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Investigation of nanogenerators composed of zinc oxide 
nanostructures prepared by thermal oxidation of metal zinc
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 Abstract
We used the glass, sit all and polyimide substrates. Grown nanostructures were applied to fabricate the nanogenerators using the piezoelectric 
effect. It was found that the more developed nanostructures grow on inhomogeneities of the gold-zinc interfaces. Internal resistance of 
fabricated nanogenerators significantly influences on the produced electrical signal. Generated voltage of grown nanogenerators was from 
0.4 V up to 1.3 V depending on the voltage applied to the exciting transducers. Structure and electrical properties of grown systems were 
studied. This paper shows the possibility to use zinc oxide nanostructures as nanogenerators as the acoustic signal sensors. 
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Introduction
Our life is based on production and utilization of energy. 
We burn down a fossil fuel to heat and light up our homes, 
prepare food, and for quick travels. One of the main problems 
in the energy production field is the limitation of usual fossil 
fuel sources. At the same time, traditional energy production 
technologies significantly influence on the global climate 
and the ecological state of our environment. This is the very 
important reason to find novel renewable and ecologically 
pure alternative energy sources. One of such sources is the 
utilization of the piezoelectric effect for energy generation. 
Various piezoelectric materials are widely investigated in 
recent years. Zinc oxide (ZnO) is one of those materials. 
Thin films of ZnO have attracted great attention due to their 
unique piezoelectric and piezooptic properties, making them 
suitable for various microelectronics and optoelectronics 
applications, such as surface acoustic wave devices, optical 
fibers, transparent conductive electrodes for solar cells and 
optoelectronic material for blue and ultraviolet (UV) lasers 
[1]. ZnO nanostructured thin layers are widely applied also for 
the preparation the cold cathodes due to their enhanced field 
emission properties [2-4].

Recently, an interest to nanostructured ZnO systems has 
increased. Zinc oxide nanostructures appear as nanoparticles 
[5, 6], nano-rings [7], nano-rods [8], nano-wires and nano-belts 
[9]. Zinc oxide nanostructures may be obtained by various 
methods: air annealing of ZnO films [8], electrochemical 
deposition [10], vapor-liquid-solid (VLS) growth process [11], 
spray pyrolysis growth [12], hydrothermal method [13], sol-
gel method [14], magnetron sputtering [15-17].

Due to their piezoelectric properties, ZnO nanostructures may 

be used for energy generation and harvesting. In other words, 
these nanostructures enable to convert mechanical energy 
into useful electricity. Piezoelectric materials, such as barium 
titanate (BaTiO3), lead titanate (PbTiO3), lead zirconium 
titanate (PZT; PbZrxTi1-xO3) or zinc oxide (ZnO), allow 
the conversion of mechanical energy, in forms of oscillation, 
vibration, contact pressure or bending, into electricity [18-
19]. The piezoelectric effect is a significant property of non-
centrosymmetric crystals and it is in the displacement of 
the positive and negative centers of charge under tensile or 
compressive forces. Nanogenerators are based on this principle 
and enable simple constructions for the mechanical energy 
converting into electricity [20-21]. So, the nanogenerators can 
find very large spectrum of application such as they may be 
applied to all flexible and dynamic surfaces like cloth or shoes, 
motor roads and car wheels etc.

ZnO nanostructures may be also grown through thermal 
oxidation of metallic zinc (Zn) films [22-25]. This method 
is simple and cost effective. Main goal of mentioned above 
works was growth and characterization of nanowires from 
ZnO. In these works, the influence of the oxidation time and 
annealing temperature on the structural, electrical and optical 
properties was studied. However, piezoelectric properties have 
not been considered in these works. 

In our work, we investigated possibility to build nanogenerators 
composed of ZnO nanostructures grown by thermal oxidation 
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of the vacuum evaporated Zn films on the rigid and flexible 
substrates. The Zn films were thermally oxidized at temperature 
of 550-6500C for rigid substrates and 3000C for flexible 
polymer substrates. The purpose of the present study is to build 
nanogenerators composed of various ZnO nanostructures and 
examine their nanogenerator performance.

Experimental details

(Figure 1) presents a schematic cross-sectional view of the 
experimental samples. The thin film system consists of a 
rigid or flexible substrate, adhesion enhancing thin chromium 
(Cr) layer, gold (Au) sublayer, ZnO nanostructured thin film, 
silicon monoxide (SiO) protecting layer and upper aluminum 
(Al) electrode. Here, the Au sublayer plays a role of the ZnO 
growth promoter. The Au layer was deposited through the 
specific masks with round and strip shapes. Cr and Au thin 
films were deposited using home-made triode sputtering setup 
enabling growth of dense polycrystalline metal layers at low 
pressure of ~1 mTorr and with the sputtering voltage of 1.5 
kV [26]. Deposition duration was of 1 min for the Au layer 
and 10 min for the Cr sublayer. Thin films of Al and SiO 
were deposited by vacuum evaporation method from tungsten 
evaporators and tantalum closed boxes respectively at residual 
pressure. ZnO thin films were prepared by the various ways: 
thermal evaporation of metal Zn on the various substrates with 
following thermal treatment, magnetron sputtering of ZnO 
target at argon pressure of 160 mTorr during 60 min using 
the sputtering voltage of 1.5 kV on the substrate heated up 
to 1500C  and triode sputtering of ZnO target at low pressure 
conditions of 1 mTorr with the same sputtering voltage and 
deposition duration on the substrate heated up to 1800C in the 
triode sputtering system [27]. 

Thin ZnO based structures were grown on glass, sitall and 
polyimide substrates. Table 1 represents the substrate types, 
mask patterns for Au and Zn films and annealing conditions 
for the preparation of the ZnO layer from metal Zn coatings. 
To prepare the multilayer systems according the Fig. 1, we 

implemented series of operations which are shown in the 
flow chart, (Figure 2) Firstly, after substrates preparation 
and cleaning, the Cr sublayer was grown. After that the gold 
layer was deposited through suitable mask, and then the Zn 
layer was grown according to the condition given in Table 
1. After Zn deposition, the samples were annealed and after 
that, they were coated by protecting SiO layers and upper 
aluminum electrodes. Connecting wires were glued to the Au 
and Al surfaces using the conductive silver paint G3790 of 
“BELGAR”. 

The transmittance spectra of the grown ZnO thin films in 
the wavelength range of 200-1100 nm were recorded using 
UNICO UV-2800 UV/VIS spectrometer. Resistivity of the 
grown films was studied using standard four-point method. 
The surface structure of the deposited films was studied 
using the computerized metallurgical microscope “Nicon-
Optiphot 100” with optical magnification of up to ×1600 and 
a Leica Stereoscan 430 scanning electron microscope (SEM), 
operating in 20 keV. Composition of the films was estimated 
using an energy dispersive spectrometer (EDS), mounted on a 
Stereoscan-430.

To evaluate piezoelectric properties of grown nanostructures, 
we used the sound generator Agilent 33120A, the multimeter 
MM570A and oscilloscope Agilent DS07012A. To provide a 
periodic mechanical impact on the studied samples, the BaTiO3 
piezoelectric transducers of Murata were applied. (Figure 3-a) 
illustrates the application of the standard transducer. Evaluated 
device was put on the surface of the transducer which was 
connected with the sound generator. Output voltage produced 
by the device was studied using oscilloscope. If the applied 
frequency is in the acoustic range, the transducer produces 
the acoustic oscillations. (Figure 3-b) represents the principal 
electrical measurement scheme. This measurement circuit 
allows us to monitor the studied signals, as well as rectify 
the obtained voltage and measure it. To estimate the value of 
generated power, the rectifying scheme on the Schottky diodes 
was build.

Device Number Substrate Au layer Zn layer Thermal treatment
Environment Temperature Time

#1 Glass Rounded islands Continuous film Air 5500C 5h
#2 Sitall Strips Continuous film Air 6000C 5h
#3 Glass Rounded islands Rounded islands Air 6500C 5h
#4 Polyimide Continuous film Rounded islands Air 3000C 2h

Table 1: Types of the substrates and annealing conditions.

Figure 1: A cross-sectional view of the grown thin film system
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Figure 2: Flow chart of operations to fabricate the piezoelectric devices.

Figure 3: A) Application of the standard transducer to exciting mechanical vibrations in the studied device. (B) The principal 
electrical measurement scheme (b).
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Results and discussions
(Figure 4) presents transmittance spectra recorded for a pure 
glass substrate and glasses coated by ZnO film, deposited using 
the magnetron sputtering method and by the triode sputtering 
method. As can be seen, these films are transparent in the visible 
range. The resistivity values of these films are in the range 
of (1.8-2)×10-2 Ω⋅cm. The film deposited by triode sputtering 
looks denser than films grown by magnetron sputtering with 
higher refraction index due to the higher energy of sputtered 

particles at the triode process. Comparison of the measured 
transmittance spectra with the measurements provided other 
researchers [12, 28], approves that our films consist of ZnO, 
however our films are of low thickness, approximately 150-200 
nm. Optical bandgap of deposited ZnO films was calculated 
used the well-known Tauc’s method. This value was 3.27 eV 
for the films preparated by the magnetron sputtering method 
and 3.49 eV for the films prepared by the triode sputtering. 
This difference is defined by different deposition conditions 
such as the argon pressure, the applied sputtering voltage etc.

Various types of thin films were deposited to prepare ZnO 
nanostructures as shown in the flow chart (Figure 2) and in the 
(Table 1). First group of samples was grown on the gold round 
islands with diameter of 330 µm and with distance of 220 µm 
between islands, which were coated by the continuous Zn film. 
These samples were heated at atmospheric pressure and at 
temperature of 5500C during 5 hours. (Figure 5) represents high 
magnification SEM photography recorded on these samples 
after annealing with various magnification. The film’s surface 
was drastically changed after heating and optical photographs 
illustrate this claim very clear. Some bushes grown inside and 
around the gold islands are seen in these pictures. (Figures 5-a, 
5-b and 5-c) present the SEM images with the scale of 100 µm, 
1 µm and 200 nm respectively. As shown, the observed sample 
contains the nanostructure representing the chaotic arranged 
rod-like nanocrystals with length up to 7-10 microns and with 
thickness of 2-5 nm.

Figure 4: Optical transmittance of the ZnO films deposited 
on the glass substrate.

A B

C

Figure 5: First group samples recorded after annealing: Figs. 5-a, 5-b and 5-c present the SEM images.
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In the second group of samples, the gold sublayer was 
deposited through the strips shaped mask. Here, also 
continuous Zn film was deposited on the shaped gold surface. 
This group of samples was heated at 6000C during 5 hours 
at atmospheric pressure. (Figure 6) represents the high-
resolution SEM photographs made on these samples after 
annealing with various magnification. SEM photographs of 
the samples after heating shown in (Figure. 6-a, 6-b and 6-c). 
As shown, in this case, changes in the film’s structure was 
more significant. Here, more part of the Zn layer was oxidized 
that leads to growth of more massive nanocrystals. However, 
in this case, the grown nanorods looks a little bit another. They 

have different dimensions from the first samples, their length 
was of approximately 5-7 mm and their diameter was of ~ 100-
150 nm. These nanorods are arranged perpendicularly to the 
origin surface. Thus, the annealing temperature significantly 
influences on the ZnO nanostructures growth.

In the third group of samples, the metal Zn was deposited 
through the same mask as in the first group, however the 
gold sublayer here represents the continuous thin film. In 
this case, the heating process was provided at temperature of 
6500C during 5 hours. One can see that substantial changes 
have occurred in the Zn islands and in the vicinity. (Figure 
7) represents SEM images recorded on these samples after 

A B

Figure 6: Second group samples recorded after annealing: Figs. 6-a, 6-b and 6-c present the SEM images.
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C

Figure 7: Third group samples recorded after annealing: Figs. 7-a, 7-b and 7-c present the SEM images.
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annealing with various magnification and. (Figure 7-a) 
represents the SEM image of the sample with resolution of 
100 µm. (Figures 7-b and 7-c) show the SEM images with the 
scale of 200 nm and 100 nm respectively. Number and length 
of nanorods relatively decreases, however their thickness 
increases up to 150-200 nm. Also, the flower-like structures 
appeared here.

Images, made using SEM, show that two types of ZnO 
nanostructures prevail here: the same nanorods as in the second 
group of samples and another type of nanocrystals shaped as 
shells or flower petals. However, these forms look more blurred 
and smoother than in the second group of samples. (Figure 8) 
illustrates these two groups of ZnO nanostructures obtained 
in the sample # 2. One group is the nanorods (see Figure 8-a) 
grown perpendicularly to the surface of the Zn layer in the 
delaminated part of the coating. This system consists of Au 
sublayer, Zn-origin layer and grown ZnO nanorods. ZnO 
nanorods represent crystals with length of several micron and 
thickness of one-two hundreds nanometers. Another type of 
ZnO nanostructures (see Figure 8-b) is the microcrystalline 
petals with dimensions of tens microns. It is interesting to note 
that more developed ZnO nanostructures had appeared at the 
cases of non-homogeneous sublayers. Two conditions should 
be observed to grow the developed nanostructure from metal 
Zn coating: the presence of a gold sublayer and existence of 

inhomogeneities of the Au-Zn interfaces. So, the Au layer must 
be presented as small islands or nanoparticles. Applying of a 
more developed and heterogeneous ZnO nanostructure should 
lead to an increase in the generated electric power.

Electrical measurements of signals, produced by our 
nanogenerators, show that there are two different types of 
measured output voltage shapes as presented in figure 9. On 
both pictures, an upper signal represents a voltage applied 
to the standard transducer and lower signal is the voltage 
measured on the grown nanogenerator. (Figure 9-a) presents 
the voltage shape obtained from samples with high resistance 
between lower and upper electrodes. (Figure 9-b) shows the 
very noisy voltage shape measured on the samples with low 
resistance (short circuit). This difference may be explained by 
quality of the protecting dielectric film. Low resistance of the 
samples shows the low quality of the silicon monoxide film or 
delamination of one of the internal thin films. 

Interesting to note, that in the case of low-resistance samples, 
the amplitude of the noisy signal is proportional to the applied 
force. These signals were rectified and measured. To rectify 
obtained signals, we tried to use standard PN diodes with 
the built-in potential around 0.7 V and low-noise Schottky 
diodes with the built-in potential of 0.34 V. Our measurements 
show that only Schottky diodes enable to obtain readable DC 
voltage.

A B

Figure 8: ZnO nanostructures grown on the Zn surface at 6000C: the nanorods structure (a) and the petals structure (b).

Figure 9: Measured input and output voltages: (a) samples with high resistance between electrodes, (b) samples with low 
resistance (short circuit) between electrodes.



Axelevitch A (2018) Investigation of nanogenerators composed of zinc oxide nanostructures prepared by thermal oxidation of metal 
zinc

Front Nanotechnol Volume 1(1): 20197

(Figure 10) represents dependence of the rectified output 
voltage measured on the four samples designated in Table 1 on 
the input voltage applied to the transducer. As shown in figure 
10, the measured voltage increases linearly with increasing 
the input voltage which provides an acoustic signal. If we 
assume that our multilayer system represents a flat capacitor 
filled by a material with the piezoelectric properties, the charge 
accumulated by the capacitor will be equal to

Q = kF                                                                         (1) 

Where k is the piezoelectric coefficient and F is the force 
applied to the capacitor plates. On the other hand, the charge 
accumulated in the flat capacitor produce voltage on its plates 
which equal to:

                                                         (2)

Where C is the capacitance, d is the thickness of the piezoelectric 
material, A is the area of the capacitor and ε0 and εr are the 
permittivity of vacuum and the relative dielectric coefficient 
of the piezoelectric material respectively. Substituting of both 
relations, we obtain:

                                                                  (3)

Therefore, the voltage generated by a such flat multilayer 
system will be linearly proportional to the applied force and 
vice versa. Abrupt increase in the range between 6 and 9 V 
in the Fig. 10 may be explained by difference in the contact 
potentials between lower and upper electrodes, gold and 
aluminum respectively. In other word, our devices represent 
the structure like to the MIM-diodes. The diode-type I-V 
characteristics were obtained also by growth of different types 
of ZnO nanostructures on the GaN substrates [29]. Our devices 
not contain semiconductors besides of ZnO, however we used 
different metals for electrodes. Evidently, this conclusion 
should be checked experimentally. Thus, the plots shown in 
Figure 10 properly reflects the piezoelectric properties of the 
grown multilayer systems. Therefore, the prepared samples 
containing unordered ZnO nanostructures can be used as 
the nanogenerators and acoustic sensors. We explain the 
difference in the samples behavior by differences of substrates 
and structures (see Table 1).

The follows plots, presented in (Figure 11), show dependence 
of output voltage on the input frequency of mechanical action. 
As known, the piezoelectric coefficient is approximately 
constant at low frequencies (0.2-1 kHz), if it is defined by the 

Figure 10: Plot of the dependence of output voltage on the input voltage generated by the signal generator.

Figure 11: Plot of the dependence of output voltage on the excitation frequency.
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relation of displacement to the applied voltage [30]. Research, 
provided in the large range of frequencies shows that in the 
range up to 50 kHz, the relative permittivity of ZnO films 
slightly decrease and after that remains practically constant. 
At the same time, dielectric losses decrease approximately up 
to 10 kHz and after that its begin to grow [31]. Each curve 
shown in (Figure 11) presents different behavior under the 
same conditions. Here, the sample # 1 represents the system 
annealed at 5500C, samples # 2 and # 3 were annealed up to 
6000C and 6500C respectively and forth sample was annealed 
up to 3000C. Equation 3 contains the piezoelectric constant 
in the numerator and the relative dielectric coefficient in 
the denominator. Both these parameters are defined by the 
structure of the grown films, by the substrate material and 
depend on the applied excitation frequency (Figure 11) shows 
measured results from different samples, therefore these 
results are different also. Thus, difference in the output voltage 
curves behavior is defined by various types of substrates and 
growth details. 

Comparing of measured results with results of other authors 
shows that the voltage produced by our experimental 
piezoelectric devices is in the same range that results obtained 
and described in literature sources. To obtain the flexible 
nanogenerators, researchers have created nanoparticles by 
various methods and have mixed with some organic compounds. 
For example, ZnO nanoparticles were deposited by evaporation 
and mixed with a specific glue [6], grown by the hydrothermal 
method and dispersed in the polydimethylsiloxane (PDMS) 
[32], grown and mixed with the multiwall carbon nanotubes 
through the PDMS [33]. Moreover, the nanoparticles 
made from other piezoelectric materials were used for the 
nanogenerators preparation [34]. Measured voltage here was 
in the interval of 0.8 – 7.5 V. Therefore, the results obtained in 
our experiments can be considered satisfactory.

Conclusions
In our work, it was confirmed that nano-structured ZnO 
crystals can be grown by annealing in an air atmosphere the 
Zn metal films deposited using vacuum evaporation method 
on the gold sublayer. Two various types of ZnO crystal forms 
were observed in our experiments, nano-rods and nano-petals. 
It was found that the more developed nanostructures grow on 
dislocations of the gold-zinc interfaces. Internal resistance of 
the prepared samples significantly influences on the produced 
electrical signal. Generated voltage of grown nanogenerators 
was from 0.4 V up to 1.3 V depending on the voltage applied 
to the exciting transducer. The multilayer systems based on 
the ZnO nano-structures enable to produce electricity under 
mechanical action. These systems are promising for the direct 
conversion of the mechanical vibration into the electricity.
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