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Abstract A piezoelectric nanogenerator based on Al-doped ZnO (AZO) nanorods
with a V-zigzag layer is investigated at a low temperature. The growth temperature,
growth time, growth concentration, photoluminescence (PL) spectrum, and AZO epi-
taxial growth on the ITO glass substrate using aqueous solution are reported and the
associated electromechanical and PL properties are discussed. In general, the prop-
erties of piezoelectric nanogenerators and their functionality at ultralow temperatures
(near liquid helium temperature) are important for applications in extreme environ-
ments. A V-zigzag layer is used to enhance the bending and compression deformation
of the piezoelectric nanogenerator. The electromechanical properties of AZO nanorods
are tested using an ultrasonic wave generator. Results show that the percent transmit-
tance decreases with increasing growth time and growth temperature. The intensities
of the PL spectrum and the (002) peak orientation increases with increasing growth
temperature. AZO at a low growth temperature of 90 °C has good piezoelectric har-
vesting efficiency when the piezoelectric nanogenerator has a zigzag structure. The
average current, voltage, and power density of the piezoelectric harvesting are 0.76 LA,
1.35 mV, and 1.026 nW/mm?, respectively. These results confirm the feasibility of
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growing AZO at low temperature. AZO nanorods have potential for energy harvester
applications.

Keywords Al dopant - ZnO - Nanogenerator - V-zigzag - Electromechanical -
Photoluminescence

1 Introduction

Piezoelectric and dielectric properties have been extensively investigated at sintering
[1] and liquid helium temperatures [2,3] and during radio-frequency (RF) magnetron
sputtering [4]. Lead magnesium niobate-lead titanate single crystals (PMN-xPT) have
excellent piezoelectric and dielectric properties at a liquid helium temperature of 4.2 K.
Such investigations have primarily focused on phase transition behaviors, dielectric
properties, and thermal conductivity [5]. Understanding piezoelectric behavior near
the liquid helium temperature is important for advanced scientific research because
quantum-mechanical effects control physical phenomena at these temperatures.

Semiconductor ZnO nanorods have been doped with group II and group III metal
ions to enhance their nanostructural, optical, and electrical properties [6]. In general,
pure zinc oxide (ZnO) nanorods have poor conductivity and lack stability in terms of
thermal aging in air or corrosive environments [7]. Aluminum (Al)-doped ZnO (AZO)
nanorod arrays have attracted attention in recent years due to their conductivity and
transparency for applications in optoelectronic devices such as display panels, solar
cells, and photovoltaic devices [8—10]. In addition, AZO nanorods have been demon-
strated to exhibit an extremely stable field emission property [11] and are considered
for transparent conductive electrodes [12] due to their high transparency, stability, and
high conductivity. The c-axis orientation of AZO nanorods at the peak intensity of
(002) was significantly enhanced compared to that at the peak of pure hexagonal ZnO
[13].

Although the synthesis of ZnO nanorods has been extensively investigated [14—17],
few works have reported the conductivity and transparency of AZO nanorods obtained
via solution growth methods [18-21]. In addition, piezoelectric harvesting based on
AZ0 nanorods has not been investigated in terms of the associated electromechanical
and optical characteristics. Electron beam evaporation [22], pulsed-laser deposition
[23], RF sputtering [24,25], spray pyrolysis [26], and the aqueous solution method
have been used to synthesize AZO. The aqueous solution method is attractive because it
can grow highly preferred-orientation ZnO nanorods and is suitable for optoelectronic
fabrication at low cost [27].

This study proposes a piezoelectric harvester made of AZO nanorods that instanta-
neously transform their deformation into electrical energy. The growth temperature,
growth time, growth concentration, photoluminescence (PL) spectrum, and AZO epi-
taxial growth effects on the ITO glass substrate using aqueous solution fabrication were
investigated. The surface morphology, crystalline structure, and optical and electro-
mechanical characteristics of AZO nanorods were analyzed. The feasibility of using
AZO for harvester applications in electronics devices is demonstrated.
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2 Experiments
2.1 AZO Preparation

AZO nanostructures on an ITO glass substrate mainly include a ZnO seed layer, a
ZnO nanorod layer, and an Al doping layer. Each layer is described below.

2.1.1 ZnO Seed Layer

The ZnO seed layer was fabricated using RF magnetron sputtering. Before the ZnO
seed layer growth process, an ITO glass substrate was twice ultrasonically cleaned in
deionized (DI) water, acetone, and then ethanol. A ZnO target with a purity of 99.99 %
was then deposited on the ITO glass substrate via reactive sputtering deposition at a
pressure of 6 x 107 Torr for 10 min. During the deposition of the seed layer, the RF
power, rotation rate of the holder, cooling time, and gas flow ratio of argon to oxygen
were 200 W, 25 rpm, 1 h, and 12:8, respectively. The distance from the ZnO target to
the ITO glass substrate was about 10 cm. Finally, a ZnO seed layer with a thickness
of about 20 nm was deposited on the ITO glass substrate.

2.1.2 ZnO Nanostructures

ZnO nanostructures were grown using zinc nitrate hexahydrate (Zn(NOs3),) and
hexamethyltetramine (HMTA, (CH»)sN4) aqueous solutions. Epitaxial ZnO nanos-
tructures were then grown on the ZnO seed layer using a chemical aqueous solution
method. During the chemical aqueous experiment, zinc nitrate hexahydrate was added
into DI water under constant stirring until it had dissolved completely.

Ammonium hydroxide was then slowly added into the zinc nitrate hexahydrate
solution. ZnO nanostructures were taken out of the zinc nitrate hexahydrate solution,
rinsed using DI water, and dried at a temperature of about 50 °C. Hydroxide ions
formed via the decomposition of HMTA; they reacted with Zn>* to form ZnO. The
second step was to grow ZnO nanorods from an aqueous solution at temperatures of
70, 80, 90, and 100 °C. The growth mechanism is shown in Fig. 1. The chemical
reactions were as follows:

(CH»)6Ny4 + 6H,O < 6HCHO + 4NHj3 (1)
NH3 4+ H,O <> NH** + OH™ )

Zn** + 4NH3 < Zn(NH3)3" (3)
Zn(NH3)7" + 20H™ <> Zn(OH), + 4NHj )
Zn(OH), <> ZnO + H,O 5)
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Fig. 1 Epitaxial ZnO growth mechanism at low temperature on ITO glass substrate (Color figure online)

2.1.3 Aluminum Doping Layer

AZO nanostructures were prepared using Zn(NO3),-6H,0, Al(NO3)3-9H,0, and
(CH3)3Si-NH-Si(CH3)3in aqueous solution [28]. The concentrations of Zn(NO3)»
-6H,0, HMTA, and AI(NO3)3-9H,0 were 0.1, 0.15, and 0.1 M, respectively, at a
constant temperature of 90 °C at 4 h. After fabrication, the AZO samples were dried
in an oven at a temperature of 80 °C for 2 h.

2.2 Piezoelectric Nanogenerator

In general, conventional energy harvesters made of piezoelectric materials are fabri-
cated as bulk, film, or block forms [29]. However, piezoelectric nanorod arrays with
a V-zigzag structure have higher energy conversion efficiency due to their larger geo-
metrical strain-to-area ratio [14]. The V-zigzag structure provides a normal stress and
a bending moment to efficiently convert piezoelectric vibrations into energy harvest-
ing due to higher electromechanical coupling [14]. AZO nanotubes with a V-zigzag
structure with an electrode pitch of 3 wm are shown in Fig. 2. The V-zigzag elec-
trodes and AZO nanorods are initially closed. Piezoelectric characteristics of AZO
are then been generated by applying external forces. The V-zigzag structure is based
on a standard (100) silicon wafer with a diameter of 4 inches (10.16 cm). For V-zigzag
structure fabrication, a silicon nitride film was firstly deposited on the silicon wafer
surface. The wafer was placed in a special holder and KOH was used to partially etch
the backside for the V-zigzag layer. The final step was to grow an electrode with a
thickness of about 0.1 pm.

2.3 Characteristic Analysis

The crystallinity and orientation of the piezoelectric structures were examined using
X-ray diffraction (XRD, MO3XHF22, MAC-Science). The PL spectra of the piezo-
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Fig. 2 Energy harvesting mechanism based on V-zigzag electrodes and AZO nanorods, a AZO and V-
zigzag structures, b SEM pictures (Color figure online)

ITO glass substrate

electric structure were obtained using a fluorescence spectrophotometer (F-4500,
Hitachi) with an excitation wavelength of 300 nm. The surface morphology of the
AZO samples was investigated using field-emission scanning electron microscopy
(SEM, JEOL JSM-7401F). The piezoelectric nanorods were excited using mono-
chromic light with a wavelength resolution of 1.5 nm and a 150-W xenon lamp at
room temperature. A 350-nm filter was used to obtain the real emission of the AZO
nanotubes. The crystalline phases and surface properties of the AZO nanotubes at
various growth times, temperatures, and concentration ratios were investigated.

3 Results and Discussion

The effects of growth time, growth temperature, concentration ratio, and Al doping
on ZnO epitaxial piezoelectric characteristics are discussed below.

3.1 Effect of Growth Time

PL spectra of ZnO nanorods obtained at growth times of 1, 4, 8, and 13 h at a tem-
perature of 80 °C and a 1:4 concentration ratio of zinc nitrate hexahydrate to hexam-
ethylenetetramine are shown in Fig. 3a. The PL spectra of ZnO nanorods exhibit
near-band-edge emission at a wavelength of 398 nm with a full width at half maxi-
mum (FWHM) of 18 nm. The intensity of the PL spectrum increased with increasing
growth time, except for a growth time of 13 h. The ZnO nanorods obtained at a growth
time of 8 h had the strongest PL spectrum intensity. The wavelength of the maximum
intensity at the first peak is about 398 nm. There is a broad band at a wavelength of
around 425 nm, which can be attributed to oxygen vacancies [29].

The surface morphologies of ZnO nanorods grown at 1, 8, and 13 h are shown
in the inset of Fig. 3a. For a growth time of above 4 h, the ZnO nanorods exhibited
a hexagonal shape and were well-aligned perpendicular to the ITO substrate surface
along the c-axial growth direction. This indicates that epitaxial ZnO can outgrow itself
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Fig. 3 Characteristics of ZnO
nanorods obtained at growth
times of 1, 4, 8, and 13 h at 80
°C and a concentration ratio of
1:4 of zinc nitrate hexahydrate to
hexamethylenetetramine. a PL
spectra, b XRD patterns, and ¢
percent transmittance (Color
figure online)
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along the c-axial growth direction at a growth time of above 8 h, but reaches super-
saturation at a growth time of 13 h. The diameter and length of the ZnO nanorods
increased with increasing synthesis time. The diameters of ZnO nanorods synthesized
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for 1, 4, 8, and 13 h are 80.2, 198.6, 255.4, and 352 nm, respectively. The lengths of
these ZnO nanorods are 78.2, 628.0, 3300, and 2980 nm, respectively.

Figure 3b shows the XRD patterns of ZnO nanorods obtained at growth times of
1, 4, 8, and 13 h. An extra peak appears at about 34.4° in the XRD pattern in the 20
range at a growth time of 8 h. The extra peak corresponds to the (002) orientation of
the c-axis. The (002) orientation of zinc oxide indicates that the c-axis was oriented
normally to the ITO substrate surface. The intensity of the (002) peak increased with
increasing growth time. In general, a good crystalline structure of ZnO exhibits a
strong intensity and a narrow FWHM. The maximum value of the (002) intensity peak
appeared at a growth time of 8 h. However, the (002) intensity peak of epitaxial ZnO
growth was restrained when the growth time was 13 h. This is due to the degree of
super-saturation being lowered with time.

Figure 3c shows the percent transmittance of ZnO nanorods obtained at growth
times of 1, 4, 8, and 13 h. The percent transmittance, 7 (%), was determined as
(I;/1p) x 100 %, where Iy and I; are the input intensity and transmittance intensity of
a monochromatic beam, respectively. The results show that the percent transmittance
decreased with increasing growth time. The maximum values of percent transmittance
of ZnO nanorods obtained at growth times of 1, 4, 8, and 13 h are 94.7, 65.5, 25, and
4.4 %, respectively. The ZnO nanostructures obtained at a growth time of over 13 h did
not transmit. The absorption edges shifted toward lower wavelengths with decreasing
growth time. In contrast to the Burstein—Moss effect, the band edge absorption has a
blue shift with decreasing thickness [30—-32]. The blue and violet shifts of transmittance
near the band edge are likely due to the quantum confinement effect.

3.2 Effect of Growth Temperature

ZnO nanorods grown at temperatures of 70, 80, 90, and 100 °C for 4 h at a concentration
ratio of 1:4 of zinc nitrate hexahydrate to hexamethylenetetramine were investigated,
as shown in Fig. 4a. The intensity of the PL spectrum increased with increasing
growth temperature. The PL spectrum trends are similar for growth temperatures
of above 90 °C. For growth temperatures of above 70 °C, the ZnO nanostructures
were uniformly distributed across the entire ITO substrate. The ZnO nanorod tops
had a hexagonal shape, with the c-axis perpendicular to the ITO substrate surface.
The lengths of ZnO nanorods obtained at growth temperatures of 70, 80, 90, and
100 °C are 0.47, 0.98, 1.81, and 2.5 pm, respectively. The ZnO structures obtained
at growth temperatures of above 100 °C had needle-like and sparse morphologies, as
shown in the inset of Fig. 4a. The needle-like morphology reflects the structure of the
ZnO lattice, elongated in the c-axis direction with hexagonal prismatic faces. It can
be predicted that the growth velocity of ZnO nanorods in the longitudinal direction
is faster than that in the transverse direction when the growth temperature is above
100 °C. According to surface morphologies, the growth velocity of ZnO nanorods in
the transverse direction gradually increased with increasing growth time.

Figure 4b shows the XRD patterns of ZnO nanorods grown at temperatures of 70, 80,
90, and 100 °C. There is no peak at the (002) orientation for the growth temperature of
70 °C, indicating that the activation barrier for ZnO growth cannot be overcome below
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Fig. 4 Characteristics of ZnO
nanorods obtained at growth
temperatures of 70, 80, 90, and
100 °C at a growth time of 4 h
and at a concentration ratio of
1:4 of zinc nitrate hexahydrate to
hexamethylenetetramine. a PL
spectra, b XRD patterns, and ¢
percent transmittance (Color
figure online)
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this temperature. The intensity of the (002) peak orientation increased with increasing
growth temperature. The maximum intensity value appeared at 90 °C. The (002) peak
intensity of epitaxial ZnO growth was restrained when the growth temperature was

over 100 °C.

@ Springer



182 J Low Temp Phys (2015) 178:174—-187

Figure 4c shows the percent transmittances of ZnO nanostructures obtained at
growth temperatures of 70, 80, 90, and 100 °C. Results show that the ZnO nanos-
tructures did not transmit in the wavelength range of 300400 nm regardless of the
growth time used for synthesis. The maximum values of percent transmittances of
ZnO nanostructures obtained at growth temperatures of 70, 80, 90, and 100 °C are
66.2, 41.7, 18.6, and 6.8 %, respectively. The ZnO nanostructures did not transmit
when the growth temperature was 100 °C.

3.3 Concentration Ratio and Al Dopant Effect

ZnO nanorods synthesized with concentration ratios of 1:1, 1:2, 1:3, 1:4, and 1:5 of
zinc nitrate hexahydrate to hexamethylenetetramine at 90 °C for 4 h were investigated.
The AZO nanostructures were prepared using Zn(NO3),-6H,0, A1(NO3)3-9H,0, and
(CH3)3Si-NH-Si(CHj3)3 in aqueous solution at a constant temperature of 90 °C for 4 h.
Figure Sa shows the PL spectra of the synthesized ZnO nanorods. Only two peaks, in the
ranges of 380420 and 520-570 nm, respectively, appeared. The intensity of the visible
luminescence band gradually decreased when the concentration ratio was increased.
However, the intensity peak at the wavelength of 550 nm remarkably increased at
a growth concentration ratio of 1:5 due to the quantum confinement effect. A PL
comparison of AZO obtained at a concentration ratio of 1:5, a growth time of 8 h,
and a growth temperature of 90 °C is shown in Fig. 5b. The intensity peak of AZO
spectrum at the wavelength of 400 nm remarkably is higher than others. However, the
intensity peak of AZO spectrum at the wavelength of 550 nm remarkably is lower
compared to others due to a decrease in the band energy.

The ZnO nanostructures were needle-like when the concentration ratio was below
1:2, as shown in the inset of Fig. 5b. In general, Al should have no significant influence
on ZnO structures. Al doping of ZnO structures can decrease the electrical resistivity
and increase the electron Hall mobility, which benefit piezoelectric energy harvesting.
The electrical resistivity of the AZO thin films slightly decreased with increasing
aspect ratio of nanorods, and their mobility significantly increased with increasing
length. The lengths of ZnO nanorods obtained at concentration ratios of 1:2, 1:3, 1:4,
and 1:5 are 0.97, 1.15, 1.21, and 2.25 um, respectively. The fast increase of ZnO
length at the concentration ratio of 1:5 is likely due to HMTA quickly releasing NHj3.
However, it is worth noting that Al doping had no significant influence on the length
of ZnO nanorods. The XRD patterns of ZnO nanorods grown at various concentration
ratios are shown in Fig. Sc. The intensity of the (002) peak orientation increased with
increasing concentration ratio. The maximum value appeared at the concentration
ratio of 1:5. The maximum values of percent transmittances of ZnO nanostructures
obtained at concentration ratios of 1:2, 1:3, 1:4, and 1:5 are 45.5, 40.6, 33.5, and
28.8 %, respectively.

3.4 Piezoelectric Nanogenerator

The growth conditions of AZO nanorods for a piezoelectric nanogenerator were as
follows: a concentration ratio of 1:5 of zinc nitrate hexahydrate to hexamethylenete-
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Fig. 5 Characteristics of ZnO
nanorods obtained at growth

concentration ratios of 1:1, 1:2,
1:3, 1:4, and 1:5 of zinc nitrate
hexahydrate to

hexamethylenetetramine at

90 °C for 4 h. a PL spectra, b PL
comparisons of AZO, and ¢
XRD patterns (Color figure
online)
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tramine, a growth time of 4 h, and a growth temperature of 90 °C. The piezoelectric
nanogenerator was based on V-zigzag electrodes and AZO structures. It was packaged
in a thermoplastic poly(ethylene terephthalate) (PET) membrane with a thickness of
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80 pm using a hot press. Energy harvesting was measured using a digital multimeter
(Keithley 2400) and in DI water using an ultrasonic wave generator with a frequency of
43 kHz and a power of 50 W. In general, one-dimensional nanorods have much larger
length-to-diameter and surface-to-volume ratios than those of piezoelectric materials
in bulk, film, or block forms. During energy harvesting, the V-zigzag layer generates a
normal stress and a bending moment to vibrate the AZO nanorods via ultrasonic wave
vibration.

Figure 6a shows the current—voltage (I-V) characteristics of ZnO nanorods, AZO
nanorods, and AZO nanorods with a zigzag structure. The harvesting current increased
with increasing applied voltage for all nanogenerators. These nanogenerators exhibited
Schottky-like I-V characteristics and constructively generated harvesting currents. In
general, a Schottky-like barrier is at a forward bias if the piezoelectric nanogenerator
has a high potential, otherwise it is reverse biased. The harvesting efficiency followed
the sequence AZO with zigzag structures > AZO > ZnO.

For piezoelectric harvesting, ZnO nanorods and AZO nanorods generate lower
current responses compared to those of AZO with zigzag structures at a given voltage.
AZO with zigzag structures has good piezoelectric harvesting efficiency due to its
relatively large deformation [33]. The transfer efficiency of AZO with zigzag structures
for energy harvesting was about 19 % higher than that for AZO. For energy harvesting
at an applied voltage of 4 V, the harvesting percentages of AZO with zigzag structures
and AZO are 49 and 82 % higher than that of ZnO nanorods, respectively.

Figure 7a, b show the currents and voltages of reproducible energy harvesting
after an ultrasonic wave generator was turned on or off, respectively. The effective
area and the power density of the AZO energy harvesting are about 50 mm? and 1.026
nW/mm?, respectively. The current and voltage of the average harvesting outputs were
0.76 wA and 1.35 mV, respectively, when the ultrasonic wave generator was turned on.
The current and voltage responses of AZO had small perturbation of the energy har-
vesting during the steady state. Therefore, the V-zigzag structures efficiently convert
piezoelectric vibrations into energy harvesting due to their higher electromechanical
coupling after the application of external forces. AZO with zigzag structures has a low
aspectratio and low packing density, making it suitable for piezoelectric nanogenerator
applications.
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Fig. 7 Piezoelectric harvesting with AZO using ultrasonic wave generator that was turned on or off.
a Current and b voltage responses (Color figure online)

4 Conclusion

AZ0 nanorods with a V-zigzag layer for piezoelectric harvesting were demonstrated
at a low temperature. The efficiency of energy harvesting increased by about 19 %
when the V-zigzag structures were used to make contact with AZO nanorods. For a
growth time of 4 h, ZnO nanorods had a hexagonal morphology and were perpen-
dicularly aligned to the ITO glass substrate along the c-axial growth direction. There
was no peak at the (002) orientation for a growth temperature of 70 °C, indicating
that temperatures of below 70 °C are unsuitable for growing structures with piezo-
electric characteristics. AZO nanorods with a well-orientation (002) had the highest
intensity when synthesized at a concentration ratio of 1:5 of zinc nitrate hexahydrate
to hexamethylenetetramine for 4 h at 90 °C. The piezoelectric harvester made of AZO
nanorods exhibited Schottky-like I-V characteristics. The results could provide useful
information for touch panel and large-area electronics harvesting device applications.
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