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Abstract Oriented ZnO nanorods were grown on ion-
beam-sputtered ZnO seed layers through a hydrothermal ap-
proach without any metal catalyst. The sputtered ZnO seed
layers were pre-annealed at different temperatures before
the growth of ZnO nanorods. The effects of pre-annealing
of the ZnO seed layers on the growth rate, crystallinity and
optical properties of ZnO nanorods thereon were studied.
The obtained ZnO nanorods had a wurtzite structure and
grew along the preferential [0001] orientation with a nor-
mal direction to the substrates. Results show that the growth
rate and density of the ZnO nanorods strongly depend on
the pre-treatment conditions of the ZnO seed layer. With
higher pre-treatment temperature, the crystallinity and sur-
face characteristics of the ZnO seed layer were improved
and thereafter the growth rate of ZnO nanorods thereon in-
creased. Photoluminescence spectroscopy results show that
the UV emission also becomes stronger and sharper with
increasing annealing temperature of the ZnO seed layer.

PACS 61.46.Km · 81.16.Be · 81.40.Tv · 81.15.Jj · 81.40.Ef

1 Introduction

Zinc oxide (ZnO) has been widely studied because of its
unique optical and electrical properties [1–4]. In recent
years, nanoscale one-dimensional (1D) ZnO materials, i.e.
nanorods or nanowires, have also received great interest
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due to their potential applications in electronic and opto-
electronic devices [5], such as room-temperature ultravio-
let lasers [6], solar cells [7], gas sensors [8], photodetec-
tors [9], light-emitting diodes [10] and surface acoustic wave
(SAW) devices [11]. Growth of functional ZnO nanomate-
rials with a highly aligned and oriented array takes an im-
portant role in the performance of these devices. Various
methods have been used to fabricate aligned ZnO nanos-
tructures, including metal–organic chemical vapor deposi-
tion (MOCVD) [12], electro-deposition [13], vapor–liquid–
solid (VLS) epitaxy [14], pulsed laser deposition (PLD)
[15] and template-based methods [16, 17]. Recently, growth
of aligned ZnO nanorods/nanowires using a hydrothermal
method in aqueous solution at low temperatures (<100°C)
was reported [18]. The aqueous-solution method is a simple-
facility, no-catalyst and low-cost process and is adaptable to
fabricate large-area ZnO nanorods with good uniformity at
low temperatures [19–21].

Before the growth of well-aligned ZnO nanorods by the
aqueous-solution method, a seed layer is usually coated
on the substrate, and then vertically aligned ZnO nanorods
are grown using the hydrothermal aqueous-solution process
[18, 20, 22, 23]. There are many kinds of seed layers re-
ported, such as spin-coated ZnO seed nanoparticles [19],
sol–gel seed layers [23] and RF magnetron sputtered ZnO-
based seed layers [24]. It has been found that the properties
of the ZnO nanorods have a dependence on the pre-treatment
condition of the seed layer by sol–gel. And, the annealing of
the seed layer before the nanorod growth, i.e. pre-annealing,
has a significant influence on the nanorod growth [22]. In
comparison with a sol–gel seed layer, the sputtered ZnO
seed layer has some advantages, such as easy thickness con-
trol, good morphology and process repeatability. So, in this
study, ZnO nanorods formed by hydrothermal growth on
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Table 1 The annealing temperature of the seed layers, the density, the average length and the typical diameters of the corresponding ZnO nanorods

Annealing temperature Density of Average length Typical diameter

of the seed layers ZnO nanorods of ZnO nanorods of ZnO nanorods

(°C) (rods cm−2) (nm) (nm)

Room temperature 2.56 × 1010 262.3 43

200°C 2.40 × 1010 300.2 46

400°C 1.54 × 1010 404.7 52

600°C 1.50 × 1010 501.6 60

ion-beam-sputtered ZnO seed layers pre-annealed at differ-
ent temperatures were systematically investigated. Our work
demonstrates that the crystallinity, growth rate and optical
properties of the ZnO nanorods strongly depend on the pre-
treatment of the seed layers.

2 Experimental

Si wafers covered with 500-nm SiO2 were used as sub-
strates. After a standard chemical cleaning, the substrates
were loaded into an Oxford sputtering system. Then, the
ZnO seed layers were deposited by an ion beam sputter-
ing technique using a ceramic ZnO target (99.99% purity) at
room temperature. The base pressure was about 9×10−5 Pa
and the working Ar pressure was 5 × 10−3 Pa. After depo-
sition, the samples were immediately annealed at tempera-
tures from 200 to 600°C in air ambient for 15 min. The high-
est annealing temperature of 600°C was chosen because of
its compatibility with the process using glass as substrate.

ZnO nanorods were then grown on the ZnO seed layer
by a hydrothermal approach. Equal molar aqueous solutions
of zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O, 0.01 M) and
hexamethylenetetramine (C6H12N4,0.01 M) were mixed in
a pyrex glass bottle. The substrates were placed in a Teflon
boat to keep them upright in the bottle. Then, the sealed
glass bottle was put into a laboratory oven and heated to
75°C for 5 h. Finally, the samples were rinsed in flowing de-
ionized water immediately after taking out of the solution to
remove any residual salt on the surface and then were dried
in N2 at room temperature (RT).

The structure and morphology of the ZnO nanorods were
characterized by X-ray diffraction (XRD) using monochro-
matic Cu Kα radiation (λ = 1.54 Å) and field emission scan-
ning electron microscopy (SEM). The atomic concentration
ratio was measured by Kratos AXIS UltraDLD X-ray pho-
toelectron (XPS) spectroscopy. The optical property of the
ZnO nanorods was measured by photoluminescence (PL)
spectroscopy using the 325-nm beam of a He–Cd laser at
room temperature.

3 Results and discussion

Figures 1a–d show the top-view SEM images and the cross-
sectional ones (insets) of the ZnO nanorods grown on the
ZnO seed layers annealed at different temperatures, which
are: as-deposited (room temperature), 200, 400 and 600°C,
respectively. All the nanorods were grown at 75°C for 5 h.
It can be seen that the obtained ZnO nanorods were verti-
cally oriented with respect to the substrates and at the top
end seemed a little tilted. Table 1 lists the density, the av-
erage length and the typical diameters of the corresponding
ZnO nanorods on the seed layers annealed at different tem-
peratures. The density of the ZnO nanorods decreases with
increase of the pre-annealing temperature of the seed lay-
ers, from 2.56 × 1010 and 2.40 × 1010 cm−2 to 1.54 × 1010

and 1.50 × 1010 cm−2, corresponding to the pre-annealing
temperatures from RT and 200 to 400 and 600°C, respec-
tively. Seen from the cross-sectional SEM images, the aver-
age lengths of the ZnO nanorods were higher with the in-
creasing annealing temperature of the seed layer, in the or-
der of: room temperature (∼262 nm) < 200°C (∼300 nm) <

400°C (∼404 nm) < 600°C (∼501 nm). This result demon-
strates that the growth rate of ZnO nanorods has a strong
dependence on the seed layers. The typical diameters of
the ZnO nanorods gradually increased from 40 to 60 nm
with the increasing annealing temperatures of the seed layer.
Compared to change of the length, the diameters of the ZnO
nanorods were not strongly influenced by the seed layer an-
nealing temperatures.

In order to explore the effect of seed layers on the ZnO
nanorod growth, the morphologies of the sputtered ZnO
seed layers annealed at different temperatures were observed
by SEM, as shown in Fig. 1e–h. The grain size of the seed
layers was enhanced with the increasing seed layer anneal-
ing temperature, indicating improved crystallinity of the
seed layer. It was reported that the diameters of the ZnO
nanorods depended on the particle size of the seed layer
[20, 24]. In our study, the diameters of the nanorods were
also increased with the increase of the pre-annealing temper-
ature of the seed layers, which may be due to the enhance-
ment of the grain size of the seed layers. The pre-annealing
treatment would integrate small grains to form larger ones,
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Fig. 1 The SEM images of the top view and cross section (inset) of
ZnO nanorods grown from the seed layers annealed at different tem-
peratures: a room temperature, b 200°C, c 400°C and d 600°C and
the images of the corresponding ZnO seed layers annealed at different
temperatures: e, f, g and h

which will reduce the number of the particles, correspond-
ing to the decreasing number of the nucleation sites of ZnO
nanorods thereon. This can explain the phenomenon that the
density of the nanorods decreases with the increasing seed
layer annealing temperatures.

XRD was further used to characterize the crystallinity of
the seed layers annealed at different temperatures. In Fig. 2,

Fig. 2 XRD patterns of the sputtered ZnO seed layers annealed at var-
ious temperatures: a room temperature, b 200°C, c 400°C and d 600°C

Fig. 3 XRD patterns of the corresponding ZnO nanorods of ZnO seed
layers annealed at various temperatures: a room temperature, b 200°C,
c 400°C and d 600°C

curve (a) shows that the as-deposited ZnO film has a broad
diffraction peak, indicating an amorphous or nanocrystalline
structure. The annealed ZnO films have a preferential orien-
tation along the (002) plane. The increased (002) peak in-
tensity and decreased full width at half maximum (FWHM)
of the annealed ZnO seed layers with the increase of the an-
nealing temperature indicate that the crystallinity of the film
is effectively improved by supplying sufficient thermal en-
ergy of the annealing process.

Figures 3a–d show the XRD patterns of the ZnO nanorod
arrays, corresponding to the SEM images shown in Fig. 1a–d.
The indexed diffraction peaks are consistent with the stan-
dard values of the bulk ZnO crystal (JCPDS 36-1451) and
show that all the ZnO nanorods have a wurtzite structure.
The sharp and strong ZnO(002) peak indicates that the ZnO
nanorods have a preferential c-axis orientation on sputtered
ZnO seed layers [25]. The (002) d values (d = 2.60 Å) of
the ZnO nanorods are nearly equal to that of the bulk ZnO
and did not change much with the pre-annealing tempera-
ture of the seed layer. In the XRD patterns of ZnO nanorods,
we did not observe the (100) and (101) peaks, while these
peaks can be found in some samples grown on the sol–gel
seed layers [22, 23]. The intensity of the (002) diffraction
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Fig. 4 X-ray photoemission spectroscopy (XPS) spectra of the ob-
tained ZnO nanorods with seed layer pre-annealed at 600°C. a O 1s
peak (circle: experimental data; dashed lines: fitting curves) and b Zn
2p3/2 and Zn 2p1/2 peaks

Fig. 5 Room-temperature PL spectra of the ZnO nanorods of ZnO
seed layers with different annealing temperatures: a room temperature,
b 200°C, c 400°C, d 600°C and e as-deposited ZnO seed layer

peak increases with the increase of the seed-layer annealing
temperature, which can be attributed to the better alignment
and the increasing length of the ZnO nanorods, as seen in
Fig. 1.

Although the mechanism for the influence of the seed
layer on the growth of ZnO nanorods thereon is still not

very clear, the experimental results always demonstrate that
usually the ZnO nanorods with the seed layer having the
strongest [0001] orientation will have the highest growth
rate. The nanorod arrays grow along the [0001] direction,
due to the final obtained product with lowest surface free
energy [24, 25]. In our study, we also observed this phe-
nomenon. The pre-annealing improved the crystallinity of
the seed layer and the growth rate of the obtained ZnO
nanorods increases with the increase of the pre-annealing
temperature. The crystal structure of ZnO can be presented
by a number of alternating planes composed of coordinated
Zn and oxygen atoms along the c-axis. Usually, the top sur-
face is Zn-terminated [0001] while the bottom surfaces are
O-terminated [0001], resulting in a normal dipole moment
and a polar surface [25]. In the hydrothermal reaction, the
polar ZnO surface would attract opposite charges (Zn2+) or
(OH−) from the solution, and form ZnO nuclei. In our case,
the increased pre-annealing temperature for the seed layer
may improve the reactivity of the seed-layer surface and re-
sults in a stronger electrostatic interaction between the polar
surface and the ZnO nuclei in the solution [26]. Thus, more
ZnO nuclei will be attracted on the seed layer annealed at
higher temperature and result in a higher growth rate.

Figures 4a and b show the O 1s and Zn 2p X-ray pho-
toemission spectroscopy (XPS) spectra of the obtained ZnO
nanorods with the seed layer pre-annealed at 600°C. Only
C 1s, O 1s, Zn 2p3/2 and Zn 2p1/2 signals were observed
in the full spectrum and no peaks from other impurity el-
ements were found. Figure 4a shows that there are two
peaks centered at 530.68 and 532.13 eV. The peak located
at 530.68 eV corresponds to the O2− ions from the wurtzite
structure of ZnO crystal [27], while the peak at 532.13 eV
is attributed to the adsorbed H2O or O2 [28]. Since the sam-
ple was stored in air for several days and without Ar etching
during measurement, the oxygen content from the absorbed
H2O or O2 counted for a large part of the whole oxygen
content. From Fig. 4a and b we find that the atomic con-
centration ratio of the O component (peak at 530.68 eV) of
the wurtzite structure and the Zn component of the Zn 2p3/2
was non-stoichiometric and O deficient.

Figure 5 gives the room-temperature photoluminescence
(PL) spectra of the ZnO nanorods grown on the seed layers
annealed at different temperatures. In comparison, the PL
spectrum of the as-deposited ZnO seed layer is also shown
in Fig. 5e. For the as-deposited ZnO seed layer, there is
a wide weak ultraviolet band-edge emission peak centered
at 380 nm (3.26 eV) while, for the ZnO nanorod samples,
sharper UV peaks located in the range of 374–377 nm were
observed, indicating that the UV peak position of the ZnO
nanorods is slightly shifted to shorter wavelength, i.e. a blue
shift, which may be due to the size effect [29, 30]. The UV
peak position and FWHM values for the samples are sum-
marized in Table 2. Comparing the UV emissions of the
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Table 2 The annealing temperature of the seed layers, UV peak posi-
tion and FWHM of UV-PL peaks of the corresponding ZnO nanorods

Annealing temperature Position of FWHM of the

of the seed layers the UV peak UV spectra

(°C) (nm) (meV)

Room temperature 376.2 144.9

200°C 375.4 152.3

400°C 374.3 132.8

600°C 374.9 128.3

ZnO seed layer with the FWHM of 295 meV (Fig. 5e) and
ZnO nanorod arrays thereon with the FWHM of 144.9 meV
(Fig. 5a), we can see that the latter with a much sharper and
higher peak effectively improve the UV optical properties.
With the increase of the pre-annealing temperature, the in-
tensity of the UV peak increases and the FWHM values (Ta-
ble 2) of UV peaks of the ZnO nanorods are decreased from
144.9 to 128.3 meV for the nanorod sample with the an-
nealing temperature of the seed layer increasing to 600°C.
This demonstrates that the pre-annealing of the seed layer
at higher temperature can obtain better-quality UV emission
for the nanorods. Combining these results with the SEM re-
sults, we also find that the UV emission has a dependence
on the alignment and the length of the nanorods, which is
consistent with the XRD results.

From Fig. 5 we also observe a weak defect-related
yellow–green emission band centered at ∼577 nm (2.15 eV),
which is commonly observed in hydrothermally grown ZnO
nanorods [31, 32]. It shows the presence of a relatively low
defect concentration in the ZnO nanorods in our experi-
ments. Yellow emission has been attributed to oxygen in-
terstitial defects (Oi) [33, 34]. More reports have attributed
the yellow–green emission to the presence of OH groups
[35–37] and our XPS also revealed the presence of a large
amount of adsorbed OH groups. In addition, the intensity of
the yellow–green emission increased with the increase of the
pre-annealing temperature, reflecting an increasing concen-
tration of the defects. The growth rate and length of the ZnO
nanorods increase with the increasing of the pre-annealing
temperature in this study, which may induce more lattice
and surface defects and more adsorbed OH groups, leading
to higher visible emission. This needs further investigation.

4 Conclusion

In this work, the pre-annealing effect of ion-beam-sputtered
ZnO seed layers on the growth rate, density, crystallinity
and optical properties of ZnO nanorods prepared by the hy-
drothermal method is studied. The ZnO nanorods obtained
by the hydrothermal method grow dominantly in wurtzite

structure and have a preferential (002) orientation with a
vertical direction to the substrates. Our work demonstrates
that the annealing treatment of the ZnO sputtered seed layer
has an important influence on the crystallinity of the ZnO
seed layer and the growth rate of the corresponding ZnO
nanorods. As the annealing temperature increases, the pre-
ferred (001) orientation of the ZnO seed layer increases; the
average length of the resulting ZnO nanorods increases from
262.3 to 501.6 nm and the density of the ZnO nanorods de-
creases from 2.56 × 1010 to 1.50 × 1010 cm−2. XPS re-
sults show that the O and Zn ions in the wurtzite struc-
ture of the as-obtained ZnO nanorods are non-stoichiometric
and O deficient. The PL spectra show strong UV emission
peaks, with narrower FWHM with the increase of the pre-
annealing temperature. It can be concluded that a higher pre-
annealing temperature can improve the crystal quality of the
ZnO seed layer and have a positive effect to improve the
growth rate and the optical properties of the corresponding
ZnO nanorods.
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