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In this paper, we report a rapid synthesis of piezoelectric ZnO-nanostructures and fabrication of the nanostructures-
based power-generators demonstrating an energy conversion from an environmental mechanical/ultrasonic energy
to an electrical energy. The ZnO nanostructures are grown on a silicon wafer by a modified chemical solution
method (CSD, chemical-solution-deposition) with a two-step thermal-oxidation approach. The synthesis process
can be completed within 1 h. By varying the mixture-ratio of Zn micro-particles in an oxalic acid solution with
0.75 mol/l concentration in the CSD process, the growth mechanism is well-controlled to synthesize three
different types of ZnO-nanostructures (i.e., dandelion-like nanostructures, columnar nanostructures, and
nanowires). Furthermore, through oxidizing at different temperatures in the thermal-oxidation process, the
featured geometry of the nanostructures (e.g., the length and diameter of a nanowire) is modified. The
geometry, size, morphology, crystallization, and material phase of the modified nanostructures are characterized
by scanning electron microscopy and X-ray diffraction. Finally, the nanostructures are used to fabricate several
micro power-generators. Through the piezoelectric effect, a maximum current density output of 0.28 pA cm™?
generated by a power-generator under an ultrasonic wave is observed.
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1. Introduction

Zinc oxide (ZnO), a semiconducting material owing a wide
bandgap up to 3.37 eV with a large excitation binding energy up to
60 meV, has attracted considerable interests due to its diverse
applications in the multi-discipline field of the engineering, ma-
terial science, and biomedical technology. Furthermore, due to the
novel functionalities exhibiting in nanostructured materials,
several excellent optoelectronic properties such as the transparent-
conducting characteristics have been demonstrated by the nano-
structured ZnO materials. Thus, the ZnO nanostructures are the
perfect candidate for applications in nanoscale ultraviolet lasers,
light-emitting diodes, photodetectors, and chemical sensors® .
Recently, the piezoelectric property of the ZnO nanostructures has
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received lots of attentions in the application of energy-harvest-
ing"® ™', To grow ZnO nanostructures exhibiting a decent
piezoelectric property for energy-harvesting application, various
synthesis approaches have been developed such as metallorganic
chemical-vapor-deposition!'?!, vapor-phase transportation!'?],
sputtering!"*!, sol—gel"*!, thermal evaporation'®, and vapor—
liquid—solid!'"*'®]. Due to the featured characteristics of the syn-
thesis approaches, specific ZnO nanostructures including nano-
combs, nanotubes, nanowires, nanorods, and nanoflowers!'? 7231
have been synthesized in order to demonstrate featured piezo-
electric properties for energy-harvesting. However, in practical,
these approaches have drawbacks such as complicated, expensive,
and/or low throughput rate for mass production of the ZnO
nanostructures. Therefore, a simple and cheap synthesis with a
high throughput rate is needed. Hence, in this paper, we provide a
modified chemical-solution-deposition (CSD) with a two-step
thermal-oxidation approach to simplify the synthesis process
with increasing the throughput rate capable of massively
producing the featured ZnO nanostructures. Furthermore,
several piezoelectric power-generators consisting of the ZnO
nanostructures are tested under an ultrasonic wave in order to
investigate the piezoelectric property of the ZnO nanostructures.
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2. Experimental

2.1. Synthesis and characterization of ZnO nanostructures

Through utilizing our approach, the growth mechanism of the
ZnO-nanostructures is described below. In the thermal-oxidation
process of the metallic Zn powders, the ZnC,0,4-H,O layer is
formed on the surface of the Zn powders while oxidized below
190 °C in oxygen. When the powders are heated to the melting
temperature of oxalic acid at 190 °C in air[24], the ZnC,0,4-H,0
compound layer is gradually transformed into a layer of ZnO.
The corresponding chemical reaction is expressed below:

27n + 02 + 2H2C204 - 2ZI1C204 + 2H20 (1)
ZHC204 — ZnO + CO + C02 (2)

However, the oxide layer is unstable when the oxygen atoms
tend to diffuse out of the oxide layer at high temperatures!®>2°).
Therefore, the Zn atoms are able to interact with the diffusing
oxygen atoms to form ZnO nanostructures.

According to the growth mechanism of the ZnO-nanostructures,
the corresponding synthesis process is set as follows. Zinc metal
powder of 1 g (purity: 99.9%) was mixed with an oxalic acid so-
lution (concentration: 0.75 mol/l) of different volume ranging from
10 to 200 ml. The diameter of the powder is approximate 500 nm.
The mixed solutions were stirred in an ultrasonic-shaker for 10 min
and subsequently deposited on Si wafers through a dropper. After
this, the Si wafers (with the mixed solutions on the top of the wafers)
were heated and oxidized at 190 °C in air for 1 min to transform the
solutions into thin films. The films on the top of the wafers are used
as the substrates. In the synthesis procedure, the substrates were
placed inside a quartz tube of a single-tube furnace (Olink, OT-060-
30). The quartz tube was vacuumed while the temperature was
raised at a constant ramping rate of 20 °C/min. Subsequently, the
substrates were heated at different temperatures ranging from 350 to
700 °C for 20 min. After heating, the substrates were cooled down
to room temperature. The geometry, size, morphology, crystalliza-
tion, and material phase of the synthesized ZnO nanostructures were
characterized by scanning electron microscopy (SEM) and X-ray
diffraction (XRD).

2.2. Fabrication and testing of ZnO-nanostructures-based micro
power-generators

After the ZnO-nanostructures were synthesized, several power-
generators consisting of the ZnO-nanostructures were fabricated to
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Fig. 1 An illustration of a piezoelectric power-generator consisting of
dandelion-like nanostructures demonstrating an energy conver-
sion from mechanical/ultrasonic energy to electrical energy.
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Fig. 2 XRD patterns of metallic Zn powders (a) and synthesized

products (b) on a silicon wafer by using the oxalic acid solution

of 10 ml at different oxidizing temperatures ranging from 350 to
700 °C for 20 min.

investigate the piezoelectric response influenced by the nano-
structures. Fig. 1 is an illustration of the micro power-generators
consisting of the ZnO nanostructures we synthesized. The top
substrate was fabricated by growing o-Fe,O3; nanowires on a flex-
ible FeNi (1:1) alloy sheet with a thickness of 0.1 mm prepared
through a vapor—solid process. That is, the FeNi sheet was ultra-
sonically cleaned in ethanol for 10 min and subsequently heated to
600 °C at a constant ramping rate of 20 °C/min with oxygen in a
quartz tube in a furnace. The quartz tube was vacuumed and
consequently Ar flowed into the tube at a flux rate of 50 sccm
(standard-state cubic centimeter per minute) for 20 min. After
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Fig. 3 XRD patterns of synthesized products on a silicon wafer by

using the oxalic acid solution of 60 ml at different oxidizing
temperatures ranging from 350 to 700 °C for 20 min.
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Fig. 4 SEM images of ZnO nanostructures synthesized by using the oxalic acid solution of 10 ml at the oxidizing temperatures of 350 °C (a), 500 °C

(b), 600 °C (c), and 700 °C (d) for 20 min.
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Fig.5 SEM images of ZnO nanowires synthesized by using the oxalic acid solution of 60 ml (a), 100 ml (b), 150 ml (c), and 200 ml (d) at the oxidizing

temperature of 700 °C.

cooling to room temperature, o.-Fe,O3 nanowires were formed on
the substrate®”). After this, a platinum thin-film with a thickness of
10 nm was deposited on the o-Fe,O3-NWs/FeNi-sheet using an
auto-fine coater (JFC-1600) in order to create a Schottky contact

between the top substrate and ZnO-nanostructures/substrate®®]. The
two substrates were fixed along the edge of the substrates by ad-
hesive binding as the power-generators. The current—voltage
characteristics of the power-generators were measured by using a



896 N.-F. Hsu et al.: J. Mater. Sci. Technol., 2013, 29(10), 893—897

0.4

Q

0.3
turn on turn on turn on

0.2

0.14

Current density (nA cm2)

turn off turn off turn off turn off

0.0 T T T T T T
0 5 10 15 20 25 30 35

Time (s)
0.4

(=2

0.34

turn on turn on turn on

Current density (1A cm2)

Time (s)
0.4

(2}

0.34

turn on turn on turn on

Current density (1A cm?)

0.0 T T

T
0 5 10 15 20 25 30 35
Time (s)

Fig. 6 Under an ultrasonic-wave vibration at 46 kHz for 5 s, the piezo-
electric current response of the power-generator consisting of ZnO
nanostructures synthesized by using the oxalic acid solution of
10 ml (a), 60 ml (b), and 200 ml (c) with a concentration of
0.75 mol/l at the oxidizing temperature of 700 °C for 20 min.

digital multimeter (Agilent 34970A). The micro-current generated
by the power-generators (i.e., the piezoelectric response of the
power-generators) was tested by driving ultrasonic waves (Ever-
green Ultrasonic Group, EGC-50) with a frequency of 46 kHz
through the ZnO nanostructures.

3. Results and Discussion

As shown in Fig. 2(a), the Zn powders crystallized in nature
show distinguished peaks at 36.5°, 39.2°,43.4°, 54.5°, 70.3°, and
70.9° in XRD patterns. After the substrate is thermally oxidized in
vacuum for 20 min, new peaks at 31.8°, 34.4°,36.3°,47.5°, 56.6°,
62.9°, 66.4°, 67.9° and 69.1° of the ZnO are produced. Fig. 2(b)
shows the XRD patterns of the substrates prepared with 10 ml
oxalic acid solution at oxidizing temperatures ranging from 350 to
700 °C in vacuum. Fig. 2(a) indicates that the intensity of Zn is
gradually decreased while the oxidizing temperature is increased.
The peaks of Zn entirely vanished when the substrate was heated
to 700 °C. This shows that the peaks of the ZnO crystal completely
substitute those of Zn in the XRD pattern. Moreover, the ZnO
crystalline exhibits a wurtzite-structure, which is consistent with
the standard ZnO bulk crystal (JCPDS No. 36-1451)[*1.

Fig. 3 shows the XRD patterns of ZnO-nanostructures grown
on the substrates by using the oxalic acid solution of 60 ml in the
two-step thermal-oxidation process. In Fig. 3, the XRD patterns
show that the peaks of Zn are entirely substituted by those of
ZnO crystalline when the oxidizing temperature is higher than
350 °CP*¥. This is caused by more zinc atoms reacting with the
oxalic acid solution in the CSD process to transform into zinc
oxalate when the volume of oxalic acid solution used is
increased. Due to this, the ZnO crystalline is easier to be syn-
thesized even at low temperature.

Fig. 4 shows SEM images of ZnO-nanostructures grown on Si
substrates by the two-step thermal-oxidation method with 10 ml
oxalic acid solution. Fig. 4(a—d) shows the grown nanostructure
is dandelion-like. In addition, the diameter and length of the
nano-fiber in the dandelion-like nanostructure are increased
while the operating temperature is increased. The insets of
Fig. 4(b—d) are the corresponding magnified SEM images. As
shown in the magnified SEM images, the average length and
diameter of the nanostructures increases from 0.5 pm to 15 um
and 30 nm to 400 nm, respectively, while the operating tem-
perature is increased from 350 to 700 °C.

Fig. 5 shows the transformed nanostructures grown by the
two-step thermal-oxidation process at the oxidizing temperature
of 700 °C when the volume of the oxalic acid solution is
changed. Fig. 5(a—d) shows SEM image of the ZnO products
synthesized by using the oxalic acid solution of 60, 100, 150 and
200 ml, respectively. The synthesized nanostructures are trans-
formed from a dandelion-like nanostructure to a cluster of
nanorods by adding the oxalic acid solution to 60 ml. Further-
more, the nanorods are transformed to separated nanowires when
the oxalic acid solution is added to 200 ml. These experimental
results show that the synthesized nanostructure transforms from
dandelion-like nanostructures to nanorods, and to nanowires
when the volume of the oxalic acid solution is increased from

Table 1 Piezoelectric current response of the power-generators consisting of various ZnO nanostructures

ZnO-nanostructure Synthesis/growth method of the Synthesis/growth time (h) Output current density (nA cm™2) Ref.
nanostructures
Nanowires VLS (with catalyst) 4 60 [8]
Wet-chemical method 39 50 [9]
Two-step thermal-oxidation 1 200 This work
Nanorods VLS (with catalyst and gases) - 24 [10]
Wet-chemical method 4 90 (without bending) [11]
300—1200 (bending)
Two-step thermal-oxidation 1 220 This work
Nanodandelions Two-step thermal-oxidation 1 280 This work
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10 ml to 60 ml and to 200 ml in the synthesis process. Moreover,
the average length and diameter of the synthesized ZnO nano-
structures are increased when the oxidizing temperature in the
thermal-oxidation approach is increased.

When an ultrasonic vibration at 46 kHz is applied to a power-
generator for 5 s, the corresponding current response due to the
piezoelectric effect is shown in Fig. 6. Fig. 6(a—c) indicates that
the piezoelectric current density output decreases from
0.28 A cm ™2 to 0.22 HA cm ™2 and to 0.2 HA cm ™2 when the
volume of the mixed oxalic acid solution increases from 10 ml to
60 ml and to 200 ml. The current disappears when the ultrasonic
wave is removal. Due to these, it can be concluded that the
power-generator consisting of dandelion-like ZnO nano-
structures with o-Fe,O; nanowires has a large effective contact-
area under the ultrasonic-wave vibration applied to the power-
generator. This results in producing the maximum piezoelectric
current response (i.e., the highest current output). Finally, the
obtained experimental result of the power-generator is compared
with the results of other representative power-generators using
ZnO nanostructures. The comparison of results is shown in
Table 1. According to the comparison, the synthesis process of
the ZnO nanostructures of our power-generators is more simple
and rapid than the other fabrication/synthesis/growth processes
of ZnO nanostructures of other power-generators. Under the
ultrasonic-wave vibration, the power-generator consisting of the
dandelion-like ZnO nanostructures is capable of producing a
higher piezoelectric current output than the other power-
generators consisting of ZnO nanostructures. However, the
piezoelectric current output generated by the power-generator
consisting of the dandelion-like ZnO nanostructures is less
than the power-generators consisting of the ZnO nanorods grown
on a flexible substrate of the generator, when a bending is
applied to the generators (that is, the flexible ZnO-nanostructure-
based power-generators are capable of experiencing a larger
strain resulting in producing a higher piezoelectric current
outputt”''1). However, the throughput rate of massive production
of the flexible ZnO-nanostructures-based power-generators is too
low because the fabrication/synthesis/growth process of the
ZnO-nanostructures is complicated and time-consuming. Thus,
our synthesis approach is more useful in practical when being
compared with other fabrication/synthesis/growth process.

4. Conclusion

ZnO-nanostructures have been successfully synthesized on a
silicon wafer by a rapid modified CSD method with a two-step
thermal-oxidation approach. By varying the mixture-ratio of the
Zn micro-powders and oxalic acid solution in the CSD process,
three different types of ZnO nanostructures (dandelion-like
nanostructures, nanorods, and nanowires) were grown on the sil-
icon wafer. In addition, raising the oxidizing temperature increases
the average diameter and length of the grown nanostructures. The
nanostructures were used to fabricate several micro power-
generators. When an ultrasonic wave is applied to the power-
generators, piezoelectric current response is produced due to the
piezoelectric effect. The maximum piezoelectric current density
output reaches 0.28 LA cm ™ in the case of using dandelion-like
ZnO-nanostructure in the power-generator. In the future, the
density of ®-Fe,O3; nanowires grown on the top substrate can be
significantly increased in order to enlarge the effective contact-
areca between the top substrate and ZnO-nanostructures/

substrate. The enlarged effective contact-area will significantly
increase the piezoelectric current response produced by the power-
generator under an ultrasonic wave.
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