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ZnO nanostructures of different morphologies were grown in a controlled manner using a simple
low-temperature hydrothermal technique. Controlling the content of ethylenediamine (soft surfactant) and
the pH of the reaction mixture, nanoparticles, nanorods, and flowerlike ZnO structures could be synthesized
at temperatures 80100 °C with excellent reproducibility. High-resolution electron microscopy revealed the

well crystalline nature of all the nanostructures with preferential growth along the [002] direction for linear
structures. Photoluminescence spectra of the as-grown nanostructures revealed oxygen-vacancy-related defects
in them, which could be reduced by air annealing at 260 Possible mechanisms for the variation of
morphology with synthesis parameters are discussed.

Introduction TABLE 1: Synthesis Parameters and Morphology of
I a
Semiconductor nanostructures with controlled dimension and Different ZnO Nanostructures
morphology are critical for the fabrication of optoelectronic sample En  pH pH morphology

devices. Among the promising optoelectronic semiconductors, znO-1 10% 8.6 11.0 elongated nanoparticles
ZnO with a direct wide band gap (3.37 eV) and large excitation ZnO-2 10% 9.0 11.0 flower like nanostructures

binding energy (60 me\d,is one of the most important 228'2 18(0)? 18-8 i%-g :zﬂgmggggggﬂz 2228;832
. . Ly e . . - (1] . .
functional materials exhibiting near-UV emissidrgas and ZnO-5 10% 11.0 12.0 homogeneous nanorods of high aspect ratio

piezoelectric sensing} and has potentials for fabrication of 7n0.6 5% 86 11.0 inhomogeneous nanorods

several other functional nanodevices. ZnO-7 5% 9.0 12.0 homogeneous nanorod bundles
Several high-temperature growth techniques such as vapor-ZnO-8 5?) 10.0 12.0 homogeneous nanorods with low aspect ratio
phase transport (VP P)yapor-liquid—solid (VLS) growth10-13 Zn0O-10 5% 8.6 12.0 defective nanoparticles, short nanorods, and

. . . rectangular nano-sheets
vapor-phase epitaxdf, template-assisted growth,along with g

some low-temperature growth techniques such as chemical *All of the sample were synthesized between 80 and ID0with
reactions from aqueous solutiols28 and electrochemical ~ 2 N reaction time.

technique¥’*® have been used for the synthesis of ZnQ into a double-neck 100-chround-bottom flux. The pH of the
nanostructures. Generally, the growth of nanostructures requireS, ater and En mixtures were 13.5 for 10% En and 12.0 for 5%

complicated equipments, if epitaxial techniques are used and/En_ Zinc acetate dihydrate [(GBOORZn-2H,0] (Baker)

or tellab_orate dprﬁpar_atl?n of t_source and slubs_trazﬁ mag%réals Ifcrystals were added to the solvent until a desired pH is reached
calalysis and chemical reactions are Involve In the protess. (Table 1) under vigorous agitation. After dissolving the zinc

::a}]alyst-fre.e thler mal fvaporatlon I‘?r tth;: S|mtple chgrrr::cbal acetate completely, sodium hydroxide (99%, Aldrich) pellets
tﬁc nl(lqut_es Tvot\h/mg no man;t/ comp |ca§ éeac |onts mltg € were added to the mixture to increase the pH of the mixture to
€ solution for the easy way 1o prepare £nO nanostructures N 5 yegjred value (Table 1). The mixtures were heated and kept

large scale. between 80 and 108C for 2 h under steering. After cooling

In tl‘;IS v;/ork, Wihrgpf?rt Ort' the clg)nltro!led synthe3|_s o1|‘ ZInO the mixtures to room temperature under steering, the white
nanostructures with direrent morpnologies using a simple low- precipitates formed at the bottom of the reaction flux were

temperature hydrothermal technique. Nanoparticles, nanor.oqs’filtered and washed several times by deionized water and dried
nanoflowers, and rectangular nanostructures of good crystallinity at room temperature
and composition were synthe5|ze(_j at low temperatures (80 Morphology of the samples were studied by a scanning
1(.)0 C) W|thSEe'\>/<Ice;I(ent Le_fp;rodtl_mblll;)'gDScan dnltng eIe_ctr_on electron microscope (JEOL JSM 5600LV, with Noarn analytical
nrlcrtoscop)_/( ): '_Ir_aéyM ! raé; '%n t( | .)’ an ransgll_silonh system attached) after dispersing them in water and spreading
electron mlcroscc()jpty( h ) atln 1P 310 umlnelscence (PL) tech- them on gold-coated stainless steel substrates. Monochromatic
niques were used to characterize the samples. Cu Ko radiation from a Phillips (X'Pert) diffractometer was
Experimental Section used for recording the diffraction pattern of the samples. A JEOL
In a typical synthesis process, 80 twf water and ethyl- FE(_B 2010 ngTem ele_ctron microscope with 1.9-,& resolution
enediamine (En) mixture (5 or 10 volume % of En) was poured (POint to point) and high-angle annular dark-field detector
- attached was used for the fine structure study of the samples.
. .*T.fo WTJO”‘ correqui%%nggzszhzoguslcélge addressed. E-mail: upal@ A 210-nm radiation from a Ti:Sapphire laser (2 mW average
D eraien itacmn o packia. beam power, focused to a 200-nm spot on the sample) was used
* Universidad Nacional Alttoma de Mgico. for the room-temperature PL measurements.
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Figure 1. Typical SEM micrographs of the samples (a) ZnO-1, (b)
ZnO0-2, (c) ZnO-5, and (d) ZnO-10 with distinct morphologies. The
scale bars in the micrographs represemni

Results and Discussion

In Figure 1, the SEM micrographs of four typical samples
with distinct morphologies are presented. While the Figure 1la
shows the formation of ZnO nanoparticles of about 125 nm
average size, formation of flowerlike nanorod bunches, uniform
nanorods of about 170 nm average diameter ang®.average
length, and particles with small nanorods can be observed in
parts b, c, and d of Figure 1, respectively. While all these

Pal and Santiago

when the growth parameters were kept unchanged. However,
the size of the nanostructures could be varied to some extent
by varying the reaction time. Though the real mechanism of
formation of such morphologies is debata®te?® we believe
that, by changing the initial and final pH of the reaction mixture,
we varied the rate of nucleation and growth evéata/hen the
difference between the initial and final pH values is high, the
nucleation rate is high; the formation of nanoparticle occurs at
a faster rate and the supply of the precursors impinging on the
particle surface ceases quickly. While the difference between
the initial and final pH values is low, the nucleation rate is slow
and the patrticles reaches to their critical size under the steady
flow of precursors. When the area of c-face in the particle
becomes larger than the critical size for island nucleation, further
nucleation occurs on it and the process repeats to form nanorod
structureg® For the intermediate difference in pH values, the
nucleation rate is moderate and an anisotropic columnar growth
may proceed by repeated nucleation and epitaxial growth at the
top and side faces of the initial wurtzite structére.

In Figure 2, the XRD spectra of the nanostructures synthe-
sized at different initial and final pHs are presented. We can
observe the formation of well crystalline hexagonal ZnO for
all the samples, while the crystallinity of the samples increased
on reducing the difference between the initial and final pH of
the reaction mixture (as indicated by the increase of the XRD
peak intensities). All the XRD peaks were indexed (Figure 2),
and they agreed well with the standard ZnO of hexagonal
structure (JCPDS 89-1397). Our EDS results revealed excellent
stoichiometry for all the samples.

structures were synthesized almost at the same reaction tem- Figure 3 shows the high-resolution electron microscopy

perature and either with 10% or 5% En contents, the pH and
reactant content in the reaction mixture were different. It is
important to mention that the structures were well reproducible
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(HREM) images of the samples ZnO-1 and ZnO-5 along with
their fast Fourier transforms (FFTs). The ZnO-1 sample, with
nanoparticle morphology in SEM, revealed oval-shaped particles
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Figure 2. XRD patterns of the ZnO nanostructures grown with (a) 10% En and (b) 5% En. See sample details in Table 1.



Morphology of ZnO Nanostructures J. Phys. Chem. B, Vol. 109, No. 32, 20086319

and some fiberlike planer structures of abouurh average
length. While most of the crystalline conical nanorods of
homogeneous mass distribution (as observed from their HAADF
images) grow along the [002] direction (Figure 4b), some of
them grow along [101] (Figure 4c and 4d). On the other hand,
the fiberlike planar structures revealed stacked layer configura-
tions, where the stacking process is not always perfect, generat-
ing a rotation between the layers (Figure 4f). These fiberlike
structures grow along [002] direction and produce Moire’s
fringes due to relative rotation of the stacked layers (Figure 4f).

The sample Zn0O-10, synthesized with maximum difference
between the initial and final pH values, produced nanostructures
of several morphologies: nanoparticles of-3® nm diameter,
small conical nanorods, and rectangular sheets (Figure 5). As
in the case of ZnO-2, the planar structures consist of several
stacked layers with faceted morphology. While the crystalline
nanorods and nanosheets grow in wurtzite structure along [002]
direction, surprisingly, the spherical particles grow in cubic
phase. Moreover, most of the particles have etched-like central

Figure 3. (a) Conventional TEM micrograph of sple zo-1 parts containing stacking faults (Figure 5c). The lattice param-
revealing oval and rodlike morphologies; (b) HREM micrograph of a eters for these nanoparticles are estimated to be 2.8 and 1.98

rodlike structure of sample ZnO-1; (c) conventional low magnification A, correspond to the (111) and (211) planes of cubic ZnO
TEM and HAADF images of sample ZnO-5, showing one-dimension (JCPDS 78-1124). As the sample was synthesized with highest
structures of few micrometer lengths; (d) HREM micrograph of a difference between the initial and final pH values, we believe
nanorod of sample ZnO-5. The FFT of the corresponding HREM the nycleation and growth rate was fastest among the samples,
micrographs are shown as insets. causing a thermodynamically unstable condition for the growth
of nanostructures of any particular morphology apart from

TEM images (Figure 3a). While most of the nanoparticles gen_erating stacking faults and strain fringes (Figure 5b) oc-
revealed single-crystal structure (Figure 3b) with [002] growth Ccasionally.
direction, a few of them oriented differently. In the case of the  In Figure 6, the representative PL spectra of the samples are
ZnO-5 sample, synthesized with lower pH difference, all the presented. In general, the room temperature PL spectra of all
rodlike nanostructures are of single crystal in nature and grown the as-grown and annealed samples revealed similar features.
along the [002] direction. Estimated lattice parameter along the There appeared one sharp emission band at about 384 nm,
c axis for all the samples was 5.22 A, which is very close to generally assigned as a near-band-edge (NBE) emission band,
the lattice parameter of single-crystal wurtzite ZnO (5.206 A), and another broad deep-level emission band extending from 450
indicating a very low level of strain in the nanostructures. to 650 nm. The position of the NBE emission band in our
In Figure 4, the TEM micrographs of the ZnO-2 sample are nanostructures agrees well with the reported value for the
presented. For this sample, the growth kinetics revealed thenanowires grown by thermal evaporati&rOn annealing in air
formation of flowerlike structures consisting of conical nanorods at 250°C for 1 h, while the intensity of the NBE band increased

along with some rodlike structures in the low magnification

Figure 4. (a) Typical low-magnification HAADF image of ZnO-2 sample, showing flowerlike morphology; (b) HREM image of the tip of a
conical nanorod grown along [002]; (c) lateral view of HREM image of a conical nanorod grown along [101] with its FFT; (d) HREM image of
the tip of a nanorod grown along [101] with its FFT; (f) stacked layers (marked by arrows) growth of a planer nanostructure, showing rotation
between the crystalline stacked layers. The Moire’s patterns produced by such relative rotation are shown by dotted arrows.
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Figure 5. (a) Typical low-magnification HAADF image of ZnO-10 sample showing dense nanostructures of different morphologies; (b) short

conical nanorod with spherical nanoparticles; (c) HREM image of a typical conical shape nanorod grown along [002]; (d) typical HREM of

nanoparticles with etched-like center; (e) magnified HREM image of the same nanoparticle showing staking fault (dotted arrow); (f) HREM image
of a nanoparticle showing lattice parameter of cubic phase. In d and f, the FFTs of the corresponding HREM images are shown in insets.

6x10° complexes. The evolution of these bands on thermal annealing
in oxygen atmosphere is under study.

- " Conclusions
h annealed at 250°C

I In conclusion, we could develop a simple low-temperature
—~ ax10° — o hydrothermal method to synthesize single crystalline, hexagonal
5 o ZnO nanostructures with different morphologies. By controlling
o the initial and final pH of the reaction mixture, ZnO nanostruc-
[ tures of different morphologies could be grown through control-
D) ling the nucleation and growth rates. The 1D nanostructures
D grow preferentially along the [002] axis with low strain. The

Py unannealed crystal quality of the nanostructures could further be improved
[ through reduction of strain and deep-level defects by annealing
b them in air. Though several low-temperature chemical or
1, ) hydrothermal synthesis of ZnO nanowires and nanoparticles
! \ have been reported recentf83537 our low-temperature
synthesis method allows to synthesize ZnO nanostructures of
several morphologies in a controlled manner.
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Figure 6. PL spectra of sample c (ref Figure 1) before and after thermal
annealing at 250C for 1 h inair.

drastically without changing its position, the intensity of the
broad deep-level emission band reduced, indicating a reduction
of strain and deep-level defects on annealing, respectively.
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