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Abstract

Hydrothermal zinc oxide (ZnO) thick films were successfully grown on the chemical vapor deposition (CVD)-grown
thick ZnO seed layers on a-plane sapphire substrates using the aqueous solution of zinc nitrate dehydrate (Zn(NO3)2).
The use of the CVD ZnO seed layers with the flat surfaces seems to be a key technique for obtaining thick films instead
of vertically aligned nanostructures as reported in many literatures. All the hydrothermal ZnO layers showed the large
grains with hexagonal end facets and were highly oriented towards the c-axis direction. Photoluminescence (PL)
spectra of the hydrothermal layers were composed of the ultraviolet (UV) emission (370 to 380 nm) and the visible
emission (481 to 491 nm), and the intensity ratio of the former emission (IUV) to the latter emission (IVIS) changed,
depending on both the molarity of the solution and temperature. It is surprising that all the Hall mobilities for the
hydrothermal ZnO layers were significantly larger than those for their corresponding CVD seed films. It was also
found that, for the hydrothermal films grown at 70°C to 90°C, the molarity dependences of IUV/IVIS resembled
those of mobilities, implying that the mobility in the film is affected by the structural defects. The highest mobility
of 166 cm2/Vs was achieved on the hydrothermal film with the carrier concentration of 1.65 × 1017 cm−3 grown
from the aqueous solution of 40 mM at 70°C.
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Background
Since a few decades ago, zinc oxide (ZnO), a transparent
conducting metal oxide, has been intensively and widely
studied for the fabrication of many kinds of devices due
to its unique properties such as wide direct bandgap en-
ergy (3.37 eV), large exciton binding energy (60 meV), and
thermal stability [1-3]. Beside a traditional film-layered
structure, various morphologies of ZnO nanostructures,
i.e., nanowires (NWs), nanorods (NRs), nanoflowers (NFs),
and nanotubes (NTs) [1,4,5], offer unique possibilities for
use in many applications, mainly in the field of electronics,
optics, and photonics [2-4,6-11]. However, due to the lack
of a low-cost lattice-matched epitaxy substrate, the growth
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of ZnO films and nanostructures is commonly done on a
c-plane sapphire and silicon carbide (SiC) substrate [12,13].
Many efforts have been made previously to achieve good
ZnO structures, and it seems to show that the effects of
the seed/buffer layer either in the form of homo- or
hetero-structure and the deposition method are very
prominent. For example, graphene and magnesium
oxide (MgO) have been used as the hetero-seed/buffer
layers to grow ZnO structures on an insulator and a
sapphire substrate, respectively [14,15]. Meanwhile, the
properties of a homo-seed/buffer layer, i.e., ZnO seed,
have also been shown to give significant differences on
the morphologies and properties of the subsequent depos-
ited ZnO structures [11,16,17]. Of course, the method
of subsequent deposition of ZnO itself will also give sig-
nificant differences on the morphologies and properties
of the grown structures.
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Vapor-phase deposition techniques are widely used to
grow both the seed/buffer layers and ZnO films with high
electron mobility and low carrier concentration. Kaidashev
et al. presented a multistep pulsed-laser deposition to
achieve electron mobility up to 155 cm2/Vs in a narrow
carrier concentration range from 2 to 5 × 1016 cm−3

with insertion of a 30-nm-thin ZnO buffer layer on a c-
plane sapphire substrate [13]. Tampo et al. reported an
enhancement of electron mobility in a ZnMgO/ZnO/
MgO/c-plane sapphire hetero-structure grown by rad-
ical source molecular beam epitaxy (MBE) due to the
formation of a two-dimensional electron gas (2DEG)
[15]. As a result, a high electron mobility of 250 cm2/Vs at
room temperature (RT) and a low sheet carrier concentra-
tion of 1 × 1013 cm−2 were achieved. Chu et al. presented
the growth of a ZnO thin film on c-plane sapphire with a
relatively high electron mobility of 169 cm2/Vs and a low
carrier concentration of 2 × 1016 cm−3 using plasma-
assisted MBE by optimizing the thickness of a MgO buffer
layer [12]. To our knowledge, the highest mobility of 137
cm2/Vs together with a minimum carrier concentration of
7 × 1016 cm−3 was obtained for a ZnO thin film grown dir-
ectly on a-plane sapphire without the introduction of any
seed layer by using MBE as reported by Fons et al. [18].
However, these vapor-phase techniques have some
drawbacks such as expensive apparatus, complicated
procedure, low yield, and high temperature.
Liquid-phase techniques such as hydrothermal and

electrochemical processes have been widely used to grow
ZnO structures on ZnO-seeded substrates [7,11,17,19-21],
catalyzed substrates [22], or seed/catalyst-free substrates
[14,19,21,23]. Generally, the grown ZnO structures on the
ZnO-seeded substrates are mostly in the form of one-
dimensional (1D) nanostructures [7,9,20,21,24,25] due to
the nature of chemical reaction of liquid-phase techniques
and also due to the small grains and rough surfaces of
ZnO seed layers prepared by the sputtering method
[7,20,21] or other deposition techniques [9,24,25]. Song
et al. presented the effects of a seed layer prepared by the
sputtering method on the growth of ZnO NRs [17]. Nano-
sized metal catalyzers have also been proven to be able
to assist the growth of ZnO 1D nanostructures. Li et al.
reported on the synthesis of ZnO nanoparticles on Si
substrates with and without an Au catalyst [16]. Recently,
we report the growth of ZnO nanostructures on seed/
catalyst-free substrates by introducing graphene as the
template layer using both electrochemical and hydrother-
mal processes [14,23,26]. Up to date, there is no report on
the formation of a ZnO continuous film structure on a
ZnO-seeded substrate using liquid-phase methods. In this
paper, we report the growth of ZnO continuous film
structure on chemical vapor deposition (CVD)-grown
ZnO seeds on a-plane sapphires by a hydrothermal
process. In this study, higher mobilities and lower carrier
concentrations of the hydrothermally grown ZnO layer as
compared to the original values of ZnO seeds were ob-
served. These results suggest that the ZnO layer with low
carrier concentration can be realized by a hydrothermal
deposition, resulting to the increase of carrier mobility.

Methods
A thick CVD-grown ZnO layer on a-plane sapphire with
thicknesses ranging from 2.0 to 5.0 μm was used as the
substrate as reported by Yasui et al. [27]. The substrate
was placed facing downwards in the middle of a Teflon-
made holder inside a glass beaker containing an equi-
molar solution of zinc nitrate dehydrate Zn(NO3)2 and
hexamethylenetetramine (HMTA) (CH2)6N4 which were
dissolved in 100 ml of deionized (DI) water. The molar-
ities of solutions were set to 2, 20, 30, and 40 mM, while
the growth temperatures were set to 70°C, 80°C, and 90°C.
The growth was carried out for 3 h after the temperature
of the aqueous solution reached the set temperatures,
i.e., 70°C, 80°C, and 90°C. Finally, the sample was taken
out from the aqueous solution and immersed into DI
water to remove any residue on the substrate. The sam-
ples were characterized using atomic force microscopy
(AFM, XE-100 Park Systems), field emission scanning
electron microscopy (FESEM, Hitachi SU8030), X-ray dif-
fraction (XRD, Bruker AXES D8 Advance), photolumines-
cence (PL, manually setup system) spectroscopy [28], and
Hall effect measurement (Ecopia-5300).

Results and discussion
Figure 1a shows an example of an FESEM image of the
CVD ZnO seed used in the hydrothermal growth. The
morphology shows a continuous film structure with a
relatively smooth surface. The ZnO seeds used in this
work are thick, and their thicknesses are in the range of
2.0 to 5.0 μm. Relatively thick CVD ZnO seeds were
purposely chosen in order to minimize the effects of
seed thickness on the hydrothermally grown ZnO struc-
tures. As reported by Song et al. [17], a significant change
in the ZnO NR growth was not found for sputtered ZnO
seeds with thicknesses between 330 and 950 nm. They
also reported that the decrease in the diameter of the ZnO
NRs with decreasing seed layer thickness is due to the
smaller crystal or grain size of the ZnO seed layer. There-
fore, we speculate that the effect of seed thickness can be
ignored by using a thick seed layer. The surface of the
thick ZnO seed should also be sufficiently relaxed from
any severe lattice stress contributed from the large lattice
mismatch between sapphire and ZnO. Consequently, this
allows the possible effect that is related to the fluctuation
in the seed thicknesses among the samples to be ignor-
able, and the comparison of the hydrothermally grown
layers at different temperatures and molarities can be
done in a more precise manner. Thus, the properties as
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Figure 1 FESEM and AFM images and XRD and RT PL spectra of the CVD ZnO seed. (a) FESEM images of top and cross-sectional views, (b)
XRD 2θ scan spectra, (c) RT PL measurement of the CVD ZnO seed sample, and (d) AFM image with line profiles of the CVD ZnO seed.
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well as the potential merit of the hydrothermally deposited
layer can be precisely revealed and determined. Figure 1b
shows an example of the XRD spectrum of the CVD ZnO
seed. The observation of a strong (002) peak indicates that
the ZnO seed has a hexagonal wurtzite structure and is
highly oriented along the c-axis. Figure 1c shows an ex-
ample of the room temperature (RT) PL spectrum of the
CVD ZnO seed, where two distinct peaks were observed.
The first peak is located in the ultraviolet (UV) region
(370 to 380 nm) which corresponds to near-band-edge
(NBE) emission while the second peak appears in a blue-
green emission region (480 to 500 nm) of the visible
spectrum. The relative RT PL intensity ratio of the emis-
sion in the UV region to the emission in the visible region,
IUV/IVIS, is confirmed to be in the range of 0.35 to 0.65.
The respective AFM topographical image of the CVD
ZnO seed together with the measured line profiles is
shown in Figure 1d. It can be seen that the top surface of
the CVD ZnO seed shows large grain structures where
the diameter and height of grain structures were con-
firmed to be more than 5 μm and below 100 nm, respect-
ively. Based on the ratio of the height and the radius of
grain structures, it can be said that the slopes of the struc-
tures are relatively very low and are close to a flat condi-
tion. Such a structure is significantly different with the
sputtered ZnO seed, and such characteristic is believed
to promote the lateral growth of ZnO structures by the
subsequent hydrothermal deposition, resulting to the
formation of a film structure. The growth mechanism is
discussed in the next section.
Figure 2a,b,c,d,e,f,g,h,i,j,k,l summarizes the FESEM im-

ages of top surface views of the samples grown at tem-
peratures of 70°C, 80°C, and 90°C with molarities of 2,
20, 30, and 40 mM. It can be seen that the structures on
the top surface with well-defined hexagonal shapes in a
few stacking arrangement were grown at low tempera-
tures (70°C to 80°C) and high molarities (30 to 40 mM)
as shown in Figure 2c,d,g,h. The best well-defined struc-
ture was observed at the temperature of 80°C and the
molarity of 40 mM as shown in Figure 2h. It can be as-
sumed that such ranges of temperatures and molarities
seem to be the best conditions for the HMTA to play its
role as the mineralizer to supply additional hydroxyl
(OH−) ions in the chemical reaction in defining the



Figure 2 FESEM images of the top view of ZnO structures after hydrothermal growth. Images (a-d) for the temperature of 70°C with
molarities of 2, 20, 30, and 40 mM, respectively; (e-h) for the temperature of 80°C with molarities of 2, 20, 30, and 40 mM, respectively; and (i-l)
for the temperature of 90°C with molarities of 2, 20, 30, and 40 mM, respectively.
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shape and morphology of the ZnO structures [14].
However, it can be clearly seen that such a well-defined
hexagon-shaped morphological structure was not ob-
served at a high temperature of 90°C for all tested mo-
larities. Figure 3a,b shows the cross-sectional views of
samples grown at the temperature of 80°C with the mo-
larity of 40 mM, and at the temperature of 90°C with
the molarity of 30 mM, respectively. Although the top
surfaces show the morphologies with hill-like structures
as shown in Figure 2h,k, it is confirmed from the cross-
sectional views that the grown structures are actually
thick films with very low heights of such hilly structures
on the top surfaces. It is noted here that all hydrother-
mally grown samples show a thick film structure and
their thicknesses increase with temperatures and molar-
ities as illustrated in Figure 4. This simply indicates that
80 °C, 40 mM ZnO  film

ZnO seed

Sapphire

90 °C, 30 mM ZnO film

ZnO seed

Sapphire

Figure 3 FESEM images of cross-sectional views of ZnO films
after hydrothermal growth. Images (a) for the temperature of 80°C
with the molarity of 40 mM and (b) for the temperature of 90°C with
the molarity of 30 mM.
the growth rate greatly depends on the temperature and
molarity as expected. The interpretation that any change
in the structural, optical, and electrical properties of the
final structure is contributed by the hydrothermally grown
layers seems to be acceptable because the hydrothermally
grown layers are thick.
In this study, HMTA and zinc nitrate solution were

used as precursors for the growth of ZnO structures.
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Figure 4 The dependences of thicknesses of hydrothermally
grown ZnO structures on molarities and temperatures.
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First, HMTA decomposes in water with the assistance of
applied heat to generate formaldehyde (CH2O) and am-
monia (NH3), where NH3 continues to hydrolyze and
produce ammonium (NH4

+) and hydroxyl (OH−). Then,
OH− reacts with Zn2+ to form a complex compound of
Zn(OH)2. Finally, Zn(OH)2 continues to dehydrate into
ZnO with the presence of heat. It is worth noting that the
supersaturation reaction may also take place. These chem-
ical reactions can be summarized as follows [29-32]:
Decomposition reaction:

C6H12N4 þ 6H2O→ 6CH2O þ 4NH3

Hydroxyl supply reaction:

NH3 þ H2O→OH‐ þ NH4
þ

Supersaturation reaction:

Zn2þ þ 4OH‐ → Zn OHð Þ42‐

Formation of Zn(OH)2:

Zn2þ þ 2OH‐ → Zn OHð Þ2
Zn(OH)2 dehydration:

Zn OHð Þ2 → ZnO þ H2O

In this work, due to the relatively flat surface of the
CVD ZnO seed, the reactions of zinc and hydroxyl ions
take place on the entire surface of ZnO seeds which can
be also explained by the difference of the surface ener-
gies and, hence, lead to the layer-by-layer growth. Due
to the positions of the Zn and O ions in the ZnO unit
cell and the asymmetry of the hexagonal lattice around
the unit cell center, the wurtzite phase of ZnO exhibits a
finite dipole moment along the hexagonal c-axis. Due to
this dipole moment, the ZnO {0001} surfaces become
‘polar surfaces’ and, according to Tasker's rule [33], should
be unstable. Nevertheless, the observation of ZnO {0001}
surfaces is nothing unusual in the ZnO thin film and
nanostructure growth. In general, the stabilization of
such polar surfaces can occur via various mechanisms,
e.g., surface reconstruction, adsorption of charged atoms/
molecules, or internal charge transfer [34-37]. However,
the exact mechanisms involved in the stabilization of ZnO
{0001} faces are still controversial. Furthermore, caused
by this dipole moment, the ZnO {0001} planes have the
highest surface energy of all low-index or non-polar
planes of the wurtzite ZnO crystal [34]. It is well ac-
cepted that surface energies play an important role in
the nucleation and growth processes since they have a
key influence on the diffusion and adsorption rates of
material on a crystal facet.
In general, the deposition and growth of thin films and

nanostructures can be explained by the following several
consecutive steps that are considered to be applicable
not only for vapor-phase regime but also for liquid-
phase regime. In the first step, the growth species adsorb
on the substrate surface via forming weak bonds due to
oscillating (van-der-Waals) or permanent dipole mo-
ments. This weak bonding state is referred to as physi-
sorption [38]. Due to the weak interaction forces, the
potential well, in which the physisorbed molecules are
trapped, is shallow and the low-energy barriers at the
walls of the well can allow growth species with sufficient
energy to escape and ‘hop’ to adjacent sites (wells). The
physisorbed molecule at the surface therefore retains
some mobility and can move finite distances on the
substrate via surface diffusion (step two). The mobile
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Figure 6 XRD 2θ scan spectra of ZnO films. XRD spectra of ZnO films grown at temperatures of (a) 70°C, (b) 80°C, and (c) 90°C, respectively.
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molecule can now either desorb from the surface or -
and this is the third step - form chemical bonds with the
substrate or the growing film/nanostructure, a process
referred to as chemisorption. In step four, adsorbed
growth species accumulate and initiate film/nanostructure
growth by nucleation. Subsequently, the formed nucleus
grows in size and, in the case of thin film deposition,
coalesces with nearby nuclei to form a layer. For nano-
structure growth, however, the nucleus expands by uni-
directional growth which can be imposed by different
mechanisms. After the adsorption of growth species on
the substrate surface, crystal growth can proceed in differ-
ent ways depending on the surface energies of the sub-
strate and the growing crystal as well as the interface
energy between the two.
Since the CVD ZnO seed used in this study is formed

in the orientation of ZnO {0001} planes with large grains
and considerably flat surfaces, the exposed surfaces are
assumed to have the highest surface energies. The differ-
ences of surface energies between the polar surfaces and
other non-polar surfaces are speculated to be large.
Based on the observed morphologies, it seems to justify
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Figure 8 Measured electron mobility of the ZnO layer after hydrother
(a) 70°C, (b) 80°C, and (c) 90°C. Data of the CVD ZnO seed was also inclu
the assumption that the sum of surface and interface en-
ergies of the growing crystal is lower than the seed
{0001} surface energy. Correspondingly, minimization of
surface energy drives the hydrothermally deposited ZnO
to cover the seed surface completely, thus resulting in
layer-by-layer growth. Figure 5 illustrates the growth
mechanism for the formation of a ZnO continuous film
structure. Due to such growth process, a ZnO continu-
ous film structure was obtained and this seems to con-
tribute to the realization of large carrier mobility in the
grown film which is described in the next section.
Figure 6a,b,c shows the XRD spectra of the samples

grown with different molarities at temperatures of 70°C,
80°C, and 90°C, respectively. Two strong peaks in the
ranges of 34.51° to 34.71° (ICSD 98-004-0986) and 37.5°
to 37.7° (ICSD 98-002-6165) were observed which can
be indexed to the ZnO (002) plane and a-plane sapphire,
respectively. High intensity of the ZnO (002) peak simply
indicates that the preferable growth orientation of ZnO
structures is along the c-axis [39]. It is confirmed that the
values of full width at half maximum (FWHM) deter-
mined from the ZnO (002) diffraction peak of the
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hydrothermally grown layers are similar as compared to
the corresponding CVD ZnO seeds.
Figure 7a,b,c shows the RT PL spectra of the samples

grown at growth temperatures of 70°C, 80°C, and 90°C,
respectively, with various molarities. Two distinct peaks
correspond to NBE emission in the UV region (370 to
380 nm), and a blue-green emission in the visible region
(481 to 491 nm) was observed for all samples. The emis-
sion in the visible region was reported to be related to
the radial recombination of photon-generated holes with
single ionized charge of the specific defects such as O
vacancies or Zn interstitials [40]. It was reported that
the NBE emission could be referred to an intrinsic prop-
erty of the wurtzite crystal structure of ZnO and origi-
nated from the excitonic recombination [41]. Figure 7d
summarizes the relative RT PL intensity ratio of the
emission in the UV region to the emission in the visible
region, IUV/IVIS. It can be seen that the ratio linearly in-
creases with the molarities for the sample grown at the
temperature of 70°C, but no significant change is ob-
served for the samples grown at the temperatures of 80°C
and 90°C. The sample grown at the temperature of 70°C
and molarity of 40 mM shows the highest ratio of 1.166.
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Figure 9 Measured carrier concentration of the ZnO layer after hydro
temperatures of (a) 70°C, (b) 80°C, and (c) 90°C. Data of the CVD ZnO seed
In general, the higher PL intensity ratio means fewer
structural defects in the film [42,43]. It is noted here that
the original IUV/IVIS values of CVD ZnO seeds are in the
range of 0.35 to 0.65. From these results, it can be said
that the grown hydrothermal ZnO layers seem to have
similar or better quality than CVD ZnO seed layers based
on the comparison of IUV/IVIS values.
The Hall effect measurements in a Van der Pauw con-

figuration were performed to study the electrical proper-
ties of the grown samples. As shown in Figure 8a,b,c,
the electron mobilities after the hydrothermal growth
show a large increase as compared to the corresponding
mobilities of CVD ZnO seeds. The highest mobility of
166 cm2/Vs was obtained at the molarity of 40 mM and
temperature of 70°C with the increment percentage of
60%. Figure 9a,b,c summarizes the corresponding carrier
concentration of CVD ZnO seeds and ZnO layers after
hydrothermal growth. The carrier concentrations were
confirmed to show the decrement in value for the hydro-
thermally grown ZnO layers as compared to the corre-
sponding concentration of CVD ZnO seeds. These results
suggest that a ZnO layer with a low carrier concentration
can be realized by a hydrothermal deposition, resulting in
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an increase of carrier mobility. The corresponding carrier
concentration for the sample with the highest mobility
is 1.65 × 1017 cm−3. In general, a low carrier concentration
is suitable for further p-type and LED engineering [12].

Conclusions
In conclusion, the hydrothermally grown ZnO in the form
of a thick film structure was obtained instead of nano-
structures due to the flat and large grain surface structure
of seed layers. Such a surface structure of the seed layer
has promoted the lateral growth of ZnO instead of vertical
growth. The grown ZnO layers were confirmed to be hex-
agonal wurtzite structures and highly oriented towards the
c-axis. The increases of mobility were obtained for all
grown ZnO layers as compared to the corresponding
mobilities of CVD ZnO seeds. The highest mobility of
166 cm2/Vs at the considerably low carrier concentra-
tion of 1.65 × 1017 cm−3 was achieved.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions
NAJ designed and performed the experiments; participated in the
characterization and data analysis of FESEM, AFM, XRD, PL, and Hall effect
measurement; and prepared the manuscript. HY participated in the data analysis.
MRM participated in the AFM characterization. TT participated in the PL
characterization and revision of the manuscript. KY participated in the growth of
ZnO seeds, PL characterization, and revision of the manuscript. AMH participated
in the monitoring of the experimental work, data analysis, discussion, and
revision of the manuscript. All authors read and approved the final manuscript.

Acknowledgements
NAJ thanks the Malaysia-Japan International Institute of Technology for the
scholarship. This work was funded by Nippon Sheet Glass Corp.; Hitachi
Foundation; Malaysia-Japan International Institute of Technology; Universiti
Teknologi Malaysia; Malaysia Ministry of Science, Technology and Innovation;
and Malaysia Ministry of Education.

Author details
1Malaysia-Japan International Institute of Technology, Universiti Teknologi
Malaysia, Jalan Sultan Yahya Petra, Kuala Lumpur 54100, Malaysia. 2Faculty of
Electrical Engineering, Universiti Teknologi MARA, Shah Alam, Selangor
40450, Malaysia. 3Graduate School of Science and Engineering, Ehime
University, Ehime 790-8577, Japan. 4Department of Electrical Engineering,
Nagaoka University of Technology, Kamitomioka-machi, Nagaoka, Niigata
940-2188, Japan.

Received: 13 September 2014 Accepted: 26 December 2014

References
1. Wei A, Pan L, Huang W. Recent progress in the ZnO nanostructure-based

sensors. Mater Sc Eng B. 2011;176:1409–21.
2. Lu F, Cai W, Zhang Y. ZnO hierarchical micro/nanoarchitectures:

solvothermal synthesis and structurally enhanced photocatalytic
performance. Adv Funct Mater. 2008;18:1047–56.

3. Wang J, Elamurugu E, Li H, Jiao S, Zhao L, Martins R, et al. Effect of N and P
codoping on ZnO properties. Adv Mater Res. 2013;645:64–7.

4. Gupta SK, Joshi A, Kaur N. Development of gas sensors using ZnO
nanostructures. J Chem Sci. 2010;122:57–62.

5. Wang Y, Li X, Wang N, Quan X, Chen Y. Controllable synthesis of ZnO
nanoflowers and their morphology-dependent photocatalytic activities. Sep
Purif Technol. 2008;62:727–32.

6. Soci C, Zhang A, Xiang B, Dayeh SA, Aplin DPR, Park J, et al. ZnO nanowire
UV photodetectors with high internal gain. Nano Lett. 2007;7:1003–9.
7. Wang JX, Sun XW, Yang Y, Huang H, Lee YC, Tan OK, et al. Hydrothermally
grown oriented ZnO nanorod arrays for gas sensing applications.
Nanotechnology. 2006;17:4995–8.

8. Phan D-T, Chung G-S. CO gas sensing using Ga doping ZnO nanorods by
hydrothermal method: effects of defects-controlled. 14th International
Meeting on Chemical Sensors. 2012; doi 10.5162.

9. Zhang J, Que W. Preparation and characterization of sol–gel Al-doped ZnO
thin films and ZnO nanowire arrays grown on Al-doped ZnO seed layer by
hydrothermal method. Sol Energy Mater So Cells. 2010;94:2181–6.

10. Shim JB, Chang H, Kim S-O. Rapid hydrothermal synthesis of zinc oxide
nanowires by annealing methods on seed layers. J Nano Mat 5. 2011; doi
10.1155.

11. Wahid KA, Lee WY, Lee HW, The AS, Bien DSC, Azid IA. Effect of seed
annealing temperature and growth duration on hydrothermal ZnO nanorod
structures and their electrical characteristics. Appl Surf Sci. 2013;283:629–35.

12. Chu S, Morshed M, Li L, Huang J, Liu J. Smooth surface, low electron
concentration, and high mobility ZNO films on c-plane sapphire. J Cryst
Growth. 2011;325:36–40.

13. Kaidashev EM, Lorenz M, Wenckstem HV, Rahm A, Semmelhack H-C,
Han K-H, et al. High electron mobility of epitaxial ZnO thin films on c-plane
sapphire grown by multistep pulsed-laser deposition. J Appl Phys.
2003;82:3901.

14. Aziz NSA, Mahmood MR, Yasui K, Hashim AM. Seed/catalyst-free vertical
growth of high-density electrodeposited zinc oxide nanostructures on a
single-layer graphene. Nanoscale Res Lett. 2014;9:95–102.

15. Tampo H, Matsubara K, Yamada A, Shibata H, Fons P, Yamagata M, et al.
High electron mobility Zn polar ZnMgO/ZnO heterostructures grown by
molecular beam epitaxy. J Cryst Growth. 2007;301:358–61.

16. Li YJ, Duan K, Shi PB. Synthesis of ZnO nanoparticles on Si substrates using
ZnS source. J Cryst Growth. 2004;260:309–15.

17. Song J, Lim S. Effect of seed layer on the growth of ZnO nanorods. J Phys
Chem C. 2007;111:596–600.

18. Fons P, Iwata K, Yamada A, Matsubara K, Niki S, Nakahara K, et al. Uniaxial
locked epitaxy of ZnO on the face of sapphire. Appl Phys Lett.
2000;77:1801–3.

19. Lee HK, Kim MS, Yu JS. Effect of AZO seed layer on electrochemical growth
and optical properties of ZnO nanorod arrays on ITO glass.
Nanotechnology. 2011;22:445602.

20. Tao Y, Fu M, Zhao A, He D, Wang Y. The effect of seed layer on morphology of
ZnO nanorod arrays grown by hydrothermal method. J Alloys Compd.
2010;489:99–102.

21. Kar JP, Das SN, Lee SW, Ham MH, Choi JH, Myoung JM. Surface modification
of hydrothermally grown ZnO nanostructures with process parameters.
Chem Eng Comm. 2009;196:1130–8.

22. Zhu G, Zhou Y, Wang S, Yang R, Ding Y, Wang X, et al. Synthesis of
vertically aligned ultra-long ZnO nanowires on heterogeneous substrates
with catalyst at root. Nanotechnology. 2012;23:055604.

23. Aziz NSA, Nishiyama T, Rusli NI, Mahmood MR, Yasui K, Hashim AM. Seedless
growth of zinc oxide flower-shaped structures on multilayer graphene by
electrochemical deposition. Nanoscale Res Lett. 2014;9:337–45.

24. Kim J-Y, Cho JW, Kim SH. The characteristic of the ZnO nanowire morphology
grown by hydrothermal method on various surface-treated seed layers. Mater
Lett. 2011;65:1161–4.

25. Zhang J, Gao D, Yang G, Zhu Z, Zhang J, Shi Z. Study on synthesis and
optical properties of ZnO hierarchical nanostructures by hydrothermal
method. Int J Mat Mech Eng. 2012;1:38–43.

26. Jayah NA, Yahaya H, Mahmood MR, Terasako T, Yasui K, Hashim AM.
High electron mobility, low carrier concentration of hydrothermally
grown ZnO thin films on seeded a-plane sapphire [extended
abstract]. International Conference on Solid State Devices and
Materials. 2014; 198–199

27. Yasui K, Takeuchi T, Nagatomi E, Satomoto S, Miura H, Kato T, et al. Properties
of zinc oxide films grown on sapphire substrates using high-temperature H2O
generated by a catalytic reaction on platinum nanoparticles. J Vac Sci Technol
A. 2014;021502:1–5.

28. Terasako T, Murakami T, Yagi M, Shirakata S. Shape controllability and
photoluminescence properties of ZnO nanorods grown by chemical bath
deposition. Thin Solid Films. 2013;549:292–8.

29. Ladanov M, Ram MK, Matthews G, Kumar A. Structure on opto-electrochemical
properties of ZnO nanowires grown on n-Si substrate. J Am Chem Soc.
2011;27:9012.



Jayah et al. Nanoscale Research Letters  (2015) 10:7 Page 10 of 10
30. Zainelabidin A, Zaman S, Amin G, Nur O, Willander M. Deposition of
well-aligned ZnO nanorods at 50 °C on metal, semiconducting polymer,
and copper oxides substrates and their structural and optical properties.
Cryst Growth Design. 2010;10:3250–6.

31. Xu S, Wang ZL. One-dimensional ZnO nanostructures: solution growth and
functional properties. Nano Res. 2011;4:1013–98.

32. Amin G, Asif MH, Zainelabdin A, Zaman S, Nur O, Willander M. Influence of pH,
precursor concentration, growth time, and temperature on the morphology of
ZnO nanostructures grown by hydrothermal method. J Nanomaterials.
2011;5:1.

33. Tasker PW. The stability of ionic crystal surfaces. J Phys C Solid State Phys.
1979;12:4977.

34. Meyer B, Marx D. Density-functional study of the structure and stability of
ZnO surfaces. Phys Rev B. 2003;67:035403.

35. Claeyssens F, Freeman CL, Allan NL, Sun Y, Ashfold MNR, Harding JH. Growth
of ZnO thin films - experiment and theory. J Mater Chem. 2005;15:139–48.

36. Wöll C. The chemistry and physics of zinc oxide surfaces. Prog Surf Sci.
2007;82:55–120.

37. Noguera C. Polar oxide surfaces. J Phys Condens Matter. 2000;12:R367.
38. Smith DL. Thin-film deposition: principles and practice. 1st ed. New York:

McGraw-Hill Professional; 1995.
39. Lu JG, Ye ZZ, Zeng YJ, Zhu LP, Wang L, Yuan Y, et al. Structural, optical, and

electrical properties of (Zn, AlO) films over wide range of compositions.
J Appl Phys. 2006;100:073714.

40. Rusli NI, Tanikawa M, Mahmood MR, Yasui K, Hashim AM. Growth of
high-density zinc oxide nanorods on porous silicon by thermal
evaporation. Materials. 2012;5:2817–32.

41. Mahmood K, Park SS, Sung HJ. Enhanced photoluminescence, Raman
spectra and field-emission behavior of indium-doped ZnO nanostructures.
J Mater Chem C. 2013;1:3138–49.

42. Ghosh M, Raychaudhuri AK. Shape transition in ZnO nanostructures and its
effect on blue-green photoluminescence. Nanotechnology. 2008;19:1–7.

43. Xu XL, Lau SP, Chen JS, Chen GY, Tay BK. Polycrystalline ZnO thin films on Si
(100) deposited by filtered cathodic vacuum arc. J Cryst Growth.
2001;223:201–5.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Background
	Methods
	Results and discussion
	Conclusions
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References

