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Abstract

This paper reports a hydrothermal method to control the morphology of hemisphere ZnO nanostructures (NSs) fabricated on a Si
substrate by using surfactant additive molecules. The shape of ZnO NSs was controlled by the concentration of the trisodium citrate
(TSC) added during the main growth step. With increasing the TSC concentration from 0 to 1.3 and 2.6 mM, the shape of ZnO NSs
changed from a bundle of nanorods to a flower-like-shape composed of merged large hexagonal crystals, and finally to ZnO
hemispheres. X-ray diffraction and photoluminescence spectroscopy revealed that the ZnO NSs had a wurtzite crystalline structure. The
shape evolution mechanism of ZnO NSs could be explained using the surfactant-mediated growth model.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Low-dimensional zinc oxide (ZnO) nanostructures (NSs)
have attracted considerable attention due to their direct wide
band gap of 3.37 eV, large exciton binding energy of 60 meV
and large piezoelectric coefficient [1-3]. These properties have
prompted interest in ZnO NSs for electronic, piezoelectric,
thermoelectric, electrochemical and optoelectronic applications
[1-3]. Preferred directional growth along the c-direction of the
wurtzite crystal structure makes one-dimensional ZnO NSs
promising building blocks for a range of novel nano-device
applications [2,3]. Furthermore, ZnO NSs of various shapes
can enhance device performance by being integrated into light-
emitting devices [4-6], photovoltaic devices [7], or chemical
sensors [8]. In particular, hemispherical ZnO NSs are effective
for enhancing the performance of optoelectronic devices [4-7].
Therefore, understanding the mechanism and control of the
shape evolution of ZnO NSs is very important for enhancing
the device performance. Recently, a few methods have been
reported for the fabrication of ZnO hemispheres [7,9] or
spheres using a solution growth method [10,11]. However,
these methods require complicated nano-patterning processes
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or result in homogeneously formed ZnO spheres in solution.
To increase the compatibility of ZnO NSs with other devices,
the fabrication process should be simple without using any
complicated patterning process and ZnO NSs should be
formed on a range of substrates. This paper reports a simple
hydrothermal method to control the morphology and shape
evolution mechanism of ZnO NSs without a nano-patterning
process on a Si substrate using surfactant additive molecules.

2. Experimental details
2.1. Experimental

The ZnO nanostructures (NSs) with different shapes were
fabricated on n-Si (100) substrates using a two-step hydro-
thermal method; involving formation of a ZnO seed and main
ZnO NS layers [4,12,13]. The shape of ZnO NSs was
controlled based on the molar concentration of charged ionic
species (citrate ions) during growth of the ZnO NS layers. The
seed layer was formed by dipping the cleaned Si substrate into
a mixed solution of 40mM zinc nitrate hexahydrate
[Zn(NOs), - 6 H,0, 98%, Sigma-Aldrich] and 40 mM hexam-
ine [(CHy)¢Ny, 99.0%, Sigma-Aldrich] dissolved in ethanol
followed by annealing at 100 °C for 3 min to produce the
three-dimensional ZnO nanodots. After forming the ZnO seed
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layers, main growth of the ZnO NSs was performed in a
mixed solution of 56mM zinc acetate dihydrate
[Zn(CH5COO), - 2H,0,  99.999%,  Sigma-Aldrich] and
200 mM NH,OH [25-27.9%(NH3), Kanto Chemical] dis-
solved in DI water at 95°C for 1.5h. Trisodium citrate
[HOC-(COONa)(CH,COONa),; TSC, 99%, Yakuri chemi-
cal] was added at various molar concentrations of 0, 0.65, 1.3,
2.6, and 3.9 mM to control the shape of the ZnO NSs.

2.2. Characterizations

Structural properties of ZnO NSs were investigated by field
emission scanning electron microscopy (FE-SEM, Hitachi,
S-4800) and X-ray diffraction (XRD, PANalytical, MPD for
thin film) with an excitation source of Cu Ko radiation. The
chemical composition of deposited ZnO NSs was measured by
using an energy dispersive X-ray spectroscopy (EDS, Hitachi,
S-4800) attached to the FE-SEM. Optical properties of ZnO
NSs were examined by photoluminescence (PL) spectroscopy
using a 24 mW power 325nm continuous He-Cd laser
(Kimmon Koha) at room temperature. The laser was focused
onto the sample surface by an objective lens; the excitation
area was estimated to be approximately 400 um in diameter.

3. Results and discussion

Fig. 1(a) and (b) shows FE-SEM images of the ZnO seed
layers before growth of the main ZnO NS layers. The
spherical-shaped ZnO nanodots were formed on the Si
substrate during seed layer growth in order to minimize the
total surface free energy. The mean diameter and density of the
ZnO nanodots were 86 nm and 4.42 x 10% cm ™2, respectively.
Fig. 1(c) and (d) shows the ZnO NSs formed after main

growth without addition of TSC surfactant. The ZnO NSs
were flower-shaped and composed of a bundle of narrow ZnO
nanorods with other branches grown from the center junctions
as noted arrow in Fig. 1(d). The density of the ZnO NSs was
2.74 x 10® cm 2, which was lower than that of the ZnO seed
layers. The lower density of ZnO NSs compared to that of the
seeds could be attributed to melting of the smaller ZnO
nanodots in the main growth solution containing OH™ ions
from NH4OH. Flower-shaped ZnO initial layers are necessary
for the formation of hemispherical ZnO NSs, which are
thermodynamically unstable due to high surface energy.

Fig. 2(a)-(j) shows FE-SEM images of ZnO NSs grown
on Si substrates at different TSC concentrations from 0 to
3.9 mM during the main growth step. As discussed above,
ZnO nanorod bundles were formed without addition of
TSC. With increasing the TSC concentration from 0 to 1.3
and 2.6 mM, the bundle of ZnO nanorods consisting of
flower-shaped ZnO NSs merged together to form large
hexagonal crystals, and the morphology of ZnO NSs on
the Si substrate changed to a hemispheric shape. The ZnO
NSs began to disappear as the TSC concentration was
further increased to 3.9 mM. This shape transition mechan-
ism of ZnO NSs on Si substrate is discussed later in the
context of surfactant-mediated growth by presenting the
schematics. Fig. 3(b) and (d) shows the EDS results of ZnO
NSs grown both with and without the addition of 2.6 mM
TSC. The EDS spectra of both types of ZnO NSs showed
only Zn, O and Si peaks without additional elemental peaks.
This suggests that no additional elements were incorporated
into the ZnO NSs when TSC was added to the main growth
solution. Therefore, ZnO NSs grown on Si substrate can be
controlled from a bundle of nanorods to a hemispherical
shape by varying the molar content of TSC.

Fig. 1. FE-SEM images of (a) and (b) the ZnO seed, (c) and (d) ZnO NS layers grown on n-Si (100) substrates without adding TSC. The arrow in the

figure indicates the center junction as discussed in the manuscript.
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Fig. 2. FE-SEM images of the ZnO NSs grown on #-Si (100) substrates with the TSC concentration of (a) and (b); 0 mM, (c) and (d); 0.65 mM, (e) and
(f); 1.3 mM, (g) and (h); 2.6 mM, and (i) and (j); 3.9 mM in the main solution.

Fig. 4(a) shows the XRD patterns of ZnO NSs grown on patterns of all samples showed characteristic wurtzite
Si substrates at different TSC concentrations ranging from patterns (JCPDS no. 36-1451) without other peaks. This
0 to 3.9mM during the main growth step. The XRD suggests that all ZnO NSs had a wurtzite crystal structure,
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Fig. 3. Enlarged images and EDS patterns of ZnO NSs with the TSC concentration of (a) and (b); 0 mM, and (c) and (d); 2.6 mM in the main solution.

even though the morphology differed according to the
TSC concentration. To investigate the effect of TSC
addition on the structural properties of ZnO NSs, the
integrated intensity and full-width at half-maximum
(FWHM) of the (002) peak was plotted as a function of
the TSC concentration, as shown in Fig. 4(b). The
integrated (002) peak intensity increased linearly with
increasing TSC concentration up to 1.3 mM and then
decreased with further increases in TSC concentration.
The FWHM of the (002) peak showed a low value for the
ZnO NSs at a TSC concentration between 1.3 and 2.6 mM.
The integrated (002) peak intensity reflects the area
fraction of the c-plane of the ZnO NSs. Therefore, the
increase in integrated (002) peak intensity with increasing
TSC molar content up to 1.3 mM could be attributed to an
increase in the area of the ZnO c-planes, as shown in
Fig. 2. With increasing TSC molar content to higher than
1.3 mM, the peak intensity decreased due to reduction in
the c-plane of the ZnO NSs. XRD confirmed that the
crystal structure of the ZnO NSs remained a wurtzite
structure as the area fraction of the (0001) plane varied.
Based on these structural investigations, Fig. 5 presents
a schematic diagram of the shape evolution of ZnO NSs
according to TSC concentration during the main growth
step. In detail, bundles of ZnO nanorods are formed in the
absence of TSC. The polar (0001) plane of the ZnO has a
relatively higher surface energy than the six nonpolar
{1010} planes. Therefore, ZnO grows preferentially along
the [0001] direction to form a nanorod bundle by mini-
mizing the exposed (0001) planes. The reaction involved in

the formation of ZnO NSs in aqueous ammonia solution
can be expressed as follows:

Zn(CH;COO0), - 2H,0 - Zn>* 4+ 2CH;COO0 ~ +-2H,0
NH,OH —»NH;+H,0->NH** + OH~

Zn** +NH;— Zn(NH;); "

Zn(NH;3); " +OH ™ - ZnO

The growth kinetics of a ZnO crystal depends on the
formation of hydroxide ions (OH ™) and Zn(NH3); . A
large amount of these ions produced by hydration of
aqueous ammonia during the initial stage causes rapid
growth resulting in the formation of twin boundaries that
act as a center junction for the ZnO branches, as
mentioned above [10]. When a small amount of TSC is
added, the bundle of ZnO nanorods merge together to
form large hexagonal crystals. TSC is an effective sup-
pressor of ZnO [0001] directional growth [10,11] and
generates bulky citrate ions when dissolved in aqueous
solution according to following reaction [10]:

[CeHsO,) ™ +H,0 > [C¢HsO-H]?~ +OH ™

The bulky citrate anions are adsorbed preferentially on
the polar Zn>* (0001) plane, thereby suppressing the growth
of ZnO perpendicular to this plane and enhancing growth
along the nonpolar {1010} planes [10]. When an intermediate
amount of TSC is present in solution, the citrate ions
enhance the lateral growth of each nanorod branch along



Y.-S. Lee et al. | Ceramics International 39 (2013) 3043-3048 3047

the six symmetry directions of < 1010> [14]. In this
manner, neighboring ZnO nanorods growing along the same
direction are merged together to form large hemispherical
ZnO NSs. Therefore, TSC acts as a surfactant for the ZnO
NSs and the shape evolution of ZnO NSs can be explained
based on a surfactant-mediated growth mechanism. How-
ever, when the TSC concentration was increased to 3.9 mM,
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Fig. 4. (a) Normalized 6 —26 XRD pattern of the ZnO NSs with various
TSC concentration in the main solution. (b) Integrated intensity and
FWHM of ZnO (002) peaks as a function of the TSC concentration in
solution.

Formation of
ZnO island seeds

the ZnO NSs gradually disappeared, as shown in Fig. 2(i)
and (j). This could be attributed to the increased pH of the
solution as well as the complexation of Zn>" ions with
citrate anions, which inhibit the hydrolysis of Zn>* ions [15].

Fig. 6 shows the PL spectra of the ZnO NSs at TSC
concentrations of 0, 1.3 and 2.6 mM. The PL spectra of all
samples exhibited two main emission peaks in the UV and
visible ranges, which correspond to the band edge emission
of ZnO and deep levels, respectively. The visible range
emission of the ZnO NSs can be attributed to radiative
recombination through point defects in the ZnO lattice, such
as oxygen vacancies, zinc vacancies, oxygen interstitials, zinc
interstitials, and anti-site defects [1,16,17]. The PL peak
positions of UV emission for the ZnO NSs were all 381 nm.
This suggests that the ZnO NSs were crystalline with a
wurtzite structure, similar to the XRD results. The ZnO NSs
grown with 1.3 mM TSC showed the highest deep level to
band edge emission ratio, whereas that grown with 2.6 mM
(ZnO hemisphere) showed the lowest ratio. This suggests
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Fig. 6. Room temperature PL spectra of the ZnO NSs with various TSC
concentrations in the main growth solution.

Fig. 5. Schematic diagram of the ZnO NSs formation with the variation of TSC concentration during the main growth solution. The scale bar in the

SEM image is 500 nm.
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that the crystalline quality of ZnO NSs was highest at a TSC
molar content of 1.3 mM. This can be attributed to ZnO
NSs being single crystals grown along the [0001] direction, as
can be inferred from the well-faceted six-side surfaces with a
hexagonal top facet of the ZnO NSs [12]. The decreased
band edge emission of the ZnO hemispheres can be
attributed to degradation of the crystalline quality of ZnO
NSs as can be inferred from the XRD and PL results.
Degradation of the crystalline quality of the ZnO hemi-
spheres can be attributed to the suppression of ZnO growth
along the preferred c-direction, resulting in defects and
incorporation of impurities into the ZnO NSs. These results
show that the morphology of ZnO NSs grown on Si
substrates can be controlled by varying the concentration
of additive TSC during hydrothermal growth.

4. Conclusions

In conclusion, we demonstrated a method for controlling
the morphology of ZnO NSs for the fabrication of hemi-
sphere structures. The ZnO NSs grown without addition of
TSC displayed a flower-shaped morphology consisting of
bundles of ZnO nanorods. With increasing TSC concentra-
tion to 2.6 mM, the ZnO nanorod bundles merged together
to form large hexagonal crystals, and the morphology of
ZnO NSs became hemispheric on Si substrate. Structural
and optical measurements showed that ZnO NSs were
crystalline ZnO with a wurtzite structure, and the crystalline
quality differed according to the TSC concentration. The
shape evolution mechanism of ZnO NSs could be explained
by a surfactant-mediated growth model. Overall, these
controllable ZnO NSs can be a promising multi-functional
novel architecture for advanced photovoltaic and optoelec-
tronic device applications.
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