattice mis-
match between the nanorods.®*" This condition results in
the growth of high-quality aligned nanorod arrays on the
substrates. The general reactions occurring during the
hydrothermal process can be described by>*?

C¢HnN4 +4H,0 = C6H12N4H47L + 40H, 2)
[Zn(CeH 12Ny >t + 40H™ — Zn(OH)4>~ + CeH1oN4, (3)

Deposition at high volumes of
precursor solution is assisted with
continuous supply and large
quantity of Zn** ions resulting in
the increment of nanorod length

(Color online) A possible growth mechanism of aligned nanorod arrays using the sonicated sol-gel immersion method.

Initially, when the Zn?* ion and OH~ exceed super-
saturation, ZnO nuclei form on the seed-layer surface,
initiating the growth of aligned ZnO nanorods. It has been
suggested that the HMT also acts as a non-polar chelating
agent that attaches to the non-polar facets of ZnO
nanorods.*® Because of this attachment behaviour, epitaxial
growth along the c-axis is facilitated because only the
(0001) plane is exposed during the growth process. Because
the growth rate in the (0001) direction is the fastest in the
hydrothermal system,*** the ZnO nanorods grow prefer-
entially in the (0001) direction, which is vertically aligned
with the substrate. Based on the experimental results, the
growth rate of the nanorod on the substrate along the c-axis
is faster when higher precursor volumes are used. This
condition might be due to the continuous supply of Zn**
ions on the top of the nanorods, which is more available
in higher precursor volumes. The heterogeneous growth of
ZnO becomes dominant when Zn>* ions exist in large

Zn(OH)4*~ — Zn** + 40H" 4
an(_? )42 OH__) _\nZ g OH O’ @) quantities due to the equilibrium condition in eq. (5), which
n 2++ i nO+ moves to the right and thus results in nanorod growth. Thus,
or Zn™" + 20H™ = Zn(OH), = ZnO + H,0. ) nanorod formation along the c-axis using higher precursor
06GHO04-4 © 2011 The Japan Society of Applied Physics
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volumes is faster because of the equilibrium kinetics in
the solution. Because the pH of the solution in this study is
6.2 before the reaction and 5.6 after the immersion process
for all volumes, which is much lower than the isoelectric
point of ZnO (8-10) under both conditions,*® the nanorods
are positively charged (i.e., Zn>*-terminated surface) and
attract negatively charged species in the solution. As a
result, nanorod growth is sped up in the preferred c-axis
direction.

Good dispersion and mixing processes between the
precursor and the stabiliser through sonication might help
control the diameter size of the nanorod because the HMT
can immediately attach onto the non-polar facets (i.e., six
prismatic side-planes) after the ZnO nanorod nucleation
process on the seed layer. The HMT acts as a buffer layer
at non-polar surfaces, which disturbs ZnO deposition on
these surfaces. This condition disables rapid growth on
the side walls or the non-polar surface of the nanorod,
which maintains an almost constant diameter size. The fast
attachment of the HMT onto the ZnO surface prevents
nanorod growth in the direction of non-polar facets, thus
hindering an enlargement in nanorod diameter. Because the
ZnO nanorods were confined by the HMT molecules on their
non-polar surfaces and had only the polar surface for further
growth, directional growth along the c-axis was achieved
at different precursor volumes with an almost constant
diameter. The possible growth mechanism of the nanorod
arrays is illustrated in Fig. 5.

Previously, under the hydrothermal deposition technique,
nanorod growth behaviour has been reported to vary in terms
of dimension (i.e., both diameter and length) if one of the
deposition or solution parameters are changed. For instance,
Guo et al. reported that both the axial and radial growth
rates were increased after deposition for longer periods
in the hydrothermal system.>” Similarly, Niarchos et al.
reported diameter- and length-dependence of nanorods on
precursor-solution molarity during the hydrothermal process,
in which sizes increased at higher precursor molarities.*”
These trends showing lateral and vertical nanorod enlarge-
ment are also reported by other groups after immersion time
and precursor concentration were increased using the
hydrothermal method.*®*" The report suggests that con-
trollable growth along the c-axis under the hydrothermal
method is difficult and requires the optimisation of both the
precursor molar concentration and immersion time, which
must be changed simultaneously. However, there are a
few techniques that have been reported as showing axial-
growth behaviour with minimal increment or controllable
growth of the diameter size. For example, Guo et al. have
demonstrated nanorod growth along the c-axis with small
increases in diameter by nanoparticle-assisted pulsed-laser
deposition (NAPLD).® Their method enables the control
of the density of the nanorods deposited onto substrates.
A finding by Hirate ef al. is also promising and quite
interesting.*” They reported the controllable growth of ZnO
nanorod diameters using chemical-vapor deposition (CVD)
combined with laser ablation using a multi-step deposition.
By controlling the oxygen flow rate in their system, they
increased nanorod length while achieving a diameter that
was either the same, smaller, or larger than the initial
nanorod.

06GH04-5

4. Conclusions

In conclusion, using a sonicated sol-gel immersion deposi-
tion method, we have successfully prepared Al-doped ZnO
nanorod arrays oriented along the c-axis with controllable
lengths by varying precursor volumes. The use of a seed
layer induced the anisotropic growth of ZnO nanorods on the
substrate with good crystallinity. The PL spectrum reveals
that the synthesised nanorod array has strong visible
emission at 590 nm and weak UV emission at 381 nm. It is
observed through surface morphology images that the size of
the diameter is almost constant for all samples, and it ranges
40 to 150 nm after immersion in different precursor volumes.
However, the cross-sectional images and thickness results
indicate that the sample thickness increased with the volume
of the precursor-solution. The XRD results show that all
nanorod arrays prepared at different precursor volumes have
preferential growth along the (002) plane, which is vertical
or perpendicular to the substrates. The stronger intensity
peak behaviour of the (002) plane after immersion in higher
precursor volumes suggests an improvement in the crystal-
linity of the nanorod. This condition also indicates that
nanorod growth has been strengthened, thereby leading
to increases in samples thicknesses at higher precursor
volumes.
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