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Tin oxide (SnO2) microrods exhibited a reversible and nonvolatile semiconductor–insulator transition under an applied mechanical strain and
voltage. To understand the origin of this transition, we studied the lattice defects of a SnO2 wire under mechanical strain, using transmission
electron microscopy (TEM) and photoluminescence (PL) spectroscopy. The TEM studies indicate slip planes in mechanically bent SnO2

nanowires. The PL spectra of the bent SnO2 microrods show strong visible emission caused by mechanical-stress-induced defects in the band
gap, which supported the nonvolatile transition. © 2014 The Japan Society of Applied Physics

N
ano- and macrostructured oxides have been studied
intensively1,2) and have applications in transistors,3,4)

sensors,5–7) and photodetectors.8–10) Defects in oxides
play an important role in their electronic and optical prop-
erties,11,12) and their effect is similar to that of impurity doping.
Tin oxide (SnO2) is one of the most promising materials for
gas sensor13) and optoelectronic applications.14) Crystalline
SnO2 has a rutile structure and is an ideal model system for
studying mechanical-strain-induced properties. This is be-
cause its structure does not have piezoelectric properties
owing to its inverse symmetry. This enables one to address the
features of lattice defects caused by mechanical strain. We
previously demonstrated that the conductance of a single-
crystal SnO2 microrod on a flexible substrate changed between
semiconducting and insulating states upon the application
of mechanical strain (from bending the substrate) and an
appropriate voltage.15) The Raman spectra indicated the
creation and elimination of lattice defects during the transition.

Here, we study the mechanical-strain-induced lattice de-
fects in SnO2 using transmission electron microscopy (TEM)
and photoluminescence (PL) spectroscopy. TEM images of
mechanically bent SnO2 nanowires indicated the presence of
slip planes and dislocation. The increase in the broad visible
emission intensity in the PL spectra demonstrated an increase
in lattice defects in the bent SnO2 microrod. We discuss the
origin of the mechanical-strain-induced transition from the
semiconducting state to the insulating state in SnO2.

SnO2 microrods were synthesized by chemical vapor depo-
sition.15) The furnace temperature was kept at 990 °C for
60min, with a flow of Ar containing 4% O2 as a carrier gas.
SnO2 microrods with square cross sections 1–2µm wide and
3–5mm long were grown at the end of a ceramic boat. Metal
catalysts were not required for their growth. The as-grown
microrods are n-type semiconductors, with a resistivity of
³10³ cm. For SnO2 nanowire growth, a sapphire substrate
was placed near the source boat in the furnace. The substrate
surface was covered by Au layers 4 nm thick, which acted as a
catalyst, in a process similar to the growth of ZnO nanowires.4)

The resistance of a single-crystal SnO2 microrod on a
flexible polyimide substrate was measured as a function of
the strain, under a voltage (Vb) applied between electrodes
spaced at 120 µm at 300K.15) A mechanical strain was
applied from the backside of the substrate [see inset of
Fig. 1(a)] using a linear positioner derived from a stepping
motor (Sigma-Koki SPSG15-10). The microrod exhibited a
reversible, nonvolatile transition between the semiconducting

and insulating states as a function of the strain at Vb = 6V, as
shown in Fig. 1(a). Increasing the strain caused the resistance
of the microrod to increase gradually before eventually
reaching the instrumental limitation. Free electrons in the
SnO2 microrod were trapped at defect sites,16) increasing the
resistance. In the small strain region (" . 3%), the microrod
regained the original value after the strain was released. The
state with a reversible strain response and a resistance of
106–107³ (due to intrinsic defects and a few strain-induced
defects) is referred to as the semiconducting state. When the
strain exceeded the threshold strain, marked by a red arrow in
Fig. 1(a), the microrod reached the instrumental limitation
and showed a nonvolatile response to the applied strain. This

(a)

(b)

Fig. 1. (a) Resistance of SnO2 microrod-based device as a function of
strain at Vb = 6V at 300K. Inset schematically shows SnO2 microrod device
on flexible polyimide substrate under applied mechanical strain. Red arrow
indicates threshold strain of semiconducting-to-insulating transition.
(b) Strain vs resistance curves for the device at Vb = 2, 4, 5, and 7V.
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state is referred to as the insulating state. Reducing the strain
applied to the microrod in the insulating state caused it
to revert to the semiconducting state at a strain of 0.12%.
Figure 1(b) shows the hysteresis loops of the microrod as a
function of the strain under different applied voltages. The
threshold strain increased with increasing applied voltage,
as shown in Fig. 1. This suggests that local Joule heating
healed the lattice defects under strain, and that the healing
efficiency increased with increasing electric power. Addi-
tionally, the slower transition from the semiconducting state
to the insulating state with a higher applied voltage confirmed
the complete creation and elimination of the defects by the
application of the strain and voltage, respectively. When
the strain applied to the microrod in the insulating state was
reduced, the insulating state was retained at Vb = 2 and 4V,
even after the stress was completely released. When Vb Ú 5V
was applied, the insulating state changed to the semi-
conducting state during the strain reduction.

To study the lattice defects caused by mechanical strain,
we investigated SnO2 nanowires instead of microrods using
TEM (JEOL JEM-2100F), as shown in the inset of Fig. 2(a).
The reason is that it is difficult for electrons accelerated in
conventional TEM to pass through SnO2 microrods of
thickness >1µm. After a single SnO2 nanowire of 100 nm
in diameter was placed on the TEM holder, the nanowire was
bent mechanically using a combined system consisting of a
focused ion beam (FIB) microscope and nanoscale manip-
ulator (Hitachi NB5000). This is illustrated schematically in
Fig. 2(b). Figure 2(a) shows a low-magnification TEM image
of a bent SnO2 nanowire on a thin carbon TEM grid. Holes at
both ends of the nanowire were formed by localized tungsten
deposition from the FIB system to fix the nanowire on the
sheet. Tensile and compressive strain were applied to the

outer and inner sides of the nanowire fixed at both ends,
respectively. Figure 2(c) shows a TEM image of the SnO2

nanowire near the fixed position in Fig. 2(a), where the stress
was very weak. The diffraction pattern shown in the inset
of Fig. 2(c) indicates that the nanowire grew in the [001]
direction. Figure 2(d) shows a magnified TEM image of
the outer surface of the SnO2 nanowire shown in Fig. 2(c).
Figure 2(d) suggests that the topography of the surface was
the same as that of the as-grown nanowire without stress.

Figure 3(a) shows a TEM image of the center of the bent
SnO2 nanowire. A strain of ³3% was applied to the outside
of the nanowire. Some dark stripes appeared on the bent
nanowire, as marked by the arrows, which suggest lattice
deformation and varying thickness within the nanowire. This
was caused by the internal strain because the stripes were not
observed in TEM images of straight SnO2 nanowires. The
dark stripes were aligned at an angle of ³45° with respect to
the long wire direction. Figure 3(b) shows a magnified TEM
image of the outer surface of the nanowire, where tensile
stress was applied. Step-like structures were observed on
the surface. The surface topography differed from that of the
straight region shown in Fig. 2(d). Split planes in rutile
structures occur mainly along the h101if10�1g plane, as shown
schematically in the inset of Fig. 3(c), and the [001]f110g
plane.17–19) The step is thought to be caused by slip along the
h101if10�1g plane under the applied tensile strain, as shown
schematically in Fig. 3(c). Slip planes are formed by disloca-
tion along a preferred direction of a crystal, so lattice defects
tend to be created on the slip plane and be distributed locally
about the plane. The present results for the nanowire suggest
the creation of slip planes for a single-crystal SnO2 microrod
under tensile strain. The dislocation shown in the high-
resolution TEM image [Fig. 3(d)] was thought to be created

Fig. 2. (a) TEM image of bent SnO2 nanowire on carbon TEM grid. Inset
shows scanning electron microscopy image of as-grown SnO2 nanowires.
(b) Schematic showing fabrication of bent nanowires using sharp metal probe
and localized tungsten deposition in FIB system. (c) TEM image of SnO2

nanowire near fixed position on carbon TEM sheet. Inset shows diffraction
pattern of nanowire. (d) High-magnification TEM image of outer surface of
nanowire, where the tensile stress was weak.

Fig. 3. (a) TEM image of bent SnO2 nanowire under strain of ³3%. Black
stripes in nanowire are marked by arrows. (b) High-magnification TEM
image of outer surface under tensile strain. Arrows indicate step-like surface
structures. (c) Schematic showing slip planes formed by tensile strain. Inset
shows geometric relationship between [001] growth direction and ð10�1Þ
plane in rutile structures. (d) High-magnification TEM image of SnO2

nanowire with dislocation under tensile strain. Inset schematically shows
dislocation on slip plane.
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on the slip plane as a result of the mechanical strain. This
situation is shown schematically in the inset of Fig. 3(d).
Very few dislocations were observed in the TEM image
because dislocations created locally on the slip plane do
not meet the following requirement: A clear image of dis-
locations in TEM observations requires propagation of the
dislocation from the top to the bottom of a nanowire with a
thickness of: 100 nm in the direction parallel to the incident
electrons.

Figure 4(a) shows a typical PL spectrum of a single SnO2

microrod obtained with an excitation source of 6.3 eV at
300K. There is no main peak caused by direct electron–hole
recombination across the band gap (Eg ’ 3:6 eV at T = 300
K) in SnO2. This is because carriers excited to the conduction
band quickly decay to the levels caused by impurities
and defects in an as-grown microrod.20) The broad visible
emission in Fig. 4(a) was due to the radiative electron–hole
recombination between the donor and acceptor levels, in
which the acceptor levels are formed mainly by oxygen
vacancies.21) The defect levels in the band gap are shown
schematically in Fig. 4(b). Figure 4(c) shows PL spectra
of SnO2 microrods under different strains. The top panel
of Fig. 4(c) corresponds to the spectrum of an as-grown
SnO2 microrod without strain. The second and third panels
show the spectra of the microrod under strains of 0.07 and
0.15%, respectively. The fourth panel was obtained from
the microrod after the strain was released. Under the applied
strain, the light intensity was about two to three times higher
than that of the original SnO2 microrod without strain.
Satellite peaks within the broad emission band become
pronounced with increasing strain. The energy difference
between neighboring peaks in the visible emission is about

300–600meV and corresponds to energy separation of the
defect levels. The satellite peaks obtained at 300K differ
from those related to the longitudinal optical phonon replica
observed near the main peak in low-temperature PL.22) Each
transition originated from recombination between the donor
and acceptor levels, so the enhanced intensity indicated
the creation of defect levels in the band gap. A similar
enhancement was reported in SnO2 nanowires with an
increase in the number of oxygen vacancies under heat
treatment.23,24) The high intensity of the visible emission was
retained by the microrod after the strain was released (¾ = 0),
suggesting that residual lattice defects existed within the
microrod. This is consistent with the nonvolatile behavior
observed in the transport measurements shown in Fig. 1.

In conclusion, mechanical strain on a SnO2 nanowire
grown in the [001] direction created slip planes that were
aligned at an angle of ³45° with respect to the long wire
direction. Lattice defects caused by mechanical strain pro-
duced many defect levels in the band gap of SnO2. Some
lattice defects created in the microrod by the application of
strain were nonvolatile with respect to the strain. The appli-
cation of mechanical strain to nano- and microscale oxide
structures produces interesting functionalities via mechani-
cal-stress-induced defect engineering. This hints at new
applications and future semiconductor technologies.
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Fig. 4. (a) PL spectrum of as-grown single SnO2 microrod at 300K.
(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 at different strain states. ¾ = 0% in the top and bottom
figures corresponds to microrod before strain was applied and after it was
released, respectively.
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