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Low-temperature growth and optical properties of ZnO nanorods
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bstract

Zinc oxide (ZnO) nanorods were grown on ITO conducting glass by the chemical solution deposition method (CBD) in an aqueous solution that
ontained zinc nitrate hexahydrate (Zn(NO3)2·6H2O) and methenamine (C6H12N4). The size of ZnO nanorods increased with molar concentration
f zinc nitrate, and the nanorods with different aspect ratios also formed through tuning the reaction time when the molar concentration was 0.1 M.

he length of nanorods increased significantly with the reaction time, but the thickness of the film deposited on the substrate only slightly increased.
rom the X-ray measurement results, it can be seen that the growth orientation of the as-prepared ZnO nanorods was [0 0 2]. Photoluminescence
easurements were also carried out, the result showed a blue shift in violet emission with the reduction in crystal size.
2007 Elsevier B.V. All rights reserved.
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. Introduction

One-dimensional (1D) nanocrystalline semiconductors such
s nanorods, nanotubes and nanowires have attracted consider-
ble attention due to their importance in basic scientific research
nd potential technological application [1]. Among these materi-
ls, zinc oxide (ZnO) as a wide band gap semiconductor attracts
major intention in current semiconductor research, for its super
ptical properties. Due to wide band gap (3.37 eV) at room tem-
erature, ZnO becomes an excellent semiconductor material for
pplications considered for other wide bandgap materials like
aN and SiC. In addition, due to the extreme large exciton bind-

ng energy (60 meV), the excitons in ZnO are thermally stable
t room temperature, and thus ZnO has signicant advantages in
ptoelectronic applications such as the ultraviolet (UV) lasing
edia [2]. Up to now, most physical and chemical methods are
sed to fabricate ZnO nanorods, such as vapor phase transport
eposition, pulsed laser ablation, chemical vapor deposition,
lectrodeposition and thermal evaporation [3–7]. According to
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hese methods, they are not suitable for controllable synthesis.
oreover, the complex processes, sophisticated equipment and

conomically prohibitive high temperatures are also required.
ompared with those methods, chemical solution deposition
ethod (CBD) can be controlled easily, and no sophisticated

quipments are required. The most important is that the exper-
ment can be carried out under low temperature. In addition,
he high electrical conductivity and optical transparency of ITO
onducting glass substrate used in our experiment also provide a
reat potential in future optoelectronic nanodevice applications.
herefore, in this paper, two series of ZnO nanorods with differ-
nt morphologies are prepared by the method of CBD through
djusting the growth moral concentration of zinc nitrate and
eaction time, wherein no surfactants are involved. Then their
tructure, morphologies and optical properties are studied.

. Experimental

ZnO nanorods used in the experiment were grown on the ITO conducting

lass by the CBD process. In the process, aqueous solution of zinc nitrate hex-
hydrate [Zn(NO3)2·6H2O, 99.9% purity] and methenamine (C6H12N4, 99.9%
urity) was first prepared, while keeping the same 1:1 ratio [e.g., zinc nitrate
exahydrate solution (0.1 M) and methenamine solution (0.1 M)]. Two series of
amples were prepared in our experiment. One series of samples was obtained

mailto:jhyang@jlnu.edu.cn
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ig. 1. XRD patterns of ZnO nanorods on the ITO conducting glass substrate
n aqueous solution with different molar concentration of zinc nitrate when the
eaction time is 12 h. (a) 0.01 M; (b) 0.05 M; (c) 0.1 M.

hen the concentration of zinc and amine were fixed at 0.01 M, 0.05 M and
.1 M. The reaction time was 12 h. The other series was grown when the reac-
ion time was 5 h, 12 h and 28 h, respectively. The concentration of zinc was
.1 M.

ITO conducting glass was used as the substrates, which were cleaned ultra-
onically with acetone, ethanol and deionized water for 20 min, respectively.
hen, the substrates were immersed and tilted against the wall of bottle in the
recursor solution at 90 ◦C in an oven for several hours without any stirring. Sub-
equently, the thin films were thoroughly cooled to room temperature, washed
ith deionized water and dried in air.

XRD (MAC Science, MXP18, Japan), SEM (Hitachi, S-570) and PL (He–Cd
aser, 325 nm) were used to characterize the crystal structure, surface morpholo-
ies and optical properties of ZnO nanorods.

. Results and discussion

.1. Effect of different molar concentration of zinc nitrate
n ZnO nanorods
Fig. 1 shows the XRD patterns of ZnO nanorods deposited
n the ITO conducting glass substrate with different molar ratio
f zinc nitrate. From Fig. 1, it can be seen that the deposited ZnO
anorods have hexagonal wurtzite structure. In addition, [1 0 1]

(
g
A

ig. 2. SEM images of ZnO nanorods on the ITO conducting glass substrate in aqueo
ime is 12 h. (a) 0.01 M; (b) 0.05 M; (c) 0.1 M.
ig. 3. PL spectra of ZnO nanorods on the ITO conducting glass substrate in
queous solution with different molar concentration of zinc nitrate when the
eaction time is 12 h. (a) 0.01 M; (b) 0.05 M; (c) 0.1 M.

eflection peak is usually the maximum one in the standard pat-
ern of ZnO, while in Fig. 1, [0 0 2] reflection peak apparently
tronger than [1 0 1], which indicates that the ZnO nanorods
rend to grow perpendicular to the ITO conducting glass sub-
trate surface. That is to say, the c-axis is the optimum orientation
f these deposited ZnO nanorods.

Fig. 2 shows the SEM images of ZnO nanorods with differ-
nt concentration of zinc nitrate (Fig. 2(a)) 0.01 M, (Fig. 2(b))
.05 M and (Fig. 2(c)) 0.1 M, when the reaction time was fixed
t 12 h. It indicated that the concentration of zinc nitrate was the
mportant factor that governed the diameter of the nanorods, due
o the critical diffusion of the monomers and subsequent limited
rowth [8]. Nanorods with the size of 600 nm were obtained at
he concentration of 0.1 M zinc nitrate, and then nanorods about
00–400 nm at 0.05 M, as well as nanorods about 200–300 nm at
.01 M were targeted. In general, the sizes of the ZnO nanorods
ecome bigger with a higher concentration of zinc nitrate.
Fig. 3 illustrates the room-temperature photoluminescence
PL) spectra of ZnO nanorods grown on the ITO conducting
lass substrate with different molar concentration of zinc nitrate.
s seen in Fig. 3(a), three luminescence emission peaks, ultra-

us solution with different molar concentration of zinc nitrate when the reaction
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iolet (UV) emission at 380 nm, green emission at 550 nm and
ellow emission at 599 nm, were observed. Generally, the UV
mission of ZnO was attributed to an exciton-related activity
9], and the green emission was due to the point defects, such
s oxygen vacancies or impurities [10]. The deep level involved
n the yellow luminescence was likely interstitial oxygen [11],
nd perhaps had much to do with the structure of ZnO2 [12].
s the molar concentration increased to 0.05 M, the PL peak

n the UV and green regions gradually increased, but the yel-
ow emission decreased (Fig. 3(b)). As the molar concentration
ncreased to 0.1 M, the PL peak in the green and yellow regions
radually decreased. However, the UV emission peak increased
gain with the increase of the molar concentration (Fig. 3(c)). It
ay be explained that the UV emission has much sharper peak,

he samples would have more perfect crystallization.
In conclusion, when the molar concentration of zinc nitrate

as fixed at 0.1 M, the structure, morphologies and optical prop-
rties of the ZnO nanorods were optimum.

.2. Effect of different reaction time on ZnO nanorods

Fig. 4 shows the XRD patterns of ZnO nanorods deposited on
he ITO conducting glass substrate with different reaction time
hen the molar concentration of zinc nitrate is 0.1 M. Accord-

ng to the standard pattern of ZnO, all peaks in Fig. 4 can be
ndexed to the hexagonal wurtizite structure of zinc oxide. It
an be clearly seen that no characteristic peaks of impurities
re observed, and the [0 0 2] reflection is greatly enhanced rela-
ive to the usual [1 0 1] maximum reflection of ZnO zincite. The
xplanation is similar to Fig. 1.

Fig. 5 shows SEM images of ZnO nanorods grown on the ITO
onducting glass substrate for different reaction time at 90 ◦C.
t can be seen that the coverage density and morphologies of
nO nanorods are significantly different. With the reaction time

ncreasing, the diameter and length of ZnO nanorods increased.
s reaction time was 5 h, the ZnO nanorod arrays were grown
ith diameter of ∼400 nm and length of ∼2.2 �m. When the
eaction time further increased to 12 h, the well-aligned ZnO
anorod arrays could be obtained with diameter of ∼600 nm and
ength of ∼3.0 �m, which could be clearly shown in Fig. 5(b).
urthermore, when the reaction time increased to 28 h, the SEM

o
Z
t
f

ig. 5. SEM images of ZnO nanorods grown on the ITO conducting glass substrate
f zinc nitrate is 0.1 M. (a) 5 h; (b) 12 h; (c and d) 28 h.
ig. 4. XRD patterns of ZnO nanorods on the ITO conducting glass substrate
n aqueous solution with different reaction time when the molar concentration
f zinc nitrate is 0.1 M. (a) 5 h; (b) 12 h; (c) 28 h.

mages of ZnO were apparently different according to Fig. 5(c
nd d). It can be seen that ZnO nanotubes formed in the ZnO
anorod arrays, which was because the end of ZnO nanorods
ere erodent. While this kind of erosion has different effect on

very ZnO nanorod, so there are three kinds of nanostructures
an be seen in this image, nanorods, nanotubes, and another
anostructure of not thoroughly nanotubes with particles in
hem.

The formation mechanism of these nanostructures is just as
ollows: the CBD method consists of two steps, nucleation and
rowth, which is based on the formation of solid phase from the
olution [13]. In the nucleation process, the clusters of molecules
ormed undergo rapid decomposition and particles combine to
row up to a certain thickness of the film at the ITO conducting
lass substrate [14]. For our experiment, Zn(NO3)2·6H2O used
s the source of zinc and C6H12N4 provided the OH−. When
6H12N4 was added to the solution, no precipitate occurs at

nce. While, with the increase of the temperature, the precipitate
n (OH)2 occurred. ZnO nuclei were formed from the precipi-

ate deposited on the ITO substrate, and then ZnO nanorods grew
rom the nuclei. As the reaction time increasing, the diameter and

in aqueous solution with different reaction time when the molar concentration
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ig. 6. PL spectra of ZnO nanorods on the ITO conducting glass substrate in
queous solution with different reaction time when the molar concentration of
inc nitrate is 0.1 M. (a) 5 h; (b) 12 h; (c) 28 h.

ength of ZnO nanorods increased. But the growth process will
top beyond a certain period of time, and subsequently the ero-
ion process will began (Fig. 5(a–d)). In addition, the as-grown
nO nanorod belongs to the hexagonal wurtzite type lattice, so

he positive-face (0 0 0 1) and negative-face (0 0 0 1̄) are on the
etastable state; the hexagonal cylinder {0 1 1̄ 0} is on the stable

tate [15]. The face on the metastable state is prone to be erosion
hrough continual chemical reaction and then hollow nanotubes
ormed (Fig. 5(c and d)).

Photoluminescence (PL) of the ZnO nanorods with different
eaction time were measured at room temperature and the spec-
ra is shown in Fig. 6. In Fig. 6(a), according to the ZnO nanorods
rown for a short period of time, i.e., 5 h, a weak UV emission
round 381 nm and a broad green emission around 550 nm, even
weak yellow emission around 600 nm can be observed. As the
nO nanorods were grown for 12 h, a much stronger PL emis-
ion at 383 nm and a relatively weak green emission at 550 nm,
ere detected (Fig. 6(b)). However, for the ZnO nanorods with
long-term growth, i.e., 28 h, some nanotubes were found in

he nanorod arrays in Fig. 5(c and d). Simultaneously, only a
tronger UV emission peak compared to that of ZnO nanorods
rown for 5 h and 12 h is observed in Fig. 6(c). This result may

e attributed to the perfect boundaries and alignment between
nO nanorods.

In a word, when reaction time was fixed at 12 h, the structure,
orphologies and optical properties of the ZnO nanorods were

[

[
[

ompounds 450 (2008) 521–524

ptimum. And from the two PL spectra as shown in Figs. 3 and 6,
t can be seen that the photoluminescence measurements showed
blue shift in violet emission with the reduction in crystal size.

. Conclusion

In summary, two series of ZnO nanorods were grown on
TO conducting glass substrate by the CBD method. Different
orphologies of ZnO nanorods were obtained through adjust-

ng the growth moral concentration and reaction time, wherein
o surfactants were involved. According to both two series of
amples, the XRD and SEM results indicated that c-axis was
he optimum orientation. The size of the ZnO nanorods was
maller in a low molar concentration or a short reaction time.
hotoluminescence measurements showed a blue shift in violet
mission with a reduction of the molar concentration and the
eaction time, that is to say, with a reduction in crystal size.
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