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In this study, zinc oxide (ZnO) nanostructures were grown on a ZnO seed layer/fluorine-doped tin
oxide (FTO) substrate for different growth durations ranging from 5 to 40 min using the microwave
chemical bath deposition method. We studied the effect of growth duration on the morphological,
structural, optical and photoelectrochemical properties of the ZnO nanostructures. From this study,
we found that the photoelectrochemical properties of the ZnO nanostructures were largely affected
by their morphological and structural properties. As a result, we obtained the highest photocurrent
density of 0.46 mA/cm2 (at 1.5 V vs. SCE) from the sample grown for 30 min.
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I. INTRODUCTION

Zinc oxide (ZnO) has many advantages, including high
chemical, thermal and optical stability at room temper-
ature, low material cost and low manufacturing cost [1–
5]. However, most of metal-oxide materials including
ZnO have poor electrical properties and short carrier life-
time. Nano-structure of metal-oxide is considered as one
of strategies to overcome this problem. Various nanos-
tructures of ZnO can be grown, such as nanoparticles
[6], nanorods [7–9]. Owing to these various ZnO nanos-
tructures, ZnO can be used in many applications, for
example, in solar cells [10,11], gas sensors [3,12,13] and
photoelectrochemical (PEC) cells [14–18]. PEC cells are
promising devices due to their ability to produce hydro-
gen gas as an eco-friendly energy to replace limited fossil
fuels [19–23]. Among the various ZnO nanostructures,
one-dimensional (1D) ZnO structures, such as nanorods,
have attracted much attention as a PEC cell photoelec-
trode candidate because of their high light absorption
over a large surface area, superior charge transport per-
formance due to their one-dimensional shape, enhanced
interfacial reaction and reduced charge recombination on
the surface [1,24–32]. The photoelectrode in the PEC cell
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is very important since it can affect the hydrogen gas
production efficiency. Therefore, many studies currently
focus on the photoelectrode [33].

There are a number of growth processes for forming
photoelectrodes based on ZnO nanorods, including hy-
drothermal synthesis [34,35], electrochemical deposition
(ECD) [36] and chemical bath deposition (CBD) [37].
Among these methods, the CBD method has the advan-
tages of being a low-temperature, low-cost and simple
method [38,39]. Recently, the microwave chemical bath
deposition (MW-CBD) method, derived from the CBD
process, has attracted wide interest. The MW-CBD
method uses microwave energy for the process, while
heat energy is used in the conventional CBD method.
This microwave-assisted CBD method has many advan-
tages, including short process time due to efficient en-
ergy transfer, very low levels of impurities, excellent re-
producibility and high product yields [40–43]. Recently,
ZnO growth studies using the MW-CBD method have
been performed [40–42]. However, growth studies of
photoelectrodes based on ZnO nanorods using the MW-
CBD method are scarce. In addition, studies correlating
the morphological, structural, optical and photoelectro-
chemical properties of ZnO nanorods grown using the
MW-CBD method are also scarce.

In this work, the morphological, structural, optical
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and photoelectrochemical properties of ZnO grown for
different growth durations using the MW-CBD method
were investigated, and the relationship among the mor-
phological, structural and photoelectrochemical proper-
ties was systematically studied. Morphological proper-
ties, including surface morphology and length, and struc-
tural properties, such as preferred growth direction and
crystallinity, were investigated. The morphologies of
the samples were characterized using field-emission scan-
ning electron microscopy (FE-SEM). The structural and
optical properties of the ZnO nanorods were analyzed
by X-ray diffraction (XRD) and ultraviolet-visible spec-
troscopy (UV-Vis. spectroscopy), respectively. The pho-
toelectrochemical properties of the samples were mea-
sured using a 3-electrode potentiostat.

II. EXPERIMENTS DETAILS

In this study, a ZnO seed layer was deposited on an
FTO substrate using the spin-coating method, and then
ZnO nanorods were grown on the ZnO seed layer/FTO
substrate for different growth durations using the MW-
CBD method.

1. Cleaning the FTO substrate

The fluorine-doped tin oxide (FTO) substrates were
cleaned in acetone and methanol. The cleaning meth-
ods were as follows. First, the FTO substrates were
cleaned ultrasonically in acetone for 10 min, rinsed with
deionized water (D.I. water) and dried under filtered air.
Then, the FTO substrates were cleaned in methanol us-
ing the same methods. Next, the cleaned FTO substrates
were dried at 60 ◦C for 10 min using an electronic oven.
The dried FTO substrates were then treated for 10 min
using a ulteaviolet-ozone cleaner (UVO).

2. ZnO seed layer deposited on the FTO sub-
strate using the spin-coating method

To deposit a ZnO seed layer on the FTO substrate
using the spin-coating method, a solution of 0.1 M zinc
acetate dehydrate as the precursor source, 0.1 M mo-
noethanolamine (MEA) as a stabilizer and 20 ml 2-
methoxyethanol (2-ME) as the solvent was prepared.
The solution was stirred at 200 revolutions per minute
(rpm) at 60 ◦C for 3 hours, and then the solution was
aged for 24 hours at room temperature. The 0.25 ml aged
ZnO seed layer solution was spread on the FTO substrate
using a micropipette. Then, the ZnO seed layer was de-
posited using spin-coating equipment at 500 rpm for 5
seconds and 4,000 rpm for 30 seconds. After spin coat-
ing, the ZnO seed layer was dried at 115 ◦C for 10 min.

After repeating the seed layer deposition three times, the
ZnO seed layer/FTO substrate was annealed at 300 ◦C
for 5 min in Ar gas atmosphere using a rapid thermal
processing (RTP) system.

3. ZnO nanostructure grown using MW-CBD

To prepare the ZnO precursor solution for MW-CBD
growth, 0.05 M zinc nitrate hexahydrate and 0.05 M hex-
amethylenetetramine (HMT) were separately dissolved
in 200 ml D.I. water with stirring at 200 rpm for 1 hour.
Then, the two solutions were mixed and stirred at 200
rpm for 30 min. The prepared ZnO precursor solution
was then used for the growth of ZnO nanostructures on
the ZnO seed layer/FTO substrate. Different growth
durations (5, 7.5, 10, 15, 20, 30 and 40 min) were ex-
amined to study the effects of growth duration on the
ZnO nanostructures grown using the MW-CBD method.
Post-annealing treatment was conducted at 300 ◦C for 1
hour in air using furnace equipment.

4. Analysis of the morphological, structural, op-
tical and photoelectrochemical properties

The morphological properties of the ZnO nanostruc-
tures were analyzed by field-emission scanning electron
microscopy (FE-SEM, Quanta 200 FEG). The struc-
tural and optical properties were analyzed by X-ray
diffraction (XRD, PANalytical X’pert PRO MPD) anal-
ysis with Cu-Ka radiation and ultraviolet-visible spec-
troscopy (UV-Vis., SCINCO S-3100), respectively. The
photoelectrochemical properties were measured using a
3-electrode potentiostat. The grown ZnO nanostruc-
tures, a graphite rod (Alfa Aesar) and a saturated
calomel electrode (SCE, Sat. 3.3 M KCl) were used as
the working electrode, counter electrode and reference
electrode, respectively. A 300W Xenon arc lamp with
1-sun illumination (AM 1.5 filter, light intensity: 100
mW/cm2) was used with 1 M KOH (potassium hydrox-
ide, pH 14) as the electrolyte for conducting the pho-
tocurrent density measurements at room temperature.

III. RESULTS AND DISCUSSION

Figure 1 shows the FE-SEM images of the ZnO nanos-
tructures grown for various growth durations using the
MW-CBD method. Nanostructures were observed in all
samples, including the 5 min sample, as shown in Fig. 1.
The ZnO seed layer pre-deposited on the FTO substrate
provides nucleation sites for the growth of ZnO nanorods.
In this study, ZnO nanorods were grown over a range of
durations from 5 min to 40 min. In the MW-CBD pro-
cess, the precursor solution source can be decomposed



A Systematic Study of the Relationship among the Morphological, Structural· · · – Sungjin Oh et al. -173-

Fig. 1. Top view FE-SEM images of the ZnO nanorods
with various growth durations: (a) 5, (b) 7.5, (c) 10, (d) 15,
(e) 20, (f) 30 and (g) 40 min.

by microwaves and become unstable, as the decomposed
source can be promoted to a higher energy state. Thus,
the nanorods tend to grow on the ZnO seed layer/FTO
substrate through an Ostwald ripening process and then
convert a stable state with lower energy [44–46].

Figure 2(a) shows length of the ZnO nanorods grown
for different durations, measured from the cross-sectional
SEM image. The inserted image is the cross-sectional
SEM image for the 15 min grown sample. As shown
in Fig. 2(a), the ZnO nanorod length increases as the
growth duration increases up to 30 min and then largely
increases for the 40 min sample. From Fig. 2(b), it
can be seen that the nanorod diameter increases as the
growth duration increases. A sharp increase in the diam-
eter was observed from 20 to 30 min, while no substantial
change in the nanorod length was found during the same

Fig. 2. (a) Nanorod length and (b) nanorod diameter of
the ZnO nanorods with various growth durations.

growth duration range.
Figure 3 represents the X-ray diffraction results. ZnO

peaks corresponding to the (002), (011) and (012) planes
are found at 34.625◦, 36.672◦ and 47.992◦, respectively,
and FTO substrate peaks (�) are observed, as shown in
Fig. 3(a). As the growth duration increases, it can be
seen that the (002) peak intensity becomes much larger
than the other ZnO peak intensities, which indicates that
the (002) plane directs the vertical growth of ZnO [47].
Figure 3(b) shows the change in the (002) peak intensity
over different growth durations. As the growth duration
increased, the (002) peak intensity increased, and an es-
pecially large increase was found for the 40 min sam-
ple, which is possibly due to this sample having largest
nanorod length and nanorod diameter in this study. In
addition, with increasing growth duration, the full width
at half maximum (FWHM) of the (002) peak decreased,
and the grain size, calculated by Scherrer’s equation [48],
increased, as shown in Fig. 3(c). It is generally known
that a lower FWHM implies higher crystallinity [49,50].
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Fig. 3. (Color online) (a) XRD spectra, (b) (002) peak
intensity and (c) plot of the (002) FWHM and grain size of
the ZnO nanorods with various growth durations.

Therefore, it can be concluded that the crystallinity im-
proved as the growth duration increased in this study.

The optical properties were measured using UV-Vis
spectroscopy, as shown in Fig. 4. Figures 4(a) and (b)
show a plot of (αhν)2 versus hν and the optical energy
bandgaps of the samples with different growth durations,

Fig. 4. (Color online) Plot of (a) (αhν)2 versus hν and (b)
the optical energy bandgap of the ZnO nanorods with various
growth durations.

respectively. The optical energy bandgaps of the grown
ZnO nanorods were obtained using the interaction func-
tion (αhν)2 = B(hν−Eg), where α is the absorption co-
efficient of ZnO, hν is the photon energy, B is a constant
relative to the material, and Eg is the optical energy
bandgap of ZnO [51]. In Fig. 4(b), the measured optical
energy bandgaps for samples with growth durations of 5,
7.5, 10, 15, 20, 30 and 40 min were 3.25, 3.28, 3.28, 3.29,
3.25, 3.22 and 3.21 eV, respectively. These values are
within the reported ZnO optical energy bandgap range
of 3.2 − 3.4 eV [52].

Figure 5 shows the photoelectrochemical properties of
the ZnO nanorods grown for different growth durations.
Figure 5(a) shows that the current density increased with
an increase in the applied potential in the positive direc-
tion, confirming the grown ZnO to be an n-type ma-
terial. Additionally, it can be seen that as the growth
duration increases, a relatively low dark current density
is obtained, even when the applied potential is increased.
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Fig. 5. (Color online) PEC performance of the ZnO
nanorods with various growth durations: (a) plot of current
density versus SCE and (b) the photocurrent density at 1.5
V vs. SCE.

The measured photocurrent densities under an applied
potential of 1.5 V are shown in Fig. 5(b). In Fig. 5(b),
the photocurrent density increases from 5 min to 30 min
and then decreases at 40 min.

Figure 6 presents the relation among the morphologi-
cal, structural and photoelectrochemical properties. Fig-
ures 6(a), (b), (c) and (d) show the nanorod length,
the (002) XRD peak intensity, the (002) FWHM and
grain size and photocurrent density for the samples with
different growth durations, respectively. In Figs. 6(a)
and (b), we see that the ZnO nanorod length and the
(002) XRD peak intensity tend to increase with increas-
ing growth duration. Compared to the other XRD peaks,
the (002) peak intensity is significantly stronger, as dis-
cussed in Fig. 3, which indicates the c-axis-directed ver-
tical growth of the one-dimensional ZnO nanorods [47].
The one-dimensional nanorod structure is known to have

many advantages, including large surface area, high light
absorption, superior transport performance, increased
interface reactions and decreased recombination rate of
electrons and holes, which can the improve the photocur-
rent density [24–32]. In Figs. 6(a), (c) and (d), the pho-
tocurrent density tends to increase with increasing ZnO
nanorod length and grain size over the growth duration
of 5 to 30 min. A similar result has been reported in
which the photocurrent density increased with increased
nanorod length [53]. In addition, the photocurrent den-
sity is also known to increase with increasing grain size
due to the reduction in the electron-hole pair recombina-
tion rate with a decrease in the grain boundary density
[54,55]. As the growth duration increases, the FWHM
decrease, as shown in Fig. 6(c). It can be considered that
the crystallinity of the grown ZnO nanorods improves
with growth duration in this study. According to pre-
vious work, improved crystallinity has a positive effect
on carrier transfer and improves the photocurrent den-
sity [54]. In addition, as the growth duration increases
from 5 to 40 min, the sample has a low dark current den-
sity, even at a relatively high applied potential, because
carriers do not accumulate on the surface of the photo-
electrode and instead smoothly escape to the electrolyte
due to improved carrier transfer by the improved crys-
tallinity of the well-grown nanorods. It is known that the
dark current density of metal oxides is increased because
metal oxides convert to a semi-metallic state due a reduc-
tion reaction with electrons [56, 57]. Consequently, the
photocurrent density tends to increase due to improve-
ments in the morphological and structural properties as
the growth duration increases. However, even though the
40 min sample has the largest nanorod length, the high-
est (002) XRD peak intensity, the largest grain size, the
best crystallinity and the lowest dark current density, it
has a low photocurrent density of under 0.3 mA/cm2 in
this study. This result can possibly be explained by the
critical length. It has been reported that if the nanorod
length is longer than a critical length, the recombination
rate of electron-hole pairs can increase [53,58]. Minority
carriers cannot easily escape from the nanorods into the
electrolyte, which results in a decrease in the photocur-
rent density. Therefore, it was concluded that the 40
min sample has an improper length in this study, conse-
quently leading to a low photocurrent density. In sum-
mary, we found that the morphological and structural
properties of ZnO grown using the microwave chemical
bath deposition method largely affect the photoelectro-
chemical properties of the resultant ZnO nanorods.

IV. CONCLUSION

In this study, zinc oxide (ZnO) nanostructures were
grown on a ZnO seed layer/fluorine-doped tin oxide
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Fig. 6. Correlation among the morphological, structural and PEC properties of the ZnO nanorods with various growth
durations: (a) nanorod length, (b) (002) peak intensity, (c) (002) FWHM and (d) photocurrent density.

(FTO) substrate for growth durations of 5, 7.5, 10, 15,
20, 30 and 40 min using the microwave chemical bath de-
position method (MW-CBD). The morphological, struc-
tural, optical and photoelectrochemical properties of the
grown ZnO samples were investigated, and the relation-
ship among the morphological, structural and photoelec-
trochemical properties was systematically studied. As
the growth duration increased, the nanorod length, the
(002) peak intensity and the grain size increased, and the
crystallinity improved. That is, the morphological and
structural properties improved with growth duration,
resulting in an improvement in the photocurrent den-
sity. However, the 40 min sample shows a low photocur-
rent density, possibly due to the excessive ZnO nanorod
length. In this study, we showed that the photoelectro-
chemical properties are closely related to the morpho-
logical and structural properties of ZnO nanostructures
grown using MW-CBD.
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