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ABSTRACT

We report a reversible transition between semiconducting and insulating states in a single-crystal SnO2 microrod device
through creation and healing of lattice defects by applying mechanical stress and voltage. The process of creating lattice defects
by using mechanical stress is investigated using transmission electron microscope and photoluminescence observations. The
results reveal the presence of slip planes and non-volatile lattice defects. The healing process is analyzed through the dynamic
response of the current to the pulse voltage applied to the ends of the microrod. It is found that there are fast and slow healing
processes. The fast process is due to field-induced reduction of the trapping potential barrier, and the slow one is due to Joule
heating. The reversible and nonlinear nature of the defect manipulation will open new avenues of innovation different from
those of conventional technology, especially for the mechanical design of touch interfaces.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5053837

I. INTRODUCTION

Metal oxides’ (ZnO, In2O3, SnO2, Ga2O3, and TiO2) nano/
microwires have been studied for their novel electronic, optical,
and chemical characteristics that have uses in electronics,
optoelectronics, and chemical sensing, respectively.1–12 Their
miniaturized devices have enhanced functionality and sensitiv-
ity of their intrinsic materials because of their large surface
area to volume ratio.6,7 For further functionalization, metal
nanoparticle deposition8,9 and core-shell formation6,7,10–12 have
been used for oxide nano/microwires. Their properties can be
modulated by external stimuli such as applied gate voltage,
light irradiation, adsorbed molecules, or applied stress.
Mechanical stress, in particular, changes the physical properties
through the creation of strain and defects in oxide materials.
ZnO nano/microwires have been studied by using mechanical
stress for electro-mechanical applications, because their piezo-
electric property enables mechanical energy to be converted

into electric energy.13–15 On the other hand, SnO2 crystals do
not have a piezoelectric property, because the rutile structure
of the SnO2 crystal has inverse symmetry. However, this rutile
structure enables one to examine changes in the material’s
physical properties induced by lattice defects in bent nano/
microwires without having to consider the surface charge
caused by the piezo-electric effect. For this reason, we can
investigate the effect of the defects directly. Recently, we have
developed a technique for dynamic manipulation of lattice
defects in a single-crystal SnO2 microrod by the application
of voltage and mechanical stress and achieved reversible
semiconductor-insulator transitions at 300K.16,17 The manip-
ulation technique was applied to UV photodetectors of
single-crystal SnO2 microrods, and it solved the persistent pho-
tocurrent (PPC) problem in wide-bandgap semiconductors.18

Here, we review our studies on changes to structural
and electronic properties due to mechanical-stress-induced
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lattice defects. We report on electrical healing of defects
in a single-crystal SnO2 microrod device examined through
dynamic measurements of the current in response to an
applied pulse voltage and analyze the healing mechanism.

II. CREATION OF LATTICE DEFECTS BY MECHANICAL
STRESS

A single-crystal SnO2 microrod device exhibits a reversible
semiconductor-insulator transition as a result of creation and
healing of lattice defects under the application of mechanical
stress and voltage at T = 300K (Fig. 1).16,17 In this study, the
microrods were grown by thermal evaporation in an electric
furnace. The as-grown SnO2 microrods had a square cross
section with 1-2 μm on a side. The microrods were n-type
semiconductors with resistivities of ∼10Ω cm at 300K. Each
microrod was placed on a flexible polymer substrate, and the
voltage was applied to the ends while mechanical stress was
also applied. The strain was due to the bending of the flexible
substrate, caused by applying mechanical stress from the back
(see the inset of the left panel of Fig. 1). When the strain was
less than 0.2%, the resistance changed slightly and reversibly,
suggesting that the microrod was deformed elastically. A
further increase in strain induced a large and irreversible
change in the resistance. Here, the microrod was deformed
plastically, and the carriers in it were trapped at defect sites
created by the deformation. Finally, the increase in the resis-
tance due to the strain exceeded the instrumental limitation
(∼2 × 107Ω cm), namely, the state of a microrod device
changed into an insulating one. Interestingly, as the strain
was decreased, the insulating state of the device recovered to

the original semiconducting state under the application of an
appreciable voltage between the electrodes.

The structural changes caused by the mechanical stress
were investigated using a transmission electron microscope
(TEM; JEM-2100F, JEOL).17 The sample was a bent single-
crystal SnO2 nanowire instead of a bent microrod, because it
is difficult for electrons accelerated in a conventional TEM to
pass through SnO2 microrods with a cross section of 1-2 μm
on one side. SnO2 nanowires were synthesized in vapor
growth using gold nano-clusters as catalysts in an electric
furnace.17,19 They had rutile structures and grew in the [001]
direction. A single-crystal SnO2 nanowire with a square cross
section of about 100 nm on one side was on a TEM grid, and
then it was bent mechanically using a combined system of a
focused ion microscope (FIB) and a nanoscale manipulator
(NB5000, Hitachi, Ltd.). The procedure was observed with a
scanning electron microscope (SEM). The bending process
using a metal needle and localized tungsten (W) deposition is
schematically illustrated in Fig. 2(a), while an SEM image of a
bent SnO2 nanowire fixed to the thin supporting carbon layer
on the TEM grid is shown in Fig. 2(b). Holes at both ends of
the nanowire in the low-magnification TEM image [Fig. 2(c)]
were formed by localized tungsten deposition to fix the nano-
wire on the supporting layer.

Figure 3(a) shows a TEM image of the bent SnO2 nano-
wire on the TEM grid. About 3% strain was applied to the
outside of the nanowire. The dark stripes, indicated by the
arrows, suggest lattice deformation and thickness differences.
These would have been caused by the internal strain, because
such stripes did not appear in the TEM images of the
as-grown straight SnO2 nanowires. The stripes were about

FIG. 1. Left panel: resistance of the SnO2 microrod-based device as a function of strain at V = 6 V at 300 K. Inset schematically shows the microrod device on a flexible
polyimide substrate under applied mechanical stress. Right panel: schematic illustrations of (a) disordered microrod, (b) plastically deformed microrod, (c) elastic bent
microrod, and (d) original microrod, corresponding to the state marked in the left panel.
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45° from the long wire direction. A magnified TEM image of
the outer surface of the nanowire, where tensile stress was
applied, reveals step-like structures [Fig. 3(b)]. The surface
topography differed from that of the straight region, where the
surface was almost flat. Split planes in rutile structures occur
mainly along the 〈101〉{10�1} plane and the [001]{110} plane.20–22

The step-like structures and dark stripes in the TEM images
could have been due to a slip along the 〈101〉{10�1} plane caused
by the applied tensile strain. Since dislocation was observed in
the dark stripes of the bent wire,17 structural defects in the
bent nanowire have been created by the slip and locally dis-
tributed around the slip plane, producing the dark stripes in
Fig. 3(a). These results for the nanowire show that similar slip
planes and structural defects could have been induced in
single-crystal SnO2 microrods bent by mechanical stress.

The electronic structure of a single-crystal SnO2 micro-
rod bent by mechanical stress was investigated using photo-
luminescence (PL) spectroscopy with an excitation source of
6.3 eV at 300 K [Fig. 4(a)]. There was no main peak due to
direct electron-hole recombination across the bandgap
(Eg = 3.6 eV) at 300 K.17 This is because carriers excited to the
conduction bands quickly decay to levels arising from impuri-
ties and defects.23 The energy band diagram of SnO2 is drawn
schematically in Fig. 4(b). To bend the microrod, a cantilever-
type setup was used to remove background signals from the
polymer substrate. One end of the microrod was fixed on the

stage, and the other free end was pushed by a mechanical
positioner [Fig. 4(a)]. PL spectra were measured at 300 K for
different strain states [Fig. 4(c)]. The broad visible emission
was due to radiative electron-hole recombination between
donor and acceptor levels, in which the acceptor levels were
mainly due to oxygen vacancies.24 As the strain ε of the
microrod increased, the intensity became two to three times
higher than that of the original straight microrod, suggesting
that the number of lattice defects, e.g., oxygen vacancies, in
the microrod increased as the strain increased. The intense
visible emission remained even after the strain was released
[bottom panel of Fig. 4(c)], suggesting that residual lattice

FIG. 2. (a) Schematic diagram showing fabrication of bent nanowires using a
sharp metal probe and localized tungsten deposition in the FIB system. (b) SEM
image and (c) TEM image of bent single-crystal SnO2 nanowire on a thin
carbon supporting layer of a TEM grid.

FIG. 3. (a) TEM image of bent single-crystal SnO2 nanowire under 3% strain.
Black stripes marked by arrows indicate the creation of slip planes in the rutile
structure. (b) High-magnification TEM image of outer surface under tensile
strain. Arrows indicate step-like surface structures.
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defects existed within the microrod (ε = 0). This feature of
defect creation as a function of strain is similar to the non-
volatile response of resistance shown in Figs. 1 and 5(a).
Therefore, we conclude that the strain in the single-crystal
SnO2 microrod induced slip planes in the rutile structure and
that the slip produced many point defects such as oxygen
vacancies near the planes. The deformed structure of the bent
microrod shown with the resistance-strain curve in the left
panel in Fig. 1 is schematically illustrated in the right panel.

The hysteresis behavior of the resistance-strain curve
changes to a non-volatile one as the applied voltage decreases
[Fig. 5(a)]. The threshold strain in going from the semiconduct-
ing state to the insulating state, at which the resistance of
the bent microrod reaches the instrumental limitation of the
resistance-strain curve measurement, is plotted against the
voltage applied between the electrodes in Fig. 5(b) as closed
circles. The threshold strain increased as the voltage increased,
suggesting that electrical healing occurred at the same time
as lattice defects were created by the strain. The threshold
strain in going from the insulating state to the semiconducting

state, at which the resistance of the SnO2 microrod in the insu-
lating state departs from the instrumental limitation in the
resistance-strain curve, is plotted in Fig. 5(b) as open circles.
When the applied voltage was less than 4 V, the insulating state
of the device retained after releasing the strain, suggesting a
non-volatile insulating state.

III. DYNAMICS OF ELECTRIC HEALING OF LATTICE
DEFECTS

A. Methods

The transient current of the healing process of the SnO2

microrod device in the insulating state was measured for dif-
ferent combinations of mechanical stress and voltage pulses
at 300 K in an ambient atmosphere [Fig. 6(a)]. A single-crystal
SnO2 microrod, whose sides were connected to Au elec-
trodes, was placed on a sample stage. Mechanical strain was
applied from the back of the substrate by using a linear
positioner derived from a stepping motor (SPSG15-10,
Sigma-Koki) with a precision of 1 μm. The voltage pulse from a
function generator (NF, WF1973) was applied to one electrode
through a coaxial cable with a characteristic impedance of
50Ω. The other electrode was connected to a preamplifier
(Keithley, Current amplifier 428) through a coaxial cable to
monitor the response of the current signal to the pulse
voltage. The voltage was recorded (National Instrument,
USB-6221) after current-voltage conversion with a gain of 107

V/A at the preamplifier. The experimental setting of electric
instruments is similar to that of a scanning tunneling micro-
scope.25 Before each measurement, the microrod device was
initialized by applying a large voltage of 10 V for ∼30 s to heal
the lattice defects. Then, the microrod was changed into the
insulating state by bending the flexible substrate. The bending
for the initialization was caused by moving the positioner ver-
tically 800 μm [Fig. 6(a)].

B. Dynamics of the electric healing process

The transition from the insulating state to the semicon-
ducting state in the SnO2 microrod device occurred by apply-
ing a pulse with a voltage of 7 V and a width of 1 ms [Fig. 6(b)].
The response curve included several features characteristic of
defect healing. When the pulse voltage was applied to the
device, sharp current peaks appeared at the rising and falling
edges of the pulse. This behavior corresponds to a charging
current accumulated in the parasitic capacitance of the
metal–insulator–metal structure formed by the microrod and
the Au electrodes. After the applied pulse, the current
increased sharply with a certain time delay. It subsequently
increased gradually, suggesting that there were two healing
processes.

The delay time τ, defined as the time difference between
the rising edge of the pulse and the rising of the sharp
current [Fig. 6(b)], depends on the applied voltage [inset of
Fig. 7(a)]. This feature indicates that the applied voltage
affects the healing. Since the logarithm of τ is proportional to
the voltage [Fig. 7(a)], the fast healing in the initial stage

FIG. 4. (a) Experimental setup for PL measurement. (b) Schematic band
diagram of SnO2 with donor levels caused mainly by impurities and acceptor
levels due to oxygen vacancies. (c) PL spectra of single SnO2 microrod in differ-
ent strain states at T = 300 K.
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involves a voltage-induced reduction of the potential barrier
EA. Based on the Arrhenius law, the delay time τ can be
described as

τ ¼ τ0exp[(EA � qV)=kBT]: (1)

Here, τ0 is a pre-exponential constant and qV is the barrier
reduction effect caused by the applied voltage V. Since Eq. (1)
is similar to the formula describing the Poole-Frenkel effect26

and the electric field-induced barrier lowering for ion-
migration,27 we conclude that the fast healing at the initial
stage is mainly due to the electric-field-induced reduction of
the potential barrier for carriers and ionized atoms trapped at
defect sites.

The transition from the insulating state to the semicon-
ducting state in the SnO2 microrod device depends on the
pulse width of the applied voltage. Figure 7(b) shows the

relationship between the transition probability from the insu-
lating state to the semiconducting state and the pulse width
at three different applied voltages, suggesting that a small
voltage applied to the device requires a long pulse width to
complete the defect healing. Here, defect healing, such as a
local rearrangement and migration of defects, needs thermal
energy28–30 supplied from the electric power which is propor-
tional to the applied voltage and time. The gradual increase in
current after the sharp rise in Fig. 6(b) can be explained by
slow healing through the Joule heating.

There are fast and slow healing processes in the SnO2

microrod device in the insulating state. In order to under-
stand the healing process, the electrical response of the
device at 5.5 and 9 V was measured over a long time scale. For
V = 5.5 V [Fig. 8(a)], a sharp increase in current, ∼0.15 μA, was
observed after a time delay. About 4.5ms after the onset of
the pulse voltage, another sharp increase, ∼0.2 μA, occurred.

FIG. 5. (a) Resistance of the SnO2 microrod device as a function of strain at V = 2 and 5 V at 300 K. (b) Threshold strain in transitions from semiconducting state to insulat-
ing state (closed circles) and from insulating state to semiconducting state (open circles) against voltage applied between the electrodes.

FIG. 6. (a) Schematic illustration of dynamic measurement of SnO2 microrod devices under the application of pulse voltage. The spacing between the Au electrodes is
120 μm for a single-crystal SnO2 microrod with a square cross-section of 2 μm on one side. (b) Typical transient current of device in the insulating state in response to
pulse voltage (V = 7 V and pulse width of 1 ms).
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For V = 9 V [Fig. 8(b)], on the other hand, the current
increased gradually after the sharp increase in the initial
stage. The application of 5-6 V is not enough to release the
trapped carriers and ionized atoms in the initial fast healing.
Subsequent slow healing is required for their release.

The response of a SnO2 microrod device in the insulating
state to short voltage pulses was examined in order to

understand the mechanism involved in the fast healing.
Figure 9 shows the dynamic response of the device in
the insulating state to a series of 220 μs and 400 μs pulses of
V = 7 V. The sharp changes in current at the rising and falling
edges of the voltage pulse are due to charge accumulation.
In the case of the 220 μs pulse [Fig. 9(a)], rising current was
observed at the 7th pulse. Note that the delay of ∼100 μs at
the 7th pulse is shorter than the standard delay time (240 μs)
for a pulse voltage of 7 V [inset of Fig. 7(a)]. This result indi-
cates that the insulating state of the microrod just before the
7th pulse is different from that at the first pulse and that the
series of short pulses induce irreversible healing in the micro-
rod, which the present instruments could not detect. The
responses to the 8-10th pulses occurred without a time delay,
suggesting that the incomplete small current path formed at
the 7th pulse enables current to flow without a time delay
and that the large current fluctuation during the pulse is
due to simultaneous fast and slow healing. In the case of
the 400 μs pulse [Fig. 9(b)], the current returned to the unde-
tectable level just after the first pulse voltage fell. A subse-
quent gradual increase in current was observed during the
OFF-period after the first pulse, where a voltage of 2 V was
applied to monitor the state. The gradual increase without a
time delay of the response to the 2nd and 3rd pulses suggests
that the transition from the insulating state to the semicon-
ducting state was completed during the OFF-period just after

FIG. 7. (a) Inset: Time delay τ of response of SnO2 microrod devices in the
insulating state to each pulse voltage at T = 300 K. The logarithm of τ has a
linear relation to the applied voltage. (b) Transition probability from insulating
state to semiconducting state in the microrod device as a function of pulse width
for V = 5, 7, and 10 V at T = 300 K.

FIG. 8. Time-dependent response of the SnO2 microrod device in the insulating
state to the applied voltage of (a) 5.5 V and (b) 9 V at T = 300 K.
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the first pulse. This feature appearing in the response to a
series of short pulses offers novel information about the pro-
gress of fast and slow healing.

IV. CONCLUSION

Our investigation of lattice defects created in the rutile
structures using several defect manipulation techniques
revealed that the reversibility of the lattice defects is due to the
appearance of slip planes and lattice defects near the plane.
There are two healing processes. One is a fast process, where
carriers and ionized atoms trapped at defect sites are released
when the trapped potential barrier is reduced by applying a
voltage. The other is a slow process, where the local Joule
heating induces a rearrangement of the atoms and defects,
leading to gradual enlargement of the current path in the
microrods. Our defect manipulation technique enabled us to
find that the response of the lattice defects to the voltage and
stress includes complex and nonlinear processes: competitive
healing and creation of defects with different reaction speeds
depending on the strain and applied voltage. This demonstra-
tion of using the defect manipulation technique to control
such a complex system may pave the way for the development
of new platforms for intelligent sensing and data processing
different from those of conventional technology.
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