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bstract

nO nanorods on ZnO-coated seed surfaces were fabricated by a solution chemical method using supersaturated Zn(NO3)2/NaOH solution. The
eed surfaces were coated on glass substrates by sol–gel processing and PEG addition. The mechanism of crystal growth and the factors affecting
he rod growth were elucidated. The morphology and structure of both the seed surface and successive nanorods were analyzed by using SEM,
RD, TEM and SAED. Nucleation on the ZnO seed surface is crucial for rod growth since rods can only be observed on ZnO-coated substrates.
upersaturation is also required for rod growth and the Zn2+ ion and NaOH concentrations must be varied synchronously to maintain the high level
f supersaturation. The average diameter and length of the ZnO nanorods increase to different degree with increasing precursor concentration.

he dependence of rod growth on temperature shows that the maximum rod growth rate at any given concentration of Zn2+ occurs at a specific

emperature, and the optimal temperature increases with Zn2+ ion concentration. Densely thick nanorods oriented perpendicularly to the substrate
an be obtained by controlling the seed surface with PEG assistance.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

One-dimensional semiconductor nanostructures have been
xtensively studied for their potential applications in manu-
acturing electronic and optoelectronic devices.1 ZnO has a
arge direct band gap (3.37 eV), excellent chemical and ther-

al stability, and the electrical properties of a II–VI semi-
onductor possessing large exciton binding energy (60 meV).
t has been recognized as one of the promising materials in

broad range of high-technology applications, e.g., surface
coustic wave filters,2 photoniccrystals,3 light-emitting diodes,4

hotodetectors,5 optical modulator waveguides,6 varistors,7 gas
ensors,8 and solar cells.9 The recent demonstration of room-
emperature ultraviolet lasing from well-oriented ZnO nanowire
r nanorod arrays (nanoarrays) has further stimulated sub-

tantial efforts to develop methodologies for the synthesis of
ne-dimensional ZnO nanostructures to be used for construct-
ng electronic and optoelectronic devices.10 Various chemi-
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E-mail address: zhgjin@tju.edu.cn (Z.-G. Jin).
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al, electrochemical, and physical deposition techniques have
een employed to create oriented arrays of ZnO NRs and
anowires, such as catalytic growth via the vapor–liquid–solid
pitaxial (VLSE) mechanisms,11 metalorganic chemical vapor
eposition,12 pulsed laser deposition,13 and templating with
nodic alumina membranes.14 However, complex procedures,
ophisticated equipment, or rigid experimental conditions are
nvolved in these methods. In addition to these methods, a
olution chemical route has become a promising option for large-
cale production of the 1D nano-/microscale materials due to its
imple, fast, and less expensive virtues. Izaki and co-workers
repared ZnO films by chemical reaction with dimethylamineb-
rane (DMAB).15,16 Highly oriented crystalline films were
rown directly on a substrate in aqueous solutions containing
rea as a chelating agent.17 Thin films consisting of well-aligned
nO microrods were formed by the thermal decomposition of
n amino complex formed with Zn2+ and methenamine.18,19

We report here a new solution method for ZnO rod depo-

ition that employ an aqueous solution containing NaOH and
n(NO3)2 and substrates coated with ZnO as seeds through
ol–gel processing. This method does not require the use of
omplexing agents and can produce micrometer-thick films in

mailto:zhgjin@tju.edu.cn
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lines is the measured supersaturation curves for ZnO at 30 C
and 90 ◦C obtained from experiment. It can be seen that the
supersaturation curve for 30 ◦C lies to the left of that for 90 ◦C,
indicating that the solution is more stable at 30 ◦C than at 90 ◦C.
746 J. Zhao et al. / Journal of the Europe

omparatively short times. Moreover, the strongly basic condi-
ions lead to a more fixed and reproducible surface condition
han the almost pH-neutral conditions of some other techniques.

eanwhile, due to the fact that the texture of the seed surface has
reat influence on the morphology and the alignment ordering
f the ZnO nanorod arrays, we add PEG in the ZnO seed sol as
urfactant to control the orientation and dimension of the seed
rains and thus to improve the morphology, growth density and
iameter of the grown nanorods. In this paper, the crystal growth
echanism was discussed and the supersaturation curves were

upplemented using experimental data. Furthermore, the influ-
nce of parameters such as the precursor concentration, growth
emperature, deposition time and the adding of PEG in the seed
ol on rod growth was investigated.

. Experimental procedure

.1. Preparation of seed-coated substrates

Zn(CH3COO)2·2H2O (0.75 mol/l) was first dissolved in a
-methoxyethanol-monoethanolamine solution (0.75 mol/l) at
oom temperature. As for the experiments studying the effect
f PEG, 0 g/50 ml, 1 g/50 ml, 2 g/50 ml and 4 g/50 ml of PEG
ere added in the mixture as well. The resultant solution was

tirred at 60 ◦C for 30 min to yield a clear and homogeneous
olution, which served as seed coating sol. Then a clean indium
in oxide (ITO, 10 �/�) glass substrate was dipped into the sol,
ithdrawn at 3.5 cm/min and dried in the air. Finally, the as-

oated substrate was heated in an electrical furnace at 300 ◦C
or 10 min, and the substrate with PEG was heated additionally
t 500 ◦C for 1 h to remove the PEG thoroughly.

.2. Measurement of supersaturation curves

The points on the supersaturation curves were determined by
dding HNO3 aqueous solution to lower the pH value of the
lear Zn(NO3)2/NaOH solution under 30 ◦C and 90 ◦C. NaOH
as first added to the Zn(NO3)2 solution with a certain con-

entration (10−4 M to 0.5 M) to produce a clear solution, then
NO3 solution of pH 0.2 was used to titrate this solution until

he solution just become turbid. The volume of consumed HNO3
as recorded to compute the final Zn2+ concentration, and the
H was measured as well.

.3. Growth of ZnO nanorods

The ZnO-coated substrates were rinsed with deionized water,
nd then suspended in aqueous solutions of Zn(NO3)2/NaOH
ith different ion concentrations, growth temperature varying

rom 30 ◦C to 90 ◦C and deposition time from 1.5 h to 12 h. The
esultant samples were rinsed with deionized water and dried in
ir.
.4. Characterization

The morphology of the ZnO nanorods was observed by
eld-emission scanning electron microscopy (FESEM, JEOL
ramic Society 26 (2006) 3745–3752

SM6700 operated at 5 or 10 keV) and transmission electron
icroscopy (TEM, JEOL 100CX-II). The crystal structure of

he seed surface and resultant nanorods was analyzed using
RD (Rigaku 2500) with Cu KR radiation at 40 kV/150 mA

nd HRTEM (JEOL JEM-2010).

. Results and discussion

.1. Physical mechanism of nanorod growth

Two processes are required for crystallization in a supersat-
rated solution: nucleation and crystal growth. The interface
nergy between ZnO/substrate is usually smaller than that of
nO/solution. As a result, the nuclei tend to form on the substrate

heteronucleation) at a lower saturation ratio than in the solu-
ion (homogeneous nucleation). The interfacial tension between
olution species and a crystal nucleation site depends on the
egree of structural fit, the same crystal type having the best
t and lowest energy barrier.20 Therefore, pre-coating the sub-
trates with seeds of ZnO, the same material as the nanocrystals
eing grown, is an effective way to grow nanorods and to con-
rol their morphology, texture and even orientation. Although
ayssieres reported the growth of ZnO nanorods on unmodified
ubstrates from solution of Zn(NO3)2 and methenamine, no rods
f ZnO were observed on bare glass or ITO slides in our experi-
ents, which indicates that the ZnO-seed particles play a crucial

ole in ZnO nanorod growth processes for the Zn(NO3)2/NaOH
ystem. Meanwhile, on the ZnO-coated substrates, no matter
lass or ITO slides, ZnO nanorods grew readily.

Fig. 1 shows a phase stability diagram for solid ZnO in which
he solid line is the theoretical thermodynamic equilibrium curve
etween Zn(OH)4

2− and ZnO at 25 ◦C calculated on the basis of
he thermodynamic data provided by reference,21 and the dashed

◦

Fig. 1. Phase stability diagram for solid ZnO.
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otograph of hexagonal ZnO single crystal.
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Fig. 2. Model corresponding SEM ph

t is known that supersaturation is the key driving force for crys-
al growth. In this case, the small metastable region between
he two kinds of lines was suitable to produce ZnO nanorods
ithout precipitation of other zinc species. More precisely, the

mount of NaOH can only vary over a small range for a fixed
n2+ concentration. When it was too high, the ZnO-coated sub-
trate was etched away; if too low, ZnO and zinc hydroxide
pecies precipitated out of solution. For ZnO rod growth, the
ollowing equation, where n = 2 or 4, was suspected to happen
n solution21:

Zn(OH)n]2−n+ [Zn(OH)n]2−n→ [Zn2O(OH)2n−2]4−2n+H2O

The crystal structure of ZnO was first constructed by this
ehydration between OH− on the surface of the growing crystals
nd the OH− ligands of the hydroxyl complexes. Fig. 2 is the
odel and corresponding SEM photograph of hexagonal ZnO

ingle crystal showing its growth layer by layer along c-axis.

.2. Crystal structure

According to the XRD patterns of ZnO nanorods (Fig. 3), the
iffraction peaks of the obtained ZnO crystals can be indexed to a

exagonal wurtzite structure with cell constants of a = 0.324 nm
nd c = 0.519 nm (JCPDS card No. 36-1451). XRD results also
ndicate strong preferred orientation along the c-axis because
he [0 0 2] reflection is greatly enhanced relative to the usual

e
t
f
c

Fig. 4. TEM (a) and HRTEM and
Fig. 3. XRD patterns of ZnO nanorods.

1 0 1] maximum reflection. Further structural characterization
f the ZnO crystals was performed by TEM and selected area

lectron diffraction. We notice from TEM images (Fig. 4(a))
hat the average diameter of ZnO nanorods is about 25 nm, and
rom HRTEM images (Fig. 4(b)) that the spacing between adja-
ent lattice planes is about 0.26 nm, which corresponds to the

SAED (b) of ZnO nanorods.
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Fig. 5. SEM photographs of the ZnO nano

istance between two (0 0 2) planes in ZnO crystal.22 The elec-
ron diffraction pattern (Fig. 4(b)) can be assigned to hexagonal
nO single crystals in the (1 1̄ 0) beam direction. Both the high-

esolution TEM and SAED results suggest that [0 0 1] is the
referred growth direction for ZnO nanorods.

.3. Effects of reaction conditions on nanorod morphology

.3.1. Concentration
For the experiments studying the effect of concentration, the

recursor concentration was chosen at 10−4 M, 10−3 M and
0−2 M, and the corresponding concentration of NaOH was
.025 M, 0.1 M and 1.6 M in the metastable region (Fig. 1) to
reate the needed degree of supersaturation for rod growth. Fig. 5
hows SEM photographs of the ZnO nanorods grown under
0 ◦C for 1.5 h. It is found from Fig. 5(a) that only equiareal crys-
allites can be seen and there is almost no rod growth. Thus it can
e concluded that despite the high supersaturation, rods cannot
row well because of the low concentration. Obvious rod growth
an be observed in Fig. 5(b) and (c), straight nanorods growing
n the whole substrate surfaces with high density and with rod
ength varying from ∼700 nm for 10−3 M Zn2+ to ∼1.5 �m for
0−2 M Zn2+. While zinc ion concentration strongly affected
he growth rate and rod length, it had a smaller effect on rod
iameter, which increases from 25 nm for 10−3 M Zn2+to 40 nm
or 10−2 M Zn2+. It should be pointed out that the increasing

ate of rod width in our case is not as large as that reported in
ayssieres’ work,23 where the nanorods were prepared on mod-

fied substrates and the rod width increased the same order of
agnitude as the concentration of reactant. This suggests that,

a
f
i
e

rown at different precursor concentration.

or the ZnO nanorods prepared on modified substrates, the pre-
oated ZnO nanoparticle layer plays the main role in governing
he rod diameter; while on the other hand, the rod diameter can
lso be controlled to some extent by monitoring the concentra-
ion of the reactant.

.3.2. Temperature
The temperature range over which rod growth occurred was

0–90 ◦C. Fig. 6 exhibits SEM photographs of the ZnO nanorods
rown at this temperature range under 10−3 M for 1.5 h. We note
rom Fig. 6(a) that the rods grown at 30 ◦C are very short and
tand perpendicularly to the substrate, indicatng that the growth
ate of nanorods is low and the main process taking place might
e the formation of hexagonal ZnO crystalline grains. From
ther pictures, ZnO nanorods are seen to incline to different
egree and the average diameter of the nanorods remains almost
nchanged; but the average length of the nanorods increases
reatly with temperature increasing up to 90 ◦C. This implies
hat the growth rate along [0 0 1] direction is more sensitive to
emperature compared to those along [1 0 1] and [1 0 0] direc-
ion. Fig. 7 shows the film thickness as a function of temperature
or 10−3 M and 10−2 M Zn2+ ion solutions. As shown, a max-
mum growth rate of about 700 nm in 1.5 h for 10−3 M Zn2+

as achieved at 70 ◦C. At higher concentrations (e.g. 10−2 M
n2+), however, maximum growth rate was achieved at higher

emperatures (e.g. 90 ◦C for 10−2 M Zn2+). In general, such

maximum is evidence of two opposing trends. The growth

actors are the increasing rate of ionic diffusion with increas-
ng temperature and the decreasing influence of the activation
nergy. The opposing factor is the increasing solubility of the
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Fig. 6. SEM photographs of the ZnO

nO with temperature. The first factor apparently dominates at
ower temperature, while the second dominates at higher tem-
erature, resulting in a peak in the nanorod growth rate versus
emperature.

.3.3. Time
The dependence of the average diameter and film thickness
f nanorods on deposition time under 10−3 M and 70 ◦C is illus-
rated in Fig. 8. Both the growth rates in the radial and axial
irection are observed to elevate in the beginning, and then slow
ith time as the result of decreasing Zn2+ concentration. We

ig. 7. Film thickness as a function of temperature for 10−3 M and 10−2 M Zn2+

on solutions.

p
g

F
o

ods grown at different temperatures.

lso found that spiked tips occurred in films grown for less than
h (Fig. 4), while flat tips appeared in films grown for 8 h. All

he results indicate that the solution had reached equilibrium and
he top of rods, viz. the (0 0 2) plane, is dissolved.

.4. Controlling rod morphology by controlled seed layer
ith PEG assisting
Fig. 9 shows XRD patterns of ZnO-coated substrates pre-
ared using a sol with added PEG and the resultant nanorods
rown under 10−3 M and 70 ◦C for 1.5 h. From Fig. 9(a), it is

ig. 8. The dependence of the average diameter and film thickness of nanorods
n deposition time.
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Fig. 9. XRD patterns of ZnO-coated substrates (a) and resultant nanorods (b) prepared by sol added PEG. The amount of PEG: (a0) and (b0) 0 g/50 ml; (a1) and (b1)
1 g/50 ml; (a2) and (b2) 2 g/50 ml; (a3) and (b3) 4 g/50 ml.

Fig. 10. SEM photographs of ZnO seed surface (a) and the resultant nanorods (b) prepared by sol added PEG. The amount of PEG: (a0) and (b0) 0 g/50ml; (a1) and
(b1) 1 g/50 ml; (a2) and (b2) 2 g/50 ml; (a3) and (b3) 4 g /50 ml.
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Fig. 11. Schematic diagram of the ZnO nucle

learly seen that the peak intensity of the (0 0 2) plane of the
ubstrates becomes higher with the increased amount of PEG
n the seed sol, showing the increasing degree of orientation
long the c-axis. From Fig. 9(b), however, the peak intensity of
he (0 0 2) plane of the resultant nanorods is found to become
igher first and then lower with the increased amount of PEG,
nd so does the degree of orientation along the c-axis of the
anorods.

Fig. 10 exhibits SEM photographs of the ZnO seed surface
repared by sol added PEG and the resultant nanorods grown
nder 10−3 M and 70 ◦C for 1.5 h. When the amount of PEG is
g/50 ml, the seed surface has evenly dense and large crystal-

ites compared to that without PEG, and the growing nanorods
ave larger diameters and are perpendicularly oriented to the
ubstrate. But with the amount of PEG increasing, the defects in
overage occur and become larger, and the resulting nanorods
ecome thinner and begin to slope.

PEG is usually used as a surfactant to modify the morphology
f nanocrystalline films.24 This phenonenon may be relevant to
he template assembly of PEG taking part in texure formation
n the seed surface. Fig. 11 suggests a schematic diagram of
he ZnO nucleation on the PEG-assisted controlled seed sur-
ace. When the proper amount of PEG is added in the seed
ol, the hydrophilic terminal hydroxyl groups of PEG adsorb on
he zinc acetate oligomer just like the action of PEG adsorbed
n titania and zirconia surfaces,25 while the rather hydropho-
ic oxyethylene chain exposed to the 2-methoxyethanol, form
icelles acting as microreactors, in which the zinc acetate

ligomer was enveloped. When substrates were annealed after
he dip-coating, PEG was removed at the same time, resulting in
ighly c-oriented large ZnO seeds from the oligomers inside the
icroreactor. This further induces high density and large size

f nuclei, which leads to densely distributed and thick nanorods
tanding perpendicularly on to the substrates. When more PEG
s added, the decomposition and vaporization of PEG become

ore obvious and leaves defects, which expose the underlying
eed layer simultaneously. Regardless of the good orientation
long the c-axis, the density of nuclei of the underlying layer is
ow, and their size is small due to the lack of precursor caused by
ompetition of growth between two different seed layers. Under
his condition, the rods on the underlying layer have smaller size
nd slant to some extent. When PEG is further added, larger

efects come into being, and the competition of growth between
he upper and lower layer leads to lower density and small size
f nuclei on both layers, which thus brings about thin rods
nclining.
on the PEG-assisted controlled seed surface.

. Conclusion

A new system deriving from Zn(NO3)2/NaOH was demon-
trated as suitable to prepare ZnO nanorod arrays on ZnO-coated
lass sildes. The metastable region between the theoretical ther-
odynamic equilibrium curve and the measured supersaturation

urves for ZnO was used to prepare effectively ZnO nanorods
ithout precipitation of other zinc species. The preparing con-
itions such as precursor concentration, growth temperature and
eposition times have a great influence on the morphology of
nO nanorods. With the Zn2+ ion concentration increasing, the
verage diameter of ZnO nanorods increases slightly, while the
rowth rate rises tremendously. The maximum rod growth rate at
ny given concentration of Zn2+ occurs at a specific temperature,
nd the optimal temperature increases with Zn2+ ion concentra-
ion. The rate of rod growth gradually lowers with deposition
ime. Adding of PEG into the seed sol gives a high density
nd large size of crystallites on the seed surface and obviously
hanges the morphology of the nanorods, which become densely
hick nanorods standing perpendicularly to the substrate.
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