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Growth of hierarchical ZnO nanostructures composed of ZnO nanoneedles have been achieved via
simple thermal evaporation process by using metallic zinc powder in the presence of oxygen at low
temperature of 460 �C on silicon substrate without the use of any kind of metal catalysts or addi-
tives. It is confirmed by detailed structural studies that the as-grown hierarchical nanostructures are
single crystalline with a wurtzite hexagonal phase and nanoneedles of these structures are grown
along the c-axis in the [0001] direction. The Raman-scattering analysis substantiates a wurtzite
hexagonal phase with a good crystal quality for the as-grown products. Room-temperature photolu-
minescence (PL) exhibits a strong UV emission at 380 nm confirming the excellent optical properties
of as-synthesized hierarchical structures. A plausible growth mechanism is also proposed to clearly
understand the growth process of the synthesized structures.
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1. INTRODUCTION

Among different metal oxide semiconductor nanostruc-
tures, the II-VI semiconductor zinc oxide (ZnO) is a key
engineering material on its own merits. With a wide band-
gap (3.37 eV), ZnO presents itself as one of the poten-
tial and important material for the fabrication of efficient
laser diodes, light emitting diodes, optical waveguides,
optical switches, and so on.1–4 Moreover, the high exci-
ton binding energy (60 meV) makes it a promising can-
didate for the room-temperature ultraviolet laser diodes.5

In addition to this, ZnO is highly applicable in vari-
ous high-technological applications due to its excellent
and marvelous properties such as chemical and thermal
stabilities, electronic and optoelectronic properties, large
saturation velocity, high-break down voltage, etc. The
applications such as surface acoustic wave filters, photonic
crystals, photodetectors, photodiodes, optical modulator,
gas sensors, chemical and bio-sensors, varistors, solar
cells, and etc. are all based on ZnO nanostructures.6–14

As a wurtzite hexagonal phase, ZnO also possesses non-
centrosymmetric structure hence exhibits a piezoelectric
nature which is a cardinal property for the fabrica-
tion of electromechanical coupled sensors, actuators and
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transducers.15–17 By exploring this piezoelectric proper-
ties, recently Wang discovered a nanogenerator which
were able to convert the mechanical energy into electric
energy.18 Including diverse properties and vast applica-
tions, the ZnO is a material that has wide morphological
diversity; hence it is believed that the ZnO is probably the
richest family of nanostructures among all materials, both
in structural and properties view point.19–25

Heretofore, variety of ZnO nanostructures have been
synthesized by using numerous fabrication techniques and
reported in the literature.25–34 In addition to common
1D morphologies, some hierarchical nanoarchitectures of
ZnO made by the assembly of 1D nanostructure are
also reported in the literature.35–39 Variety of hierarchical
ZnO nanostructures with 6-, 4-, and 2-fold symmetries,
nanobridges and nanonails were synthesized by Lao et al.
using the mixed powders of ZnO, In2O3 and graphite by
the vapor transport and condensation method at the tem-
perature ranges between 950–1000 �C.35–37 Nanopropeller
arrays of ZnO have been synthesized by Gao et al. via
two-step high-temperature solid-vapor deposition process
at the temperature of 1300 �C by using the mixtures of
ZnO, SnO2 and graphite.38 Hierarchical microbelts of ZnO
nanobowlin-pin arrays were synthesized by Shen et al. via
atmospheric pressure thermal evaporation process by using
the mixtures of metallic zinc powder, In and/or In2S3 as a
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source material at 900 �C.39 It was observed from the pre-
vious studies that to obtain the hierarchical nanostructures,
usually catalyst or additives with a high temperature and/or
low pressure is required. Consequently, there is a need
to develop a simple and effective method to grow these
types of hierarchical nanostructures with a high quality and
in a large quantity at low-temperature without the use of
catalyst or additives. Moreover, the reported hierarchical
nanostructures also exhibited a strong deep level emission
in the room-temperature PL spectrum which is related to
the structural defects and impurities of the correspond-
ing structures. Thus, it is important to have good optical
properties for the synthesized hierarchical nanostructures
to utilize them for the fabrication of efficient nanoopto-
electronic devices.

In this paper, we report the synthesis of hierarchical
ZnO nanostructures composed of ZnO nanoneedles on sil-
icon substrate via simple thermal evaporation process by
using metallic zinc powder in the presence of oxygen with-
out the use of any kind of metal catalysts of additives
at 460 �C. Importantly, the as-grown hierarchical struc-
tures are exhibiting a strong near band edge emission and
confirming the good optical properties and hence present-
ing themselves as effective candidates for the fabrication
of various efficient optoelectronic nanodevices in the near
future. In addition to this, due to the sharp and small tips
of the as-grown nanoneedles in the hierarchical structures,
these nanostructures can also be applied for the fabrication
of field emission devices, sensors, electromechanical cou-
pled devices, and etc. The obtained nanostructures were
examined in terms of their structural and optical proper-
ties and finally a plausible growth mechanism has been
proposed for the formation of these structures.

2. EXPERIMENTAL DETAILS

2.1. Growth of Hierarchical ZnO Nanostructures

The hierarchical ZnO nanostructures composed of
nanoneedles were grown via the simple thermal evapora-
tion process by using metallic zinc powder in the pres-
ence of oxygen without the use of any metal catalysts
or additives. In a typical reaction process: commercially
available 2.5 gram of high-purity metallic zinc powder
(99.99%) was put into a quartz boat and placed at the cen-
tre of the quartz tube furnace. High purity nitrogen gas
(99.999%) was also used as a carrier gas and to create the
inert atmosphere during the whole reaction process. The
substrates used in our experiments were bare silicon(111).
Before experiments, the substrates were treated for 10 min-
utes with the buffer solution to remove the native oxide
layer and keenly washed with de-ionized water, methanol,
and acetone, sequentially and finally dried with inert gas
(N2). After loading the sample, the chamber pressure was
down to 5 Torr using a rotary vacuum pump. For the
experiment, the furnace temperature was ramped to desired

growth temperature and high-purity oxygen (99.999%) and
nitrogen gases were continuously introduced into the reac-
tion chamber with the flow rates of 370 sccm (standard
cubic centimeters per minute) and 150 sccm standard cubic
centimeters per minute), respectively. The substrate tem-
perature, placed 2.5 cm away from source material, was
460 �C. The reaction lasted in 20–100 minutes. After the
growth process, the gray colored products were deposited
onto the whole surface of the substrate. These deposited
products on Si(111) substrate were examined in terms of
their structural and optical properties.

2.2. Characterizations of Hierarchical
ZnO Nanostructures

To determine the general morphologies of as-deposited
hierarchical ZnO nanostructures, the synthesized products
were examined by using field emission scanning electron
microscopy (FESEM). The detailed structural characteri-
zation was done by the transmission electron microscope
(TEM) and high-resolution TEM (HRTEM) containing the
selected area electron diffraction (SAED) patterns. The
crystallinity and crystal orientations of the as-grown hier-
archical nanostructures were determined by using X-ray
diffraction (XRD) pattern measured with Cu-K� radia-
tions (� = 1�54178 Å) in the range of 25–80 � at 40 kV.
Raman scattering and room-temperature photolumines-
cence (PL) spectroscopy with the Ar+ (513.4 nm) and
He-Cd (325 nm) laser line as the exciton sources, respec-
tively, were used to examine the optical properties of as-
synthesized hierarchical ZnO nanostructures.

3. RESULTS AND DISCUSSION

The general morphologies of the as-deposited structures
were examined by using field-emission scanning electron
microscopy (FESEM) and shown in Figure 1. The low-
magnification image of the grown hierarchical structures
is shown in Figure 1(a) which clearly exhibits that the
grown structures are hierarchical-shaped lying on the sub-
strate surface and grown in very high-density onto a large
area of the substrate. The typical diameters and lengths
of hierarchical structures are about 1.5–2 �m and sev-
eral tens of micrometers, respectively. The clear views
of the as-grown hierarchical nanostructures are shown in
Figures 1(b and c) which confirmed that the hierarchical
structures are composed of thin nanoneedles, grown at the
corners of the core ZnO wires/rods. Figures 1(d–f) exhibit
the high-resolution and very clear images of ZnO nanonee-
dles grown in the hierarchical structures. The obtained
ZnO nanoneedles show sharp tips and exhibiting a sym-
metrical and almost aligned arrangement at each corners
of core ZnO wires/rods. The average lengths and diame-
ters of each nanoneedle are 35±10 nm and 550±100 nm,
respectively.
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Fig. 1. (a)–(c) Low-magnification typical FESEM images of as-grown hierarchical ZnO structures; and (d)–(f) high-resolution FESEM images of
ZnO nanoneedles grown in the hierarchical ZnO structures. These hierarchical structures are grown on silicon substrate at low-temperature of 460 �C
using metallic zinc powder in the presence of oxygen by thermal evaporation process.

The crystallinity and phase identification of the as-
grown hierarchical ZnO structures have been ascertained
by X-ray diffraction (XRD) analysis measured with Cu-
K� radiation and shown in Figure 2. All the peaks in this
pattern can be indexed to pure wurtzite hexagonal phase of
bulk ZnO with the cell constants comparable to the already
reported values (Joint Committee on Powder Diffraction
Standards; JCPDS, Card No. 75-1526). The observed
diffraction pattern revealed that the obtained hierarchi-
cal ZnO structures are single-crystalline with the wurtzite
hexagonal phase. Moreover, no other peaks related to unre-
acted precursors and impurities are observed from the pat-
tern, confirming that the grown products are pure ZnO. In
addition to this, a peak at 34.2�, assigned as ZnO(0002),
is the strongest as compared to other ZnO peaks obtained
in the pattern confirming that the as-grown hierarchical
ZnO structures are preferentially grown along the c-axis

in (0001) direction. The detailed structural properties of
the as-grown hierarchical ZnO structures was examined by
using transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) equipped with the selected area
electron diffraction (SAED) pattern and shown in Figure 3.

Figure 3(a) shows the low-magnification TEM images
of the ZnO nanoneedles grown in the hierarchical ZnO
structures. This image is fully consistent with the FESEM
observations and clearly exhibits that the grown nanonee-
dles have smooth and clean surfaces throughout their
length and the diameters of root portion of the nanowires
are more as compared to their tips. The diameters of
the nanowires are gradually decreases with increasing
the length and finally needle-shape is formed. The typ-
ical diameter of their tips and roots are in the range
of 15–25 nm and 30–40 nm, respectively. The corre-
sponding selected area electron diffraction (SAED) pattern

J. Nanosci. Nanotechnol. 8, 1–6, 2008 3
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Fig. 2. Typical X-ray diffraction pattern for the as-synthesized hierar-
chical ZnO structures grown onto the silicon substrate by thermal evap-
oration process at 460 �C.

(inset (a)) of the subsequent nanoneedles shown in (a)
demonstrates that the grown products are single-crystalline
and grown along the c-axis direction in preference.

Figure 3(b) reveals the high-resolution TEM (HRTEM)
image of the corresponding nanoneedle shown in
Figure 3(a). The well-resolved interference lattice fringes
of about 0.52 nm have been observed which is an excel-
lent agreement with the lattice constant of single crys-
talline ZnO and indicates that the deposited materials
have wurtzite hexagonal structure and grown along the
[0001] direction. The corresponding SAED pattern (inset
3(b)), projected along the [21̄1̄0] zone axis reveals a well
defined, ordered diffraction pattern indicating very high
crystallinity (single crystal) with the c-axis growth direc-
tion of the grown ZnO needles. The SAED patterns are
fully consistent with HRTEM and XRD observations.

Fig. 3. (a) Low-magnification and (b) high-resolution TEM images of as-grown ZnO nanoneedles grown in the hierarchical ZnO structures. Inset (a)
and (b) exhibit the corresponding SAED patterns of the subsequent structures.

Since no metal catalyst or any other type of additive
was used during the synthesis of hierarchical ZnO struc-
tures and after the growth no metal particles or any other
type of impurity was observed on the tips of the grown
products, hence one can confirmed that the growth process
of hierarchical structures does not follow the vapor-liquid-
solid (VLS)18�29 mechanism but govern under the vapor-
solid (VS) mechanism.3�4�7�8�19�20 Actually, the growth of
hierarchical ZnO structures follows the two step process.
In which the first step involved the growth of core ZnO
wires/rods while the nanoneedles were formed around the
core wires/rods in the next step. Therefore, the possible
growth process of the hierarchical ZnO structures can be
understood as follows: primarily, during the heating pro-
cess, the source material metallic zinc powder (melting
point of zinc = 419.6 �C) was melted due to higher reac-
tion temperature and generated the zinc vapors which were
transported from the source boat to the substrates by the
nitrogen carrier gas. As can be seen from the FESEM
images that the core ZnO rods are formed by the accu-
mulation of many small ZnO crystals (Figs. 1(b and c)),
hence we believe that during growth at first step, the
growth of ZnO crystals occurs which later jointed each
other in such a manner that they made a rod like morpholo-
gies. These rods-like morphologies serve as core struc-
tures for the growth of final hierarchical morphologies. At
certain reaction time, the growth of rods-like morpholo-
gies made by ZnO crystals stopped and the outer surfaces
of wires/rods get nucleated. With prolonged reaction, the
initially formed ZnO nuclei, grown at the outer surfaces
of the cored wires/rods, develop to sizes larger than the
critical sizes and finally lead the formation of needle-
like structures via the self-catalytic growth process and
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finally hierarchical structures can be obtained.20 In addition
to this, structurally, the wurtzite hexagonal ZnO crystal is
composed of O2− and Zn2+ ions, arranged in a tetrahedral
manner and stacked alternatively along the c-axis direction.
Due to the polar nature of ZnO crystals, it has oppositely
charged ions, i.e., positively charged Zn–(0001) and neg-
atively charged O–(0001) polar surfaces which result the
net dipole moment and divergence in the surface energy.
It is reported that the growth of ZnO crystals is fastest in
the Zn-terminated (0001) surfaces, due to its self-catalytic
property, as compared to any other growth facets.20�31 Inter-
estingly, it was observed that the grown nanoneedles at the
outer surfaces of the core ZnO wires/rods follow the typical
and ideal growth habit of ZnO crystals and exhibit a growth
along the [0001] direction. This fact was also confirmed by
the HRTEM and SAED pattern (Figs. 2 and 3).

Due to sensitivity of Raman-scattering to crystalliza-
tion, structural disorders and defects in nanostructures,
Raman-scattering studies have been performed for the as-
grown hierarchical ZnO structures and shown in Figure 4.
With a wurtzite hexagonal phase, the polar ZnO belongs
to the C4

6V space group. According to the group theory,
near the centre of Brillouin zone there are following optic
modes: A1 + 2B1 + E1 + 2E2. In these optic modes, the
A1, E1 and E2 modes are Raman active while A1 and E1

are Raman and infra-red active both. Moreover, the A1

and E1 are split into two optical components: longitudinal
(LO) and transverse (TO).40 Figure 4 exhibits the typical
Raman-scattering spectrum for the as-grown hierarchical
ZnO structures. As can be seen from the spectrum that
a sharp and dominated peak at 521 cm−1 was observed
which is related with the silicon substrate. In addition to
this, one another sharp peak at 437 cm−1 was appeared
which can be assigned as optical phonon E2 mode, a char-
acteristic peak for the wurtzite lattice.3 Two very small
peaks positioned at 331 cm−1 and 378 cm−1 assigned to
be as E2H–E2L (multi phonon) and A1T modes, respec-
tively were also observed in the spectrum.3 Interestingly,

Fig. 4. Typical Raman-scattering spectrum of the as-synthesized hierar-
chical ZnO structures grown onto the silicon substrate by thermal evap-
oration process at 460 �C.

no peak for the E1L mode was found in the spectrum. Gen-
erally, it is believed that the appearance of E1L mode in
the Raman-scattering spectrum is related with the presence
of defects during the formation into the crystal lattices
of ZnO such as zinc interstitials and oxygen vacancies.30

As the grown hierarchical structures are exhibiting only a
sharp and strong optical phonon E2 mode and no E1L mode
was observed from the spectrum, hence one can conclude
that the as-grown hierarchical ZnO structures are highly
crystalline with the wurtzite hexagonal phase and contain-
ing no or very less structural defects.

The room-temperature photoluminescence (PL) mea-
surements were performed to know the optical properties
of the as-synthesized products. Figure 5 shows the typical
room-temperature PL spectrum of the as-grown hierarchi-
cal ZnO structures. A strong, sharp and dominated band
at 380 nm in the UV region and a very weak, suppressed
or almost negligible band in the range of 530–650 nm
in the visible regions have been observed. The UV emis-
sion is also called as the near band edge emission and
originated due to the free-exciton recombination while the
visible emission known to be as deep level emission gen-
erated by the impurities and structural defects such as oxy-
gen vacancies and Zn interstitials, etc. in the deposited
products.3�41 It is also reported that the crystal-quality of
the deposited ZnO structure have strong influence in the
appearance of high UV emission and therefore betterment
in the crystal quality (less structural defects and impuri-
ties such as oxygen vacancies and zinc interstitials) may
enhance the intensity of UV emission as compared to the
visible emission.3�41 Interestingly, in our synthesized hier-
archical ZnO structures, the UV emission is dominated
over the visible emission which confirmed that the grown
products have good crystal quality with very few struc-
tural defects and impurities and are exhibiting an excellent
optical properties. Due to good UV-optical properties of
as-grown hierarchical ZnO structures, these structures can

Fig. 5. Room-temperature photoluminescence (PL) spectrum of the as-
synthesized hierarchical ZnO structures grown onto the silicon substrate
by thermal evaporation process at 460 �C.
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be effectively used in the fabrication of efficient UV-based
optoelectronic nanodevices in near future.

4. CONCLUSION

Hierarchical ZnO nanostructures composed of ZnO
nanoneedles were grown via thermal evaporation by using
metallic zinc powder in the presence of oxygen. The
detailed structural studies of the as-grown structures reve-
aled that the synthesized products are single-crystalline
with the wurtzite hexagonal phase and preferentially
grown along the c-axis direction. Presence of a sharp and
strong optical phonon E2 mode at 437 cm−1 reveals the
single-crystallinity and wurtzite hexagonal phase for the
as-grown ZnO structures. A strong UV emission at 380 nm
has been observed in the room-temperature PL spectrum
which confirmed the excellent optical properties of as-
synthesized hierarchical ZnO structures. Due to good opti-
cal properties, the as-grown hierarchical ZnO structures
can be effectively used in the fabrication of efficient UV-
based optoelectronic nanodevices in near future.
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