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Abstract
ZnO nanorods (NRs) were synthesized using an in situ low-temperature hydrothermal method. In order
to investigate the effect of different seed layers on quality of ZnO NRs arrays, alcoholic, alkaline and
acidic seed solutions were deposited by spin coating on ITO-glass substrate. Experimental results
revealed that the vertically ZnO NRs obtained from monoethanolamine-based seed layer is the most
uniform and compact one. Alkali solutions result in better alignment and uniform cross sections than
those realized via acetic acid-based seed layer. Also, KOH- based seed layer show lower density and
bigger cross section of ZnO NRs than that of NaOH based seed layer. Evolution of ZnO NRs layer was
investigated by SEM images and UV-visible spectra at different growth times. By increasing growth time,
the wavelength of UV-vis absorption edge exhibit a red-shift and the transmission of the light in visible
and infrared regions decrease and therefore, the energy band gap of ZnO NRs decrease. Also, Oxygen
plasma treatment resulted in increasing of UV absorption of ZnO NRs thin film. Scanning electron
microscopy and X-ray diffraction spectra indicated that the crystalline ZnO NRs have rod shapes with
hexagonal cross sections.
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1. INRODUCTION
Since the discovery of ZnO NRs, they
have been the target of numerous
investigations due to their unique
properties. These 1D structures reduced the
carrier scattering because of quantum
confinement in one direction. This
improved the optical and electrical
properties that enhance performance of
devices based on ZnO thin film [1,2].
Wet chemical synthesis which is a low
temperature,
economical,
facile
manipulation, and scalable, have recently
been developed for the production of
vertically aligned ZnO nanostructures [3].
A considerable numbers of synthesis
methods have been used to ZnO NRs
fabrication,
such
as
metal-organic

chemical vapor deposition [4], metalorganic vapor phase epitaxy [5], thermal
evaporation [6], vapor phase transport
process [7] and thermal chemical vapor
deposition [8]. But, these methods are
complicated and need high growth
temperatures.
In
comparison,
the
hydrothermal method [9, 10] is a simple,
low temperature, high yield and more
controllable process [11–14] than other
mentioned methods. In this work, we
report the hydrothermal growth of high
quality ZnO NRs, which is a wet chemical
method.
The fabrication procedure of hydrothermal
method consists of two steps: (a)
preparation of seed-layer and (b) growth of
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NR arrays. This two-step approach allows
the well- controlled growth of high quality,
well-aligned ZnO nanoarrays with uniform
morphologies [15].
Control of the orientation and morphology
of ZnO nanostructures during the aqueous
solution is difficult [16]. The ZnO seed
layer plays an important role as nucleation
sites in the growth of ZnO NR arrays and
is essential to achieve well aligned NRs on
the substrate. The ZnO seed layer with
excellent crystal quality offers favorable
surface for the aligned growth of ZnO
NRs.
Previously, the effects of seed layers on the
growth rate, diameter and density of ZnO
NRs grown via aqueous solution routes
have been investigated [17]. The different
nucleation mechanisms in the VPT growth
process of ZnO NRs on Si have been
reported [18]. The effects of ZnO seed
layer preparation conditions on the growth
of ZnO NR arrays on a Si substrate have
been investigated. ZnO seed films were
prepared by different film deposition
techniques such as thermal oxidation of
metallic Zn film, direct current reactive
magnetron sputtering deposition, radio
frequency magnetron sputtering deposition
and pulsed laser deposition [19, 20]. Also,
a comparative study of ZnO NRs
synthesized on monoethanolamine and
KOH based seed layer using sol-gel
method to fabricate ZnO NRs is reported.
Although, the better crystal quality, fewer
structural defect and better aligned ZnO
NRs
were
obtained
through
monoethanolamine based sol-gel method,
better electrical conductivity was obtained
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in ZnO NRs derived through KOH-based
seed layer [21].
In this study we used different solutions
for preparing ZnO seed layer on the ITOglass substrate and the effects of seed
layers on density and morphology of ZnO
NRs were investigated. The morphology
and optical properties of the ZnO NRs at
different growth time have been reported.
2. EXPERIMENTAL
2.1. Effects of Different Seed Layers on
the Density and Morphology of ZnO
NRs Arrays
As mentioned before, the morphologies
and crystallographic orientations of ZnO
NRs are generally affected by the ZnO
seeding layers, the NR growth was
investigated using many different seed
layers. In this work, For ZnO NR growth,
different seed layers have been prepared
using zinc acetate and different alcoholic,
acidic and alkali solutions.
First, two coating solutions containing zinc
acetate dehydrate (0.4 M and 0.7 M) with
equivalent molar of monoethanolamine
and 2-methoxyethanol (CH3OCH2CH2OH,
Merck, 99.5% purity) were dissolved. The
resulting solutions were spun onto the
substrate at the rate of 3000 rpm for 30 s at
room temperature. Then the films were
annealed at 500 ◦C for 30 min to remove
the residual solvent. SEM images of films
with these two concentrations are shown in
Figure 1. Increase of Zinc acetate
concentration results in formation of high
density of ZnO NRs arrays, but the
possibility of existence of impurities
increases.
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Figure 1. Top view SEM images of ZnO NRs were prepared by (a) 0.4 M and (b) 0.7 M seed
solutions of the zinc acetate dehydrate, monoethanolamine and 2-methoxyethanol.
In other methods, the seed layers were
prepared by coating ZnO nanocrystal
solutions. One solution was prepared by
slowly adding an aqueous growth 30 mM
of NaOH solution in methanol to a 10 mM
zinc acetate dehydrate solution at 60 ͦC
over a 2h period. The second nanocrystal
solution was prepared by drop wise adding
methanol solution of 30mM KOH in
10mM methanol solution of zinc acetate
dehydrate at 60 ◦C. After 2 h of mixing, the
solution was allowed to cool down. These
two solutions show same PH (the molar
concentration of hydrogen ions in the
solution) about of 8. ZnO nanocrystals are
obtained according to equation (1). The
suspension of the nanoparticles (NPs) was
spin coated on the ITO/glass substrates for
2 times at a speed of 3000 rpm. Thermal
treatments were made to the substrates at
150 ◦C between each deposition.

Finally, a solution of zinc acetate (0.65 g)
and acetic acid (a few droplets) in the 10
mL of anhydrous alcohol was spin-coated
onto the ITO substrate. ZnO nanocrystals
are obtained according to equation (2).
Then, the films were sintered in air at
about 150 ◦C for 30 min.
Figure 2 shows top view of ZnO NRs with
seed layer deposited by KOH, NaOH and
Acetic Acid solutions of zinc acetate
dehydrate. Both of KOH and NaOH
solutions result in ZnO NRs with
uniformdensities and cross sections but
because of larger atomic radius of
potassium compared to sodium, ZnO NRs
in figure 2a show lower density and bigger
cross section than those in figure 2b. The
seed layer of acetic acidic solution (figure
2c) results in ZnO NRs with different cross
section and it yields considerable density
of ZnO NRs.
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Figure 2. Top view SEM images of ZnO NRs prepared by seed solutions of the zinc acetate
dehydrate dissolved in (a) KOH, (b) NaOH and (c) Acetic Acid solutions.
2.2. Growth of ZnO NR Arrays on
ITO/glass Substrates
For hydrothermal synthesis of ZnO NRs,
the seeded substrates were placed in 50ml
of a 10mM Zn(NO3)2·6H2O aqueous
solution. Subsequently, 25 ml of 0.5M
aqueous NaOH was added to the solution.
Substrates with seed layers were immersed
in the mixed solution with the seed layer
side facing up. ZnO NRs have been
synthesized according to equation (3):
Zn( NO3 ) 2  2 NaOH  Zn(OH ) 2  2 Na ( NO3 )
Zn(OH ) 2 temperatur
 e  ZnO  H 2 O

(3)

To achieve better quality of the ZnO NR
array, it is important to control the reaction
rate. When temperature of reaction is too
high, the reaction rate speeds up and the
precursors consume rapidly, and nearly no
ZnO NRs are found to stick on the ITO
substrate in this case. For this reason, the
glass bottle with the sample was then
sealed and maintained at 70 ◦C for different
times in order to grow ZnO NRs. After the
reaction, the substrates were taken out and
washed with deionized water several times
to remove any residual salt or amino
complex and then dried in air at room
temperature. The main advantage of the
proposed synthesis is its simplicity, low
temperature (70 ◦C), and fast growth rates.
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3. RESULTS ANDDISCUSSION
3.1. Morphology Evolution of ZnO NRs
We have investigated the morphology
and optical evolution of the ZnO NR
arrays with respect to different growth
times. When the growth time (deposition
time) increases, bigger and longer ZnO
hexagonal NRs are obtained. In fact, the
aspect ratio of the 1-D ZnO nanostructures
depends on growth time. In order to
illustrate the morphology evolution of ZnO
NRs, a series of SEM images of prepared
thin films in various stages during the
growth are shown in Figure 3a-d.
ZnO NRs show whole hexagonal shapes,
with different average diameters of 52.73,
78.12, 85.93 and 113.3 nm and lengths of
1.3 to 12.4 µm for 3, 6, 12 and 18 hr
growth times, respectively. According to
Figure 3a-d, through the deposition up to 6
h, the growth density is almost unchanged,
and each ZnO NR has a constant diameter
from the bottom to the top. After, with
increasing growth time, densities of ZnO
NR arrays decrease and NRs with different
lengths and cross sections grow. Although
crystal qualities of the ZnO samples get
better with increasing the reaction time,
because of low density of ZnO
nanostructures, the alignment of ZnO NRs
is low and they grow at different
orientations (figure 3d).
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Figure 3. ZnO NRs thin films obtained after (a) 3, (b) 6, (c) 12 and (d) 18 hr growth times.
3.2. Optical Evolution of ZnO NRs
Also, UV-vis absorption spectra at
different growth times were recorded for
the investigation of optical evolution of the
as-prepared products. ZnO NRs show blue
shift enhanced UV-Visible absorption peak
compared to ZnO bulk materials. Chen et
al described blue-shift in UV-Visible
spectra of ZnO NRs compared with that of
ZnO materials spectra by size of ZnO NRs
that was beyond the quantum confinement
regime, which was ascribed to an enhanced

surface effect due to a large surface-tovolume ratio [22].
In figure 4, the UV-Visible spectra of ZnO
NRs after different growth time is shown.
As you can see, the UV-vis absorption
edge exhibits a red-shift by increasing the
growth time. According to transmission
spectra in figure 5, by increasing growth
time, the transmission of the light in the
visible and infrared regions decreases and
absorption of the light increases.
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Figure 4. UV-visible absorption spectra of ZnO NRs at different growth times.
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Figure 5. Transmission spectra of ZnO NRs at different growth times.
The low transmittance at the long growth
time of the ZnO NRs suggests that the
incident light is significantly blocked due
to the strong scattering or reflection within
the ZnO films or light absorption by ZnO
rods with dimensions comparable to the
wavelength of incident light. By using the
data of the transmission spectra, the optical
band gaps (Eg) of ZnO can be estimated by
using the conventional Tauc equation [23]:
h  A(h  E g ) n / 2
(4)
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Here α (α= -ln T) is the absorption
coefficient, hν is the photon energy and A
is a constant. As a direct band gap
semiconductor, the optical band gap (Eg)
of ZnO can be estimated by the zero
crossing of the rising edge of the (α hν)2 vs
hν curve, as shown in Figure 6. For
comparison, the estimated absorption edge
wavelength (Eg), diameter and length of
NRs obtained at 3, 6, 12 and 18 hr growth
times are shown in table 1. By increasing
the growth time, the size of ZnO NRs
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increases and their energy band gaps
decreases which gradually diverges from
the intrinsic band gap of ZnO (3.37 eV).
The band gap of ZnO NPs is in agreement
with the theoretical calculation based on
the effective mass model. The relationship
between band gap and size of ZnO NPs
can be obtained using effective mass
model [24]. Using this model, the band gap
Eg (eV) can be approximately written as:

this model, by increasing diameter of ZnO
NRs, band gap energy decreases that is
consistent with our results.
The variation of energy band gap is
affected by many factors. It is shown that
the energy band gap of a ZnO thin film is
affected by the residual strain, defect, and
grain size confinement [25, 26, 27]. By
increasing growth time of NR thin films,
the average grain sizes enlarges from ~52
to ~113 nm and the film thicknesses
increases from ~1.3 to ~12.4 nm, which
result in the variation of strain. Prathap
found the energy band gaps increased with
the increase of film thickness and grain
size in ZnS films fabricated by thermal
evaporation [27]. Wang et al. also
observed that the peak position of free
excitonic emission red shifted from 3.3 to
3.2 eV with an increase of grain size from
21 to 64 nm, which was attributed to the
quantum confinement effect [28].
In this work, the energy band gaps
increasing with the increase of growth time
might be related to the dependence of
enhanced strain, enlarged grain size and
more oxygen interstitials.

(5)
1

1

2
1.8
4

hcm-2eV2)

where Eg (bulk) is the bulk energy gap, r is
the particle radius, me is the effective mass
of the electrons, mh is the effective mass of
the holes, ϵr is the relative permittivity, ϵ0
is the permittivity of free space, ћ is
Planck’s constant divided by 2π , and e is
the charge of the electron. When
decreasing the size of the NPs the energy
states will become discrete, so that the
energy gap will decrease. According to
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Figure 6. (α hν)2 vs hν curve of ZnO NRs at different growth times.
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Table 1. Different estimated parameters of ZnO NRs at the different growth times.
Growth time (hr)

Edge absorption

Band gap(eV)

wavelength (nm)

Average diameter
of cross

Length of ZnO

sections (nm)

3

368

3.12

52.73

1.3

6

390

2.9

78.12

-

12

400

2.78

85.93

-

18

435

2.72

113.3

12.4

Also, we have shown that oxygen plasma
annealing increases UV absorption of ZnO
(NRs) thin film. Figure 7 shows UV
absorption before and after oxygen plasma
treatment. The improved intensity of the
UV absorption of the ZnO samples after
plasma annealing indicates that the crystal
quality of the ZnO samples gets better.
Distinctly, the oxygen vacancies or
structural defects in the ZnO samples
decrease.

Figure 7. UV absorption of ZnO NRs thin
film before and after oxygen plasma
annealing.

The crystal phase and orientation of ZnO
NRs were analyzed by X-ray diffraction.
The XRD spectrum of ZnO NRs films
fabricated at 70 °C for 3h is shown in Fig.
8. It is noteworthy to mention that the asgrown ZnO NRs are highly oriented along
c-axis perpendicular to the substrate
surface and only a single crystalline phase
of ZnO is formed. Considering the growth
direction of the ZnO NRs, the XRD result
is fairly consistent with the hexagonal
structure of ZnO (JCPDS: 75-1526) with
lattice constants a = 3.22 Α° and c = 5.2
A°. Also, no characteristic peak of any
other impurities is observed in the
spectrum.
The XRD pattern of the as-grown ZnO NR
on glass substrate at 70ͦC and optimized
deposition time of 3 hours has exhibited
high (101) orientation indicating the
preferential orientation of NRs.
A high single crystalline of ZnO NRs can
provide direct electrical pathways to
collect excited electrons. Thus, by
controlling the surface to volume ratio and
the growth orientation, the grown ZnONRs
are quite suitable for photodetector
fabrication with selective wavelengths.

3.3. X Ray Diffraction Results
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Figure 8.X-ray diffraction spectrum of ZnO NRs. Coincidence of peaks with Lines of
hexagonal structure is shown.
3.4. Photoluminescence Analysis
Figure 9 shows the room-temperature
Photoluminescence (PL) spectrum of the
as-grown ZnO NRs arrays at room
temperature. Experimental prepared ZnO
NRs often show a sharp near-band-edge
emission at 381 nm and a broad small
visible light emission. The near band-edge
emission is due to a well-known
recombination of free excitons of the wide
band-gap ZnO and the visible light
emission
is
resulted
from
the
recombination of photo-generated hole
with a singly ionized charge state of

specific defect. The narrow full-width at
half-maximum (80 nm) of the PL spectra
indicates the high crystal quality of the
ZnO NR arrays. It is shown that the
relative concentration of OH-/Zn2+
regulates the luminescence properties of
ZnO crystals as the green emission
intensity decreases with an increase in OHconcentration [29, 30]. In this synthesis,
the ZnO NRs were prepared in a solution
phase having a high pH (11.5), so that
oxygen vacancy and therefore green
emission in the ZnO NRs crystal was at a
minimum.
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Figure 9. PL spectrum of the ZnO NRs thin film at room temperature.
4. CONCLUSION
In summary, we report the fabrication
and characterization of the ZnO NR arrays
on ITO-glass substrate by a two-step
method. The effect of different seed layers
on the morphology of ZnO NRs was
investigated by SEM analysis. Higher
concentration of zinc acetate and
hydroxide alkali metals with small atomic
radius as precursors in seed solution yield
higher density of ZnO NRs. Seed layer
made by alkali solution is more uniform
than that by acidic solution. With
increasing growth times, higher crystal

quality, larger diameter, longer height,
lower density and therefore lower
alignment of vertically ZnO NRs were
observed. Also, oxygen plasma treatment
enhances UV absorption as a result of
decreasing of oxygen defects. The
spectrometric
luminescence
spectra
measurementshows ZnO NRs with low
impurities (green emission) as a result of
suitable pH of growth solution and
therefore good passivation of surface
defects.
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