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ABSTRACT

Zinc oxide (ZnO) nanorods have been considered as a potential semiconductor oxide material
for the application of dye-sensitized solar cells (DSSC). Various experiments have been
conducted to improve its nanostructural characteristics and functional properties in order to
make it well suited for enhancing DSSC’ performance. Inspired by such studies, the ZnO
nanorods array was grown on indium tin oxide (InSn,O3, ITO) substrate in the present work.
For this purpose, a seed solution was prepared at low temperature (0°C) using zinc nitrate
tetrahydrate and hexamethylenetetramine. The ZnO seed layers were deposited onto ITO glass
using a spin-coating technique and further annealed at two different temperatures, 200 and 400
°C. The seeding was also varied between one, three and five layers, prior to the growing process
using the chemical bath deposition method (CBD). The results showed that the annealing
temperatures significantly influenced the ZnO nanorods’ growth. The optimal condition was
achieved by using three seed layers annealed at 200°C, providing an average diameter of 157.58
nm, the biggest crystallite size (up to 59.63 nm), and a band-gap energy (Eg) of 3.27 eV. Based
on the obtained properties, the growth of ZnO nanorods on ITO substrate in this work has the
potential to be used for the application of dye-sensitized solar cells.
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1. INTRODUCTION

Zinc oxide is an important I1-VI group oxide semiconductor with various interesting properties.
As a direct band gap semiconductor (Eq = 3.34 eV) with a large exciton binding energy of up to
60 meV, ZnO exhibits near-UV emission, transparent conductivity and piezoelectricity. Zinc
oxide may exist in many structural configurations that can be easily synthesized from seeding
materials. It can also be grown on many different substrates at relatively low temperatures (Anh
etal., 2013).

Several previous researches had pointed out that ZnO nanostructures on conductive glass
substrates can be used as an excellent anode for DSSC. However, in order to obtain high
efficiency, the ZnO nanostructure should be highly ordered and densely covered (Ameen et al.,
2011). For this purpose, the seed layers on the conductive glass substrate are required to exist
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before the growing process starts. The DSSC anode that was fabricated using non-seeded
substrate was known to have an efficiency of around ~0.78 %, while the anode fabricated
withseed layers showed trebly improved efficiency (Ameen et al., 2011). Seeded conductive
glass substrate can initiate a ZnO nanostructure that is highly uniform with oriented
growth (Ameen et al., 2011; Breedon et al., 2009; Yuwono et al., 2010); therefore, the physical
properties are improved and the efficiency of the DSSC will be higher. In previous works, ZnO
nanorods has been succesfully synthesized on ITO glass using the chemical bath deposition
(CBD) technique at low temperature (Adriyanto et al., 2008; Lang et al., 2008; Sholehah et al.,
2013), followed by the post-hydrothermal method (Guo et al., 2005; Yuwono et al., 2010;
Yuwono et al., 2013). However, the size, orientation and coverage of the ZnO nanorods that are
synthesized in these ways still need to be improved. In this research, therefore, the effects of
seed layers and annealing temperature on the physical and optical properties of ZnO nanorods
were investigated. The correlation among the amount of seed layers, the annealing temperature,
and the resulting ZnO nanorods’ characteristics were the main interests in this work.

2. METHODOLOGY

Prior to the synthesis process, the ITO glasses were cleaned using aquades, aceton and ethanol
in ultrasonic cleaner for 480 seconds. The cleaned glasses were dried and stored in a closed
vacuum container until further use. The seeding solution was prepared using 0.05 M zinc nitrate
tetrahydrate (Zn(NOs)..4H,0, Merck) and hexamethylenetetramine, HMTA (CgH12N4, Merck)
and dissolved in cold water (0°C) in a beaker glass. After being aged for one hour, the clear
solution was dropped onto ITO glass and left for 10 minutes before the spin-coating process
was carried out at 2000 rpm for 20 seconds. Annealing processes were further performed on the
coated substrates at 200°C and 400°C for 10 minutes in the laboratory oven. This procedure was
repeated three and five times with the addition of more seed layers. After being cooled to room
temperature, the seeding layers were grown using CBD, whereby the ITO substrates were
placed vertically in a beaker glass and heated in the laboratory oven at 90°C for three hours. For
the sake of comparison purposes, samples without seed layers and annealing were also prepared
and directly grown by the CBD process.

These substrates were coded as samples O, while those subjected to the seeding procedure with
one, three and five layers and annealed at 200°C were coded as samples 2A, 2B and 2C,
respectively. Similar labels were given to samples with one, three and five seed layers but
which were annealed at 400°C, i.e. 4A, 4B, and 4C, respectively. The morphology of the
obtained ZnO nanorods was examined using field emission-scanning electron microscopy (FE-
SEM, FEI Inspect F-50), while the crystal’s structural information was gained using X-ray
diffraction (XRD, Pan Analytical X-Pert Pro), and the optical properties were analyzed using
diffuse reflectance (DRS) UV-Vis spectroscopy (Shimadzu 2450). The respective E4 of the
samples was determined by the Tauc equation (Tauc et al., 1966) on the linear portion of the
absorption edges on the spectrum.

3. RESULTS AND DISCUSSION

Figure 1 shows top-view FE-SEM images of substrates without seeding (sample O), and those
with one, three and five seed layers and annealed at 200°C (samples 2A, 2B, and 2C). It can be
observed that the samples grew in the nanorods structures with an almost vertical array on the
ITO glass substrates with diameters ranging between 120~390 nm, as seen in Table 1. Sample
2A with one seed layer (Figure 1b) provided the largest diameter of ZnO nanorods in
comparison to those with three and five layers (Figures 1c, and 1d). It can be seen from Figures
1c and 1d that the addition of more seed layers resulted in a narrower space for the nuclei to
grow in the CBD process, and therefore ZnO nanorods with smaller diameters were produced.
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It was also found that the addition of more seed layers affected the growth orientation, i.e. the
attachment of three and five seed layers on the ITO glass substrate promoted more
perpendicular growth of ZnO nanorods. In sample 2A with one seed layer (Figure 1b), it can be
seen that the nanorods were not yet suitably oriented, as some still grew in an oblique direction.
As a consequence, dissipation in the growing space occured and fewer nanorods could grow on
the substrate. The addition of three and five seed layers (Figures 1c, and 1d) resulted in a
restricted area for the growth of nanostructures, meaning that more ZnO nanorods with a
smaller diameter were present on the substrate; this condition also caused the nanorods to
develop in a more vertical array.

Figure 1 Top-view SEM images of the ZnO nanorods grown by CBD: (a) without annealing and
without seed layer (sample O), and after annealing at 200°C and seeding for: (b) one layer
(sample 2A), (c) three layers (sample 2B); (d) five layers (sample 2C)

Figures 2b—2c show top-view FE-SEM images of ITO substrates grown by ZnO nanorods that
are similar to those shown in Figure 1, but annealed at 400°C (samples 4A, 4B, and 4C). For
comparison purposes, the appearance of ZnO nanorods without a seed layer on ITO substrates
(sample O) is presented again in Figure 2a. In Figure 2b, some blank spaces on the substrate
can be observed, which is assumed to be due to inadequacy during the spin-coating process.
However, this condition was addressed by attaching more seed layers. As can be seen in Figure
2¢, the addition of three seed layers improved the ZnO nanorods’ coverage on the substrate. By
further addition of five seed layers (Figure 2d), the void on the ITO surface disappeared and
was completely filled with ZnO nanorods. In terms of orientation, the addition of more layers
caused the nanorods annealed at 400°C to grow in a similar way to those annealed at 200°C.
While the nanorods grown from one seed layer appeared to be in random orientation (Figure
2b), those grown from three and five seed layers (Figures 2c and 2d) were forced to grow in a
more perpendicular manner, as a consequence of restricted space in between the ZnO seeds
deposited onto the ITO substrates.

The ZnO nanorods’ diameter distribution is examined by plotting the frequencies of the various
ZnO nanorods’ sizes; the results are presented in Figure 3. The average diameters of ZnO
nanorod samples at various conditions can be seen in Table 1. By analyzing the curve shape, it
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can be clearly seen that sample 2B (three seed layers, annealed at 200°C) is found to have the
best size distribution of all the samples. This sample is assumed to have more nanorods that are
similarly sized.

Figure 2 Top-view SEM images of the ZnO nanorods grown by CBD: (a) without annealing and
without seed layer (sample O), and after annealing at 400°C and seeding for: (b) one layer
(sample 4A); (c) three layers (sample 4B); (d) five layers (sample 4C)

Table 1 The average diameters of ZnO nanorods at various conditions of annealing and seeding

Parameter Samples
0] 2A 2B 2C 4A 4B 4C
Average diameter (nm) 325 389.59 157.58 151.52 126.66 184.20 144.49

The crystal structural information of the ZnO nanorod samples was determined by X-ray
diffraction, and the resultant diffractogram is presented in Figure 4. Analysis showed that all
samples were indicated as the wurtzite phase of ZnO, which matched to JCPDS No. 36-1451.
From this figure, it can be seen that all ZnO nanorods were polycrystalline. The most dominant
peak is at 20~34°, which can be correlated with the crystal plane (002), indicating the growth of
nanorods in the —z-axis. The high (002) peaks imply that most of the samples grew
perpendicularly on the ITO substrate. In this sense, it can be seen that the ZnO nanorods with
three layers and annealed at 200°C (sample 2B) had the highest (002) peak. This can be related
to the diameter distribution of nanorods, previously shown in Figure 3, where sample 2B was
found to have the most evenly shaped diameter distribution curve, as it had the most similarly
sized nanorods compared to the other samples. This contributed to the highest crystallinity in
the z-axis growth orientation. Kenanakis et al. (2009) mentioned that the seed layers were the
most important aspect in generating a z-axis growth orientation with a controlled diameter.

The crystallite size of the ZnO nanorods was calculated using Scherrer’s equation
(Venkateswarlu et al., 2010) on the peak broadening of the diffractogram. It should be noted
that for the sake of calculation accuracy, broadening that was a result of the non-uniform strain,
and the instrumental line width in the XRD apparatus, was excluded. The crystallite sizes of all
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ZnO nanorod samples are presented in Table 2. From the table, it can be seen that sample 2B

has the largest crystallite size, up to 59.63 nm.
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Figure 3 Diameter distribution curves of ZnO nanorods grown by CBD after annealing at 200°C and
seeding for: (a) one layer (sample 2A); (b) three layers (sample 2B); (c) five layers (sample 2C), and
after annealing at 400°C and seeding for: (d) one layer (sample 4A); (e) three layers (sample 4B); (f) five
layers (sample 4C)

Again, the well-distributed diameter of the nanorods is assumed to have an influence on the
high crystallinity. It is also interesting to note that most of the ZnO nanorods with seed layers
that were attached to the substrate and annealed at 200°C showed an increase in crystallite sizes,
in comparison to the as-synthesized ZnO nanorods without seed layers (sample O). However,
this is not the case for the nanorod samples annealed at 400°C, whose crystallite sizes decreased
the more layers were attached. Further study is in progress to investigate this phenomenon.
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Figure 4 X-ray difractogram of the synthesized ZnO nanorods grown by CBD after annealing at 200°C
and seeding for: (a) one layer (sample 2A); (b) three layers (sample 2B); (c) five layers (sample 2C), and
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after annealing at 400°C and seeding for: (d) one layer (sample 4A); (e) three layers (sample 4B); (f) five
layers (sample 4C)

Table 2 The crystallite size of ZnO nanorods at various conditions of annealing and seeding

Parameter Samples
0] 2A 2B 2C 4A 4B 4C
Crystallite size (hm) 22.85 31.17 59.63 2857 3190 27.43 18.53

The following figures (Figures 5 and 6) show the results of optical properties study of the
synthesized ZnO nanorod samples, using DRS UV-Vis spectroscopy. Inserted in each figure is
the Tauc plot of (a/1)? vs (hv) on the absorbance spectra for estimating the Eg of the samples.
The band-gap energy of all ZnO nanorod samples are presented in Table 3. In general, the
absorbance spectrums of ZnO nanorods with seed layers show an increase in the wavelength; in
other words, they are red-shifted, as compared to the nanorods without seed layers. In samples
that were annealed at 200°C, as presented in Figure 5, it can be observed that the absorbance
edges fall into quite similar wavelengths. As a consequence, this provides an estimated Eq with
similar values for all samples (Table 3), except for sample 2B which is slightly higher (3.27
eV). The thickness of the obtained ZnO seed layers after annealing is presumed to be the
important issue here. When applying annealing at 200°C, it is assumed that this process is not
sufficient to increase the final thickness of the ZnO nanorods layers, even when the previous
seeding procedure is repeated up to three or five times. Meanwhile, when annealing at 400°C
was carried out on the seeded samples, the absorbance peaks show a wavelength decrease (they
are blue-shifted) as more seed layers were attached to the ITO substrates (Figure 6). With an
absorbance edge of shorter wavelength, the estimated band gap energy (Ey) is indeed found to
be higher. This blue-shift condition confirms the crystallite growth, as determined by previous
XRD analysis and presented in Table 2. In the nanometer regime, the crystallite size of
semiconductor nanostructures significantly affects the band gap energy, where the smaller the
nanocrystallite size, the bigger the band gap.
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Figure 5 Absorbance spectrums of ZnO nanorods grown by CBD: (a) without seed layer (sample O), and
after annealing at 200°C and seeding for: (b) one layer (sample 2A); (c) three layers (sample 2B); (d)
five layers (sample 2C). Inserted figure is the Tauc plot of all synthesized ZnO nanorods with seed
layers and annealed at 200°C
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Figure 6 Absorbance spectrums of ZnO nanorods grown by CBD: (a) without seed layer (sample O), and
after annealing at 400°C and seeding for: (b) one layer (sample 2A); (c) three layers (sample 2B); (d)
five layers (sample 2C). Inserted is the Tauc plot of all synthesized ZnO nanorods with seed layers and
annealed at 400°C

Table 3 The band gap energy of ZnO nanorods at various conditions of annealing and seeding

Samples
Parameter
o] 2A 2B 2C 1A 4B 4C
Band gap energy, Eq (eV) 3.63 3.26 327 326 325 327 329

By applying seed layers to the ITO substrate, it can be concluded that the properties of ZnO
nanorods improved. Zinc oxide nanorods with annealed seed layers had a smaller diameter as a
result of the narrower space for ZnO growth on the substrate. The addition of seed layers also
improved the orientation of the ZnO nanorods array. As a result, with a more oriented structure,
the crystallinity is higher and the band-gap energy is lower. The decrease in band-gap energy is
due to the restrained exciton bands and the increase in exciton intensity. This can improve the
energy absorption in visible wavelengths (Ye & Chen, 2012).

4. CONCLUSION

Vertically aligned ZnO nanorods on ITO substrates were successfully synthesized using the
CBD method, assisted by seeding and annealing treatments. The seed layers were proven to
provide some improvements in the ZnO nanorods’ characteristics. The optimal condition was
obtained by applying three seed layers and annealing at 200°C, with a resulting average
diameter, crytallite size and band-gap energy of 157.58 nm, 59.63 nm, and 3.27 eV,
respectively. The ZnO nanorods obtained in this study have the potential to be used as the
semiconductor oxide layer in DSSC.
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