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a b s t r a c t

Well-aligned ZnO nanorod arrays were synthesized by hydrothermal method on Si substrates that were
covered with pre-deposited ZnO films as seed layers. The ZnO seed layers were deposited by RF magnetron
sputtering. It is found that the seed layers prepared under different oxygen partial pressure sputtering
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parameters and annealing treatment have a great influence on the morphology of the ZnO nanorod
arrays grown subsequently on them. Furthermore, growth positions of nanorod/microrod arrays were
selectively controlled on the lithography-assist ZnO seed layer.

© 2009 Elsevier B.V. All rights reserved.
ydrothermal method
rystal growth

. Introduction

With a large direct band gap (3.37 eV), large exciton binding
nergy (60 meV), excellent chemical and thermal stability, ZnO is
ne of the most important multifunctional semiconductors due
o its wide range of potential photo-electrochemical applications
uch as light-emitting diodes, optical waveguides, dye-sensitized
hotovoltaic cells, conductive gas sensors and transparent elec-
rodes, etc. [1–5]. Therefore, fabrication of ZnO nanostructures in
ighly oriented, aligned and ordered arrays is of critical impor-
ance for the development of novel devices. During the past several
ears, various methods have been developed for the synthesis
f oriented arrays of ZnO nanorods and nanowires, including
apor–liquid–solid (VLS) [6], metal–organic chemical vapor depo-
ition (MOCVD) [7], template-assisted [8], and solution method [9].
mong the various growth techniques developed, the low cost,

ow temperature hydrothermal method holds great promise for
evices application. Recently, several studies have grown highly
riented ZnO nanorods, via two-step process, on substrates with
he use of preexisting textured ZnO seeds such as a ZnO nanoparti-
le layer or ZnO films [10–12]. Alignment of the ZnO nanocrystals
s substrate-independent and occurs on flat surfaces regardless of

heir crystallinity or surface chemistry, including Al2O3 single crys-
als, transparent conducting oxides such as indium tin oxide (ITO)
nd fluorine doped tin oxide (FTO), amorphous oxides including
lass and silicon with its native oxide. For the integrated applica-
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E-mail address: mfu@bjtu.edu.cn (M. Fu).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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tions of nanodevices, it is necessary to control the exact growing
positions of the zinc oxide nanorods on the target substrate. Sev-
eral methods have demonstrated the selective-area growth of ZnO
nanowires using selective-area chemical vapor deposition (CVD) or
electrochemical process [13,14]. Unfortunately, these approaches
need high temperature environment, expensive single crystalline
substrates, and expensive low-write speed electron beam lithogra-
phy. A method combined with conventional lithography methods
need to be developed to exhibit advantages of the solution-based
ZnO growth method, i.e., low temperature, low cost, high growth
rate, and scale-up possibilities.

Although the influences of growth conditions in hydrother-
mal method such as growth temperature, deposition time and
the concentration of the precursors on the morphology and the
alignment of ZnO nanorod arrays have been demonstrated [15],
and the characteristics of ZnO thin films prepared by magnetron
sputtering with different parameters have been widely studied
[16], to our best knowledge, the effect of seed layers prepared
under different sputtering parameters on the morphology of ZnO
nanorod arrays prepared by two-step hydrothermal method has
never been investigated yet. In this study, highly oriented ZnO
nanorods were successfully synthesized on various sputtered ZnO
seed layers through aqueous solution method at low temperature.
The effect of sputtering parameters such as oxygen partial pres-
sure and annealing treatment of seed layers on the morphology

of ZnO nanorod arrays were discussed. Besides, a simple aqueous
solution route to selective-area grow ZnO nanorods on the sub-
strates was demonstrated. Positions of the ZnO nanorods grown by
hydrothermal process were controlled via conventional lithogra-
phy.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mfu@bjtu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.09.020
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Table 1
Detailed preparing parameters to grow different ZnO seed layers on Si substrates.

ZnO thin film Sputtering temperature (◦C) Ar:O2 Working pressure (Pa) Power (W) Annealing(◦C)
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and the crystallization of the ZnO thin films was promoted by desir-
able argon/oxygen ratio. It is known that ZnO nanorods are formed
due to the high growth rate along (0 0 0 1) direction (c-axis) [9],
which is also the preferential growth direction of the ZnO thin
film. In other words, the nanorods with hexagonal cross-section
ZnO-A 200 20:3
ZnO-B 200 20:7
ZnO-C 200 20:7

. Experimental details

To grow well-aligned ZnO nanorods, different ZnO thin films were deposited
n silicon wafers using RF magnetron sputtering depositions. These ZnO thin films
ere then used as seed layers for growing nanorods. For sputtering, argon and oxy-

en were used as the working gases with at least 99% purity. Prior to deposition,
he Zn target was sputter-cleaned. Films were sputtered onto [1 0 0] silicon wafers
hich were heated to 200 ◦C. The working pressure was 3 × 10−5 Pa with a sput-

ering power of 100 W. The volume ratio between argon and oxygen of seed layer
and seed layer B were 20:3 and 20:7, respectively. Films with same sputtering

arameters as seed layer B were annealed at 400 ◦C in the air for 1 h after sputter-
ng, marked as seed layer C. Detailed preparing parameters to prepare different ZnO
eed layers are summarized in Table 1. The film thickness was around 100 nm.

ZnO nanorods were grown on ZnO seed layer coated substrates by an aqueous
hemical method in 60 ml of aqueous solution containing 0.1 M zinc nitrate hexahy-
rate (Zn(NO3)2·6H2O) and 0.1 M hexamethylenetetramine ((CH2)6N4) in a sealed
eflon lined autoclave. The ZnO seed layer coated substrates were immersed parallel
ith the sidewall of the autoclave into aqueous solution. The autoclave was kept in
conventional laboratory oven at a constant temperature of 95 ◦C for 8 h. After the

eaction, the substrates were rinsed with de-ionized water and dried in air at room
emperature to remove residual salts and organic materials. To control the growth
osition of ZnO nanorod arrays, photoresist AZ5214 was spin coated on the ZnO–C
eed layer and formed a photolithographic mask covered substrates. Using conven-
ional lithography, circular hole array patterns were made on the organic mask after
xposure and development. Then, the mask covered substrates were immersed in
quimolar mixed nutrient solution of 0.1 M Zn(NO3)2·6H2O and hexamethylenete-
ramine and that of 0.025 M Zn(NO3)2·6H2O and hexamethylenetetramine at 95 ◦C
or 6 h, respectively. Selective growth was achieved by the absence of ZnO nucle-
tion sites on photoresist “mask”. Morphological microstructures of ZnO nanorods
ere characterized by field emission scanning electron microscopy (FE-SEM).

. Results and discussion

.1. Effect of oxygen partial pressure of seed layers on the
orphology of ZnO nanorod arrays

Fig. 1 shows the plane view of the nanorod arrays grown on var-
ous ZnO seeded substrates, when the reaction time was fixed at
h. As observed, the morphologies of the nanorods are different in

erms of the shape, diameter, and orientation. The nanorod arrays
rown on ZnO-A seed layers deposited via RF magnetron sputter-
ng at Ar/O2 ratio of 20:3 had an average diameter of about 200 nm
nd grew on the substrate in a high density. These nanorods exhib-
ted a relatively poor alignment and disordered polygonal shapes
n the end. ZnO nanorods on ZnO-B seed layers which deposited at
r/O2 ratio of 20:7 grew in a direction almost perpendicular to the
urface of the substrate. Most of the nanorods exhibited hexagonal
od shape, implying good qualities of these ZnO crystals that grew
long the [0 0 0 1] direction. These nanorods also grew in a very
igh density with an average diameter of about 200 nm. Unifor-
ity and alignment are better for the ZnO nanorods grown on the

nO-B seeded substrates compared with those on ZnO-A seeded
ubstrates. Apparently, prior seeding of the surface by ZnO layer
eads to nucleation sites on which ZnO nanorod arrays can grow
n a highly aligned fashion and has significant influence on the

orphology of ZnO nanorods.
It is generally agreed that ZnO seeding is required for the aligned

nO nanorods growth on the substrates [10]. We believe the poor

rientation and crystallization of the nucleuses are responsible for
he bad alignment of nanorods in the final deposits. Studies have
xplored the influence of oxygen partial pressure on the structure
f ZnO films deposited by RF magnetron sputtering [16]. It was
ndicated that when the working pressure was kept constant, the
3 × 10−5 100 No
3 × 10−5 100 No
3 × 10−5 100 400

growth behavior of the ZnO thin film was mainly decided by the
density of oxygen in the space where the sample was deposited,
Fig. 1. SEM images of ZnO nanorods grown on Si substrates with different ZnO seed
layers: (a) plane view of ZnO nanorod arrays grown on ZnO-A seed layer; (b) plane
view of ZnO nanorod arrays grown on ZnO-B seed layer; and (c) plane view of ZnO
nanorod arrays grown on ZnO-C seed layer.
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ig. 2. (a) Plane view SEM image of ZnO-B seed layer; (b) plane view SEM image of
ayer; and (d) cross-sectional view of ZnO nanorod arrays grown on ZnO-C seed lay

re grown along the normal direction of the ZnO thin films. Thus,
he nanorod arrays grown on relatively poor orientation and crys-
allization seed layer A, which resulted from improper spurring
arameters of argon/oxygen ratio, have a relatively poor alignment
nd disordered polygonal performance compared with nanorod
rrays grown on seed layer B prepared under more desirable mag-
etron sputtering parameters.

.2. Effect of annealing treatment of seed layers on the
orphology of ZnO nanorod arrays

Fig. 1c shows the plane view of the nanorod arrays grown on
nO-C seed layer, which is different from seed layer B by under-
oing annealing treatment. Nanorods with an average diameter of
00–400 nm were obtained on seed layer C. Compared with Fig. 1b,
he nanorod arrays grown on ZnO-C seed layer have larger aver-
ge diameters than nanorods with the size of 200 nm grown on
nO-B seed layer. ZnO-B and ZnO-C seed layers have columnar
rains in high density as shown in Fig. 2a and b. The sizes of crystal
ucleus on ZnO-C seed layer are larger than those on ZnO-B. Appar-
ntly, the seed grains in layer C grew up when annealing at high
emperature, which resulted in the larger diameters of nanorods
n subsequent deposition process. Fig. 2c and d shows the cross-
ectional view of the nanorod arrays grown on ZnO seeded layer B
nd C, respectively. The lengths of the nanorods synthesized in our
xperimental conditions are around 4 �m. Alignment is better for
he ZnO nanorods grown on the ZnO-C seed layer compared with
hose on ZnO-B seed layer that have an inclination away from verti-
al direction. The orientation of the ZnO seed films could be further
nhanced during annealing process [17]. These oriented seed layers

elp form well-aligned ZnO nanorods in the hydrothermal process
s nanorods are grown along the normal orientation of the ZnO thin
lms. In general, the underneath pre-annealing treated seed grains
lay a crucial role in the growth of high-oriented ZnO nanorod
rrays.
C seed layer; (c) cross-sectional view of ZnO nanorod arrays grown on ZnO-B seed

3.3. Growth on patterned substrates

Growth positions of several centimeter ZnO nanorod arrays
were easily controlled via coating the ZnO-C seed layer with pat-
terned photoresist “mask” fabricated by conventional photolithog-
raphy. Before lithography, substrates coated with photoresist
S9912, AZ4620 and AZ5214 were placed in the growth environ-
ment of ZnO nanorods respectively, in order to verify the corrosion
resistance of different photoresist during growth process. At last,
AZ5214 photoresist was proved to have the best performance with-
out any cracking, shedding or deformation in hydrothermal growth
environment, as shown in Fig. 3a. The pattern was defined by an
array of circles with 1 �m in diameter, and 5 �m in pitch. Since
ZnO nanorods would not grow on the organic mask due to the
lack of ZnO nucleation sites on the organic resist layer, they grow
only on the patterned sites in the hydrothermal process subse-
quently. The SEM image in Fig. 3b shows the ZnO nanorod/microrod
arrays, which were synthesized in equimolar mixed nutrient solu-
tion of 0.1 M Zn(NO3)2·6H2O and hexamethylenetetramine, were
selectively grown in circular hole patterns, as desired. These
rod clusters exhibit interesting flower shapes, with the diame-
ters of nearly 1 �m. The large diameters of the rods are result
from limited growing points on patterned substrates that leads
to the slow consumption rate for precursors as well as relatively
fast diffusion rate of the growing units and the crystal growth
rate at the liquid–solid interface in high precursor concentration.
When the patterned substrates were immersed in low concentra-
tion nutrient solution, the diameters of as-synthesized nanorods
decreased significantly. Fig. 3c shows the SEM image of growth
position controlled nanorods that were synthesized in equimolar

mixed nutrient solution of 0.025 M Zn(NO3)2·6H2O and hexam-
ethylenetetramine at 95 ◦C for 6 h. The as-synthesized nanorods,
with diameters ranging from 60 to 100 nm, became much thin-
ner, due to the decreasing of precursor concentration. This growth
phenomenon is similar to aligned growth of ZnO nanorods on sub-
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Fig. 3. (a) SEM image of patterned ZnO seed layer; (b) SEM image of growth
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osition controlled ZnO nanorod arrays synthesized in equimolar mixed nutri-
nt solution of 0.1 M Zn(NO3)2·6H2O and hexamethylenetetramine; and (c) SEM
mage of growth position controlled ZnO nanorod arrays synthesized in 0.025 M
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trates without patterns [9,15], the diameters of ZnO nanorods
an be reduced by decreasing the concentration of the reactant
hile keeping the ratio of Zn2+ to hexamethylenetetramine con-

tant at 1:1. These periodically ordered ZnO naonorod arrays are
eadily synthesized. Unlike controlled selective growth technique

[

[
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using E-beam lithography [14,18], which has a major drawback
of throughput for device fabrication, these growth positions con-
trolled ZnO nanorods fabricated via conventional lithography are
attractive for potential applications in ZnO-based nanodevices.

4. Conclusions

In summary, well-aligned ZnO nanorod arrays were successfully
synthesized in high density, via two-step hydrothermal method, on
Si wafers coated by ZnO seed layers that were deposited using RF
magnetron sputtering. The sputtering parameters like oxygen par-
tial pressure and annealing treatment of seed layers had a great
influence on the morphology of ZnO nanorod arrays. The nanorod
arrays grown on seed layer B, which were deposited at more desir-
able magnetron sputtering parameters of argon/oxygen ratio of
20:7, had better alignment and crystallization compared with those
grown on seed layer A deposited at argon/oxygen ratio of 20:3. The
diameters increased and the alignment gained further enhanced
for the nanorods grown on annealing treated seed layer C. We
also demonstrated a simple aqueous solution route to control the
growth position of ZnO nanorod arrays on the substrates via con-
ventional lithography. Based on the compatibility with standard
semiconductor microfabrication technology, this controlled selec-
tive growth technique can be a useful route to facile and quick
fabricate high-performance ZnO-based nanodevices.
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