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ZnO nanorods were grown by using the hydrothermal method on p-type Si (100) substrates with nanofibrous
ZnO seed layers. Before the ZnO nanorods growth, nanofibrous ZnO seed layers were spin-coated onto the
Si substrates. The structural and optical properties of ZnO nanorods were characterized by scanning electron
microscopy, X-ray diffraction, and photoluminescence. The fibrous ZnO nanorods is possible due to the surface
morphology of the nanofibrous ZnO seed layers. To investigate annealing effects of the ZnO nanorods, the
post-annealing process was carried out at various temperatures ranging from 300 to 700 ◦C under argon condi-
tions. The structural and optical properties of the ZnO nanorods were also affected by the post-annealing treatment.

PACS: 81.05.Dz, 81.15.Lm, 78.55.Et

1. Introduction

ZnO has attracted considerable attention, because it
has a hexagonal wurzite structure with a direct wide
band-gap of 3.37 eV, a large exciton binding energy of
60 meV at room temperature. These properties of ZnO
impose its significant potential in various applications
such as in transparent electrodes and blue/UV light emit-
ting diode (LED). Various growth techniques, such as
metal-organic chemical vapor deposition (MOCVD) [1],
vapor phase transport (VPT) [2], and hydrothermal
method [3] have been successful in creating the ZnO
nanowires [4], nanorods [2], and nanotubes [5]. Among
these growth techniques, hydrothermal method has been
studied in view of its simplicity, low growth tempera-
ture, large scale growth, flexible application, mass pro-
ductivity, and the growth of one-dimensional (1D) nano-
structure. Recently, 1D nanorods have attracted con-
siderable interest due to their remarkable physical and
chemical properties [6]. Several researchers have studied
1D nanorods growth on homogeneous film with various
growth conditions [7, 8]. However, there have been few
reports considering ZnO nanorods grown on nanofibrous
ZnO seed layers by using the hydrothermal method.

In this work, ZnO nanorods on nanofibrous ZnO seed
layers were fabricated by using a hydrothermal method.
For the post-annealing effects of the ZnO nanorods, they
were post-annealed at various temperatures in Ar condi-
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tions. The structural and optical properties of the ZnO
nanorods were investigated by using field-emission scan-
ning electron microscopy (FE-SEM), X-ray diffraction
(XRD), and photoluminescence (PL).

2. Experimental details

The ZnO nanorods were grown by using the hydrother-
mal method on p-type Si (100) substrates with nanofi-
brous ZnO seed layers. Before the growth of ZnO seed
layers, Si substrates were cleaned by immersion in a
piranha solution (H2SO4 : H2O2 = 8 : 1) at 110 ◦C
for 15 min and then in hydrofluoric acid (HF 50% :
H2O = 1 : 9) for 1 min. Nanofibrous ZnO seed layers
were prepared by spin-coating method. The sol solution
was prepared by dissolving 0.6 M zinc acetate dehydrate
[Zn(CH3COO)2 · 2H2O] in 0.6 M 2-methoxyethanol as a
solvent, and monoethanolamine (MEA) was added to the
stable sol solution. The molar ratio of MEA to zinc ac-
etate dehydrate was maintained at 1.0. The resultant
solution was stirred at 60 ◦C for 2 h. The sol solution
was dropped onto Si substrates, which was rotated at
3000 rpm for 20 s. The ZnO seed layers were pre-heated
at 300 ◦C for 10 min and then cooled in the hot plate
(slow cooling). The procedures from spin-coating to pre-
-heating were repeated three times. The ZnO seed lay-
ers were inserted into a furnace and post-heated in air
at 450 ◦C for 1 h. For the synthesis of ZnO nanorods,
zinc nitrate hexahydrate [Zn(NO3)2·6H2O] and hexa-
methylenetetramine (HMT) [C6H12N4] were dissolved in
deionized water at room temperature. The concentra-
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tions of both components were fixed at 0.3 M. The sub-
strate was immersed in the aqueous solution. The growth
temperature was kept at 140 ◦C for 6 h. The resultant
substrate was rinsed with deionized water and blown dry
with nitrogen gas (99.9999%). The ZnO nanorods were
annealed at 300, 500, and 700 ◦C for 20 min under Ar
condition by using a thermal annealing system.

3. Results and discussion

Figure 1 shows the SEM image of the ZnO seed lay-
ers. The surface of the ZnO seed layers with slow cool-
ing exhibits nanofibrous structure. Zhao et al. [9] re-
ported that the ZnO nanofibrous seed layer was due to
the slow cooling. During slow cooling, there is enough
time for ions and/or molecules to aggregate along the
crystal plane having similar lattice match in order to de-
crease their high surface energy. This process produces
the ZnO nanofibrous nanorods.

Fig. 1. SEM image of the nanofibrous ZnO seed layers.

Fig. 2. SEM images of the as-grown ZnO nanorod and
ZnO nanorods post-annealed at temperatures of 300,
500, and 700 ◦C.

Figure 2 shows top-view SEM images of the as-grown
ZnO nanorods and the ZnO nanorods at various post-
-annealing temperature of 300, 500, and 700 ◦C. The
polygonal-shaped ZnO nanorods covered fibrously the Si
substrates. The fibrous ZnO nanorods are possible due
to the surface morphology of the nanofibrous ZnO seed
layers. The formation of ZnO nanorods is influenced by
morphology of the seed layers [10]. There are two possible
reasons for the formation of the fibrous ZnO nanorods.

One is along the randomly distributed (002) planes of
seed layers. As reported by Kim et al. [11], the rugged
faceted surface is responsible for the formation of the in-
clined nanorods due to the preferential formation of the
nanorods along the ZnO (002). The density and size of
the grown ZnO nanorods depended significantly on the
surface morphology and density of ZnO seed layers [12].

As-grown ZnO nanorods were post-annealed at 300,
500, and 700 ◦C in Ar condition. After post-annealing,
the nanopores of ≈ 50 nm are observed at the surface of
ZnO nanorods and the diameters of the ZnO nanorods
are increased from 200 to 500 nm. For high annealing
temperature, the nanopore size increases gradually. Ac-
cording to forming the nanofibrous seed layer by slow
cooling, the ZnO nanorods were inclined.

Fig. 3. XRD diffraction patterns of the as-grown ZnO
nanorod and ZnO nanorods post-annealed at tempera-
tures of 300, 500, and 700 ◦C.

Figure 3 shows the XRD patterns of the as-grown ZnO
nanorods and annealed ZnO nanorods. For all the sam-
ples, the diffraction peaks of (002) are only observed. The
(002) diffraction peak located at 34.5◦ is the most inten-
sive. In generally, the ZnO (002) peak indicate that the
preferred orientation due to the lowest surface energy is
along the (001) basal plane in ZnO [13].

Fig. 4. PL spectra of the as-grown ZnO nanorod and
ZnO nanorods post-annealed at temperatures of 300,
500, and 700 ◦C.

Figure 4 PL measurements were carried out at room
temperature to examine the effect of the post-annealing
on the optical properties of the ZnO nanorods. Figure 4
shows the PL spectra of the as-grown ZnO nanorods and



216 K.G. Yim et al.

the annealed ZnO nanorods. All of the samples exhibit
two emission peaks. One is the strong UV region and
the other is the weak deep-level emission (DLE) at vis-
ible region. The UV emission is the exciton recombi-
nation related near-band edge emission (NBE) and the
DLE usually accompanies the presence of structural de-
fects and impurities [14]; these can include an oxygen
vacancy (VO), a zinc vacancy (VZn), an oxygen atom at
the zinc position in the crystal lattice (OZn), a zinc atom
at the oxygen position in the crystal lattice (ZnO), inter-
stitial oxygen (Oi), and interstitial zinc (Zni). The NBE
peak position is around 3.285 eV, and the NBE peak po-
sition is hardly affected by the existence of pores at the
surfaces of the ZnO nanorods. However, the DLE peak
is shifted from green-yellow to orange region as pores are
formed on the surfaces of the ZnO nanorods. Besides,
the DLE peak is red-shifted from orange to red region
with the post annealing temperature increase of the ZnO
nanorods. The green-yellow emission (500–600 nm) and
orange (610 nm) in ZnO has been attributed to intrinsic
defects such as Zni and VO [15] and interstitial defects
such as Oi [16]. Few studies have reported red emissions
in undoped ZnO, and the origin is still under debate.

Fig. 5. PL intensity ratio of the NBE to the DLE as a
function of the post-annealing temperatures.

Figure 5 shows the PL intensity ratio of the NBE to
the DLE as a function of the post-annealing tempera-
ture. In general, the large intensity ratio of the NBE
to the DLE indicates that the ZnO nanorods have bet-
ter optical properties. It can be seen that intensity ra-
tio of the NBE to the DLE increases in post-annealed
ZnO nanorods compared to the as-grown ZnO nanorods.
The PL intensity ratio of the samples increased from 3.35
to 6.68 as the post-annealing temperature increased. The
bigger the intensity ratio, the higher the quality of the
ZnO nanorods [17]. Improved emission efficiency has also
been reported in porous GaN [18]. The improvement of
the post-annealed ZnO nanorods is explained in terms of
increase of the emission rate of excess carriers due to the
porous ZnO nanorods.

4. Conclusions

The ZnO nanorods on nanofibrous seed layers were
grown by using hydrothermal method and were post-
-annealed in Ar condition at temperature of 300, 500,

and 700 ◦C for 20 min. The formation of as-grown ZnO
nanorods is influenced by morphology of the nanofibrous
ZnO seed layers. After post-annealing, the nanosized
pores are formed on the surfaces of ZnO nanorods. As
the post-annealing temperature increased, the PL inten-
sity ratio significantly increased. Post-annealing process
of ZnO nanorods plays an important role in enhancing
the optical properties.
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