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A two-step wet chemical process with economic and practical advantages was developed to prepare
arrayed ZnO nanorods on glass substrates using zinc acetate dihydrate (Zn(CH3C00),-2H,0, ZnAc;) and
monoethanolamine (NH,CH,CH,OH, MEA) as raw materials. The proposed method includes the pre-
deposition of a thin ZnO seed layer using the sol-gel technique and the subsequent hydrothermal growth
of ZnO nanorods at 130°C for 2 or 4 h. The synthesis process was monitored using X-ray diffraction (XRD),
Fourier transformation infrared (FTIR) spectroscopy, atomic force microscopy (AFM), scanning electron
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Wet chemical microscopy (SEM) and transmission electron microscopy (TEM). The ZnO nanorods exhibited a diameter
7n0 of 25-75 nm with an aspect ratio ranging from 10 to 50 after growing for 4 h. Each ZnO nanorod was
confirmed to be a single crystal with a wurtzite structure and grow along the [0002] direction during
the hydrothermal process. Photoluminescence (PL) measurements confirmed that the ZnO nanorods
exhibited a near-UV emission at ~380nm together with a green emission that was centered at ~500 nm.
We note that the PL properties may be affected by the hydrothermal time.
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1. Introduction

Nanostructured zinc oxide (ZnO) is of interest in the optoelec-
tronic, piezoelectric, sensor, biomedical and electro-chemical fields
because of its interesting characteristics, such as adirect band gap of
3.37 eV, a large exciton binding energy of 60 meV at room temper-
ature, transparent conductivity, non-centrosymmetric symmetry,
bio-safty and bio-compatibility properties [1-3]. Hence, nano-
structured ZnO with different morphologies, such as particles,
rods/fibers/wires, thin films, and multipods, has attracted substan-
tial attention from multiple researchers [4]. For example, arrayed
one-dimensional (1D) ZnO crystallites have frequently been cited
for their potential in electronic and optoelectronic applications
[3,5-9].

Two major categories of techniques have been developed for
the synthesis of 1D ZnO arrays, namely, vapor-phase processes and
the wet chemical route. Various vapor-phase processes (for exam-
ple, vapor-liquid-solid epitaxial (VLSE) growth [10], metal-organic
chemical vapor deposition (MOCVD) [11], and thermal evaporation
[7,12] have been developed for the synthesis of 1D ZnO arrays.
However, expensive and complicated equipments is required in
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these processes to guarantee suitably rigorous conditions, such as
high temperatures (>400°C), low pressures and adequate atmo-
spheric control, thus limiting the available substrate materials
and large-scale production of the arrayed 1D ZnO arrays [3,9].
On the other hand, the wet chemical route is now a promis-
ing option for large-scale 1D ZnO arrays fabrication on arbitrary
substrates at low cost and under remarkably low temperature
conditions [3,6,8,9]. The morphology and characteristics of the
wet chemical-derived 1D ZnO crystallites can be varied by chang-
ing the starting materials, the reactant concentrations, procedural
details, and growth temperature and time. Vayssieres [5] devel-
oped a template-less and surfactant-free aqueous method to grow
arrayed ZnO nanorods/nanowires on various kinds of substrates
through the thermal decomposition of a Zn!' amino complex at
95°C for several hours using the raw materials of zinc nitrate
hexahydrate (Zn(NOs3),-6H,0) and methenamineod (CgHi3N4),
which have since become the most common formulation for the
hydrothermal growth of ZnO nanorods. Greene et al. [6] used
a two-step process to produce ZnO nanowire arrays on a 4-in.
Si(100) wafer and a flexible 5-cm-diameter polydimethylsilox-
ane (PDMS) substrate. A ZnO seed layer was prepared from a
sol-gel reaction using a methanolic solution of Zn(CH3C0OO),-2H,0
and NaOH prior to the hydrothermal treatment, thereby result-
ing in an improved alignment of the resultant ZnO arrays. Yi
et al. [3] employed the same two-step process for growing ZnO
nanorods on polyethylene terephthalae (PET) and verified that
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the ZnO seeds are indispensable for the aligned growth of ZnO
nanorods with a high population density. Therefore, the align-
ment of the ZnO seeds was thought to be substrate-independent
and was believed to occur on flat surfaces regardless of their crys-
tallinity or surface chemistry. However, Wang et al. [9] claimed that
in the Zn(NO3 ),-6H,0-(NH; ), CS-NH4CI-NH4OH aqueous solution
with the assistance of ultrasonic treatment, aligned tower-like or
tube-like ZnO crystals can be fabricated on different substrates by
self-assembly without a layer of prepared coats or seeds.

In this preliminary work, a formulation composed of
Zn(CH3C00),-2H,0 and monoethanolamine (NH,CH,CH,OH),
which are commonly used in the sol-gel technique for preparing
transparent conducting ZnO thin films [13-15], was used to
develop an alternative wet chemical process for the synthesis
of aligned ZnO nanorods on glass substrates and to avoid the
unwanted ions or impurity (such as Na*, CI~ or the derivatives
of (NH;),CS) in the resulting products. The development and the
details of the alternative process will be described in this paper.
Moreover, the effect of the growth time on the product properties
was investigated and the possible formation mechanism for the
as-prepared ZnO nanorods will be discussed.

2. Experimental procedure

Analytical-grade of zinc acetate dihydrate (ZnAc;) and monoethanolamine
(MEA) were selected as starting materials (Aldrich, USA). The ZnAc; was the source
of the Zn?* cation, and MEA acted as both a stabilizer and mineralizer. Silica glass
(2.5 x 2.5cm?) was used as the substrate material, which was cleaned using a 5%
H,S04 aqueous solution, then rinsed ultrasonically in acetone and deionized water,
and finally dried in a vacuum oven. A two-step process was applied to prepare
arrayed ZnO nanorods on glass substrates, which included the pre-formation of
a thin ZnO seed layer using a sol-gel technique and the subsequent hydrothermal
growth of ZnO rods. In the first step, anhydrous ethanol was used as the solvent
instead of other alcohols (such as methanol, 2-methoxyethanol, or isopropanol) or
water due to considerations of safety, practicability and spreading behavior. Ethano-
lic ZnAc, was slowly added to the MEA-ethanol solution with stirring. A 1.0 molar
ratio of ZnAc, to MEA was maintained, and the concentration of ZnAc, was 0.1 M.
The mixed solution was refluxed with stirring at 60°C for 2 h to yield a clear and
homogeneous solution, which served as the precursor sol. Subsequently, the pre-
cursor sol was placed on the glass substrate and spun at 3000 rpm for 30 s to form a
thin layer of dried precursor as a result of the centrifugal force and convective evap-
oration during the spin-coating process. The coated substrates were preheated at
300°C for 10 min on a hot plate to transform the dried precursor into ZnO seeds and
to guarantee adhesion of the as-formed ZnO seeds to the substrate surface. The spin
coating and preheating procedure was repeated twice to guarantee a uniform distri-
bution and adequate coverage of the ZnO seeds on the substrates. In our follow-up
hydrothermal step, the substrate deposited with ZnO seeds was put into an auto-
clave and submerged in a mixed aqueous solution of 0.02 M ZnAc, and 0.04 M MEA
at 130°C for 2 or 4 h to promote the growth of arrayed rods on the ZnO seeds. After
the hydrothermal process, the resultant product grown on the substrate was rinsed
with deionized water and dried in a vacuum oven.

The resulting phase formation was identified by X-ray diffraction (XRD, SIEMENZ
D-5000) with Cu-Ka; radiation (A =0.15406 nm). Morphological features of the sam-
ples were observed using scanning electron microscopy (SEM, Joel ]SM-T330A). The
roughness of the seed layer was characterized by atomic force microscopy (AFM, SPA
400). Fourier transform infrared spectroscopy (FTIR) measurements, in which the
samples were scrapped off the substrates and dispersed in KBr pellets, were carried
out with a Nicolet-870 spectrometer in transmittance mode. The resulting nanos-
tructure together with the corresponding selected area electron diffraction (SAED)
region was imaged using transmission electron microscopy (TEM, Hitachi H-7100).
Photoluminescence (PL) spectra were measured at room temperature using a HeGd
laser with a wavelength of 325 nm as the excitation source.

3. Results

Fig. 1 shows the XRD spectra of the glass substrate, the as-coated
precursor on the substrate, the deposited film after preheating, and
the as-obtained products after hydrothermal growth at 130°C for
2 and 4 h. Judging from Fig. 1(a), it is suggested that the substrate
material seemed to be amorphous in nature. The XRD spectra in
all samples exhibits the same amorphous hump in the range of
20-30°, which possibly originate from the standard glass substrate.
The XRD spectrum shown in Fig. 1(b) is similar to the diffraction
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Fig. 1. XRD patterns of (a) silica glass substrate, (b) as-coated precursor on sub-
strate, (c) deposited film after preheating, and as-obtained products after grown
hydrothermally at 130°C for (d) 2h and (e) 4 h.

pattern of the compound, namely layered basic zinc acetate (LBZA,
Zns(OH)g(CH3C00),-2H,0), as reported by Hosono et al. [16]. The
precursor sol, which was coated on the substrate and dried in air by
spin coating, was transformed into LBZA. As shown in Fig. 1(c), only
a weak (002) characteristic peak at 34.4° belonging to Wurzite-
type ZnO was observed (JCPDS 89-1397), indicating that the LBZA
was converted to ZnO seeds with the preferred c-axis orientation
after preheating at 300 °C. As shown in Fig. 1(d) and (e), although
two other peaks corresponding to (100) and (101) planes were
also recorded, the (002) diffraction peak was the most intensive.
These results suggest that the ZnO nanorods grow mainly along the
c-axis direction during the hydrothermal process, a fact that can be
attributed that the minimum value of the surface free energy of
the ZnO (00 2) plane during the growth stage [17]. In addition, the
relative intensity of the ZnO (00 2) diffraction peak increased as
the hydrothermal time was increased from 2 to 4 h, which may be
related to both the preference for crystal growth and the enhance-
ment of crystalline quality.

Fig. 2 shows the IR spectra for the dried precursor sol, the
deposited film after preheating and the as-grown product. In
Fig. 2(a), the strong and broad band from 3700 to 2800cm™!
corresponds to the O-H group. The two bands located at ~1700
and ~1400 cm~! were assigned to the asymmetric and symmetric
COO- stretching vibration modes, respectively, which are char-
acteristic of the acetate group. Absorption bands in the range of
1050-750cm™! indicate the binding of R-CH,OH and NH,-CH,.
The above data are based on reports from the literature [18]. In
Fig. 2(b), all of the aforementioned bands almost disappeared after
the deposited precursor film had been preheated at 300 °C. More-
over, a new band appeared at ~500cm~! (Fig. 2(b)), which can
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Fig. 2. FTIR spectra of (a) dried precursor, (b) deposited film after preheating, and
(c) as-grown product after hydrothermal growth for 4 h.

be attributed to the characteristic stretching of the Zn-O bond
[19]. A comparison between Figs. 2(b) and (c) indicates that the
characteristic ZnO band became more distinct, consistent with the
hydrothermal growth of the ZnO phase, and in agreement with our
XRD analysis data.

Fig. 3(a) presents a top-down view of the SEM image of the pre-
cursor sol after it had been coated onto the substrate and dried by
spin coating. A sheet-like structure was apparent on the substrate,
identified by XRD as LBZA. Fig. 3(b) shows the side view of the SEM
image of the ZnO seed layer deposited on the substrate, which was
composed of uniform, discrete and upright grains with a height of
~20nm. AFM graph (Fig. 3(c)) shows that the surface root-mean-
square roughness of the seed layer is about 15 nm, confirming a
rugged surface morphology. It was thought that such a morpho-
logical feature might be beneficial for the subsequent growth of
rod arrays by the hydrothermal treatment.

Fig. 4 shows the top-down view and cross-sectional SEM images
of the arrays following hydrothermal treatment under 130°C for
4h. The ZnO nanorods grew erectly and uniformly with a popu-
lation density of ~101° cm~2 on the substrate. The diameter of the
ZnO rods was 25-75 nm with an aspect ratio that ranged from 10 to
50. Based on our preliminary experiments, it should be noted that
the seed layer could develop into rod arrays when the hydrothermal
temperature was higher than 120°C. The rod dimensions increased
greatly with increasing temperature. As the temperature exceeded
160 °C, however, the as-grown rods contacted with each other and
even coalesced together, resulting in the formation of undesired
morphology. This result, coupled with the consideration for pro-
cessing economy, the temperature of 130°C was thus chose for
hydrothermal treatment in this work.
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Fig. 3. (a) Top-down view of SEM image for dried precursor coated on glass sub-
strate, (b) Side-view of SEM image for ZnO seed layer deposited on substrate, and
(c) AFM graph of ZnO seed layer deposited on substrate.

Fig.5 shows a typical TEM image of a single ZnO nanorod scraped
from the sample shown in Fig. 4. The insets in Fig. 5 show the lat-
tice fringes and corresponding SAED patterns for the bright and
dark regions of the ZnO nanorod. Clear and regular lattice fringes
can be observed, indicating a uniform crystalline structure with-
out dislocations and stacking faults. Both the lattice spacing were
found to be close to 0.26 nm, which corresponds to the distance
between two adjacent (00 2) planes in the ZnO crystal, revealing
that the ZnO nanorod preferentially grew in the c-axis direction,
consistence with the XRD results. As evidenced by the same dot-
ted SAED patterns from the two contrasting regions, the bright and
dark parts in the ZnO nanorod possessed the same structure as a
single crystal, which is similar to the previous study reported by Yi
et al. [3]. This result may be served as an indirect evidence for that
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Fig. 4. (a) Cross-sectional and (b) top-down SEM images for ZnO nanorods
hydrothermally grown at 130°C for 4 h.

the contrast in the ZnO nanorod is likely due to strain, as proposed
by Djurisic et al. [4].

Fig. 6 shows the PL spectra obtained at room temperature for
the glass substrate, ZnO seed layer, and ZnO nanorods that were
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Fig. 5. Typical TEM photograph of a single ZnO nanorod grown hydrothermally at
130°C for 4 h, scraped from the sample shown in Fig. 4; insets show the lattice
fringes and corresponding SAED patterns for contrasting regions.
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Fig. 6. Room-temperature PL spectra for (a) glass substrate, (b) ZnO seed layer, and
ZnO nanorods grown hydrothermally at 130°C for (c) 2h and (d) 4 h.

hydrothermally grown for 2 or 4 h. The PL spectra of the ZnO seed
layer and the as-grown ZnO nanorods exhibited two obvious emis-
sion peaks, a narrow UV emission (located at ~380 nm) and a broad
green one (centered at ~500 nm). The low PL intensity for the ZnO
seed layer was due to its extremely thin thickness. The UV emission
increased in intensity while the intensity of the green luminescence
decreased with the longer hydrothermal times.

4. Discussion

Recently, many research efforts have attempted to prepare
directionally oriented ZnO thin films using sol-gel process (referred
as the thin-film process), for which ZnAc, and MEA are commonly
used and dispersed/dissolved in an alcohol (such as methanol,
2-methoxyethanol, or isopropanol) to form a precursor sol. As pre-
viously reported [16], the precursor sol derived from the alcoholic
solution of ZnAc, and MEA can be transformed into LBZA after
removal of the solvent. Moreover, the thermal decomposition of
LBZA can occur with preheating, thus resulting in the production
of ZnO accompanied by gaseous species such as CO, and H,O.
Since the (002) plane is associated with the lowest free energy
in the wurtzite-structured ZnO [17], the crystalline arrangement
for both the heterogeneous nucleation of the as-deposited ZnO on

substrates and its subsequent growth/coalescence are mainly in the
direction of [0002], i.e., along the c-axis. Therefore, both higher
concentrations of starting materials (generally >0.5 M) and repeat-
ing the coating and preheating procedures several times (usually
spin coating and heating at 300°C for 10 min, six repetitions) are
required in the thin-film process to yield thin films of sufficient
thickness (=500 nm). In the present study; arrayed ZnO nanorods
were successful prepared for the first time using the same regents,
i.e.,ZnAc; and MEA, but with several modifications including lower
concentrations of reagents in both the ethanolic and aqueous solu-
tions, fewer repetitions of the cycle from spin coating to preheating,
and the use of an aqueous solution with a higher surface tension
for hydrothermal growth.

Based on the XRD and FTIR analyses (Figs. 1 and 2), the forma-
tion mechanism of the sol-gel-derived ZnO seed layer coincides
with that of the thin-film process mentioned above. However, the
relatively lower concentrations of ZnAc, and MEA in ethanolic solu-
tion, coupled with double repetitions of the coating and preheating
procedures, resulted in a rugged layer composed of discrete ZnO
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grains deposited on the substrates (see Fig. 2(b) and (c)). These
results are very different from the thin films that exhibit an even
and continuous microstructure.

Previous research [3,6,14] has revealed that, without seeds, ZnO
rods/wires that are hydrothermally grown on Si wafers, quartz glass
and other amorphous materials are generally poorly aligned and
exhibit low population density. The ZnO seed layer is believed to
prefer the c-axis orientation for the growth of arrayed ZnO rods
[20]. At Present, we can only speculate about the possible forma-
tion mechanism for the ZnO nanorods in our hydrothermal process.
During the initial stage of aqueous solution preparation, MEA acts
as a bidentate ligand to Zn2*, rendering the solution stable against
precipitation [14]. In addition, MEA is also a base [20], whose nucle-
ophilic reaction with water generates OH™~ ions that combine with
Zn?* to form Zn(OH), as the hydrothermal treatment to proceed.
This hypothesis is supported by the observed decrease in pH of
the aqueous solution from ~8.6 at the beginning to ~7.3 at the
end of the 4-h-hydrothermal treatment. At a temperature of above
125°C, Zn0O may be produced through the following chemical reac-
tion [21]: Zn(OH); — ZnO +H,0. However, the colloidal Zn(OH),
medium is difficult to collect and to analyze with XRD, perhaps due
to its ultra-tiny size and amorphous nature. In fact, a hydrothermal
temperature of <120°C may hindered growth of the ZnO seeds,
as confirmed by other experiments in this study and consistent
with the conclusions of Sharikov et al. [22]. On the other hand,
a temperature gradient exists in the fluid field in the hydrother-
mal/solvothermal processes, even though the temperature is set
to a constant value, which in turn may cause natural convection
and thereby induce mass-transfer. Consequently, the growth of ZnO
seeds may take place via a typical phenomenon of Oswald ripening
[23] by coalescence of the ZnO colloids derived from the above reac-
tion, thus resulting in the formation of the arrayed ZnO nanorods.
The aqueous solution usually exhibits a higher surface tension than
the alcoholic solutions, which corresponds to limited abilities in
terms of wetting and infiltration. The rugged seed layer immersed
in the aqueous solution may be advantageous for inducing growth
of the ZnO nanorods through the hydrothermal process due to the
presence of fewer interfaces between the ZnO seeds and the aque-
ous solution. Also, the low concentrations of ZnAc; and MEA in the
aqueous solution may repress the sudden formation of numerous
ZnO colloids/nuclei, thus inhibiting the uncontrollable growth of
ZnO nanorods. These might be contributing factors in explaining
why the resultant products were not ZnO thin films or particles,
but instead were arrayed nanorods in this study.

In general, ZnO nanostructures fabricated by hydrothermal
methods are expected to exhibit a large number of defects due to
the lower growth temperatures [8]. As shown in the PL spectra for
our ZnO nanorods (Fig. 6), the UV emission (~3.37 eV), which is
close to the theoretical band gap of ZnO, is due to the recombina-
tion of the free excitons [4]. The green emission, the most common
intrinsic defect emission generated during ZnO preparation, is often
attributed to the transition between the photoexcited hole and
the ionized oxygen vacancy Vo* [24]. With a longer hydrothermal
time, the exciton emission in the UV region was shown to increase
in intensity while the intensity of the defect-related green lumi-
nescence decreased, suggesting an improvement in the crystalline
quality of the ZnO nanorods. This inference could be supported by
XRD analysis (Fig. 1).

5. Conclusion
For the first time, arrayed ZnO nanorods were successfully pre-

pared on glass substrates at a low temperature via a wet chemical
method using ZnAc, and MEA as raw materials The synthesis

process included two steps, i.e., formation of the ZnO seed layer
through a sol-gel approach and the induced growth of aligned
nanorods via a hydrothermal route. As identified by instrumental
analyses, the ZnO nanorod was confirmed to be single crystalline
and was shown to grow along the c-axis. The PL measurements for
the oriented ZnO nanorods exhibited a sharp UV emission peak at
~380nm and a broad green emission band centered at ~500 nm at
room temperature. Moreover, the crystallinity and optical prop-
erties of the ZnO nanorods seemed to improve with increased
hydrothermal time. This process does not require the use of spe-
cialty reagents, complex procedures or expensive equipment. It is
suggested that our approach could potentially serve as an alter-
native means of fabricating arrayed ZnO nanorods for applications
in opto-electronic and other devices. Since the product character-
istics (morphology, population density, optoelectronic properties)
may have been influenced by other parameters (such as the con-
centrations of ZnAc, and MEA in ethanolic solution for seeding, the
aqueous solution concentration for nanorod growth, and the tem-
perature of hydrothermal process), further optimization using the
Taguchi method [25] is currently being undertaken in our labora-
tory to obtained higher-quality arrayed ZnO nanorods.
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