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Abstract

ZnO nanorods on ZnO-coated seed surfaces were fabricated by solution chemical method using supersaturated (ZnNO3)2/NaOH at 70 ◦C.
The seed surfaces were coated on glass substrates by sol–gel processing, and their texture was dominated by heating temperatures, cooling
styles and layer thickness per dipping. The effects of the seed surface on the morphology of the resultant nanorods were primarily discussed.
The orientation and morphology of both the seed surface and successive nanorods were analyzed by using XRD and SEM. It is proved that
when the seed size increases from 15 to 50 nm with temperature increasing, the average diameter of the resultant nanorods increase from 25
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o 50 nm, with a length of 800 nm after growing for 1.5 h. The seed surface prepared by heating at 300–400 ◦C, fast cooling or drawing at
ower speed has better orientation and few surface defects, which leads to higher density of nuclei on the seed surface and thus to the optimal
referred crystal growth of ZnO rods standing perpendicular onto substrates.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

ZnO nanomaterials have been widely studied for a
ariety of high-technology applications ranging from sur-
ace acoustic wave filters,1 photonic crystals,2 lightemit-
ing diodes,3 photodetectors,4 photodiodes,5 optical mod-
lator waveguides,6 varistors7 to gas sensors,8 due to its
ide bandgap, excellent chemical and optoelectronic prop-

rties as a II–VI semiconductor with a large excition binding
nergy. Recently, photovoltaic devices like solar cells based
n bare9 and dye-sensitized thin films10–12 have shown great
otential of ZnO for such applications. It is known that an
mportant approach to improve the efficiency of photoelec-
ric conversion of the nanocrystallite solar cells is to build
ingle crystalline and columnar semiconductor electrodes
ith high orientation and a high specific area, which are

xpected to improve the separation of electron-hole pairs
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photogenerated and their transportation.13 Hitherto, various
techniques have been successful in creating highly oriented
ZnO nanorods, such as molecular beam epitaxy, radio fre-
quency magnetron sputtering,14 metalorganic chemical vapor
deposition,15 spray pyrolysis16 and pulsed laser deposition.17

But many of them demand stringent reaction conditions such
as high temperature and low or high pressure, which go
against large-scale production of this material. More recently,
solution methods such as cathodic electrodeposition,18 ther-
mal decomposition,19 and the use of complexing agents20

have been used as low cost, moderate methods to produce
ZnO nanorods. Particularly, a bottom-up hydrothermal syn-
thesis approach proposed by Vayssieres19,21,22 do not require
any template, membrane, surfactant or applied external field
to create nanorods with good orientation.

The obvious preferred orientation of ZnO along [0 0 1]
is closely related to its crystal structure, which consists of
a nonpolar plane (1̄ 0 0) with C6v symmetry, a polar basal
oxygen plane (0 0 1̄), and a polar top face (0 0 1) comprised
of tetrahedral zinc having a terminal OH ligand.21 The low-
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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symmetry, nonpolar (1̄ 0 0) face is the most stable, while the
polar faces with high surface energy are metastable. There-
fore, the most stable morphology is hexagonal with the crystal
elongated along the c-axis. The nucleation and growth of
ZnO nanorods on substrates in aqueous environment have
been discussed previously by Vayssieres.19,21,22 Vayssieres
emphasized that controlling the interfacial tension is the key
to control the shape and the orientation of crystallites grow-
ing on a substrate. In fact, the interfacial tension is strongly
dominated by various factors, like the crystal orientation of
the seed surface and defects on it. In this paper, we employ an
aqueous solution containing NaOH and Zn(NO3)2 and sub-
strates coated with ZnO as seeds through sol–gel processing
for ZnO rod deposition. The effects of crystal orientation
and defects of the coated ZnO seed surface on the relation-
ship between nucleation and growth of the resultant nanorods
were primarily explored by changing heating temperature,
cooling style and coated-film quality when preparing the seed
surface.

2. Experimental procedure

Fig. 1 shows the flow chart of the preparation of the
seed surface. Zn(CH3COO)2·2H2O (0.75 mol/l) was first
d
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Fig. 1. The flow chart showing the procedure for preparation of seed sur-
faces.

Table 1
The preparation conditions for the seed surface

WS (cm min−1) Heating temperature
(◦C)

Cooling style Dipping times

3.5 100 Fast 3
3.5 200 Fast 3
3.5 300 Fast 3 and 6
3.5 400 Fast 3
3.5 500 Fast 3
1.2 300 Fast 5
7.0 300 Fast 2
3.5 300 Slow 3 and 6

F eed surface was prepared by repeating the dip coating-heat treatment-fast cooling
p , 300 ◦C (C), 400 ◦C (D), 500 ◦C (E) and WS was 3.5 cm/min.)
issolved in a 2-methoxyethanol-monoethanolamine(MEA)
olution (0.75 mol/l) at room temperature. The resultant solu-
ion was stirred at 60 ◦C for 30 min to yield a clear and homo-
eneous solution. Then a clean glass substrate was dipped into
he solution, and withdrawn at various speeds (WS). Finally,
he as-coated substrate was heated in the electrical furnace at
ifferent temperatures for 10 min and cooled in two styles:
ne is cooling the samples to RT in the furnace (slow cooling);
he other is drawing the samples out of the furnace and keep-
ng them in the air (fast cooling). Table 1 shows the processing
arameters for the seed surface. The ZnO-coated substrates
ere rinsed with deionized water, and then suspended in an

queous solution of 0.001M (ZnNO3)2/0.1 M NaOH stirred

ig. 2. XRD patterns of the ZnO seed surface (a) and nanorods (b). (The s
rocess three times. The heating temperatures were 100 ◦C (A), 200 ◦C (B)
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over a hot plate at 70 ◦C for 1.5 h. The resultant samples were
rinsed with deionized water and dried in the air.

XRD patterns of the seed surface and resultant nanorods
was measured on a Rigaku 2500 X-ray diffractometer with
Cu K� radiation (λ = 1.54056 Å) at 40kV/150 mA in a con-
tinuous scan from 2θ = 10 to 80◦. The FE-SEM images of
the seed surface and resultant nanorods were observed by a
JEOL JSM6700 microscope.

3. Results and discussion

3.1. Effects of heating temperatures

Fig. 2 shows XRD patterns of the ZnO seed surfaces
with different heating temperatures and of the resultant
nanorods. The heating temperatures were 100–500 ◦C,
WS was 3.5 cm/min, and the seed surface was prepared

F
c
s

ig. 3. SEM photographs of the ZnO seed surfaces (a) and nanorods (b). (The se
ooling process three times. WS was 3.5 cm/min, and annealing temperatures were
ection of (b1)–(b3) are (c1)–(c3).)
ed surface was prepared by repeating the dip coating-heat treatment-fast
100 ◦C (a1), 200 ◦C (a2), 300 ◦C (a3), 400 ◦C (a4), 500 ◦C (a5). The cross
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Fig. 4. XRD patterns of the ZnO seed surface (a) and ZnO nanorods (b). (The seed surface was prepared by the dip coating (WS = 3.5 cm/min)-heat treatment
(300 ◦C)-cooling process. (A) Repeating the process three times with slow cooling, (B) Repeating the process three times with fast cooling, (C) Repeating the
process six times with slow cooling, (D) Repeating the process six times with fast cooling.)

by repeating the dip coating-heating-fast cooling process
three times. It can be seen from (a) that the protruding
background originates from the glass substrate. No narrow
peak can be seen below 300 ◦C, indicating that ZnO
seed particles are still amorphous. The peak intensity
of the (0 0 2) plane of ZnO appears from 300 ◦C and
becomes stronger in the order of the heating temperature
500 < 300 < 400 ◦C, suggesting that heating at 400 ◦C gives
the highest degree of crystal orientation for the seed surface.
Fig. 2(b) exhibits that the peak intensity of the (0 0 2) plane
of the corresponding nanorods increases with increasing
temperature at below 300 ◦C, indicating that the degree of
crystal orientation increases with increasing temperature.
The peak intensity of the nanorods above 300 ◦C decreases
with increasing temperature, indicating that heating at
300 ◦C provides optimal preferred crystal orientation
for nanorods.

The thermal decomposition temperature of the zinc
acetate is 240 ◦C23 and the crystallization of ZnO prepared
from zinc acetate-2-methoxyethanol-MEA solutions begins
at 200–300 ◦C,24 and so ZnO particles in the seed sub-
strate are not crystallized completely below 300 ◦C. During
300–400 ◦C, the fact that with increasing temperature, the
degree of orientation of the seed surface along the polar
plane (0 0 2) increases may be attributed to the rearrange-
ment of ions, which can satisfy the decrease of the free
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Fig. 3 is SEM photographs of the ZnO seed surface with
different heating temperature and resultant nanorods. The
preparation condition is the same as that mentioned in Fig. 2.
It is seen from (a) that the seed surface heated at 100 ◦C
is smooth, the one heated at 200 ◦C has shallow defects like
ravine, and the ones heated at above 300 ◦C are smooth again.
The grains become clearer to be seen and their size increases.
The average diameters of grains are 15, 25 and 50 nm for 300,
400 and 500 ◦C, respectively. Fig. 3(b) and (c) show different
morphology of nanorods. At 100 ◦C, rods show flower shape;
at 200 ◦C, rods tend to slope; at 300–400 ◦C, rods stand per-
pendicular onto substrates; at 500 ◦C, rods again incline. The
different morphology can be explained in this way: at 100 ◦C,
crystallization and orientation of the seed surface have not
begun. The vaporization of the solvents is in the initial stage,
and brings the smooth surface, so the density of nuclei on the
substrate is low. The system will thus promote the stretched
epitaxial growth of the rods along c-axis from a limited num-
ber of nuclei, which induces a star-shape (or flower-shape)
morphology. When it comes to 200 ◦C, the degree of orien-
tation of the seed surface increases, but the vaporization and
decomposition of the solvents are more obvious, giving the
texture of defects like ravine. Under this condition, the den-
sity of nuclei is lower, and the resultant rods slant to each
other. Above 300 ◦C, the particles on the substrate crystal-
lize, rearrange, and orientate, accompanying the healing of
d
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nergy of the polar (0 0 2) plane. When the heating tem-
erature is elevated up to 500 ◦C, the crystal particles grow
igger, disturbing the unidirectional crystal growth and lead-
ng to the lower degree of orientation along c-axis. Since
he rods tend to grow epitaxially in term of the orien-
ation of the ZnO seeds, their dependence of orientation
pon heating temperatures above 300 ◦C should be the same
s that of the seeds. However, the optimal orientation is
00 ◦C for the seeds and 300 ◦C for the rods. The differ-
nce may be attributed to the poor chemical activity of the
eed face at 400 ◦C, which causes the decreasing density of
uclei and thus lower degree of the crystal orientation at
00 ◦C.
efects like ravine. Correspondingly, the good orientation and
he decreasing defects on the seed surface make the density
f nuclei increase notably. This will allow the slow growth
long the easy direction of crystallization, and generate a con-
ensed phase of anisotropic nanorods parallel to the substrate
ormal. At 500 ◦C, the obvious growth of crystallites on the
eed surface leads to the decreasing of the degree of orien-
ation as mentioned above. Therefore, the density of nuclei
ecreases again, resulting in the incline of grown rods. In
ddition, it can be seen from Fig. 3(b) and (c) the diameters of
he nanorods are ∼30, 25, 25, 25 and 50 nm for 100–500 ◦C,
nd their lengths are about 800 nm. The diameter of nanorods
s found to increase according to the size of crystal seeds.
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Fig. 5. SEM photographs of the ZnO seed surface (a) and ZnO nanorods (b). (The seed surface was prepared by the dip coating (WS = 3.5 cm/min)-heat treatment
(300 ◦C)-cooling process. (a1) Repeating the process three times with fast cooling, (a2) Repeating the process six times with fast cooling, (a3) Repeating the
process three times with slow cooling, (a4) Repeating the process six times with slow cooling.)

3.2. The effects of cooling styles

Fig. 4 shows XRD patterns of the ZnO seed surface with
different cooling styles and resultant nanorods. The heat-
ing temperature was 300 ◦C, WS was 3.5 cm/min, and the
seed surface was prepared by repeating the dip coating-heat
treatment-cooling process for both three and six times. It can
be seen that for both three and six times, the peak intensity
of (0 0 2) plane of the seed surface prepared by fast cooling
is higher than that prepared by slow cooling, indicating that
the degree of crystal orientation of (0 0 2) plane is enhanced
by fast cooling. Meanwhile, the same change can be found
for ZnO rods, which are a continuation of the substrate grain.
Fig. 5 is SEM photographs of the ZnO seed surface with dif-
ferent cooling styles and resultant nanorods. The preparation

condition is the same as that mentioned in Fig. 4. It shows
that the seed surface prepared by fast cooling has evenly dis-
tributed crystallites and few defects; the density of resultant
nanorods is high and ZnO rods stand completely perpendic-
ular onto substrates. While the domain like striation form on
the seed surface prepared by slow cooling, and corresponding
nanorods incline to different extent.

These results indicate that during fast cooling, the surface
state with high orientation of (0 0 2) and few microstructure
defects is kept the same as that at 300 ◦C (Fig. 3(a3)). This
causes higher density of nuclei on the seed surface and the
rods exhibit in a perpendicular fashion by crowding among
a number of bar crystallites. While during slow cooling,
there is enough time for ions to aggregate along the crys-
tal planes having similar lattice match in order to decrease
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Fig. 6. XRD patterns of the ZnO seed surface(a) and ZnO nanorods (b). (The seed surface was prepared by repeating the dip-coating at WS of 1.2 cm/min (A),
3.5 cm/min (B) and 7.0 cm/min(C) five, three and two times, respectively. The heat-treatment is at 300 ◦C and in fast cooling style.)

Fig. 7. SEM photographs of the ZnO seed surface (a) and ZnO nanorods (b). (The seed surface was prepared by repeating the dip-coating at WS of 1.2 cm/min
(a1) and 7.0 cm/min (a2) five and two times, respectively. The heat-treatment is at 300 ◦C and in fast cooling style.)

their high surface energy. This process produces the domain
like striation(Fig. 5(a)), and partly destroys the preferred ori-
entation along (0 0 2) plane and the uniformity of the seed
surface, which results in the low density of nuclei and the rod
growth style of inclination.

3.3. The effects of layer thickness per dipping

Fig. 6 shows XRD patterns of the ZnO seed surface with
different layer thickness per dipping (versus different draw-
ing speeds) and resulting nanorods. The seed surface was
prepared by repeating the dip-coating at WS of 1.2cm/min
(∼200 nm/dipping), 3.5 cm/min (∼300 nm/dipping) and
7.0 cm/min (∼500 nm/dipping) five, three and two times,
respectively. The heat-treatment was at 300 ◦C and in fast
cooling style. The number of dipping was selected to attain
the film thickness of about 1 �m at a given WS. The peak
intensity of (0 0 2) of seed surface is found to increase with

decreasing WS. A possible reason is that when the layer thick-
ness per dipping is thin, the solvent more easily evaporate, the
seed surface is denser and has few defects. Further, this leads
to better orientation (Fig. 6(a)) and higher density of nuclei
(Fig. 7(a)) of the seed surface, and the homogenization of
nanorod arrays improves (Fig. 7(b)).

4. Conclusion

In the system of (ZnNO3)2/NaOH solution, the texture of
the ZnO seed surface has great effects on growth of resul-
tant nanorods, whose morphology primarily depends on the
density of nuclei restricted by the crystal orientation and sur-
face defects of the seed plane. When heating temperature
is below 300 ◦C, the seeds have not crystallized completely,
and the poor orientation of the seed surface lead to low den-
sity of nuclei and lodging of nanorods. When at 300–400 ◦C,
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the seed surface has high orientation and few defects, which
result in high density of nuclei and perpendicular standing of
nanorods. When at 500 ◦C, the further growth of seed grains
causes the decrease of orientation, so the density of nuclei
reduces again and nanorods incline to each other. Meanwhile,
with increasing temperature, the size of seeds increases and
the diameter of resulting nanorods increase from 25 to 50 nm.
In addition, the fast cooling style makes for retaining good
orientation of the seed surface under high temperature; the
thinner layer per dipping contributes to uniformity of the seed
surface. Both of them give high density of nuclei and make
ZnO rods grow unidirecionally in a crowded environment and
stand perpendicular onto substrates.
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