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A simple and facile sonochemical route was described for the fabrication of diameter-controlled ZnO nanorod 
arrays on Si wafers. The diameter of ZnO nanorods was controlled by the concentration of zinc cations and 
hydroxyl anions in aqueous precursor solution. At high concentration of the precursor solution, thick ZnO 
nanorod arrays were formed. On the contrary, thin ZnO nanorod arrays were formed at low concentration of 
the precursor solution. The average diameter of ZnO nanorods varies from 40 to 200 nm. ZnO nanorod arrays 
with sharp tip were also fabricated by the step-by-step decrease in precursor solution concentration. The crystal 
structure and optical characteristics of ZnO nanorods were investigated by transmission electron microscopy, 
X-ray diffraction, and photoluminescence spectroscopy. Growth mechanism of ZnO nanorod arrays was also 
proposed.
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Introduction

One-dimensional (1D) semiconductor nanostructures have 
attracted considerable attention for potential applications, 
such as nanoelectronics and optoelectronics, due to their 
unusual properties based on nanometer-scale dimension. 
Zinc oxide (ZnO) is one of the most important multi
functional semiconductors with its wide direct energy band 
gap of 3.37 eV and its large exciton binding energy (about 
60 meV). Thus, 1D ZnO nanostructures has been the topic of 
intensive investigation in the field of nanolasers,1 electrodes 
for solar cells,2 field emitters,3 field-effect transistors,4 and 
so on. In particular, after the report of room temperature 
ultraviolet lasing in ZnO nanowire arrays,1 well-aligned 1D 
ZnO nanostructures with tunable diameters have been very 
useful research tools to investigate the size effect on physical 
properties of 1D semiconductor nanostructures. To date, 
various approaches related to direct growth of diameter- 
controlled ZnO nanorod or nanowire arrays on substrates 
were reported, and the development of new synthetic 
methodologies is still ongoing.

Conventional approaches for controlling the diameter of 
well-aligned 1D ZnO nanostructures have been based on 
vapor-phase reaction.5-7 By adjusting the growth conditions, 
including reaction temperature, oxygen-to-zinc flux ratio, 
and size of metal catalysts, vapor-phase methods can pro
duce highly-crystalline and well-aligned 1D ZnO nano
structures with different diameters, however, they require 
sophisticated equipments due to rigorous environmental 

conditions, such as high temperature (up to 1400 oC) and 
low pressure. Such severe environmental conditions are 
inadequate for nanoelectronic circuit integration in glass
based transparent electrode devices or polymer-based 
flexible devices. In addition to the conventional vapor-phase 
methods, solution-phase methods have been developed as 
alternative ways. Among all solution-based approach, a 
hydrothermal method8,9 is a widely-used technique that can 
produce well-aligned and diameter-tuned 1D ZnO nano
structures by adjusting the growth conditions, such as 
reaction temperature, concentration of precursor solution, 
pH, and reaction time. Unlike the conventional vapor-based 
approaches, a hydrothermal method is a relatively low 
temperature (below 200 oC) process and requires simple 
equipments, however, long reaction time (usually from a few 
hours to several days) is the weak point of this method. 
Therefore the development of a simple and fast synthetic 
route which can control the diameter of well-aligned 1D 
ZnO nanostructures under ambient conditions remained an 
important topic of investigation.

By the use of chemical effects of ultrasound, a sono
chemical method has been recently investigated as a promi
sing alternative technique for the fabrication of colloidal 
ZnO nanorods under ambient conditions.10,11 Cavitation 
phenomena play a key role in the sonochemical synthesis of 
ZnO nanorods. Cavitation is the formation of microbubbles 
in a liquid when a large negative pressure is applied to the 
liquid by the transmission of ultrasound. Large amount of 
energy, temperatures of 5000 K and pressures of up to 1800 
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atmospheres,12-14 is known to be released from the collapse 
of microbubbles during ultrasonic cavitation. However, due 
to the extremely high cooling rates in excess of 1010 K/s by 
the surrounding bulk liquid,15,16 sonochemical synthesis of 
ZnO nanorods is possible under normal temperature and 
pressure without additional heating the solution. So, this 
sonochemical approach is fast, simple, convenient, economi
cal, and environmentally benign. Very recently, we reported 
sonochemical growth of well-aligned ZnO nanorod arrays 
on various substrates over large areas.17 Herein, we report 
the diameter control of well-aligned ZnO nanorod arrays via 
a sonochemical route. We also show the morphology control 
of ZnO nanorod tips.

Experimental Section

All chemical reagents were used without further puri
fication. Before the growth of ZnO nanorod arrays, Ti (5 nm 
for adhesion layer) and Zn (40 nm for seed layer) thin films 
were sputtered successively on 3 cm x 3 cm Si wafers. Then, 
four thin films-coated Si wafers were immersed in 0.001, 
0.01, 0.05, and 0.1 M equimolar aqueous solutions of zinc 
nitrate hexahydrate (Zn(NO3)2,6H2。，98%, Aldrich) and 
hexamethylenetetramine (HMT, (CH2)6N4, 99%, Junsei), 
respectively. Ultrasonication was performed by sonochemi
cal apparatus (ultrasonic frequency of 20 kHz) under 
ambient conditions in order to grow diameter-tunable well- 
aligned ZnO nanorod arrays. An ultrasonic wave was 
introduced at the power of 50 W (intensity of 39.5 W/cm2) 
for 1 h by 1/2 inch diameter titanium tip. Except for the 
difference in equimolar concentration of precursor solutions 
which contain zinc nitrate hexahydrate and HMT, four 
samples were prepared under the same ultrasonication 
power and reaction time. The ZnO-grown Si wafers were 
carefully washed with de-ionized (DI) water, and then dried 
in an oven.

For the growth of ZnO nanorod arrays with sharp tips, Ti 
(5 nm) and Zn (40 nm) thin films-coated Si wafer was 
immersed in a 0.1 M equimolar aqueous solutions of zinc 
nitrate hexahydrate and HMT. The ultrasonic wave was 
introduced at the intensity of 39.5 W/cm2 for 30 min. Then, 
the process was repeated twice in a 0.01 M and a 0.001 M 
equimolar aqueous solutions step-by-step using the previous 
ZnO-grown Si wafer. Ultrasonication intensities and reac
tion times were fixed at 39.5 W/cm2 and 30 min, respec
tively. The ZnO-grown Si wafer was carefully washed with 
DI water, and then dried in an oven.

The morphology of the ZnO nanorod arrays was observed 
by field emission scanning electron microscope (FESEM, 
Hitachi S-4300). The crystallinity and crystal structures 
were investigated by transmission electron microscope 
(TEM, JEOL JEM-2010). The orientation and alignment 
were examined by X-ray diffraction (XRD, Max Science, 
M18XHF). Room-temperature photoluminescence (PL) 
characteristics of ZnO nanorod arrays, which have shown 
different diameters, were investigated by using PL spectro
scope (Shimadzu RF-5301PC). The PL spectra were excited

Figure 1. (a), (c), (e), and (g) Top view SEM images of ZnO 
nanorod arrays grown on Si wafers at 0.001, 0.01, 0.05, and 0.1 M 
equimolar aqueous solutions of zinc nitrate hexahydrate and HMT, 
respectively. (b), (d), (f), and (h) Side view SEM images of ZnO 
nanorod arrays grown on Si wafers at 0.001, 0.01, 0.05, and 0.1 M 
precursor solutions, respectively.

by a 150 W Xe lamp and detected by a photomultiplier after 
dispersed by a concave grating.

Results and Discussion

Figure 1 shows FESEM images of ZnO nanorod arrays 
with different diameters on Si wafers. Hexagon-shaped dia
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meter-tunable ZnO nanorod arrays were vertically well- 
aligned throughout the surface of Si wafer. The average 
diameter increased from 46 to 198 nm as the concentration 
of precursor solution increased from 0.001 to 0.1 M, as 
shown in Figures 1. The increase in the concentration of 
precursor solution means the increase in the amount of both 
zinc cations (Zn2+ ions) and hydroxyl anions (OH - ions) 
which react with each other in order to form stable 
Zn(OH)42- complexes, growth units of ZnO nanorods. 
During the crystallization of ZnO, OH - ions contained at the 
surface of ZnO crystal have a shielding effect on the growth 
of ZnO nanorods.18 Due to the increase of shielding effect of 
OH- ions at the interface of the (0001) face, as the 
concentration of precursor solution increases from 0.01 M, 
the growth rate of the (0001) face is thought to decrease 
greatly relative to other crystal faces. Therefore we expect 
that increase in the amount of growth units of ZnO cause the 
increase in diameters of ZnO nanorods due to the radial 
growth along the <01-10> direction. It is noted that average 
diameter of ZnO nanorods proportionally increased accord
ing to the increase in the concentration of precursor solution. 
At too high concentration of 0.1 M, slight overlap between 
adjacent ZnO nanorods was also observed (Figure 1g).

From side view SEM images, we also observed that the 
average lengths of ZnO nanorods were affected by the 
concentration of precursors. From Figure 1b and d, lengths 
of ZnO nanorods increased as the concentration of precursor 
solution increased from 0.001 to 0.01 M under the same 
ultrasonication time. It is thought that this is due to the 
increase in the amount of growth units of ZnO nano
structures. However, as the concentration of precursor 
solution increased from 0.01 to 0.1 M, the average length of 
ZnO nanorods decreased under the same ultrasonication 
time (Figure 1d, f and h). As the concentration of pre
cursor solution increases, the amount of NH4+ ions produced 
from the hydration of HMT also increases. Therefore, 
Zn(OH)4-x(ONH4)x2- complexes are thought to be formed as 
the NH4+ ions become to bond with Zn(OH)42-, and these 
Zn(OH)4-x(ONH4)x2- complexes should be converted to 
Zn(OH)42- before ZnO crystals growth. The conversion 
reaction tends to be an endothermic process, which hinders 
the growth of ZnO nanorods. Thus, due to the endothermic 
conversion reaction and the larger shielding effect of OH - 

ions at the interface of the (0001) face, the average length of 
ZnO nanorods was shortened as the concentration of 
precursor solution increases over 0.01 M.18 Below the 
concentration of 0.01 M, it seems that endothermic conver
sion reaction and shielding effect of OH- ions are not 
critical. Unlike the proportional trend in diameters of ZnO 
nanorods with regard to the concentration of precursor 
solution, average length is out of proportion.

As mentioned above, we observed concentration effect of 
precursors on average length of ZnO nanorods as the 
concentration of precursor solution increased. Although 
there is the difference between the average lengths of ZnO 
nanorods grown at four different concentration solutions, 
this difference in average length can be controlled by only

Figure 2. Changes in (a) diameter and (b) length of ZnO nanorod 
arrays as a function of the equimolar concentration of zinc nitrate 
hexahydrate and HMT in aqueous solution. Open circles represent 
average diameters and lengths of ZnO nanorod arrays, and standard 
deviation is shown as error bars. Samples 1-4 represent the ZnO 
nanorod arrays grown on Si wafers at 0.001, 0.01, 0.05, and 0.1 M 
precursor solutions, respectively.

Concentration (log M)

varying the ultrasonication time. We already showed that the
length of ZnO nanorod arrays can be controlled by 
ultrasonication time in our previous report.17 

Figure 2 summarized above concentration dependency of
diameters and lengths of ZnO nanorod arrays. In this paper,
samples 1-4 represent the ZnO nanorod arrays grown on Si 
wafers at 0.001, 0.01, 0.05, and 0.1 M precursor solutions, 
respectively. As shown in Figure 2a and b, samples 1-4
showed average diameters of 46, 73, 84, and 198 nm, and 
average lengths of 177, 476, 386, and 370 nm, respectively. 
From Figure 1 and 2, ZnO nanorod arrays with different 
diameters could be successfully synthesized under the 
current sonochemical route by adjusting equimolar concen
tration of zinc nitrate hexahydrate and HMT in aqueous 
solution.

The growth mechanism of ZnO nanorod arrays on Si 
wafer was considered as follows:11,17,18

(CH2)6N4 + 6H2O T 4NH3 + 6HCHO (1)

NH3 + H2O T NH4+ + OH - (2)

Zn2+ + 4OH一 T Zn(OH)42一 -))T ZnO +H2O + 2OH- (3)

where the symbol ))) denotes ultrasonic irradiation.
In general, radicals, such as ・H, -OH,・。2- and -HO2, are
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Figure 3. A HRTEM image of a sin이e ZnO nanorod produced at a 
0.01 M equimolar aqueous solution of zinc nitrate hexahydrate and 
HMT. Two insets are an electron diffraction pattern (the left inset) 
and a low magnification TEM image (the right inset).

generated in the sonolysis of water under the air atmos
phere.19-21 Among them,・。2- radicals are known to partici
pate in the growth of ZnO nanorods.22 Therefore, ZnO 
nanorods also can be grown by the next reaction path:

Zn2+ + 2・O2 一 一旦k ZnO + 3/2 O2 (4)

In the initial growth stage of the ZnO nanorods, the Zn 
thin film, which was deposited onto a Si wafer, mainly acts 
as nucleation sites. When Zn thin film is used as a seed layer, 
uniform growth and in-plane alignment of ZnO nanorod 
arrays are improved. Zn2+ and OH - ions for ZnO growth on 
a Si wafer were supplied from hydration process of zinc 
nitrate hexahydrate and HMT, respectively. The concen
tration of zinc nitrate hexahydrate and HMT affects both the 
diameters and the lengths of ZnO nanorod arrays as 
mentioned above. ZnO nanorods grow preferentially along 
the [0001] direction due to the higher growth rate along the 
[0001] direction.18 Considering the high density of our 
samples (about 1010/cm2), steric hindrance effect23,24 is also 
expected to contribute the vertical alignment of ZnO nano
rod arrays.

ZnO nanorods were separated from the Si wafers for 
crystal structure analysis. Figure 3 shows a HRTEM image 
of a single ZnO nanorod detached from the sample 2. Two 
insets in Figure 3 are an electron diffraction pattern (the left 
inset) and a low magnification TEM image (the right inset). 
From the HRTEM image, ZnO nanorods are highly- 
crystalline with a lattice spacing of about 0.52 nm which 
corresponds to the d-spacing of (0001) planes in hexagonal 
ZnO crystal lattice. With the TEM observation, the electron 
diffraction pattern suggests that ZnO nanorods grew along 
the [0001] direction, polar c-axis of the ZnO crystal lattice. 
ZnO nanorods, which were separated from other samples 
(sample 1, 3, and 4), showed the same results as mentioned 
above.

This is consistent with the results of the XRD patterns. 
Figure 4 shows the XRD patterns of ZnO nanorod arrays

11
一 #3

____ 1 #2

一—_____丄丄_______________________和—

20 30 40 50 60
23(°)

Figure 4. XRD patterns of ZnO nanorod arrays with different 
diameters on Si wafer. Samples 1-4 represent the ZnO nanorod 
arrays grown on Si wafers at 0.001, 0.01, 0.05, and 0.1 M precursor 
solutions, respectively. A diffraction peak related to Si is due to Si 
<100> wafer.

with different diameters on Si wafers. The XRD pattern of 
sample 1 shows a small peak at about 34o due to ZnO (0002) 
planes with a large peak at about 33o due to Si <100> wafer. 
Short ZnO nanorod arrays are thought to be the reason for 
the small peak intensity at about 34o. The XRD patterns of 
samples 2-4 show very sharp peaks at about 34o due to ZnO 
(0002) planes with small peaks at about 33o due to Si wafer. 
Although diffraction peaks due to ZnO (10-11) and (10-12) 
planes were shown in XRD patterns of samples 1-4, 
intensities of both peaks were very small with respect to that 
of a diffraction peak due to ZnO (0002) planes. This means 
that ZnO nanorods with different diameters were vertically 
well-aligned on Si wafers along [0001] direction. Pure hexa
gonal-phase ZnO nanorod arrays were synthesized under the 
current sonochemical method. This was because there was

Figure 5. Room temperature PL spectra of ZnO nanorod arrays 
with different diameters on Si wafer. Samples 1-4 represent the 
ZnO nanorod arrays grown on Si wafers at 0.001, 0.01, 0.05, and 
0.1 M precursor solutions, respectively. The inset shows weak deep 
level emissions in visible range.
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Figure 6. SEM images of ZnO nanorod arrays with sharp tips. (a) 
A top view SEM image of low magnification. (b) A side view SEM 
image of high magnification.

no diffraction peaks observed from other impurities in the 
XRD patterns. From TEM and XRD pattern analyses, we 
confirmed that highly crystalline ZnO nanorod arrays, with 
different diameters, were vertically well-aligned on the 
substrates along [0001] direction.

PL measurements were conducted at room temperature to 
investigate the optical property of diameter-tunable ZnO 
nanorod arrays on a Si wafer as shown in Figure 5. Samples 
1-4 show the similar PL features, dominant UV emission (at 
about 390 nm, which corresponds to about 3.18 eV) with 
negligible deep level emission. When we examined the deep 
level emission in detail, samples 1-4 showed the green
yellow emission (from 570 nm to 580 nm in the inset of Fig. 
5) due to oxygen vacancies.6,25 While the intensities of 
green-yellow emission of samples 1-3 are similar each other, 
the intensity of green-yellow emission of sample 4 is slightly 
larger than those of samples 1-3. PL intensity is a function of 
excitation laser intensity, ZnO nanorods film temperature, 
and interface quality. We believe that slight difference in 
visible PL emission intensities of four samples is due to the 
excitation laser intensity rather than the level of structural 
defects. The typical laser varies by 10-20% at times. Consi
dering the negligible intensities of deep level emission 
relative to UV emission, all samples prepared by our 
sonochemical method have high optical quality.

In addition to the fabrication of diameter-tunable ZnO 
nanorod arrays, the sonochemical growth of well-aligned 
ZnO nanorod arrays with sharp tips was successfully con
ducted on a Si wafer as shown in Figure 6. The average 
diameter of bottom part and entire length were 98 and 616 
nm, respectively. Evolution of ZnO nanorods into nano
needles due to the step-by-step decrease in the amount of Zn 
vapor source was previously reported.26 It is believed that 
ZnO nanorods with sharp tips were formed by the step-by- 
step decrease in the concentration of precursor solution from 
0.1 to 0.001 M. Decrease in the concentration level of 
precursor solution results in the decrease in the amount of 
ZnO growth units. Direct growth of aligned ZnO nanorods 
with sharp tips is highly desirable for the design of high- 
performance nanodevices, such as field emitter arrays.

Conclusion

The sonochemical growth of diameter-tunable well- 
aligned ZnO nanorod arrays on the substrate with high 
density was demonstrated. This sonochemical technique is 
fast, simple, convenient, economical, and environmentally 
benign. Concentration level of Zn2+ and OH - ions in aque
ous precursor solution was a key factor in the fabrication of 
ZnO nanorod arrays with different diameters. FESEM 
showed that the average diameter was controlled from 46 to 
198 nm as the concentration of precursor solution changed 
from 0.001 to 0.1 M. TEM and XRD revealed the prefer
ential c-axis oriented growth of highly crystalline ZnO 
nanorod arrays on the substrate. The well-aligned ZnO 
nanorod arrays showed outstanding optical characteristics, 
that is, dominant UV emission at about 390 nm which 
corresponds to about 3.18 eV with negligible green-yellow 
emission. With some modifications, we also demonstrated 
the sonochemical growth of ZnO nanorod arrays with sharp 
tips. We expect that this sonochmical technique can be very 
useful in seeking to design high-performance ZnO-based 
nanodevices.
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