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ZnO was deposited on Corning glass using an equimolar
aqueous solution of zinc nitrate hexahydrate and hexa-
methylenetetramine by Aqueous Chemical Growth. The mor-
phological characteristics of the as-grown ZnO structures can
be varied by adjusting the precursor solution concentration

1 Introduction

ZnO is a versatile semiconductor with very interesting
multi-functional properties. These properties find wide
technological applications in photonic crystals [1],
photodetectors [2], varistors [3], surface acoustic devices
[4], sensors [5] and solar cells [6]. In order to improve the
effectiveness of ZnO-based materials and to broaden the
range of their applications, the control of their size and
shape is a matter of considerable importance. As an exam-
ple, the gas sensing capabilities of metal oxides have been
observed to be improved with decreasing crystallite size
and with increasing surface to volume ratio [7, 8]. There-
fore, it is very important to investigate the possibility of in-
fluencing the growth mechanisms of ZnO towards the de-
velopment of tailored morphological properties.

Nano- and microstructures such as wires or rods [9],
tubes [10], coaxial cables [11], belts [12] and complex ar-
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and solution temperature. An increase in the precursor solu-
tion concentration induces a modification in the ZnO mor-
phology from sub-microrod to flower-like and microrod
structures.
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chitectures based on various 1D structures (such as
branches [13]) have attracted a great interest because they
can provide opportunities to exploit novel properties and
explore possible new phenomena. These diverse mor-
phologies of ZnO have been developed using various
mainly chemical processes such as chemical vapour depo-
sition (CVD) [14], electrodeposition [15], spray pyrolysis
[16], sol-gel [17] and Aqueous Chemical Growth (ACG) [9,
18, 19].

ACG is a quite simple, fast, low cost and environmental-
friendly technique for the deposition of nano- and micro-
structures at relatively low temperatures. Moreover, the
morphological characteristics of the grown samples could be
tailored by controlling the solution chemistry (precipita-
tion/dispersion conditions yielding to the thermodynamic
stabilization of the system) by modifying the pH, the solu-
tion concentration and the solution temperature [20, 21].
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Our recent studies have been focused on the solution of
ZnO using the ACG technique for various deposition times,
pH values and substrates [22, 23]. For microscope glass
substrates, ZnO sponge-like structures were observed to
transform into flower-like architectures with increasing
deposition time, the size of the structures however, being
non-uniform [22]. In the case of Corning glass, a modifica-
tion of the ZnO morphology from rod-like to flower-like
structures was achieved by varying the pH of the solution
[23]. However, the layers were not compact due to the high
precipitation rate, the structures also not having uniform
size and shape.

In this work, we present a study on the influence of the
solution concentration and solution temperature on the
morphology of ZnO deposited on Corning glass by ACG.
The scope of the study was a better understanding of the
growth mechanisms towards the tailoring of the morpho-
logical characteristics of ZnO structures.

2 Experimental

The growth of ZnO was performed on Corning glass
employing ACG, using concentrations of 10° M, 10> M
and 10™" M for various solution temperatures in the range
of 80 to 100 °C. As precursor, an equimolar aqueous solu-
tion of Zn(NO3), 6H,O and HMTA was used. The solution
was placed in Pyrex glass bottles with polypropylene auto-
clavable screw caps, the substrate positioned at the bottom,
for 5 hr in a regular laboratory oven. After each induction
period, the samples were thoroughly washed with MilliQ
water in order to eliminate residual salts, and dried in air at
a similar temperature with that used for the deposition.
X-ray Diffraction (XRD) measurements were performed
using a Rigaku (RINT 2000) Diffractometer with CuKa X-
rays for 20 = 30.00-75.00°. Scanning electron microscopy
(SEM) was performed on a JEOL 840 electron microscope.
Each characterization method was completed on at least
three samples prepared under the same conditions as well
as on different areas of the same samples for consistency
and reproducibility.

3 Results and discussion

One way to affect the size and the shape of ZnO struc-
tures deposited on Corning glass by ACG is the control of
the precipitation/dispersion rate by influencing the deposi-
tion parameters such as the solution concentration and so-
lution temperature. Towards this scope, several ZnO sam-
ples were prepared at temperatures ranging from 80 °C to
100 °C and concentrations of 10° M, 10> M and 10" M.
The deposition period was chosen to be 5 hr, due to the ini-
tial stage of the growth for shorter periods. The deposited
ZnO samples were white in colour over the whole area of
the substrate, for all deposition conditions. Moreover,
samples appeared to have sufficient adhesion, passing the
Scotch tape test. Finally, they were observed to be stable in
air for over 6 months.
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Figure 1 shows the XRD patterns of ZnO deposited on
Corning for concentrations of 10~ M, 10° M and 10" M
at 90 °C for 5 hr. The “patterns” are consistent with the
wurtzite ZnO hexagonal P6(3)mc structure according to
JCPDS card file No. 36-1451. No other peaks were ob-
served suggesting that single-phase ZnO was formed for
the whole precursor concentration and solution tempera-
ture range used. In addition, the XRD patterns were identi-
cal all along the surface of the samples, i.e. no variations in
the ZnO phase on the substrate area were observed.
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Figure 1 XRD analysis of ZnO grown on Corning glass using a
102 M, 102 M and 10" M solution concentration of
Zn(NO;3), 6H,0 and HMTA at 90 °C for a deposition time of 5 hr.
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SEM images of the ZnO grown using a solution con-
centration of 10~ M at temperatures of 80, 90 and 100 °C
are shown in Figs. 2(a), 2(b) and 2(c) respectively. Sub-
microrod and spindle-like ZnO structures of non-uniform
size can be observed for all solution temperatures, the cov-
erage of the substrate not overcoming ~65 %. The length
of the structures increases from 6 pm up to 10 pm as the
temperature rises from 80 °C to 100 °C. In contrast, their
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diameter decreases respectively from 1-2 pym to 600 nm.
Therefore, low precursor concentrations (10~ M) favor the
formation of sub-microrod and spindle-like structures, their
size depending on solution temperature.
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Figure 2 SEM images of ZnO deposited on Corning glass using
ACG for a deposition time of 5 hr and solution concentration of
10 M at 80 °C (a), 90 °C (b) and 100 °C (c).

Figures 3(a), 3(b) and 3(c) present the SEM images of
ZnO structures grown from a 10 M precursor solution at
the same temperatures as above. For <90 °C, flower-like
structures are observed, with only very few single rods
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present. At 80 °C, the flower-like structures consist of non-
uniform rods with a mean diameter of 300-500 nm and a
length of 3-4 pm (Fig. 3(a)). At 90 °C, the flower-like
structures are of more uniform size and shape, while the
substrate coverage increases to 85 % from ~60 % at 80 °C
(Fig. 3(b)). Finally, at 100 °C, flower-like structures con-
sisting of rods with a diameter of ~800 nm and a length of
8-9 um are observed, while the substrate coverage reaches
~95 %. Consequently, the 10 M precursor concentration
favors in general the formation of flower-like structures
consisting of rods with length and diameter increasing with
solution temperature.

Figures 3(d), 3(e) and 3(f) depict the SEM images of
ZnO deposited from a 10" M precursor solution at 80 °C,
90 °C and 100 °C respectively. Non-uniform microrod
structures can be seen in all cases, their exact size depend-
ing on the solution temperature. As the solution tempera-
ture increases from 80 °C to 100 °C the formation of more
uniform microrods with larger dimensions (length of ~6-8
um and diameter of 3-4 um) is observed. Furthermore, the
substrate coverage increases from ~70 % to ~90 %. Hence,
the 10”" M precursor concentration favors the formation of
microrod structures, their dimensions varying with solution
temperature. In any case, all structures have a hexagonal
cross section, implying the occurrence of the wurtzite ZnO
crystal structure as it was also demonstrated by XRD
(Fig. 1).

Furthermore, it is interesting to note that the pH value
of the solution after the growth was found to increase with
temperature for all concentrations. As an example, for 10-1
M, the pH value increased from 7.56 to 7.96 as the solution
temperature increased from 80 °C to 100 °C, indicating that
there was no evaporation of ammonia. Therefore, there
was enough base left in the solution to react with zinc ni-
trate (see reactions 1-4 below [20, 24]), which did not re-
strict the growth of the structures as confirmed from the
SEM images of Fig. 3.

(CH2)6N4 + 6H20 — 6HCHO + 4NH3, (])
NH3 + Hzo - NI‘I4Jr + OHi, (2)
Zn*" +20H — Zn(OH), ), (3)
Zl’l(OH)z (s) ZnO (s) + H2O (4)

The morphology of ZnO structures is altered by the so-
lution concentration and temperature during the deposition
process, which they can consequently affect the nucleation
and growth processes in aqueous solution [25]. Hence for
107 M solution concentration and solution temperature at
100 °C, ZnO nuclei may aggregate together and grow
along the x-axis into rod-like crystals (Fig. 1 and Fig. 2).
As the concentration increases further to 102 M the nuclea-
tion of ZnO is faster and hence more nuclei can be formed
in the initial stage [25]. Each of them can individually
grow along the x and z-axes, resulting in flower-like struc-
tures (Fig. 1 and Figs. 3(a)-(c)). At a yet higher concentra-
tion of 10~ M, much more nuclei are generated and aggre-
gated to grow into microrod structures. This may come
from an attachment process of flower-like structures
closely packed together.
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Figure 3 SEM images of ZnO deposited on Corning glass using ACG for a deposition time of 5 hr and solution concentration of 107
M at 80 °C (a), 90 °C (b) and 100 °C (c) and of 10™ M at 80 °C (d), 90 °C (e) and 100 °C (f).

The attachment process is thermodynamically favourable
since the surface energy is significantly reduced due to the
elimination of the interface [25]. Penn and Banfield have
observed similar phenomenon where smaller structures
undergo attachment or coalescence to form larger dimen-
sion structures [26, 27]. However, it is necessary to per-
form further studies in order to unambiguously identify the
mechanism that operates for these particular ACG pro-
cesses.
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It can be finally noticed that the ZnO samples grown
from a 10> M precursor solution at 90 °C and 100 °C show
efficient substrate coverage (~85-95 %) and high surface-
to-volume ratio, which might drastically improve the effec-
tiveness of ZnO for gas sensing applications.

4 Conclusions

ZnO structures with different morphology, such as sub-
microrod, flower-like and microrod structures have been
synthesized by ACG. It has been found that the shape and
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size of the structures strongly depend on the concentration
and the temperature of the precursor solution. It may be
concluded that ZnO structures with high surface-to-volume
ratio and efficient substrate coverage could be potentially
suitable for gas sensing applications.
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