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Abstract

A low-temperature synthetic route was used to prepare well-aligned arrays of oriented ZnO nanorods on organic

substrates coated with polystyrene beads (PS) in an aqueous solution. The corresponding growth behavior and

photoluminescence properties of ZnO nanorods were analyzed. It was found that the ZnO nanorods are initially

nucleated from the ZnO monolayer under the concave regions of the PS layers and preferentially grown along [0 0 0 1]

direction. High-resolution transmission electron microscopy (HRTEM) observation reveals that the ZnO nanorods

tend to coalesce together with other adjacent nanorods to form a larger ZnO crystal in the later growth stage. The

room-temperature photoluminescence spectra demonstrate that a stronger ultraviolet (UV) emission with a broad

yellow emission around 575 nm was observed for the ZnO nanorods grown on the organic substrates and the relative

intensity ratio of ultraviolet emission to yellow emission depends on the growth periods of time. This simple approach

demonstrates great potential for optoelectronic devices because it can produce large-scale highly well-aligned ZnO

nanorods on the flexible organic substrates at lower temperatures.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

One-dimensional ZnO nanostructures have been
extensively studied for their potential applications
e front matter r 2005 Elsevier B.V. All rights reserve
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in manufacturing electronic and optoelectronic
devices [1–3]. The ZnO nanorods have been
thought of as the most suitable for ultraviolet
(UV) laser devices because of their wide direct
band gap of 3.37 eV and a relatively large exciton
binding energy of 60meV [4]. Furthermore, many
reports have demonstrated that directionally
grown ZnO nanorods can effectively decrease the
d.
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threshold power to achieve the UV lasing emission
at room temperature [5–7]. A variety of methods
have been employed, including vapor phase
transport [6], metal-organic chemical vapor de-
position (MOCVD) [7], thermal decomposition [8]
and hydrothermal synthesis [9]. However, those
are expensive and energy-consuming processes
since they are operated under extreme conditions.
Recently, many wet-chemical approaches have
been developed to prepare oriented arrays of
ZnO nanorods on polycrystalline (or single crys-
talline) substrates from aqueous solutions [10–15].
However, it is worth noting that without suitable
treatment on the Si substrate, highly oriented ZnO
nanorods have been rarely achieved.

Recently, Choy et al. [16] and Tian et al. [17]
used ZnO nanoparticles as seeds to grow the large-
scale and well-oriented ZnO nanorods on Si
substrates from chemical solutions. However, it
is potentially important to synthesize 1D nano-
scale materials on organic substrates in the
applications of flexible display and photoelectronic
devices. Although the growth of ZnO nanowires
on a flexible two-inch polydimethylsiloxane sub-
strate has been reported by Greene et al. [18] the
substrate with a network of microscale cracks was
observed. So far, to the best of our knowledge,
there has been no further and systematical
investigation on the nucleation and growth beha-
vior of ZnO nanowires grown on organic sub-
strates in an aqueous solution at a lower
temperature.

In this work, an organic substrate with poly-
styrene beads (PS) coated will be used for the
growth of well-aligned arrays of oriented ZnO
nanorods in aqueous solutions at low tempera-
tures. Both nucleation mechanism and growth
behavior of oriented ZnO nanorods will be
investigated. In addition, photoluminescence (PL)
properties of the ZnO nanorods on the organic
substrates are also discussed in this study.
2. Experimental procedure

To grow the ZnO nanorods on organic sub-
strates (polycarbonate, PC), regular polystyrene
beads (PS) (diameter around 100 nm) were dis-
solved in ethanol solvent and then deposited on
the substrates following the process proposed by
Xia et al. [19]. The PS-coated organic (PC)
substrates were then placed in glass bottles
containing an equimolar (0.04M) aqueous solu-
tion of Zn(NO3)2 � 6H2O and hexamethylenetetra-
mine (HMT) at 75 1C for different times (0–25 h).
After that, the substrates were removed from the
aqueous solutions, rinsed with distilled water, and
dried at room temperature overnight. Moreover,
in order to understand the nucleation of the ZnO
nanorods on the organic substrate, the PS beads
can be removed by immersing the samples in
toluene. The obtained ZnO nanorods were char-
acterized by field-emission scanning electron mi-
croscopy (FE-SEM) using JAM-6500F and a
transmission electron microscope (TEM) with
Philips TECNAI 20. PL of the ZnO nanorods
was performed by excitation from a 325 nm
He–Cd laser at room temperature. The chemical
compositions were examined by X-ray photoelec-
tron spectroscopy (XPS).
3. Results and discussion

Fig. 1(a) shows the surface image of large-scale
arrayed ZnO nanorods grown on the polystyrene
beads (PS)/polycarbonate (PC) substrates. It was
found that the ZnO nanorods have a well-defined
hexagonal plane with a homogeneous diameter of
approximately �60 nm due to uniform growth
rate. The cross-sectional SEM image in Fig. 1(b)
demonstrates that the ZnO nanorods are direc-
tionally and densely grown over the entire PS
surface of the substrates. Furthermore, it was
noted that the well-aligned ZnO nanorods in
Fig. 1(c) remained unchanged after the removal
of the PS beads from the specimen fabricated using
the same conditions as Fig. 1(b). This implies that
the PS layer can supply the appropriate environ-
ment for the nucleation and growth of ZnO
nanorods.
To understand how the well-aligned ZnO

nanorods were developed on the organic sub-
strates, the samples were grown at 75 1C for
different periods of time. The initial stage
(to0:5 h) can be considered as the induction time
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Fig. 1. SEM images of large arrays of oriented ZnO nanorods

grown on polystyrene (PS)/polycarbonate (PC) substrates for

8 h. (a) Low magnification, face-on view. (b) Cross-sectional

SEM image of ZnO nanorods grown on PS/PC substrates. (c)

SEM image of ZnO nanorods grown on PS/PC substrates after

removing the PS beads.
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Fig. 2. SEM images of ZnO nanorods grown on PS/PC

substrates at 75 1C for (a) 1 h and (b) 5 h. (c) High-resolution

TEM image of the ZnO nanorods grown on organic substrate.

(d) High-resolution TEM image of the interface region between

ZnO nanorods and ultra-thin ZnO monolayer on PC substrate.
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during which an ultra-thin monolayer was slowly
generated under the PS beads. However, it was
difficult to observe the ultra-thin monolayer by
SEM, but this layer can be justified to be ZnO by
X-ray photon spectroscopy (not shown here) after
removing the PS beads. Later, in the second stage,
the ZnO nanorods started to nucleate from the
concave regions of the PS layers as evidenced from
Fig. 2(a). It was believed that the promotion of
heterogeneous nucleation on the concave regions
may be ascribed to the high affinity of the ZnO
nuclei to the ZnO layer under the PS beads. To
investigate the nucleation behavior of the aligned
ZnO nanorods, high-resolution TEM (HRTEM)
was used to study the interface between ZnO
nanorods and ZnO monolayer (�5 nm thicker)
after removing the PS beads. Fig. 2(d) illustrates
that the ZnO nanorods are preferentially nucleated
on the concave region from ZnO monolayer. A
similar phenomenon has been observed for the
aligned ZnO nanorods grown on the Si substrates
buffered with ZnO film [17,20]. After nucleation,
in the third stage, a preferential growth along the
longitudinal direction (c-axis) for the oriented
ZnO nanorods was expected because the ZnO
growth unit (or coordination polyhedron) will
stack in order and grow along [0 0 0 1] direction as
observed in Fig. 2(c). The lattice fringes are
perpendicular to the longitudinal direction of the
ZnO nanorods and the singular fringe spacing is
measured about 0.51 nm that is nearly consistent
with the c-axis parameter in hexagonal ZnO
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structure (c ¼ 0:521 nm in wurtzite ZnO). A
detailed investigation for the growth behavior of
ZnO nanorods grown on an inorganic substrate
(Si) coated with ZnO film can be referred to our
previous study [20]. This demonstrates that the
well-aligned ZnO nanorods can be grown on both
organic and inorganic substrates at a lower
temperature from aqueous solutions. After long-
term growth, i.e., 24 h, the SEM surface image of
the ZnO nanorods in Fig. 3(a) reveals that the
ZnO nanorods have started on a coalescence
Fig. 3. (a) Face-on view SEM image of well-aligned ZnO

nanorods grown on PS/PC substrates for long-term growth

(24 h). A [0 0 0 1] zone-axis TEM bright-field (BF) image of the

coalescent ZnO nanorods (its scale bar is 100 nm in the inset),

and (b) a corresponding diffraction pattern in the inset of Fig.

3(a). (c) Cross-sectional TEM (BF) and (d) dark-field (DF)

images of the coalescent ZnO nanorods. (e) A high magnifica-

tion BF TEM image of Fig. 3(c) shows the interface (marked

with dash line) of the coalescent couple ZnO nanorods with the

diffraction pattern in the inset.
process with other adjacent nanorods. As com-
pared with Fig. 1(a), the ZnO nanorods become
much larger (more than 0.5 mm) in diameter but
show little change (about 1.7 mm) in length. The
TEM bright-field (BF) image (inset in Fig. 3(a)) of
the face-on view ZnO nanorods clearly demon-
strates the merged grains with side crystal plane
attached that can be further confirmed by the
[0 0 0 1] zone-axis selected-area electron diffraction
(SAED) pattern of ZnO nanorods as shown in Fig.
3(b). The split diffraction spots in the edge region
(marked with arrows) of the SAED pattern can be
observed and this suggests that the merged ZnO
nanorods are not perfectly aligned in both a and b

directions. Figs. 3(c) and (d) show the TEM BF
and dark-field (DF) images of the cross-sectional
merged ZnO nanorods, respectively. More than
two ZnO nanorods were aggregated in a coplanar
manner using their side planes to form a larger
ZnO nanorod. A magnified picture of Fig. 3(c) was
illustrated in Fig. 3(e) where the SAED pattern of
the coalescent nanorods (labeled as 3 in Fig. 3(d))
is also shown in the right inset. This further
demonstrates that a slight misalignment could
occur during the coalescence of ZnO nanorods.
Therefore, the growth behavior of the ZnO
nanorods in the later growth stage can be
considered as a direct combination of a small
number of individual nanorods that was similar to
oriented attachment [21].
350 450 500400 550 600 650
Wavelength (nm)

P
L 

in
te

ns
ity

t = 24h

t = 5h

t = 0.5h

Fig. 4. Room-temperature PL spectra of ZnO nanorods grown

on PS/PC substrates for different growth period of time.
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Fig. 4 illustrates the room-temperature PL
spectra of the ZnO nanorods grown on PS/PC
substrates. For ZnO nanorods grown for a short
period of time, i.e., 0.5 h, only a weak PL peak
around 378 nm is detected, which corresponds to
the ultraviolet (UV) emission of ZnO with a
bandgap of 3.27 eV. Generally, the UV emission
peak of ZnO is attributed to an exciton-related
activity [22]. As the ZnO nanorods were grown for
5 h, a strong PL emission at 380 nm, corresponding
to the 3.26 eV bandgap transition of ZnO, was
detected. However, a broad yellow emission
around 570 nm was also observed [23]. Similar
observation for ZnO nanorods fabricated by the
same chemical method was also reported by Li et
al. [24]. The deep level involved in the yellow
luminescence is likely interstitial oxygen [24–26].
The relative PL intensity ratio of ultraviolet
emission (IUV) to deep level emission (IDLE) is
estimated to be about �5.1. Furthermore, the PL
properties are strongly influenced by chemical
stoichiometry and microstructure defects of the
materials [27]. According to our previous results
[20], the ZnO nanorods grown in the aqueous
solution at a lower temperature may induce
unstable surface status to trap impurities and
further damage the optical properties. Especially
for the ZnO nanorods with a long-term growth,
i.e. 24 h, the broad yellow emission becomes
stronger compared to that of ZnO nanorods
grown for 5 h. The relative PL ratio (IUV/IDLE) is
reduced from 5.1 to 1.2. This may be attributed to
the increased native defects because of imperfect
boundaries and misalignment between ZnO na-
norods for the merged ZnO nanorods. However,
the above-mentioned results suggest that both
native defects and optical quality of the ZnO
nanorods grown on a flexible substrate at low
temperatures can be controlled by changing
growth conditions.
4. Conclusions

In summary, we have developed a low-tempera-
ture synthetic route to grow well-aligned arrays of
oriented ZnO nanorods on organic substrates in
an aqueous solution. HRTEM analysis demon-
strates that the well-aligned ZnO nanorods are
preferentially nucleated from the ZnO monolayer
under concave regions of PS layers. However, a
long-term growth process leads to the formation of
a larger ZnO crystal due to coplanar coalescence
of several individual ZnO nanorods. In addition, it
was observed that the optical quality of the ZnO
nanorods could be improved by controlling
growth conditions. This simple approach shows
great potential for optoelectronic devices because
it can produce large-scale highly well-aligned ZnO
nanorods on flexible organic substrates.
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