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n the noncentrosymmetric (NCS) oxide
group, ferroelectric perovskites contain-
ing Pb?™ and Bi* exhibit high polariza-
tion and piezoelectric performance, and
the new Pb- and Bi-based perovskites have
recently attracted considerable atten-
tion as ferroelectric and multiferroic oxide
candidates."? However, when considering
lead toxicity, lead-free materials would be
more environmentally benign and suitable
for a wide range of biological applications.?
It is therefore becoming increasingly essen-
tial to develop high-performance, lead-free,
piezoelectric materials. In the past decade,
ZnO is one of the most interesting func-
tional lead-free-based materials because of
its outstanding piezoelectric effect.* There-
fore, a large number of multifunctional ZnO
nanowire/microwire devices have exten-
sively been demonstrated in piezotronic
devices® such as piezoelectric field effect
transistors,® solar cells,” piezoelectric dio-
des,® nanogenerators,® piezoelectric strain
sensors,'® and biological sensors, etc>
Lead-free-based materials are increas-
ingly interesting for medical imaging and
underwater applications due to low acous-
ticalimpedance.'" However, many lead-free
piezoelectric materials in the NCS group still
remain undiscovered. Among NCS oxides,
special attention has been paid to the LiN-
bOs; (LN)-type structure with the space
group of R3c due to its large polarization
along the c-axis. However, the studies of
LN-type ZnSnOs structures are mainly fo-
cused on the electronic structure,'®'® spon-
taneous polarization,' piezoelectric, and
nonlinear optical behaviors'® based on the
density functional theory.'® Although the
rhombohedral crystal structure with R3c
space group of ZnSnO3 exhibits piezoelec-
tric properties, it has not been as extensively
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We demonstrated a flexible strain sensor based on ZnSn0; nanowires/microwires for the first

time. High-resolution transmission electron microscopy indicates that the ZnSn0s belongs to a

rhombohedral structure with an R3c space group and is grown along the [001] axis. On the

basis of our experimental observation and theoretical calculation, the characteristic /—V

curves of ZnSn0; revealed that our strain sensors had ultrahigh sensitivity, which is attributed

to the piezopotential-modulated change in Schottky barrier height (SBH), that is, the

piezotronic effect. The on/off ratio of our device is ~587, and a gauge factor of 3740 has been

demonstrated, which is 19 times higher than that of Si and three times higher than those of

carbon nanotubes and Zn0 nanowires.

KEYWORDS: ZnSnOs - nanowires/microwires - strain sensor - flexible -

gauge factor

investigated as lead zirconate titanate'’
(PZT) in piezoelectric sensors and actuators.
Inaguma'® reported that the calculated value
of polarization in ZnSnO3 along the c-axis is
59 uC cm 2,8 which is much larger than that of
Zn0, ~5 uC cm~2'92° Thus, it is interesting to
investigate the performance of ZnSnOs nano-
wires/microwires in terms of the piezopoten-
tial distribution along the c-axis and practical
application in the piezotronic strain sensor.
In this work, we first introduce a new
type of strain sensor based on ZnSnO3
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nanowires/microwires. Due to the obvious change in
Schottky barrier height (SBH) under a small variation of
compressive and tensile strain, the characteristic -V
curves of the strain sensor were significantly modulated.
Our theoretical calculation presents that the piezopoten-
tial distribution along the c-axis for ZnSnO3 nanowire/
microwire is 86 V, which has a positive or negative sign
depending on whether the microwire is under tensile or
compressive strain, respectively.® Our experimental ob-
servation and theoretical calculation present that the
characteristic /—V curves in ZnSnO3 microwires are sig-
nificantly tuning by the external applied strain.'®*' In
addition, a gauge factor as high as 3740 was received
from the ZnSnOs strain sensor. The result is 19 times and
three times higher than that of Si and ZnO nanowires (or
carbon nanotubes), respectively.

RESULTS AND DISCUSSION

The detailed growth method of our nanowires/
microwires is given in the Experimental Methods.
Figure 1a shows a scanning electron microscopy (SEM)
image of the as-grown nanowires. The diameter and the
length of the wires is less than 100 nm and up to hundreds
of micrometers, respectively. To identify the crystal struc-
ture of ZnSnOs, an individual nanowire with correspond-
ing high-resolution transmission electron microscopy
(HRTEM) images are shown in Figure 1b,c, respectively.
Combining the HRTEM image with the selected area
diffraction (SAD) pattern (see Figure 1d) revealed that
the growth direction of the nanowire is [001]. In this case,
the SAD pattern was further indexed to a rhombohedral
structure of R3¢ space group with lattice constants of
a = b =052622 nm and ¢ = 1.40026 nm. Figure 1e
shows a schematic diagram and optical image of a
fabricated strain sensor based on a single ZnSnOs
microwire. Silver paste was applied at both ends of
the wire to fix its two ends securely on a flexible
polystyrene (PS) substrate. The substrate has a length
of ~40 mm, width of ~10 mm, and thickness of T mm.

To understand the crystallographic structure of
ZnSn0;s, the crystal structure of the ZnSnO3 with R3¢
space group is shown in Figure 2a, which consisted of
two octahedra frameworks of ZnOg and SnOg. In addi-
tion to the ZnOg octahedron sharing a face with the
SnOg octahedron, the crystal structure presents that
each Zn octahedron shares corners with another Zn
octahedron, and each Sn octahedron shares corners
with another Sn octahedral structure.'® The Zn and Sn
ion reside at a nonquivalent in the octahedral structure
of ZnOg and SnOg, respectively. To indicate the dis-
placement of Zn and Sn ions in octahedral structures of
ZnOg and SnOg, respectively, a perspective crystal
structure of ZnSnOs is further shown in Figure 2b.
The ZnOg octahedron has three short bonds of
0.2041 nm and three long bonds of 0.2308 nm. The
SnOg octahedron has three short bonds of 0.2008 nm
and three long bonds of 0.2094 nm."® Figure 2b shows
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Figure 1. (a) Top-view image of ZnSnOs; nanowires. (b)
Individual ZnSnO;s nanowire. (c) Corresponding high-reso-
lution transmission electron microscopy image. (d) Corre-
sponding SAD pattern revealing the nanowire's growth
direction of [001]. (e) Schematic diagram and optical micro-
scopy image of a single ZnSnOs-based strain sensor.

(a) (b)

Zn —» Sn—>»Vacancy —»Zn —Sn

(c)
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=

Figure 2. (a) Atomic model of the rhombohedral structure
ZnSnOs. (b) Deviation of Zn (d,,) and Sn (ds,,) ions at none-
quivalent positions in the octahedral ZnOg and SnOg, re-
spectively. (c) Crystal structure of ZnSnOs; from the
perspective of the octahedral framework, the cation se-
quence is Zn—Sn—vacancy—Zn—Sn along the c-axis (from
left to right).

that the calculated displacement of Zn (d,,) and Sn
(dgn) ions in ZnOg and SnOg octahedron is around
0.05 and 0.02 nm, respectively. Figure 2c shows that
the cation sequence is Zn—Sn—vacancy—Zn—Sn—
vacancy (from left to right) and is aligned along the
c-axis. Therefore, ZnSnO5 structure has Zn and Sn in
unequivalent cation positions along the c-axis when a
tensile or compressive force (F) is applied in parallel
(see Figure 2¢), causing the ionic charges to polar along
the c-axis. These dipoles are oriented on the c-axis such
that the extended structure exhibits a polar moment
along the same direction.??

The applied strain to the single ZnSnOs; microwire
can be estimated according to our previous work (see
Supporting Information 51).'° Since the dimension of
ZnSnO5 microwire is small, the mechanical behavior of
the plastic substrate was not affected by the microwire.
Therefore, the external strain applied on the ZnSnO3
microwire was only considered pure tension or compres-
sive strain along the c-axis. As a simple estimation of the
strain, the microwire can be evaluated by using the Saint-
Venant bending theory.?® Therefore, the compressive and
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tensile strains in this work were calculated as 0, 0.08, and
+0.24%. The positive or negative sign depends on
whether tensile or compressive strain was applied to the
microwire, respectively.

To investigate how strain affects the electrical trans-
port property (I—V) of ZnSnO3 microwire-based de-
vices, strain-dependent [—V characteristics were
measured, as shown in Figure 3a. The /—V curves show
excellent rectification behavior under all strain condi-
tions, indicating the existence of two Schottky barriers
at the interface with unequal barrier heights. In the
positive bias range, the current of the device (device
no. 1) increased and decreased with tensile and com-
pressive strain, respectively. The /—V curves could be
fully recovered as the strains were released.

The presence of a Schottky barrier at the interface of
the metal and semiconductor is an important factor in
determining electrical transport properties of the
metal—semiconductor—metal (M—S—M) structure in the
devices. To understand the asymmetric /—V curves in
Figure 3a, the energy band diagram with back-to-back
Schottky barriers was proposed, as shown in Figure 3b.
Here we assume that the SBH at the drain side (®y) is
higher than that at the source side (®y). If considering
that nanowires/microwires had a low doping and
impurity level, the dominant transport property at
the barrier is thermionic emission and diffusion.?'
Thus, on the basis of the classic thermionic emission—
diffusion theory (for V> 3 kT/q ~ 77 mV) for a reversal
bias voltage V and at temperature T, the current
through the reversely biased Schottky barrier (®y) is
given as the following formula 1.

kT
q7Nd (V +Vpi — ?>

8m2el

kT

N

()
| = SA**TZexp< T;)exp

(1

where Sis the area of the source Schottky barrier, A** is
the effective Richardson constant, Ny is the donor
impurity density, ¢ is the permittivity of ZnSnOs, g is
the electron charge, k is the Boltzmann constant, and
Vyi is the potential at barrier. Figure 3c further indicates
that the In /I—V"* curve is almost linear. The Schottky
barrier formula can precisely explain our experimental
data. Therefore, we can use the model of strain-
induced change in SBH (see Supporting Information S2)
to further explain how the high sensitivity of SBH changes
as a function of applied strain on the newly developed
ZnSnO3 microwires.

Figure 3d exhibits that the SBH was significantly
changed as the device was subjected to various strain
by fixing a bias voltage. By statistically analyzing the
change of SBH at the biases of 1, 1.2, 1.5, and 2 V, the
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average change of SBH has an approximately linear
relationship under a various strain. The error bars can
be ascribed to standard deviation. On the basis of our
previous report of ZnO microwires,'® the change of
SBH for ZnSnOs under strain can be regarded as a
combination of band structure change (piezoresis-
tance effect) and piezotronic effect (see Supporting
Information S3). A slow change in conductivity of
ZnSn0Os is observed in Figure S1, which shows that
when the strain sensor was stretched and held for
about 2—3 s, the time-dependent decay of the current
at a fixed strain was observed. This indicates that the
contribution from the piezotronic effect is possibly
time-dependent because of the charge-trapping effect
by impurity or vacancy states in the ZnSnOs; micro-
wires. On the basis of our experimental results, we have
discovered a similar phenomenon in newly developed
ZnSnO3 nanowires/microwires in that the Schottky
barrier shifts under stress/strain due to band structure
change and piezoelectric effects.?’ Our experimental
results are in good agreement with previous works on
GaN,"" GaAs, and Zn0.”'

To understand how the newly developed ZnSnO3
microwires can produce such a significant change of
barrier height under a small strain, the distribution of
the piezopotential in a ZnSnO3; microwire was calcu-
lated using the Lippman theory.?* For simplicity, we
first ignored the free carrier effect (i.e., doping effect or
impurity level) in ZnSnO3 microwires, so that the
microwires are assumed to be an insulator to semi-
quantitatively comprehend their piezopotential distri-
bution. The material constants of ZnSnOs used for the
theoretical calculation were elastic constants.> When
the microwire was bonded on the PS substrate and
applied under tensile and compressive strain, the
corresponding piezopotential distribution exhibited
—86 V (see Figure 4a) and +86 V (see Figure 4b), re-
spectively. It should be noted that the actual piezo-
potential in ZnSnOs is much lower than the calculated
value due to the screening effect of the free charge
carriers and finite conductance.?*?” Using a piezoelec-
tric ZnSnO3 nanowire/microwire, the results indeed
demonstrate the piezotronic theory in which, for a
one-end stationary free-standing nanowire/microwire
that is transversely pushed by an external force, the
stretched side and the compressed side surfaces ex-
hibit a negative and positive piezopotential, respec-
tively. The piezopotential can then act as a transverse
voltage for gating the charge transport along the
nanowire/microwire.?® Our experimental data and the-
oretical calculation demonstrate for the first time that
the lead-free ZnSnO3; nanomaterial exhibits an excel-
lent piezoelectric response in the application of a strain
Sensor.

To practically understand the ZnSnO3; microwire
strain sensor application and its reliability, the device
(device no. 2) was measured using repeated compressing
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Figure 3. (a) I-V characteristic of a strain sensor at different strain. (b) Energy band diagram shows the asymmetric Schottky
barrier heights at the source and drain contacts of a strain sensor. (c) Plot of In / as a function V'*#, using the data provided by
the black line in (a). (d) Derived change in SBH as a function of strain, using the thermionic emission—diffusion model.

and stretching at a frequency of 0.2 Hz under a fixed bias
of 2 V. Figure 5a shows that the responsive current from
256 nA increases to 152 uA under a tensile strain.
Figure 5b presents that the responsive current from
256 nA decreases to 0.436 nA under a compressive strain.
The current decreases with a compressive strain and
increases with a tensile strain. The result is consistent
with the /—V curve, as observed in Figure 3a. The on/off
ratio of compressive and tensile strain is 587. This fact
further demonstrates that a high sensitivity SBH change
occurs in newly developed ZnSnOs; microwires under
various small strains. We found that the devices no. 1 and
no. 2 exhibited a different piezopotential property.
This can be ascribed to the screening effect of the free
charge carriers,?**” which will accumulate and cause the
piezoelectrical potential to be partially screened.? There-
fore, the device exhibited a low sensitivity.

It is interesting to understand the performance of a
strain sensor in practical applications. The gauge factor
(GF) performance of an as-prepared strain sensor is
further characterized by defining the ratio of relative
change in electrical current (/) to the mechanical strain
(¢, relative change in length), as given by eq 2.

GF = 0l/le @)

Figure 5d (device no. 3) shows that the highest gauge
factor demonstrated in this work is 3740, indicating
that the ZnSnO; microwires are an excellent candidate
in strain sensor application. The result exceeds three
times that of CNT or ZnO and is about 19 times higher
than the Si strain sensor.

The SBH of a single ZnSnOs; microwire can be
modulated significantly under small strains and then
exhibit a high gauge factor. This can be attributed to
the piezotronic effect, in which a large spontaneous
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Figure 4. Numerical calculation of the piezoelectric poten-
tial distribution in a ZnSnO5; microwire under axial strain of
tension (a) and compression (b).

polarization effect naturally forms in the crystal struc-
ture along the c-axis due to the large displacement of
Zn atoms,? creating an asymmetric effect positioned
on the local contacts at the source and drain during the
crystal growth process.?'3° The calculated polarization
of ZnSn05 is 59 uC cm 23" which is 12 times higher
than that of ZnO, ~5 1C cm 2. Moreover, if considering
the thin PDMS layer has much smaller Young's mod-
ulus of ~400—900 kpa than that of the PS substrate
(~3—3.5 GPa), the PDMS layer will not affect the mechan-
ical properties of the PS substrate at any significant level.
Therefore, the SBH change in ZnSnOs microwires can be
regarded as purely induced by the bending of the PS
substrate at any direction. These may provide a reason-
able explanation for how a high gauge factor was
discovered in the ZnSnO5 strain sensor.
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Figure 5. Current response of a strain sensor device (device no. 2) that was repeatedly applied under tension (a) and
compression (b) at a frequency of 0.2 Hz under fixed bias of 2 V. (c) |-V characteristics of a strain sensor (device no. 3) under
different strains. (d) Gauge factors derived from (c) as a function of various strains at 1.2 V.

CONCLUSION

We demonstrated for the first time that ZnSnOs
microwires can be modulated by a variety strains. On
the basis of our experimental observation and theore-
tical calculations, the ZnSnO3 microwires exhibited an
excellent piezotronic effect. The characteristic /—V
curves exhibited ultrasensitivity to strains owing to

EXPERIMENTAL METHODS

Material Synthesis. The source materials of Zn/Sn with ~1:1 in
weight percentage (wt %) were placed on an alumina boat in a
quartz reactor, and 50—100% (wt %) of graphite powder was
added to induce a carbon thermal process. The synthesized
temperature and working pressure were maintained at 900 °C
and 10—50 Torr for 3 h, respectively. After that, as-synthesized
products were subjected to an annealing process to increase the
nanowires' dimension. The ultralong (~300—1000 «m) microwires
were used to manipulate the microwires on a flexible polystyrene
substrate (PS, 1 mm in thickness, 40 mm in length, and 10 mm
in width). Both ends of the single microwire were bonded
with the metal wire on the substrate, using silver paste for
electrical measurement. The polydimethylsiloxane (PDMS)
was used to package the devices to keep them robust during
measurement.

Morphology and Structural Material. Material characterizations
were performed using a field emission scanning electron
microscope (FESEM, HITACHI S4800, operated at 3 kV), multi-
purpose thin-film X-ray diffractometer (Bruker, D8 SSS), and
high-resolution transmission electron microscope (HRTEM,
JEOL JEM-3000F, operated at 300 kV).

Electrical Measurement. The sensor was measured using Keith-
ley 4200 and Stanford Research System Model DS 345 (30 MHz
synthesized function generator).
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the change in Schottky barrier height (SBH). The strain
sensor exhibited a gauge factor as high as 3740, which
is 19 times that of Si and three times that of carbon
nanotube and ZnO nanowires/microwires. This is a
novel discovery of the piezotronic performance of
ZnSnO3 nanowires/microwires and their application
in strain sensors.

Supporting Information Available: The contents of support-
ing information include S1-S3 and time-dependent decay
data. This material is available free of charge via the Internet
at http://pubs.acs.org.
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