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We fabricated zinc oxide (ZnO) nanorods (NRs) with ZnO seed layers by using the sol-gel solution
method with various annealing temperatures on different substrate materials (silicon, glass, and
fluorine doped tin oxide (FTO) coated glass). Within a certain range of seed annealing temperatures,
the alignment and length of the NRs were significantly improved. However, the growth rate of the NRs
was less affected by the substrate material at a fixed seed annealing temperature. From X-ray
diffraction (XRD) measurements, the NRs grown on the silicon substrate exhibited better crystallinity
than those grown on the glass and FTO coated glass substrates. During the growth process for the NRs,
the self-attraction phenomenon occurred, which led to a decrease in the NR density and improved the
alignment, resulting in a highly c-axis oriented ZnO NR growth on the substrate.
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1. INTRODUCTION

One-dimensional (1D) zinc oxide (ZnO) nanorods (NRs), which are direct wide band gap (3.37
eV) semiconductor with a large exciton binding energy (60 meV) at room temperature, have attracted
considerable attention because of their application potential in a variety of fields, including chemical
sensors, photodetectors, field-effect transistors (TFTs), piezoelectric generators, and solar cells [1-6].
The length and alignment of the ZnO NRs are vital parameters and play determining roles in their
properties. These could be effectively improved by the seed layer, which reduces the lattice mismatch
between the NRs and a substrate and leads to the growth of well-aligned NRs on the substrate [7,8].

In this study, the properties of ZnO NRs were investigated using different seed annealing
temperatures (150—450 °C) prepared by the sol-gel solution method and NR growth times (3—12 h) on
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various substrate materials (silicon, glass, and fluorine doped tin oxide (FTO) coated glass). Compared
to other fabrication methods such as chemical vapor deposition (CVD), sputtering, pulsed laser
deposition (PLD), and thermal evaporation, the sol-gel solution provides the advantages of an
environmentally friendly process, simplicity, and low-cost fabrication, as well as a large-area process
capability [9-11]. The seed annealing temperature was a critical factor in the growth of the ZnO NRs.
At a certain seed annealing temperature, the lengths of the NRs grown on the various substrates
showed no clear difference, whereas the crystallinity of the NRs grown on silicon was better than that
of the NRs grown on the other substrates (glass and FTO). With increasing growth times, the length
and density of the NRs increased and decreased, respectively, leading to well-aligned NRs on the
substrate.

2. EXPERIMENTAL

2.1. Preparation of the ZnO seed layers

The ZnO seed layers were prepared using zinc acetate dehydrate [Zn(CH3COOH),-2H,0,
Wako, 0.15 M] as a precursor dissolved in ethanol (Wako), 2-methoxyethanol (ME, Wako), and milli-
Q solvents [12]. After stirring at 60 °C for 1 h, the sol was aged at room temperature for 24 h. The
substrates (silicon, glass, and FTO coated glass) were subjected to a standard cleaning process using
acetone, isopropyl alcohol, and deionized water for 10 min each, in a ultrasonic bath. After spin-
coating the sol on the substrate, it was then annealed at different temperatures ranging from 150 °C to
450 °C for 30 min in the air ambient. The lowest annealing temperature of 150 °C was suitable for
commercial plastic substrates and the highest annealing temperature of 450 °C was chosen because of
its compatibility with annealing process of the FTO substrates in the dye-sensitized solar cells
(DSSCs) [13,14]. The thickness of the ZnO layer was fixed at 20 nm.

2.2. Preparation of the ZnO NRs

The ZnO NRs were prepared using a hydrothermal method with an aqueous solution of zinc
nitrate hexahydrate [Zn(NOs3),-6H,0, Sigma-Aldrich, 0.01 M] and hexamethylenetramine (HMT)
[CsH12N4, Sigma-Aldrich, 0.01 M] [15]. The prepared seed layers were kept in the solution for 3—-12 h
at 90 °C. During the growth process, the entire solution was changed every 3 h. After that, the samples
were washed several times using deionized water and dried at 120 °C for 10 min.

2.3. Characterization methods

The thickness of the seed layer was measured using variable-angle ellipsometry (MIZOJIRI,
DVA-FL). The structural properties of the ZnO seed layer and NRs were examined using X-ray
diffraction (XRD, Bruker, DSADVANCE with Cu Ko radiation, o = 1.5406 A) operating at a voltage
of 40 keV and a current of 40 mA. The surface morphologies were investigated using atomic force
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microscopy (AFM, SHIMADZU, SPM-9500J3) and field emission scanning electron microscopy
(FESEM, JSM-6701F).

3. RESULTS AND DISCUSSION

To order to discuss the role of the ZnO seed layers in the growth of the ZnO NRs, the structural
and morphological properties of seed layers with various annealing temperatures were determined
using XRD and AFM measurements.

Figure 1 shows the XRD patterns of 20-nm-thick ZnO layers with various annealing
temperatures. All the samples have a hexagonal wurtzite structure of ZnO (JCPDS card no. 36-1451)
and are randomly oriented. Meanwhile, the intensities of the diffraction peaks corresponding to the
(100), (002), and (101) orientations slightly increase with an increase in the annealing temperature. It
was reported that the growth of NRs could be induced by the seed layer as nucleus centers on the
surface of the substrate [16].
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2 theta (deg.)

Figure 1. XRD patterns of 20-nm-thick ZnO layers with various annealing temperatures.

Figure 2 shows 2D AFM images of the ZnO seed layers and FESEM images of the ZnO NRs
grown on seed layers with seed annealing temperatures from 150 °C to 450 °C. The growth time of the
NRs was 3 h. From the AFM images, the ZnO particle size gradually increased with increasing
annealing temperatures. This shows a good match with the XRD results (Fig. 1). The value of the RMS
(room mean square) roughness slightly increased from 1.9 nm to 2.6 nm with increasing temperature
from 150 °C to 350 °C, and decreased with further increases in the annealing temperature. It is
noteworthy that the variation in the seed layer annealing temperature led to a significant change in the
growth of the ZnO NRs. From cross-sectional FESEM images, the average length of the NRs increased
from 100 nm to 380 nm with an increase in the seed annealing temperature from 150 °C to 350 °C and
decreased with a further increase in the seed annealing temperature to 450 °C. This shows the same
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tendency for the variation of the seed layer morphology as a function of the annealing temperature.
This result is very consistent with the other report [17]. The growth rate of the ZnO NRs on the
sputtered ZnO seed layer increased with increasing seed annealing temperature because of the
improved crystallinity of the seed layer [17]. It was also reported that the length and alignment of ZnO
nanowires (NWSs) were strongly related to the thickness of the seed layers [18,19].
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Figure 2. AFM images of seed layer and FESEM images of ZnO NRs grown on silicon substrates with
different seed annealing temperatures: (a) 150 °C, (b) 250 °C, (c) 350 °C, and (d) 450 °C.
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A thicker seed layer induced a well-aligned vertical growth of NWs. The seed annealing
temperature is an important factor in the growth of NRs, along with the thickness. Wahid et al.
reported the effect of the seed annealing temperature (100 °C-200 °C) on the growth of ZnO NRs.
When the seed layer was annealed at a temperature greater than 150 °C, the homocentric bundling of
ZnO NRs was observed on top of the vertical ZnO nanorods grown in the seed layer preparation on a
5-nm-thick Au-coated oxidized silicon (SiO,) substrate because of the agglomeration of seed particles
with temperature [20]. In our case, the structure of the NRs did not change with the seed annealing
temperature.

To study the effect of the substrate material on the growth of the ZnO NRs, we examined the
surface morphologies of the ZnO seed layers on the glass and FTO coated glass substrates. Figure 3 (a)
shows the RMS roughness values of the ZnO seed layers with the seed annealing temperature on the
silicon, glass, and FTO/glass substrates. Interestingly, the variation in the RMS roughness of the ZnO
layer increases until a certain temperature (350 °C) and then decreases as a function of the annealing
temperature regardless of the substrate material. At the same annealing temperature, the surface
morphology is rougher in the order of the silicon, glass, and FTO coated glass. The surface
morphologies of the bare substrate materials are shown in Fig. 3 (b). It should be noted that the
nanostructures on the FTO substrate have a rougher surface morphology (RMS ~ 23.9 nm) than the
silicon (RMS ~ 0.2 nm) and glass (RMS ~ 0.3 nm) bare substrates, which may be attributed to the
original rough surface morphology of the ZnO layer on the FTO.

Figure 4 shows AFM images of the ZnO seed layers annealed at 350 °C on the silicon (a), glass
(b), and FTO coated glass (c) substrates. The particle size of the seed layer is a critical parameter in
determining the diameter of the ZnO NRs [21,22]. Because of the morphologies of the bare substrate
materials (Fig. 3(b)), the value of the RMS roughness of the ZnO layer differs with the substrates.
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Figure 3. (a) RMS roughness values of ZnO seed layers prepared on various substrate materials with
annealing temperature and (b) AFM images of bare silicon, glass, and FTO coated glass
substrates.



Int. J. Electrochem. Sci., Vol. 9, 2014 2085

AFM of seed layer Cross-sectional Plan-view
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Figure 4. AFM images of seed layer annealed at 350 °C and FESEM images of ZnO NRs grown for 3
h on different substrate materials: (a) silicon, (b) glass, and (c) FTO/glass.

However, the particle size of the ZnO is approximately 40 nm, with no distinguishable
difference between the substrate materials. This might be because of its thin film thickness. The
crystalline size and crystallinity are strongly dependent on the film thickness [23,24]. From the
FESEM images, it was found that the NRs grown on the seed layers prepare on the various substrate
materials (silicon (a), glass (b), and FTO (c)) showed the similar growth behaviors. The average
length, diameter, and density of the NRs were 380 nm, 40 + 10 nm, and 270 + 10 per pm?
respectively, with no obvious differences seen between the substrate materials.

Figure 5 shows FESEM images of the ZnO NR arrays grown on the silicon substrates with
various growth times. The average length and density of the NRs with the growth time are plotted in
Fig. 6 (a). The average length of the NRs increases from 1.0 pm to 1.9 um with increasing growth time
from 6 h to 12 h. From the FESEM images (d—f), the NRs possess a hexagonal surface and grew
uniformly on the surface of the substrate. With increasing growth time, the self-attraction phenomenon
is clearly observed [25-27], as shown in the inset images of Fig. 5 (d—f). During the growth process,
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the tips of several NRs touch and/or cross each other, initially because of their slightly tilted growth
and the piezoelectric properties of ZnO NRs, which lead to an increase in the diameter of the NRs and
a decrease in their density with an increase in the growth time.

Si
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Figure 5. (a-c) Cross-sectional and (d-f) plan-view FESEM images of ZnO NRs grown on silicon
substrates with various growth times: (a, d) 6 h, (b, €) 9 h, and (c, f) 12 h.
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Figure 6. (a) Average length and density and (b) XRD patterns of ZnO NRs with various growth

times. The inset figure is the XRD pattern of NRs grown for 3 h.

The XRD patterns of the ZnO NRs with growth times from 3 h to 12 h are shown in Fig. 6 (b).
With increasing growth times, there is a significant increase in the intensity of the diffraction peak
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corresponding to the (002) plane perpendicular to the substrate. Meanwhile, the weak diffraction peaks
of (100) and (101) also appear, as shown in the inset figure, which is the XRD pattern of the NRs
grown for 3 h. The relative intensity ratio of i), defined as iwo2) = loo2)/[1100)+1002)+101)], Of the
NRs grown for 12 h is 0.95, which is significantly improved compared to that of ZnO NRs grown for 3
h (ieoz) = 0.72). During the self-attracting process, the NRs are dominantly grown to the (002) plane
because of its lower surface free energy (1.6 J/m?) compared to the (100) (3.4 J/m?) and (101) (2.0
J/Im?) planes [15,28,29]. Therefore, it exhibits highly aligned c-axis oriented ZnO NRs with increasing
growth times.
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Figure 7. Cross-sectional FESEM images of ZnO NRs grown on (a) glass and (b) FTO/glass
substrates, and (c) XRD patterns of ZnO NRs on various substrate materials (growth time of
NRs is 12 h). The squares in (c) indicate the diffraction peaks corresponding to the FTO
substrate.

Cross-sectional FESEM images of the ZnO NR arrays grown for 12 h on the glass and FTO
coated glass substrates are shown in Fig. 7 (a) and (b), respectively. The average length and diameter
of the NRs are 1.9 um and 60 + 10 nm, respectively, which are less dependent on the substrate material.
This indicates that the substrate material is not a vital parameter in relation to the length and diameter
of the NRs grown at a fixed seed annealing temperature. The growth of well-aligned ZnO NRs on the
FTO substrate provides great potential for optoelectric device applications [1,2,5]. Meanwhile, a clear
difference was found in relation to the adhesion between the NRs and the substrate materials.
Compared to the NRs grown on the silicon (Fig. 5 (c)) and FTO (Fig. 7 (b)) substrates, it shows poor
adhesion between the NRs and the glass substrate. As shown in Fig. 7 (a) and its low-magnified view
(inset of Fig. 7 (a)), the majority of the NRs peeled off and cracked, but a small portion was still
attached to the glass substrate. It was reported that a silicon substrate gave a ZnO film with better
crystallinity compared to a glass substrate [30]. This is very consistent with the following XRD results,
as shown in Fig. 7 (c). All the NRs show good c-axis orientations perpendicular to the substrates, but
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the intensity of the (002) diffraction peak increases in the order of the glass, FTO, and silicon. This
indicates that the crystallinity of the NRs grown on the silicon substrate is better than the others. It was
reported that the mismatch between the ZnO crystal structure and the silicon was less than the
mismatch between the ZnO and glass [31]. The peak position of (002) for the NRs on the silicon and
FTO substrates is 34.44°, whereas it shifts to a higher value (34.50°) in the case of the NRs grown on
the glass substrate. This indicates a slight decrease in the c-axis value (5.1948 A) compared to that of
the bulk ZnO (5.2066 A), implying that the NRs on the glass substrate suffer more tensile stress along
the interface compared to those on the other substrates [32,33].

4. CONCLUSIONS

The ZnO seed layer conditions were critical parameters for the growth of ZnO NRs. The
average length of the NRs increased until a certain seed annealing temperature and then slightly
decreased with a further increase in temperature. The same tendency was seen for the seed layer
morphology with increase in the annealing temperature. With the same particle size for the seed layer
at a fixed annealing temperature, no obvious difference was seen in the NR growth rates for the
various substrate materials (silicon, glass, FTO/glass). However, the NRs grown on the glass had
tensile stress, which resulted in their peeling-off and cracking. The crystallinity of the NRs grown on
the silicon was better than those grown on the other materials. During the NR growth process, the self-
attracting NRs induced a highly c-axis orientation on the substrate.
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