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he most important characteristic

of semiconductors used in electronic

devices such as transistors, memories,
and sensors is the controllability of the elec-
trical properties over a wide range, either
permanently or dynamically.! Doping with
appropriate impurity atoms that act as
electron donors or acceptors is an efficient
approach to permanently tuning the elec-
trical properties of semiconductors and to
creating p—n junctions; this approach has
been widely used in the semiconductor
industry.? In addition, the electrical proper-
ties of semiconductors are often dynami-
cally modified by the electrical field, tem-
perature, illumination, and strain, leading to
the development of a wide range of semi-
conductor devices including transistors,>*
photodetectors,> 2 and piezodevices.>'°
However, impurity doping is an irreversible
process, while dynamical control is always
carried out in a volatile manner. Therefore,
reversible and nonvolatile tuning of the
electrical properties of semiconductors will
be a breakthrough in semiconductor device
technology.

According to previous reports, mech-
anical deformation or strain can induce
defects, which in turn alter the electrical
conductivity of a semiconductor material.
In addition, some of these defects can be
removed by electrical healing.'*'® There-
fore, the idea of using the ability to tune
the conductivity by the creation and elimi-
nation of lattice defects in semiconductors
may produce a novel reversible and non-
volatile transition of the conductivity. Re-
cently, flexible and stretchable electronics,
known as the technology that integrates
electronic devices on flexible substrates, is
becoming one of the most interesting re-
search fields owing to its novel properties
and wide applications in many fields.'®™°
In this study, we demonstrated the reversi-
ble and nonvolatile control of the resistivity
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By applying mechanical stress (by bending a flexible substrate) and an appropriate voltage,

the conductance of a single-crystal Sn0, microrod on a flexible substrate can be tuned in a

reversible and nonvolatile manner. The creation and elimination of lattice defects controlled

by strain and electrical healing is the origin of this novel transition. A Sn0, microrod changes

continually from its normal semiconducting state to an insulating state by bending the flexible

substrate. The insulating state is maintained even after straightening the substrate.

Interestingly, by applying an appropriate voltage, the defects are electrically healed and

the insulating state reverts to the original semiconducting state. The structural changes in the

Sn0, microrod observed in the Raman spectra are consistent with the nonvolatile property of

the transport. This flexible Sn0, device with the reversible and nonvolatile modification of

electrical properties is expected to lead to a better understanding of the mechanism of defect

creation and elimination and has potential application in novel flexible strain sensors and

switches.
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of individual single-crystal SnO, microrods
on a flexible polymer substrate for the first
time. A SnO, microrod changes continu-
ously from its normal semiconducting state
to an insulating state owing to the creation
of lattice defects upon applying mechanical
stress (by bending the flexible substrate).
Because of the inverse symmetry of the
rutile structure of SnO,, this transition is
different from the strain-induced change
in resistance in ZnO due to the piezoelectric
effect,”’** which is reversible with the
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Figure 1. Structural characterization of SnO, microrods. (a) SEM image of an as-grown SnO, microrod with faceted structure.
(b) XRD patterns of as-grown single SnO, microrod with scattering vector g parallel to rod axis. The inset shows the unit cell of
the rutile structure of SnO,. (c) Schematic illustration and SEM image of SnO, microrod device.
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Figure 2. Electrical properties of SnO, microrods. (a) Resistivity of SnO, microrod device to mechanical strainat V=2.0 V. The
strain is increased from 0 to 0.186% (pink hexagons), then reduced to 0 (blue open hexagons). The inset shows a schematic
illustration of the bent SnO, device. (b) Resistivity of SnO, microrod device to applied voltage. The applied voltage is
increased from 0 to 10 V (blue open hexagons), then reduced to 0 V (pink hexagons). The inset shows the /I—V curves of the
SnO, device in both the insulating and semiconducting states.

removal of strain. In the present work, the insulating
state is maintained even after the strain is released (by
straightening the flexible substrate) because residual
defects are plastically formed. Interestingly, the appli-
cation of an appropriate voltage can cause the insulat-
ing state to revert to the original semiconducting state.
This simple and efficient control method of inducing a
novel reversible and nonvolatile transition of the con-
ductivity in semiconductors may pave the way for the
development of novel strain sensors and switches with
potential application in flexible electronics.

RESULTS AND DISCUSSION

Structure of Single-Crystal Sn0, Microrods and Microrod
Device. The SnO, microrods were synthesized by a
simple thermal evaporation method (Figure $1).32*
Figure 1a shows a scanning electron microscope (SEM)
image of an as-grown SnO, microrod. The microrods
are well faceted and have square cross sections of side
~2 um and uniform lengths of 3—5 mm. The X-ray
diffraction (XRD) patterns from a single microrod with
the scattering vector g parallel to the rod axis
(Figure 1b) show that the SnO, microrods possess a
single-crystal rutile structure (inset in Figure 1b) with
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the length direction along the tetragonal c-axis.
Figure 1c shows a SEM image and a schematic illustra-
tion of a SnO, microrod device. A SnO, microrod lies
horizontally on a flexible polymer film (Kapton) and is
fixed using Au electrodes at both ends. The distance
between the two Au electrodes is ~200 um.

Reversible and Nonvolatile Conductance Transition. When
the film is bent (inset in Figure 2a), tensile strain ¢ is
induced in the SnO, microrod.?®> The resistance of the
SnO, microrod was measured by applying a voltage (V)
between the two Au electrodes at room temperature
(Figure S2). The linear current—voltage (/—V) curves of
the device indicate the formation of ohmic contacts
between the Au electrodes and the microrod that are
maintained under different strains (inset in Figure 2b
and Figure S4). The as-grown SnO, microrods are
n-type semiconductors because of their intrinsic im-
purities, such as oxygen vacancies, and their resistivity
p is ~10 Qcm. The state with this resistivity is referred
to as the semiconducting state. Figure 2a shows the
resistivity as a function of strain at V = 2.0 V. With
increasing strain from 0 to ~0.12%, the resistivity
increased slightly and the change induced by the
application of stress was reversible. As the strain was
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Figure 3. Schematic diagrams for the mechanism of transition between semiconducting and insulating states in SnO,
microrod. The schematic structure, micro-Raman spectra, schematic crystal structure, and energy band diagram of the SnO,
microrod are shown from left to right under different conditions: (a) Original straight SnO, microrod in semiconducting state.
(b) After bending the SnO, microrod with a strain of 0.15%, the rod changed to the insulating state. (c) After straightening the
SnO, microrod, the rod remained in the insulating state. (d) By applying a voltage across the SnO, microrod, the rod changed
to the semiconducting state. CB and VB are the conduction and valence bands of SnO,, respectively.

increased further, the resistivity increased sharply and
reached the instrumental limit (~2 x 10”7 Qcm) at a
critical strain of ~0.14%. This state is referred to as the
insulating state. This insulating state was maintained
even when the strain was reduced to zero. Interest-
ingly, the insulating state induced by a mechanical
strain can be changed back to the semiconducting
state by applying an appropriately large V (Figure 2b).
Switching from the insulating state to the semicon-
ducting state occurred at a certain threshold voltage
(Vi) of 6.5 £+ 0.2 V. This semiconducting state was
maintained even when the voltage was reduced to
zero or an opposite voltage was applied. The corre-
sponding -V curves of the device are shown in the
inset of Figure 2b. The results demonstrate the con-
trollable, nonvolatile, and reversible resistance states
of the SnO, microrod under the application of stress
and voltage.

Structural Change in Sn0, Microrod. To study the struc-
tural states of the SnO, microrod, we measured micro-
Raman spectra with the measuring direction perpen-
dicular to the c-axis. The Raman spectra of the straight
microrods in the semiconducting state exhibit two
Raman scattering peaks at 631 and 773 cm ™' (Figure 3a),
corresponding to the A;4 and B,g modes, respecti-
vely.***” The E; mode was not observed in the spectra
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obtained from the experimental configuration: the A;4
and B,g modes in the SnO; crystal are attributed to the
lattice vibrations in the plane perpendicular to the
c-axis, while the E5 mode is attributed to the lattice
vibrations parallel to the c-axis.’**” Unintentionally
doped SnO, crystal is known as an n-type semi-
conductor because of its intrinsic impurities such as
oxygen vacancies (Figure 3a and Figure 53).2 When we
bent the microrod (Figure 3b), the A;4 mode shifted to
a lower frequency, which is related to the tensile strain
along the c-axis.”® The line width of the A, 4 peak (fwhm
(A1) increased from 8 cm ™' t0 9.8 cm ™', suggesting a
decrease in the crystal quality upon the application of
stress.’® The E;, mode located at 471 cm™' in the
spectrum indicates the appearance of an area inclined
to the c-axis in the bent microrod. Because the intensity
of the E; mode is much lower than those of the A, and
B,y modes, the inclined area is partially formed in the
microrod. Planar defects therefore occur at the bound-
ary of the inclined area, and these defects act as trap-
ping centers for the conduction electrons (Figure 3b).3’
After straightening the rod (Figure 3c), the E4 peak was
still observed, although its intensity had decreased to
some extent. This result indicates that some of the
inclined area had returned to its original state, but the
rest remained inclined, and hence some of the defects
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Figure 4. Dynamic change of resistivity in transition from insulating state to semiconducting state. (a) Resistivity as a function
of pulse voltage applied to SnO, microrod device. (b) Change in resistivity induced by the application of pulse voltage (6.5 V)
with different pulse widths of 1, 2, 4, 6, 8, 10, and 20 s. (c) Process of transition from insulating state to semiconducting state
induced by continuously applying different voltages of 6, 6.5, 7, and 10 V.

remained and continued to trap the conduction elec-
trons, as shown in the band diagram in Figure 3c. Also,
fwhm (A;,) slightly decreased to 9.2 cm™’, indicating
that crystal quality is still reduced. The A4 peak shifted
to a slightly higher frequency, but it did not return to its
original position, suggesting that tensile strain still
existed in the straight rod. This is consistent with
the nonvolatile behavior observed in the transport
measurement. When a voltage above V4, was applied
(Figure 3d), the defects, the inclined area, and the
tensile strain were completely removed, which was
confirmed by the disappearance of the E; peak and
the frequency shift and the decrease in line width of
the A4 peak in the Raman spectra, indicating that the
quality of the crystal had recovered.

Mechanism of Transition from Semiconducting State to Insu-
lating State. The above results indicate the following
mechanism for the transition from the semiconducting
state to the insulating state. The strain causes elastic
lattice deformation and also creates some lattice defects
(such as dislocations, stacking faults, and twin boundaries)
in the microrod. According to the previous reports3>—>>
when the stress/strain was applied parallel to the c-axis
of a rutile structure, the slip initially occurred on the
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{101}{101) slip systems, and most of the dislocations in
these systems formed long arrays with edge character
that were parallel to [100] or [010]. Therefore, in our
case, it is expected that the dislocations first appear on
the top surface of the SnO, microrod upon bending.
These defects can trap electrons,®’ inducing electro-
static potential barriers near the trapping sites
(depletion region), and also reduce the mobility of
electrons.>® The application of stress leads to the
change in the electron transport process. Because the
defect density is very low in the case of a small strain,
the resistivity increases slightly and the current still
flows in the microrod. When the strain is reduced to
zero, the resistivity returns to its original value because
of the electrical removal of the defects (discussed
later). With increasing strain, planar defects such as
small-angle grain boundaries are formed.® The elec-
tron transport process is disrupted, and the microrod
changes from the semiconducting state to the insulat-
ing state. Because no current flows in the insulating
state, the defects cannot be healed after the strain is
released, and the microrod thus remains in the insulat-
ing state. This change in resistivity is not caused by
the piezoelectric field effect,>’** because SnO, is a
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Figure 5. Electrical properties and switching behaviors of SnO, microrod. (a) Strain dependence of resistivity of SnO,
microrod at different voltages. (b) Current response of device to periodic application of strain and voltage at V = 2.0 V. (c)
Retention behavior of SnO, microrod with different resistance states at V = 2.0 V. The states are achieved by introducing
different strains of 0 (blue), 0.1% (pink), 0.12% (green), and 0.17% (red).

non-piezoelectric material.3”*® Also, the nonvolatile
behavior relative to the strain excludes the possibility
of the piezoelectric effect being caused by the broken
structural symmetry of the bent SnO, microrod.?'2?
We have excluded the effect of the Au-SnO, con-
tacts in our explanation of the transition induced
by stress and voltage for the following reasons. The
deformation of the contacts caused by the application
of stress may lead to the transition from the semicon-
ducting state to the insulating state. The application of
voltage promotes an electromigration process at the
interface, resulting in the transition back to the semi-
conducting state. If the reversible change was caused
by the change in the Au—SnO, contacts, the electric
healing process would strongly depend on the polarity
of the applied voltage because the electromigration
would depend on the direction of the electric field.
However, no polarity dependence was observed in this
work (see Figure 2b). Additionally, ohmic contacts
between the Au electrodes and the microrod are
maintained under different strains (see Figure S4).
Therefore, the effect of the Au—SnO, contacts on the
transition could be excluded in the interpretation of the
reversible and nonvolatile properties of SnO, microrods.
Dynamic Response of Resistivity. To further clarify the
mechanism of the transition from the insulating state
to the semiconducting state, the resistivity of the SnO,
microrod was measured upon the application of vol-
tage. When a pulse voltage from 2 to 6 V with a
pulse width of 2 s was applied to the microrod in the
insulating state, the resistivity did not change (Figure 4a).
When the pulse voltage was increased to 6.5 V, the
resistivity was markedly reduced during the applica-
tion of voltage, but increased after the voltage was
removed. This voltage is equal to Vyy, (Figure 2b). The
microrod changed from the insulating state to the
semiconducting state with the application of a pulse
voltage of 7—10 V. To further study the change in
resistivity upon the application of Vi, 6.5 V pulses
with different widths were then applied to the rod
(Figure 4b). When the pulse width was less than 10’5, a
large decrease in resistivity was observed only during
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the application of voltage. The low resistivity obtained
at a pulse width of 10 s was unstable and increased
slowly after the voltage was removed. When the pulse
width was further increased to 20 s, the semiconduct-
ing state became stable. Figure 4c shows the transition
processes under continuously applied voltages of 6,
6.5, 7,and 10 V. The voltages from 6.5 to 10 V caused
the transition from the insulating state to the semi-
conducting state. The decay time of the resistivity
decreases with increasing voltage.

Mechanism of Dynamic Response in Healing Process. The
results shown in Figure 4 lead us to propose the
following mechanism for the transition from the in-
sulating state to the semiconducting state under the
application of voltage. In the insulating state, electrons
are trapped at the defect sites and form a depletion
region. When a voltage is applied between the electro-
des, the voltage markedly decreases in the depletion
region and thus produces a strong electric field at
the defect sites (Figure S5). The electric field reduces
the trapping potential barrier, which is known as the
Poole—Frenkel effect.3® When the electric field reaches
the threshold value, the trapped electrons are released
to the conduction band and cause the depletion region
to disappear, resulting in the flow of electrons. The rod
is in the semiconducting state during the application of
the electric field, but defects still exist in the rod and
can retrap the electrons after the removal of the
electric field, as shown in Figure 4b. With increasing
pulse width or applied voltage, a local energy transfer
from the electrons to the lattice (local Joule heating)
occurs and induces the electrical healing of the
defects.'>* The energy and frequency of the transfer
increase with the voltage. However, because the thermal
energy was transferred mainly to the electrodes and
the substrate, we did not observe an increase in
temperature (Figure S6).

Strain Sensing and Switching Properties of the Device. Figure 5a
shows the strain dependence of the resistivity of the
SnO, microrod under different applied voltages. The
critical strain increases gradually with the voltage and
changes markedly at V = 7 V. The increase in critical
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strain with increasing applied voltage confirms that
electrical healing of the defects occurred in the micro-
rod in the reversible region (Figure 2a). The voltage
dependence of the critical strain can be used to
produce a new type of strain sensor. Figure 5b shows
the reproducibility of the switching between the
insulating and semiconducting states induced by
the application of strain and voltage, respectively.
Figure 5c depicts the retention behavior of the SnO,
microrod with different resistance states at V = 2.0 V.
The stability of each state under different values of
applied strain demonstrates the possibility of multi-
value recording, which may be required for future
computer technologies.*' ~*

METHODS

Fabrication of the Sn0, Microrods. The SnO, microrods were
synthesized through a chemical vapor deposition process at
990 °C. To grow the SnO, microrods, a mixture of highly pure
(99.999%) SnO, powder and (99.999%) graphite powder with a
weight ratio of 1:1 SnO,/C was used as the source. A ceramic
boat containing the SnO,/C powder was placed in a horizontal
tube furnace (see Figure S1). The temperature was first raised to
200 °Cin a vacuum for 10 min to remove the water and adsorp-
tion gas in the source. After that, we increased the temperature to
990 °C with a flow of highly pure argon mixed with 4% oxygen
as the protective medium and carrier gas with a pressure of 9.0 x
10? Pa. The temperature was maintained for 60 min and then
naturally cooled to room temperature. SnO, microrods with uni-
form lengths of 3—5 mm and cross-sectional squares of 1—2 um
on a side were grown at the end of the ceramic boat.

Analysis of the Sn0, Microrods. The structural information of
the SnO, microrods was obtained using SEM (Hitachi S-4800),
Raman spectra (laser excitation at 514.5 nm), and XRD (Rigaku
AFC7R, Mo Ka. radiation, 4 = 0.7106 A). In the measurements of
XRD, a single SnO, microrod was glued on a sharp glass rod to
reduce background noise (accelerating voltage: 50 kV, current:
250 mA).

Fabrication and Electrical Properties of the Sn0, Microrod Device. The
SnO, microrod was first transferred from the ceramic boat to the
Kapton substrate by using tweezers and a metal wire with a
sharp tip. The microrod lies flat on the flexible substrate. The Au
electrodes with a thickness of 500 nm were made by thermal
evaporation though a shadow mask onto the substrate at room
temperature. The current—voltage (/—V) and switching charac-
teristics of an individual SnO, microrod-based device were
measured in air using a picoammeter (Keithley, model 6458).
A mechanical linear stage was used to bend the substrate. The
measurement system is shown schematically in Figure S2.
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