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N

on-centrosymmetric (NCS) oxides1
have attracted considerable attention due to their unique symmetrydependent and spontaneous polarization properties, which are technologically
important and are the basis of numerous applications in ferroelectricity, piezoelectricity, and nonlinear optics.2 Among
NCS oxides, ZnO is an environmentally
friendly and piezoelectric material.3 Therefore, single ZnO nanowires/microwires have
extensively been demonstrated as piezoelectric diodes,4 piezotronic transistors,5
nanogenerators,6 solar cells,7 and strain
sensors.8
Besides ZnO, there are still many lead-free
piezoelectric materials in the NCS group that
remain to be undiscovered, especially in
terms of perovskite structure. Despite the
success in lead-based piezoelectric materials
(i.e., lead zirconate titanate) due to their high
polarization and piezoelectric performance
as transducers,9 a consistent eﬀort has
been taken to replace Pb-based materials
with some as yet undiscovered lead-free
materials10 that would be more environmentally friendly and enable new piezoelectric applications for mechanical energy
harvesting.11 Recently, Inaguma2 reported
a lead-free LiNbO3 (LN)-type ZnSnO3 using
a high-pressure (∼7 GPa) synthesized environment. Son et al.12 reported that the
epitaxial (111) ZnSnO3 thin ﬁlm exhibited
a highly ferroelectric polarization of ∼47
μCcm2 using a pulsed laser deposition
process. In NCS oxides, ZnSnO3 is primarily
characterized by a large displacement of Zn
based on a strong covalent bond between
three oxygen and zinc atoms, resulting in
the ZnSnO3 having a strong piezoelectric
response. Therefore, ZnSnO3 has also
attracted a lot of attention recently.13,14
However, most works focused on the structural characterization15 and theoretical calculation14,16 of polarization, especially in
thin ﬁlm and bulk materials of ZnSnO3.17
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Lead-Free Nanogenerator Made from
Single ZnSnO3 Microbelt

ABSTRACT

We demonstrated a single-microbelt nanogenerator ﬁrst made using a ZnSnO3 microbelt that
generated an output power of ∼3 nW under a compressive and releasing strain of 0.81%.
The ZnSnO3 nanobelts/microbelts were synthesized using a vapor transfer process at 1173 K.
The X-ray diﬀraction pattern shows that the microbelts belong to ZnSnO3 with rhombohedral
structure. An individual ZnSnO3 microbelt was bonded at its ends on a ﬂexible polystyrene
substrate as a nanogenerator, which gives an output voltage and current of 100 mV and 30 nA,
respectively, corresponding to an energy conversion eﬃciency of 4.26.6% (based on
0.81% strain). Our results show that ZnSnO3 microbelts are one of the highly promising
materials for lead-free piezoelectric energy harvesting.
KEYWORDS: ZnSnO3 . microbelts . lead-free . piezoelectric nanogenerator

There is no complete report regarding
crystallographic and energy harvesting
using ZnSnO3 nanostructures. Therefore,
the synthesis route, structural analysis, and
energy harvesting application of ZnSnO3
nanostructures still remain unclear and are
subject to a comprehensive investigation.
In particular, the synthesis of the LN-type
ZnSnO3 is a challenge due to the extreme
conditions of high pressure.18 In this work,
we report that ZnSnO3 nanobelts/microbelts can be successfully grown through
a carbon-thermal reaction process at a
temperature of 1173 K. On the basis of
X-ray diﬀraction characterization, two major
peaks of (110) and (104) appear in the
spectrum of ZnSnO3 nanobelts, indicating
that the ZnSnO3 nanostructures have a
rhombohedral structure. Although there
still exist several second phases in our products, this is the ﬁrst case in which the
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ZnSnO3 nanobelts/microbelts were available for piezoelectric energy harvesting. Furthermore, an individual
microbelt was carefully manipulated for fabricating a
single microbelt nanogenerator (SMG) to investigate
the output power and piezoelectric performance of
ZnSnO3. Through our detailed investigations, the SMG
can produce a voltage and current of 100 mV and
30 nA, respectively. The energy conversion eﬃciency
of a single SMG can reach 6.6% under an applied
0.8% compressive strain. With the integration of two
SMGs in parallel and serial connection, the voltage and
current can exceed 110 mV and 80 nA, respectively.
This discovery revealed a useful, alternative leadfree nanomaterial for piezoelectricity and energy
harvesting.
RESULTS AND DISCUSSION
The nanostructure of the as-synthesized material
was ﬁrst investigated. Figure 1a shows that the ZnSnO3
were formed as belt-like nanostructures after a carbonthermal reaction at 1173 K. The dimension of the beltlike ZnSnO3 nanostructures was less than 100 nm in
thickness and up to 1000 μm in length. Transmission
electron microscopy (TEM) analysis of an individual
nanobelt is shown in Figure 1b. High-resolution TEM
image and corresponding fast Fourier transform (FFT)
pattern are shown in Figure 1c and its inset, in which
the FFT pattern corresponds to the diﬀraction spot of
the (110) plane, which is one of the major planes in the
ZnSnO3 phase. The growth direction was governed by
the [001] axis, conﬁrming that the spontaneous polarization direction is along the z-axis. To further demonstrate that the crystal nanostructures belong to
the ZnSnO3, the X-ray diﬀraction (XRD) pattern (see
Supporting Information in Figure S1) shows two
WU ET AL.
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Figure 1. Structure characterization of ZnSnO3 belts. (a)
Field emission microscopy image of ZnSnO3 nanobelts. (b)
Individual ZnSnO3 microbelts obviously exhibited trigonal
prism morphology. (c) Corresponding high-resolution
transmission electron microscopy image and fast Fourier
transform (FFT) pattern (inset of c) show that the nanobelt
grows along the [001] direction. (d) SEM image of an
individual ZnSnO3 microbelt. (e) Schematic diagram of a
single microbelt nanogenerator (SMG). (f) Photograph of a
SMG.

major peaks of (104) and (110), indicating that the assynthesized nanobelts are attributed to the major
phase of ZnSnO3 (JCPDS 52-1381) with a lattice constant of a = b = 0.52622 nm, c = 1.40026 nm. The
second major phase is still Zn2SnO4,19 which belongs
to a spinel structure and exhibited pseudoperiodically
twin-structure morphology (see Figure S2 in the Supporting Information).20 The ZnSnO3 microbelts can be
easily recognized for the fabrication of a nanogenerator, even though there are still several residual second
phases in the as-synthesized products.
To simplify the manipulation of a single microbelt
during the fabrication of a SMG, the synthesized time
was increased to enlarge the dimension of the nanobelts. The dimension of ZnSnO3 nanobelts can therefore reach lengths of up to 1500 μm; the nanobelts'
width and thickness were also obviously increased.
Figure 1d shows that an individual microbelt was
formed by trigonal-pyramidal morphology. In the
design of the SMG, a microbelt was carefully manipulated
to lie on a ﬂexible polystyrene (PS) substrate (length 
width  thickness ≈ 40  10  1 mm) and ﬁxed to
electrodes at both ends, as shown in Figure 1e. Figure 1f is
a photograph showing that the SMG was ﬁxed on a PS
substrate covered by a thin layer of PDMS, and a mechanically compressive force was applied on both sides.
When the substrate was bent with a cyclical compressive
force, a compressive strain ε = 0.81% was created in the
microbelt. The calculated method of the substrate's strain
is shown in Supporting Information S1.8,21
The atomic structure of ZnSnO3 is presented using
octahedral units, as shown in Figure 2a. Each Zn
octahedron shares corners with another Zn octahedron, and each Sn octahedron shares corners with
another Sn octahedral structure. The cation sequence
is SnZnvacancySnZnvacancy (see Figure 1,
top to bottom) and is aligned along the z-axis, as seen
in Figure 2a. Figure 2b further displays two octahedral
frameworks of ZnO6 (lower side) and SnO6 (upper side).
The octahedral SnO6 and ZnO6 share both edges and
faces with the adjacent octahedra. Figure 2c indicates
the single cluster of ZnO6 and SnO6. The bonding
lengths of ZnO, as labeled by la and lb in the ZnO6
cluster, have three long bonds of ∼0.2308 nm at the
upper side and three short bonds of ∼0.2040 nm at the
lower side, respectively. In contrast, the bonding
lengths of the SnO, as labeled by lc and ld in the
SnO6 cluster, have three short bonds of ∼0.2008 nm at
the upper side and three long bonds of ∼0.2093 nm at
the lower side, respectively. To evaluate how much
deviation of bonding length existed in OZnO and
OSnO bonds along the z-axis in a single ZnO6 and a
single SnO6 cluster, respectively, the single clusters of
ZnO6 and of SnO6 are further shown in Figure 2d. We
concluded that the displacement of the Zn ion (δzn) in
the ZnO6 cluster is 0.5 Å, while that of the Sn ion (δSn) in
the SnO6 cluster is 0.2 Å. The displacement in the Zn ion
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is greater than that of the Sn ion along the z-axis.
Therefore, a spontaneous polarization is generated
along the z-axis, which is the source of piezoelectricity
in this material. The unit cell used for calculating the
crystal structure was carried out using space group R3c,
as listed in the Supporting Information, Table S1.
Electrical measurement showed that both SMGs
exhibited Schottky behavior at one end in Figure 3a.
The output voltage of a single nanogenerator for SMG
no. 1 and no. 2 can reach 25 and 100 mV, respectively
(see Figure 3b, SMG1 and SMG2). The output current
of SMG no. 1 and no. 2 can exceed 50 and 30 nA,
respectively (see Figure 3c, SMG1 and SMG2). By
integrating two SMGs in serial connection, the output
voltage can exceed 110 mV (see Figure 3b, bluecolored line, SMG1 þ SMG2). The output current of
SMG no. 1 and SMG no.2 in parallel connection can
reach 80 nA (see Figure 3c, blue-colored line).
The piezopotential distribution in a single microbelt
was investigated under applied compressive strain. For
simplicity, the piezopotential was calculated without
considering the carrier concentration.22,23 The material
constants of ZnSnO3 used for the calculation were
elastic constants: C11 = 194 GPa, C12 = 63 GPa, C13 =
101 GPa, C15 = 0.1 GPa, C33 = 169 GPa, C44 = 117 GPa,
WU ET AL.
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Figure 2. Crystallographic structure of ZnSnO3. (a) Threedimensional image shows the crystal structure of ZnSnO3
from the perspective of an octahedral framework. The
cation sequence is SnZnvacancySnZnvacancy
along the z-axis. (b) Two octahedral frameworks of ZnO6
(lower side) and SnO6 (upper side). (c) Individual single
cluster of ZnO6 shows three long bonds (upper side) and
short bonds (lower side) of la and lb, respectively. In contrast, SnO6 shows three short bonds (upper side) and long
bonds (lower side) of lc and ld, respectively. (d) The deviation
of Zn (δzn) and Sn (δSn) ions in the bonding length of
OZnO and OSnO along the z-axis, respectively.

and C66 = 92 GPa. The piezoelectric stress constants
for e11, e15, e31, and e33 are 0.15, 0.26, 1.23, and
0.29 C m2, respectively.24 Figure 4a shows that, when
the microbelt was subjected to a compressive strain
along the z-direction, the polarization of atoms generated an ionic charge and resulted in a piezopotential
change from V to Vþ, namely, the generation of a
piezoelectric ﬁeld along the microbelt in the z-direction. Therefore, the calculated piezopotential at the
end of the ZnSnO3 microbelts is up to 196 V, demonstrating that the ZnSnO3 possesses high piezopotential
performance in the lead-free piezoelectric material
system. However, the actual piezopotential in ZnSnO3
microbelts is much lower than the calculated value,
owing to the screening eﬀect of the free charge carriers
and the ﬁnite conductance.25,26 This fact explains how
the low conductance SMG no. 1 exhibited a higher
output current, while the high conductance SMG no. 2
showed a lower output current due to the free carriers'
eﬀect in the microbelts. On the basis of our previous
work,12 the output voltage can be ascribed to the size
eﬀect. In this case, the SMG no. 1 and no. 2 have almost
the same dimension; thus the size eﬀect was omitted.
Figure 4b (see red-colored line) shows a typical Shottky
barrier (∼ΦSB) of SMG in an original state. When the
SMG was subjected to a compressive strain, the generated piezopotential, which is positive (Vþ) at the Schottky
barrier (ΦSB ) side and negative (V ) at the ohmic
contact side, creates an instantaneous diﬀerence in
Fermi levels of ∼δEp (see Figure 4c). Because the resistance of the Schottky barrier existence blocks the diﬀusion of electrons through the microbelt, the electrons
will ﬂow from the left electrode to the right electrode
through an external load. The electrons ﬁrst accumulate at the interfacial region between the right electrode
and microbelt; the process continues until the potential
generated by piling up the electrons balances the
diﬀerence in Fermi levels (δEp). When the compressive
strain is instantly released in the SMG, the disappearance
of the piezoelectric potential results in a lower Fermi
level of the left electrode for δEp (see the blue, dashed
line in Figure 4d). The electrons accumulated near the
right electrode ﬂow back through the external circuit to
the left electrode, recovering the SMG to its initial stage.
To investigate the energy conversion eﬃciency of
the SMG, the following eq 1 was used to determine the
amount of strain energy (Um) that was stored in the
microbelt:4
(1)

where εzz is the strain along the z-axis.8 The shear strain
can be omitted owing to the compressive radius R
of the substrate, which is much larger than that of
the length of the microbelt. E is Young's modulus of
ZnSnO3 (∼238 GPa),16 A is the cross-sectional area of a
single microbelt, and L0 is the original length of the
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Figure 3. (a) IV characteristic of a SMG, showing a typical Schottky diode characteristic. (b) Electrical output voltage with
serial connection of SMG no. 1 and SMG no. 2 (c) Electrical output current with parallel connection of SMG no. 1 and SMG no. 2.

Figure 5. The SMG shows good stability with an increase in
driving frequency.
Figure 4. (a) Theoretical calculation of piezoelectric potential in a compressive strain of a single ZnSnO3 microbelt. (b)
SMG at the original state, a Schottky contact with a metal
electrode on the right and an ohmic contact with an
electrode on the left, ΦSB is the Schottky barrier height.
(c) SMG at the compressive state. (d) SMG at the released
state (see details in text). δEp is the diﬀerence in Fermi Level
between the two electrodes in the presence of piezoelectric
potential. The dotted, orange-colored line is the original
Fermi level EF; CB and VB are the conduction and valence
bands of the ZnSnO3, respectively.

microbelt. To evaluate the total energy conversion
eﬃciency, the electric energy generation can be calculated by eq 2. Ue is the electrical output energy:
Z
Ue ¼
IVdt
(2)
where I and V are the output current and voltage of
the SMG, respectively (see Supporting Information,
WU ET AL.

Figure S3). Thus, the Um and Ue are 5.52  107 and
3.65  108 J, respectively. Therefore, the conversion
eﬃciency (Ue/Um) of SMG is 6.6% (the length, width,
and thickness of the microbelt are ∼477  19  8 μm,
respectively, with a compressive strain of ∼0.8%; see
Supporting Information, Figure S4), which is comparable to that of a ZnO wire in our previous study.6 Figure 5
shows that the output voltage of SMGs in parallel
connection were not aﬀected signiﬁcantly by increasing the driving frequency from 0.33 to 1.2 Hz, which
shows that the output voltage exhibited high stability,
demonstrating that the SMG made from ZnSnO3 microbelts is very suitable for energy harvesting driven by
irregular excitations in our living environment.
CONCLUSION
In summary, ZnSnO3 nanobelts/microbelts were
successfully synthesized using a vapor transfer process.
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EXPERIMENTAL METHOD
Material Synthesis. A ZnSn buffer layer was predeposited on
Si and alumina substrates to act as a seed layer. The source
materials of Zn and Sn (0.5 g, purity: 99.9%) were separately
placed on an alumina boat with a length of 5 cm, and relative
source materials with 50 wt % of graphite powder were positioned in the center zone of a quartz reactor to conduct the
carbon-thermal reaction with an annealing process. The reaction took place at a constant temperature of 1173 K and was
maintained at 1020 Torr for 3 h. The gas flow rates of argon
and oxygen were 200 sccm and 1020 sccm, respectively
(O2, purity: 99.9%). To simplify the manipulation, ultralong
ZnSnO3 microbelts of ∼3001000 μm were used for fabricating
the SMGs. A ZnSnO3 microbelt was placed on a polystyrene
substrate 40 mm in length, 10 mm in width, and 1 mm in
thickness. Each microbelt was fixed to the substrate using silver
paste; metal wires were bonded to the end of each microbelt for
power measurement. An additional layer of polydimethylsiloxane (PDMS) was used to package the SMG device to keep the
SMG device robust under the period of cyclical mechanical
deformation and manipulation.
Electrical Measurement. The SMGs' measurement method is the
same as in our prior study.27 The output signal of the nanogenerator was measured by using a low-noise voltage preamplifier
(Stanford Research System model SR560) and a low-noise current
preamplifier (Stanford Research System model SR570).
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