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Abstract

Hexagonal ZnO nanorods have been selectively synthesized via vapor–solid process without gold catalysis on a pre-

coated ZnO buffer layer. The presence of nanometer-sized pits or hills on the surface of ZnO buffer layer provides

nucleation sites to which the zinc vapor is transferred and condensed. Followed by immediate oxidation the ZnO

nanorods were grown on the buffer layer. Contrarily, the SEM images hardly show growth of irregular ZnO

nanometer-sized products on the bare sapphire substrate. Besides a strong ultra-violet emission at 3.26 eV observed at

room temperature, the coupling strength of the radiative transition to LO-phonon polarization field was deduced in use

of the Huang–Rhys factor from low temperature photoluminescence spectra to show that single crystalline ZnO

nanorods.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

One-dimensional (1D) semiconductor nanos-
tructures, such as nanorods and nanowires, have
become important fundamental building blocks
for nanophotonic devices and offer substantial
promise for integrated nanosystems [1,2]. Nanor-
ods of various compound semiconductors includ-
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ing InP, GaAs, and GaP have recently synthesized
in several research groups [3–5]. Much attention
recently has been paid to the nano-structured
materials such as ZnO and GaN which radiate
ultraviolet (UV) emission. Especially, since ZnO
has a wide bandgap of 3.37 eV at room tempera-
ture, high mechanical and thermal stabilities, and
much larger free exciton binding energy (60meV)
than that of GaN (25meV), it ensures an efficient
excitonic emission up to room temperature.
Recently, UV lasing for ZnO nanowires has been
demonstrated by Huang et al. [6]. It is expected
that a lower threshold optical pumping density
d.
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for lasing is due to the carrier confinement effect
in 1D nanowires. Therefore, it has great poten-
tial applications for short wavelength photonic
devices.
Various methods have been developed in

synthesizing ZnO nanorods [7–13]. Previous
effort in synthesis of high-quality ZnO rods
had employed high-temperature process such as
vapor–liquid–solid (VLS) mechanism, in which a
metal liquid droplet acts as an active catalyst [14].
In this method, the growth temperature were
maintained beyond 800�C and the nanorods were
randomly grown on substrates. However, to
establish an applicable process for the integrated
photonic devices, one may have to develop a
relatively low temperature and selective growth
method for growing desired structures on the
patterned templates. In this work, we demon-
strated the possibility of the selective growth of
ZnO nanorods on patterned ZnO buffer layer. The
selectivity of ZnO naorods grown on low-tem-
perature pulsed laser deposition (PLD)-film was
significantly enhanced as compared with those
directly grown on c-plane sapphire. The growth
mechanism is discussed and the origin of the
emission at low-temperature luminescence is also
analyzed.
2. Experimental procedure

A high yield of ZnO nanorods were fabricated
by the following procedure. The ZnO buffer layer
was grown on c-plane sapphire by PLD technique
at deposition temperature of 500�C in different
oxygen pressure of 10�4, 10�3 and 10�2 Torr. A
ceramic ZnO target (99.99%) was ablated in a
vacuum chamber using a KrF excimer laser with
wavelength of 248 nm and pulse duration of 25 ns.
A metal grid as a mask covered on part of the
substrate was used to pattern the ZnO film. The
preparation of ZnO nanorods was preceded by a
low pressure chemical vapor deposition system
(LP-CVD) with a quartz tube of 2 in in diameter,
which was mounted inside a 120 cm long tube
furnace. A powder mixture of pure ZnO powder
(99.9%) and zinc metal powder (99.9%) was
placed in an alumina boat as the starting materials.
The boat was positioned in the center of the quartz
tube and the substrate was placed 5 cm down-
stream from the mixed powder. After the system
was evacuated to a pressure of less then 10Torr by
a mechanical pump, high-purity argon gas was
introduced into the system with a flow rate of
30 sccm. Then the furnace temperature was in-
creased to 500�C and maintained for 30min while
the experiment proceeded. After the system had
been cooled to the ambient temperature, a gray-
white colored product was found deposited on the
substrate and the wall of the tube close to the low-
temperature end of the furnace. The morphology
and crystal structure of the products were char-
acterized by atomic force microscope and field
emission scanning electron microscope (FESEM;
LEO 1530). The photoluminescence measurement
was made using a 20mW He-Cd laser at wave-
length of 325 nm and the emission light was
dispersed by a TRIAX-320 spectrometer and
detected by a UV-sensitive photomultiplier tube.
A closed cycle refrigerator was used to maintain
the measurement temperature at 6K.
3. Results and discussion

Fig. 1 displays the atomic force microscope
topography of a ZnO buffer layer with the oxygen
pressure of 10�2 Torr. It is seen that the film
surface was non-uniform and with an average
roughness of 1.3 nm. Presented in Fig. 2 is the
SEM photograph of the nanorods grown on ZnO
buffer layer with the oxygen pressure of 10�2 Torr.
High yield of the nanorods were observed on ZnO
buffer layer (left-hand side of the figure) but rare
nanorods were observed on the other part of the
sapphire substrate, where it was covered by the
metal mask during the growth of ZnO buffer layer.
The SEM-photograph shown in Fig. 3(a) is a
magnified section of high yield ZnO nanorods, as
can be seen, nanorods are well-defined hexagonal
crystals with diameters of around 100–300 nm and
lengths up to 3 mm. Fig. 3(b) shows the Energy-
Dispersive X-ray (EDX) spectrum of this section,
which indicates that the nanorods contain only Zn
and O elements and notably no other elements are
detected.
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Fig. 2. SEM image of the ZnO nanorods showing two different

positions.

Fig. 1. AFM image showing the morphologies of ZnO buffer layer grown on a sapphire (0 0 0 1) substrate.
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The formation of ZnO nanorods includes two
steps: nucleation and growth. For the conven-
tional VLS process, metal catalyst such as gold is
necessary to form the liquid metal–alloy droplets
and the nanorods are grown through condensation
of the source metal from the supersaturated liquid
metal–alloy droplets followed by immediate oxida-
tion. Since there are no metal catalysts involved
in the growth process, no droplets were found
at the ends of nanorods, which is the main feature
of the VLS mechanism, the growth mechanism is
not based on VLS but it is likely governed by
vapor–solid process [15] or the so-called self-
catalyzed VLS process [16]. As shown in AFM
topography in Fig. 1, the presence of pits or
hills with nanometer order on the surface of
ZnO buffer layer may provide nuclear seeds for
the thermally evaporized Zn atoms to condense
onto the substrate [17]. Thus, the already con-
densed Zn not only acts as the seed but also
provides an energetically favorite site for adsorp-
tion of oxygen.
It has been demonstrated that the morphology

of the crystals is related to the relative growth
rates of various crystal faces that bound the
crystal; these growth rates are not only deter-
mined by the internal structure of the crystal but
also affected by the growth conditions [18]. The
SEM image in Fig. 2(a) indicates that the
growth rates of the directions /0 0 1S, /1 0 1S,
and /1 0 0S of the ZnO crystal have the relation-
ship of R/0 0 1S>R/1 0 1S>R/1 0 0S. The anisotro-
pic growth of the crystal causes formation of high
aspect-ratio ZnO nanostructure and the ZnO
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Fig. 3. (a) A typical high magnification SEM image to show

shapes of ZnO nanorods and (b) EDX pattern of the ZnO

nanorods.
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Fig. 4. 3D ZnO structures with several nanorods.
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nanorods are preferentially oriented along the
c-axis with prismatic morphology on their tops.
On the other hand, there are only very few

nanorods on the bare sapphire. This is due to the
smooth surface that may not serve as a nucleation
site, Zn vapor is hardly condensed on the clear
sapphire surface as compared with on the rough
ZnO buffer layer. This result is consistent with the
previous report on ZnO nanorods growth by
MOVPE method [11] that a thin ZnO buffer
grown at low temperature is a key factor for their
growth method. Hence, according to the VS axial
growth mechanism, pre-coated ZnO buffer layer is
preferential to grow ZnO nanorods.
Fig. 4(a) and (b) displays an assembly of ZnO

nano-homojunctions formed on several nanorods
on the different morphology of buffer layer. If the
surface of the nanorods is rough and the concen-
tration of Zn reaches the critical vapor pressure,
then the nano-branches will grow from the nano-
valley on the surface of the nanorods. This growth
mechanism of ZnO branch may be similar to the
growth of self-catalyzed nanorods and is analo-
gous to Jian’s finding on SnO2 nanodendrites
[19]. They found the morphologies of the SnO2
nanowires change under different oxygen gas flow.
Unfortunately, we are still not able to completely
control the growth conditions to obtain the desired
types of ZnO branches.
The typical room temperature PL spectrum (see

Fig. 4) of the ZnO nanorods shows besides a
sharp emission located at 3.26 eV, which corre-
sponds to the recombination of free exciton,
another broad emission centered at 2.55 eV, which
is attributed to excess Zn (or oxygen vacancy) or
surface state emission. It is not surprising to
observe free exciton emission at room temperature
due to its large exciton binding energy (60meV) as
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Fig. 5. The room temperature PL spectrum of the ZnO

nanorods.
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Fig. 6. The near-bandedge emission of the ZnO nanowires

measured at 6K. The inset shows the wide-range PL spectrum.

Table 1

The data of S factor associated with different excitons in ZnO

nanorods and epilayer

S factor associated

with D�X

S factor associated

with FX

ZnO nanorods 0.044 0.325

ZnO epilayer 0.0136 0.186
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aforementioned. Shown in Fig. 5 is a near-band
edge PL spectrum of ZnO nanorods measured at
6K. Several sharp peaks observed in the range of
3.0–3.45 eV were attributed to the exciton-related
recombination. The inset in Fig. 6 shows the wide
range PL spectrum of ZnO nanorods. The features
of the PL spectrum can be also classified into two
categories: near band-edge emission and deep-level
emission, which is relatively weak. The near band
edge emission of the ZnO nanorods is dominated
by the bound exciton peak at 3.370 eV, similar to
the previous report [20], due to recombination of
excitons bound to donors or acceptors, as depicted
in Fig. 6. Since the as-grown ZnO thin film is
generally n-type, the bound exciton peak is most
likely related to the excitons bound to the neutral
donors (D�X), even though the origin of the donor
level remains a controversial issue [21–23]. On the
high-energy shoulder of the D�X peak, the free
exciton A transition (FXA) is observed at
3.383 eV, representing no evidence of quantum
confinement as presented in an earlier report in
which the diameter of the wires greatly exceeded
20 nm. A weaker structure at even higher energy
represents the FXA (n ¼ 2) at 3.425 eV. Generally,
in II–VI semiconductors, the binding energies of
neutral–donor–exciton complexes are smaller than
those of excitons bound to neutral acceptors.
Thus, the emission labeled A�X most probably
belongs to the acceptor–exciton complexes [24].
On the lower energy side of the exciton peaks, the
phonon replicas of both FXA at 3.322 eV and
D�X at 3.298 eV are identified with the relative
energy shift from the exciton peaks by an LO
phonon energy, respectively. The higher order LO
phonon replicas (up to the fifth-order replica of
FX) were also observed. In the Franck–Condon
model, the coupling strength of the radiative
transition to the LO-phonon polarization field is
characterized using the Huang–Rhys S-factor [25].
The relative intensity of the nth phonon replicas
(In) is related to the zero-phonon peak (I0) by the
S-factor as

In ¼ I0ðSne�S=n!Þ; n ¼ 0; 1; 2; y : ð1Þ

From the measured spectra, the S-factor asso-
ciated with D�X is estimated to be approximately
0.044, but the S-factor associated with FXA is
around 0.325, which is much higher than that for
D�X. It is expected that the coupling of the FXA
to the 1LO phonon is stronger than that of D�X
due to larger binding energy of FXA exciton,
which is closer to the LO phonon energy (72meV),
as compared with D�X exciton [26]. Table 1 shows
S-factors of the ZnO nanorods and epitxial layer.
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It is found that S-factor of the nanorods is more
than two times larger than that of the epilayer. It
indicates that the strong exciton–phonon interac-
tion in nanorods and thus reducing structure size
seems to enhance the probability of exciton–
phonon scattering.
4. Conclusions

We have demonstrated the possibility of selec-
tive growth of ZnO nanorods on a low temperature
grown ZnO buffer layer. The vapor–solid mechan-
ism is responsible for this selective growth of the
ZnO nanorods. Although no apparent quantum
confinement was observed in these samples from
the PL spectra, both of strong edge-emission and
phonon-assisted exciton emission in nanorods
from low temperature PL spectrum shows good
crystalline quality of the grown samples. This low
temperature growth technique not only provides a
convenient way to grow 1D-ZnO nanostructures in
large-area but also opens up an opportunity for
fabricating ZnO nanorod-based devices on various
low temperature endurance substrates.
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