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a b s t r a c t

Well-oriented ZnO nanorod arrays are successfully fabricated on different substrates. They are formed
on different substrates at low temperature via a hydrothermal method, without adding any catalysts
or templates. This approach is convenient and inexpensive. The morphologies of ZnO crystals could
be controlled and transformed to other morphologies successfully by using different substrates. The
effects of the substrates on the ZnO nanorod arrays have been systematically studied by X-ray diffrac-
eywords:
anostructures
-ray diffraction microscopy
ptical properties

tion (XRD) and scanning electron microscopy (SEM). The characterizations of XRD and scanning electron
microscopy (SEM) reveal that these products are pure single-crystal and the structure is uniform. The
photoluminescence property has been detected by photoluminescence (PL) spectrum and Raman spec-
trum. Photoluminescence measurements show that each spectrum consists of the ultraviolet (UV) band
and a relative broad visible light emission peak. But substrates play roles in the intensity of ultraviolet
and visible light emission peak. The green emission in Raman measurement may be related to the surface

states.

Published by Elsevier B.V.
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. Introduction

During the past few years, much attention has been focused
n the research of quasi-one-dimensional nanostructured semi-
onductor materials, such as nanowires, nanorods and nanotubes,
ue to their novel physical and chemical properties and wide
ange of potential applications in nanodevices [1–10]. Zinc oxide
ZnO), a direct wide band gap (3.37 eV) semiconductor with a large

sensitivity to gases, and photocatalysis [11,12]. The research of
highly oriented, aligned and ordered arrays ZnO nanorods attracts
the worldwide interests. Because of their electrical and optical
properties [13], ZnO nanopencils with a fine nanotip can be used in
biosensors, which can greatly enhance the immobilization of DNA
and protein molecules.

Gas-phase [14–18] and solution-phase [19–26] syntheses are
the two main approaches adopted for the fabrication of ZnO nanos-
xcitation binding energy (60 meV), is one of the most important
ultifunctional oxide ceramic materials possessing a suite of useful

roperties, such as optical absorption and emission, piezoelectric-
ty, transparent conductivity, high voltage–current nonlinearity,

∗ Corresponding author. Tel.: +86 434 3294566; fax: +86 434 3294566.
E-mail address: jhyang1@jlnu.edu.cn (J. Yang).

925-8388/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jallcom.2009.08.159
tructures, in which, the hydrothermal method is more promising
for fabricating ideal nanomaterial with special morphology due to
the simple, fast, less expensive, low growth temperature, high yield

and scalable process.

In recent years, most of the reports failed to produce ZnO
nanorod arrays at relatively low temperature although many of
them were on the preparation of 1D ZnO nanostructures via
hydrothermal methods [27,28]. Moreover, little work has been

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jhyang1@jlnu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.08.159
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ig. 1. XRD patterns of the as-prepared ZnO nanorods on different substrate of a
are Si substrate (a), Cu substrate (b) and Si substrate coated with ZnO seeds (c).

ocused on the preparation of ZnO nanorod arrays by using dif-
erent substrates, especially on the effects of the substrates on the

orphologies and photoluminescence properties. Therefore, how
o fabricate well aligned and oriented 1D ZnO nanorods on different
ubstrates at low temperature with a low cost still remains a great
hallenge.

In this article, we reported the syntheses of the pencil-like
nd well aligned and oriented 1D ZnO nanorods via a hydrother-
al method on different substrates at relatively low temperature.
ater was used as the solvent without any catalysts or tem-

lates, because water was much cheaper and more environment
riendly than alcohol. And the effects of different substrates on their
tructures, morphologies and photoluminescence properties were
nvestigated in the article.

. Experimental

All chemicals (analytical grade reagents) were purchased from Shenyang Chem-
cal Reagents Company and used without further purification. The synthesis of ZnO
anorods was performed according to a hydrothermal reaction route with different
ubstrates (Si, Cu and Si substrate coated with ZnO seeds by pulsed laser deposition
PLD)). A typical procedure was as follows: the ammonia (25%) was gradually added
o the solution of zinc chloride (ZnCl2, Aldrich, purity 98%, 0.1 M) to pH nearly to
0 with stirring. The mixed solution was transferred into four Teflon-lined stainless
teel autoclaves with a capacity of 50 mL. Then, the bare Si wafer, the Cu substrate
nd the Si substrate coated with ZnO seeds were immersed into the reaction solu-
ion. Finally, sealing and heating the Teflon-lined stainless steel autoclave at 90 ◦C
or 8 h in an ordinary laboratory oven. Subsequently, the autoclave was cooled to
oom temperature. After thoroughly washing several times with deionized water
nd drying at 60 ◦C under air atmosphere, a white layer of product was deposited
n the substrates and kept for further characterization.

To characterize the ZnO products, X-ray power diffraction (XRD) experiments
ere performed on a D/max-RA XRD diffraction spectrometer with a Cu K� line at

.5406 Å. Scanning electron microscope (SEM) (Hitachi, S-570) measurements were
lso used to investigate the surface morphology of the samples. The optical prop-
rties were obtained by the photoluminescence (PL) measurements using HR800
abRam Infinity Spectrophotometer excited by a continuous He–Cd laser with a
avelength of 325 nm at a power of 50 mW. Raman spectra were excited with the

14 nm line of an Ar+ laser at an incident power of 20 mW.

. Results and discussion

The XRD patterns (Fig. 1) of ZnO products with different sub-
trates exhibit a point in common: for each sample, all the observed

iffraction peaks can be indexed to a ZnO (JCPDS card, No. 80-0074)
urtzite structure, and no other impurity phase was found. Fig. 1(b)

nd (c) shows the XRD patterns of highly oriented ZnO nanorods
rown on Cu substrate and Si substrate coated with ZnO seeds,
espectively. In the XRD patterns, the position of peaks in sample
ompounds 489 (2010) 51–55

(b) shifted to a lower angle compared with the other two samples
was due to the lattice mismatch between ZnO nanorods and Cu
substrate [29]. It is worthy of noticing that relative intensity of the
(0 0 2) diffraction peak exists at 34.65◦ is much higher, compared
with the standard XRD pattern, which further illustrates the sub-
strate’s effect on the highly preferential orientation of ZnO nanorod
arrays along c-axis. It indicates that the ZnO nanorod arrays tend
to grow perpendicular to the substrate surface. Furthermore, the
relative intensities of these peaks are distinct from those of ZnO
powders. The diffraction intensity of the (0 0 2) surpasses the oth-
ers, which illustrates the c-oriented nature of the as grown array.
The degree of the orientation can be illustrated by the relative tex-
ture coefficient [30], which is given by

TC0 0 0 2 = I0 0 0 2/I0
0 0 0 2

I0 0 0 2/I0
0 0 0 2 + I1 0 1̄ 0/I0

1 0 1̄ 0

where TC0 0 0 2 is the relative texture coefficient of diffraction peaks
(0 0 0 2) over (1 0 1̄ 0), I0 0 0 2 and I1 0 1̄ 0 are the measured diffrac-
tion intensities due to (0 0 0 2) and (1 0 1̄ 0) planes, respectively, and
I0 0 0 2 and I1 0 1̄ 0 are the corresponding values of standard JCPDS card
measured from randomly oriented powder samples. For materials
with random crystallographic orientations, the texture coefficient
is 0.5, while the value for our sample is 0.56, which shows a pref-
erential orientation along the c-axis for the ZnO nanorod array.

Fig. 2 shows the SEM images of ZnO nanorod grown on the three
kinds of substrates. From Fig. 2(a), the panoramic view reveals
that they are composed of numerous pencil-like ZnO nanorods
with a fine nanotip on the bare Si substrate. They are packed in
a disordered manner. Highly oriented and dense ZnO hexagonal
nanorod arrays with the average diameters of 300 nm lengths of
about 1.2 �m are separated from each other on the Cu substrate,
as shown in Fig. 2(b). Meanwhile, in the case of the Si substrate
coated with ZnO seeds, ZnO nanorod arrays with densely aligned
and highly preferential growth occurring along the c-axis orien-
tation can also be observed (Fig. 2(c)), with average diameters of
300 nm and lengths of about 1.4 �m. Compared with the Fig. 2(a)
and (b), (c) had been oriented much higher, which was consis-
tent with the XRD image. With ZnO seeds, the nucleation density
(Fig. 2(c)) was remarkably higher than that of ZnO nanorod arrays
grown on without seeds (Fig. 2(a)). Nucleation of ZnO nanorods on
ZnO seeds has a lower free energy barrier of activation than that
on the bare substrate. So based on the ZnO seeds film at the Si sub-
strate ZnO nanorods formed. Therefore, the ZnO seeds were crucial
for the aligned growth.

The study on different substrates’ effects of ZnO nanorod arrays
growth may lead to an enhanced understanding of the controllable
growth of ZnO crystal and nanostructures, which will be useful for
the application in novel nanodevices. The oriented growth is impor-
tant for many applications of nano-/micro-structures. By using
the proper substrate and the reaction conditions, the well aligned
nanorod arrays can grow on the substrate. It can be explained
that the different morphologies of the resultant nanorods should
be relied on the substrates, which is an important factor gov-
erned by the chemical adsorption and subsequent nucleation and
growth [31,32]. At the same time, the SEM image of the products
demonstrates that the single-crystal silicon substrate promote the
nucleation and the occurrence of anisotropic growth and induces
the formation of regular nanostructures. Cu substrate played an
important role in inducing the highly oriented ZnO nanorod arrays.
Meanwhile, ZnO seeds layer on the substrate may lower the lattice

mismatch between the deposition and the substrate and may also
lower the free energy barrier of activation. It can help not only to
control the nanorod density but also to have a strong impact on the
orientation of the nanorod arrays. Generally speaking, the coverage
density and orientation of the nanorods would affect the intensity
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ig. 2. SEM images of the as-prepared ZnO nanorods with the same condition on a
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f the XRD diffraction peak, which was in consistent with the XRD
mages in our experiment.

Photoluminescence (PL) spectroscopy is an effective technique

or evaluating the optical properties of semiconductor materials.
ig. 3 shows the typical room-temperature PL spectra of the ZnO
anocrystals fabricated at the same condition on a different sub-
trate. It can be observed that each spectrum consists of a weak

ig. 3. Room-temperature photoluminescence spectra of ZnO nanorod fabricated
ith the same condition on a different substrate of the bare Si substrate (a), Cu

ubstrate (b) and Si substrate coated with ZnO seeds(c).
rent substrate of the bare Si substrate (a), Cu substrate (b) and Si substrate coated

band ultraviolet (UV) PL band located at 380 nm. Two weak green
emission bands centered at 550 and 570 nm, a strong yellow emis-
sion band centered at 600 nm. Generally speaking, the UV emission
of ZnO was attributed to an exciton-related activity [33], and the
green emission was due to the point defects, such as oxygen vacan-
cies or impurities [34]. The deep level involved in the yellow
luminescence was likely interstitial oxygen [35], and perhaps had
much to do with the ZnO structure [36]. From Fig. 3(b), it could
be seen that the PL peak in the UV intensities has increased a lit-
tle, and the green and yellow intensities gradually decreased by
using the Cu substrate. Moreover, compared with the above two
PL curves, the UV emission peak increased greatly again, this indi-
cated potential applications for short-wavelight-emitting photonic
devices. The green and yellow light intensities decreased again by
using the Si substrate coated with ZnO seeds (Fig. 3(c)). It may be
inferred that the sharper peak the UV emission, the more perfect
crystallization the samples would have been. From the above, ZnO
nanorod arrays fabricated on Si substrate coated with ZnO seeds
were optimum for the structure, morphologies and optical proper-
ties.

Raman scattering spectrum is very useful and sensitive for
determining crystal perfection and structural defects. It is used here
to clarify the structure of ZnO nanostructures. Wurtzite-type ZnO
belongs to the space group C4 (P63mc) with two formula units in the

primitive cell. According to the group theory, single-crystalline ZnO
has eight sets of optical phonon modes at � point of the Brillouin
zone, classified as A1 + E1 + 2E2 modes (Raman active), 2B1 modes
(Raman silent), and A1 + E1 modes (infrared active). Both A1 and
E1 modes are polar and split into transverse (TO) and longitudinal
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[18] A. Umar, S.H. Kim, J.H. Kim, A. Al-Hajry, Y.B. Hahn, J. Alloys Compd. 463 (2008)
ig. 4. Raman scattering spectra of the ZnO nanorods prepared by the hydrothermal
ethod with the same condition on a different substrate of a bare Si substrate (a),

u substrate (b) and Si substrate coated with ZnO seeds (c).

ptical (LO) phonons. Nonpolar phonon modes with symmetry E2
ave two frequencies, E2 (H) is associated with oxygen atoms and
2 (L) is associated with Zn sublattice. For ZnO single-crystal mate-
ials, among the eight sets of optical modes, A1, E1, and E2 are
aman active. Fig. 4 shows the Raman scattering spectra of the ZnO
anorods on different substrates observed at room temperature.
aman shifts of the peaks are assigned to corresponding phonon
ode according to Ref. [36], and the phonon modes are labeled.
s we can see in the spectra, a sharp, strong and dominant E2 (H)
ode of ZnO located at 438 cm−1 is observed, which is the intrin-

ic characteristic of the Raman active mode of wurtzite hexagonal
nO [37]. This result is in good agreement with the XRD analysis.
urthermore, E2 (H) of (c) is much higher than that of (b) and E2
H) of (b) is much higher than that of (a), which may be caused
ue to the different degree of crystallization. The peak at 411 cm−1

orresponds to the E1 (TO) mode, but it is not obvious. As the char-
cteristic peak of hexagonal wurtzite ZnO, the E2 (high) at 438 cm−1

s very intense. The asymmetrical and line-broadening character-
stics mask E1 (TO) on the left-hand side of E2 (H). The peak at
78 cm−1 is attributed to the E1 (LO) mode, which is caused by
he defects such as oxygen vacancy, zinc interstitial, or their com-
lexes and free carriers [38]. From the comparative intensity of E1
LO), we think that the crystal perfection of (c) is better than that
f (b) and (b) is better than that of (a). In other words, the concen-
ration of defects in (a) is a little higher than that of (b) and (c).
n addition, the peaks at 385 and 534 cm−1 correspond to A1 (TO)
nd A1 (LO) phonons, respectively. In addition, the peaks at 328
nd 652 cm−1 are due to multiple phonon scattering processes [39].
n Raman measurement, a large luminescence background can be
bserved through the whole Raman spectrum, which corresponds
o the green wavelength. A green emission band has been observed
n the PL spectrum of ZnO by the above-band gap excitation and its
uminescence mechanism has been investigated. Vanheusden et al.
ssigned the visible emission to the recombination of electrons in
inglely occupied oxygen vacancies with photoexcited holes in the
alence band. Dijken et al. proposed that the emission originated
rom the recombination between a deeply trapped hole in a VO**
enter and a shallowly trapped electron [40]. Now, the nature of the
reen emission still remains controversial. However, it is widely
ccepted that oxygen vacancies are responsible for the green emis-
ion. On the other hand, there are a large number of intrinsic defects

xisting in ZnO. In particular, because of rods ZnO nanostructures,
bundant surface defects will lead to the distribution of surface
nergy levels forming the surface energy band. The sub-bandgap
xcitation at 488 nm can induce the excitation of surface states [41].

[

[
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Therefore, the green emission in PL spectra measurement may be
related to surface states.

4. Conclusions

In summary, a simple hydrothermal method was developed
to synthesize the pencil-like, well aligned and oriented 1D ZnO
nanorods, which grew on three kinds of substrates at low tem-
perature without adding any catalysts or templates. The influence
of different substrates on the morphologies and photolumines-
cence properties of the resultant ZnO nanorod arrays has been
investigated. In this article, we can provide a choice to grow ZnO
nanorods on other substrates, instead of conventional and expen-
sive sapphire substrate. In addition, the two kinds of nanorods we
synthesized may have potential applications in novel devices appli-
cations, especially, ZnO nanopencils with a fine nanotip can be
used in biosensors and field-emission devices. ZnO nanorod arrays
with densely aligned and highly preferential growth on Si sub-
strate coated with ZnO seeds may have a relatively stronger UV
emission than that of the other samples. Therefore, ZnO nanorod
arrays may have potential applications in short-wavelight-emitting
photonic devices. The Raman and PL spectra indicated that the sur-
face defects and oxygen vacancies are responsible for the green
emission in our ZnO nanorods. The method can be well controlled,
which may make it convenient for the controllable synthesis of
other semiconductor nanomaterials.
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