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ABSTRACT: An impurity doping in semiconductors is an
important irreversible process of manipulating the electrical
properties of advanced electron devices. Here, we report an
unusual reversible dopant activation/deactivation phenomenon,
which emerges at an interface between indium tin oxide (ITO) and
single-crystalline oxide channel. We found that the interface
electrical resistance between ITO electrodes and single-crystalline
oxide nanowire channel can be repeatedly switched between a
metallic state and a near-insulative state by applying thermal
treatments in air or vacuum. Interestingly, this electrical switching phenomenon disappears when the oxide nanowire changes from
the single-crystalline structure to the lithography-deﬁned polycrystalline structure. Atmosphere-controlled annealing experiments
reveal that atmospheric oxygen induces repeatable change in the interfacial electrical resistance. Systematic investigations on metal
cation species and channel crystallinity demonstrate that the observed electrical switching is related to an interface-speciﬁc reversible
Sn-dopant activation/deactivation of ITO electrode in contact with a single-crystalline oxide channel.
KEYWORDS: interface resistance, metal oxide nanowires, indium tin oxide (ITO), electrical switching, dopant activation/deactivation
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with ITO transparent electrodes.10,19−22 Thus, major interest
of ITO electrodes on nanoscale metal oxide channels has been
directed to utilize the metallicity and transparency of ITO
electrodes.23,24 To the best of our knowledge, none of the
previous works has dealt with the interfacial electrical
properties of metallic ITO electrodes in contact with nanoscale
metal oxide channels, because it has been believed that ITO
metallic nanocontact is robust under harsh environments such
as high temperatures.
In this study, we report an unusual reversible dopant
activation/deactivation phenomenon, which only emerges at
an interface between ITO electrodes and single-crystalline
oxide channel. The interface resistance between the ITO
electrodes and degenerately doped single-crystalline oxide
nanowire channels was repeatedly switched with a resistance
ratio of nearly 4 orders of magnitude via thermal treatment in
air or vacuum. Atmosphere-controlled annealing experiments
reveal that only atmospheric oxygen is responsible for the

INTRODUCTION
Heterointerfaces of metal oxides exhibit interesting physical
and chemical properties, including resistive switching, superconductivity, magnetism, ion transport, catalytic ability, and
others.1−6 Various nanostructures, including heteroepitaxial
thin ﬁlms, core−shell nanostructures, and/or nanoparticledecorated nanostructures, have been fabricated and employed
to study such interfacial properties.7−10 Among these
nanostructures of metal oxides, single-crystalline metal oxide
nanowire is an ideal platform to extract intrinsic interfacial
properties due to the well-deﬁned crystal facets, grainboundary-free carrier transport, and high surface-to-volume
ratio.11−15 For the electrical measurements of such metal oxide
nanowire, various metallic electrode materials (typically Pt, Au,
Ti, Cr, or degenerately doped semiconductors) have been
examined to achieve mostly Ohmic contact (or Schottky
contact).12 Among such electrodes, indium tin oxide (ITO),
which is one of the most popular transparent electrodes for
mass-produced electronic devices,16−18 is a promising
electrode on metal oxide nanowire channels because of its
high and stable electrical conductivity even at high humidities
and/or high temperatures. For example, fully transparent
transistors for photodetectors and ﬂexible electronics, core−
shell nanowire array photovoltaic devices, and humidity
sensors have been achieved using oxide nanowire channels
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Figure 1. (a) Cross-sectional HAADF STEM images of a typical VLS-grown ATO nanowire (as-fabricated). Fast Fourier transform pattern of the
whole nanowire region and the close-up image of the boxed area (bar: 1 nm) are also shown. (b) XRD pattern of polycrystalline ATO (Sb/SnO2)
thin ﬁlm after air annealing (400 °C, 10 min). FESEM images of (c) single-crystalline and (d) polycrystalline ATO channel devices. I−V
characteristics of (e) single-crystalline and (f) polycrystalline ATO channel devices with ITO electrodes, including both as-fabricated and airannealed (400 °C, 10 min) devices. W, H, and L are channel width, height, and length, respectively.

Figure 2. (a) Cross-sectional schematic image of single-crystalline oxide channel device. (b) Temperature dependence of resistivities of ITO
electrode (ρITO), single-crystalline ATO channel (ρch), and contact resistivity (ρc) after air annealing (400 °C, 10 min). (c) ρITO, ρch, and ρc just
after fabrication (As Fab) and after air annealing (400 °C, 10 min). FESEM images of multielectrode (d) single-crystalline ATO channel and (e)
polycrystalline ATO channel devices. Contact resistivity for various contact electrode width (Wc) within multielectrode (f) single-crystalline and
(g) polycrystalline ATO channel devices, including both as-fabricated and air-annealed (400 °C, 10 min) devices.

(PLD).25,26 The image shows the crystal-faceted square
shape, highlighting the single-crystalline structure. Polycrystalline ATO channel devices were fabricated by patterning of a
deposited ATO thin ﬁlm. Figure 1b shows the X-ray diﬀraction
(XRD) pattern of ATO ﬁlms grown on growth conditions
identical to those of polycrystalline ATO channel devices. The
observed XRD peaks corresponding to the SnO2 rutile
structure indicate the polycrystalline structure of ATO ﬁlms
onto amorphous SiO2.27,28 Figure 1e,f shows the comparison
between single-crystalline and polycrystalline ATO channels
on the I−V characteristics using ITO electrodes when thermal
air annealing (400 °C, 10 min) was performed. Clearly, the
two devices showed completely diﬀerent trends on the eﬀect of
air annealing on I−V characteristics. Before air annealing, good

repeatable change in the interfacial resistance. We found that
the observed electrical switching is related to an interfacespeciﬁc reversible Sn-dopant activation/deactivation of the
ITO electrode in contact with single-crystalline oxide channel.

■

RESULTS AND DISCUSSION
First, we examine the electrical characteristics between ITO
electrodes and the two types of degenerately n-type Sb-doped
SnO2 (ATO: antimony-doped tin oxide) nanowire channels:
single-crystalline channel and polycrystalline channel. Figure 1a
shows the cross-sectional high-angle annular dark-ﬁeld
(HAADF) scanning transmission electron microscopy
(STEM) images of ATO nanowires grown via the vapor−
liquid−solid (VLS) process using pulsed-laser deposition
52930
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Ohmic and low-resistance electrical characteristics were
consistently observed in both two devices. However, the eﬀect
of thermal air annealing is rather diﬀerent on the two devices.
Non-Ohmic I−V and a signiﬁcant increase of electrical
resistance were observed only for the single-crystalline channel
device (Figure 1e, from 4.0 to 100 kΩ). On the contrary, the
resistance of the polycrystalline channel device slightly
decreased due to air annealing (Figure 1f, from 540 to 350
kΩ), which is a general trend of thermal annealing via
improvement of crystallinity, removal of residual impurities,
and others.11,29,30 The improvement of crystallinity of ATO
polycrystalline channel material via annealing was observed in
the XRD patterns of the ATO ﬁlm at varied annealing
temperatures, supporting this model (Figure S1). This
observed signiﬁcant diﬀerence between the two devices on
the eﬀect of air annealing is rather unique because the
structural diﬀerence between the two devices is solely the
crystallinity of oxide channel in contact with identical ITO
electrodes.
Here, we question where the observed resistance increase of
single-crystalline ATO channel device occurs, at (1) ITO
electrodes, (2) ATO channel, or (3) the interface, during
annealing (Figure 2a). Four-probe measurements of airannealed ITO electrode thin-ﬁlm and single-crystalline ATO
channel device were performed to answer this question. For
the temperature dependence of the resistivities of ITO thin
ﬁlm and single-crystalline ATO channel, both the ITO
electrodes and the ATO channel showed metallic electrical
conduction and suﬃciently low resistivities (∼10−3 Ω·cm,
Figure 2b,c) even after air annealing, compared with the
reported values for each material.31,32 Therefore, the resistance
change of single-crystalline ATO channel device observed in
Figure 1 cannot be interpreted in terms of resistivity changes of
either ITO electrode or ATO channel. Then, the electrical
resistivity at the interface between the ITO electrodes and
ATO channel (contact resistivity) was extracted. A substantial
increase in the contact resistivity, up to 4 orders of magnitude
compared to as-fabricated devices, was observed after air
annealing (Figure 2c). The interface resistance shows semiconducting or insulating temperature dependence (Figure 2b),
and this interface insulation eﬀect occurs within 10 min of air
annealing (Figure S2). Since the ITO electrodes and ATO
channels themselves maintain suﬃciently low resistivities
during air annealing, this interface insulation is the origin of
the change of I−V characteristics after air annealing (Figure
1e). Note that the contact resistivity of the polycrystalline
channel device decreased after air annealing (Figure S3),
yielding the general improvement of I−V characteristics
(Figure 1f). In addition, the eﬀects of contact width of ITO
electrodes on the interfacial insulation behavior were systematically investigated using multielectrode devices, as shown in
Figure 2d−g. The interfacial insulation was consistently
observed only in single-crystalline channel devices independent
of the contact width, indicating that electrode dimension is not
the cause of this interfacial insulation. It is noted that this
interfacial electrical insulation between metallic ITO and
nanoscale single-crystalline oxide channels has not been
reported in the previous studies that employed ITO electrodes
in metal oxide semiconductor devices.8,19,21,33−35
Although the above results reveal the signiﬁcant role of air
annealing in the interfacial electrical resistance of singlecrystalline ATO channel in contact with ITO electrodes, it is
still not clear which molecular species in air cause such

interfacial electrical insulation. Since a redox event plays an
important role in the carrier density of n-type oxide
semiconductor−ATO via altering the oxygen contents,29,36
we perform annealing steps in both oxidizing and reducing
atmospheres (NO2, O2, and H2). Figure 3a shows the contact
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Figure 3. (a) Contact resistivity of ITO-contacted single-crystalline
ATO channel devices under a series of annealing steps under various
atmospheric conditions. The concentration of NO2, O2, and H2 was
100 ppm, with Ar used as a base gas. (b) Annealing oxygen pressure
dependence of the contact resistivity of ITO-contacted singlecrystalline ATO channel device. (c) Contact resistivity of ITOcontacted single-crystalline ATO channel devices under sequential
annealing steps alternately in air and under vacuum. All annealings
were performed at 400 °C for 10 min. (d) Contact resistivities of
single-crystalline ATO channel devices with ITO and ATO
electrodes. (e) Contact resistivities of single-crystalline ATO and
ITO channel devices with ITO electrodes. All contact resistivities
were measured after air annealing at 400 °C for 10 min.

resistivities of single-crystalline ATO channel devices with ITO
electrodes after annealing in NO2, O2, and H2 atmospheres.
Clearly, only the oxygen annealing increased the contact
resistivity (i.e., interfacial insulation) while NO2 and H2
annealing did not exhibit such interfacial insulation and
slightly decreased contact resistivity. Since both NO 2
(oxidizing) and H2 (reducing) annealing did not signiﬁcantly
alter the contact resistivities, the observed interfacial insulation
cannot be interpreted solely in terms of simple redox-based
model.29,37 To further conﬁrm the atmospheric oxygeninduced scenario, we examine the eﬀect of oxygen partial
pressure during annealing on the contact resistivities of singlecrystalline ATO channels with ITO electrodes, as shown in
Figure 3b. Clearly, increasing the oxygen partial pressure
monotonically increased the contact resistivity, which further
conﬁrms the signiﬁcant role of atmospheric oxygen on the
observed interfacial insulation. Note that the variation of
channel resistivity is much smaller than that of the contact
resistivity (Figure S4). The interfacial insulation begins when
even a tiny oxygen amount (∼10−3 Pa) is present and
progresses continuously as the oxygen pressure increases. More
interestingly, the oxygen-induced interfacial insulation completely recovers to near the as-fabricated value by performing
vacuum annealing and increases again upon subsequent air
annealing (Figure 3c). Note that these interface resistance
changes are not observable at the interface between metallic
ITO and polycrystalline ATO channels. Thus, these exper52931
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Table 1. Resistivities and Contact Resistivities of Single-Crystalline Oxide Channel Devicesa
electrodes/channel
resistivity, ρITO, ρATO, ρch (Ω·cm)

contact resistivity, ρc (Ω·cm2)

as fab.

ITO electrode
ATO channel
ITO channel
ATO electrode
ATO channel
ITO channel
ITO/ATO channel
ITO/ITO channel
ATO/ATO channel
ATO/ITO channel

6.4
8.5
1.3
3.0

×
×
×
×

10−4
10−3
10−2
105

9.1 × 10−7
1.1 × 10−6

air-annealed
1.2
1.6
1.4
1.2
1.3
3.2
4.2
1.1
1.1
1.0

×
×
×
×
×
×
×
×
×
×

10−3
10−2
10−2
10−1
10−2
10−2
10−4
10−3
10−6
10−6

a
Resistivities of ATO electrodes (ρATO), ρITO, ρch, and ρc of both single-crystalline ATO and ITO channel devices with ATO or ITO electrodes.
Resistivities of as-fabricated (as fab.) and air-annealed devices are shown. The ρATO value was notably high (>105 Ω·cm) immediately after
deposition, the details of which are described in the Methods section. Therefore, ρch and ρc of the as-fabricated devices with ATO electrodes were
not measured.

imental results highlight that the observed interfacial electrical
resistance change is unexpectedly reversible, and atmospheric
oxygen induces the electrical change only at the interface
between metallic ITO and nanoscale single-crystalline ATO
channels.
Next, we examine what interfacial material combinations are
required to exhibit the atmospheric oxygen-induced reversible
interfacial resistance change. Figure 3d shows the eﬀect of
electrode materials (ITO and ATO) on the contact resistivities
of single-crystalline ATO channels. The detailed data on the
fabrication and characterization of ATO electrodes are
provided in the previous work38 and Figure S1, and the
contact resistivity data were measured after air annealing. As
can be seen in the ﬁgure, only the device with ITO electrode
exhibited the interfacial electrical insulation but not for that
with the ATO electrode, highlighting the signiﬁcant role of
ITO electrode in the reversible interfacial insulation. We
further examine the eﬀect of single-crystalline channel
materials on the contact resistivities of those channels in
contact with ITO, as shown in Figure 3e. Single-crystalline
ITO nanowires were grown by the Au-catalyzed PLD method,
as previously reported,39 and the detailed fabrication
conditions are shown in the Methods section. Interestingly,
both single-crystalline channel devices exhibited the interfacial
electrical change. A detailed summary of resistivities of the
electrodes, channels, and their interfaces for both as-fabricated
and air-annealed devices is presented in Table 1. Clearly, only
the devices with ITO electrodes exhibited electrical change at
the electrode/channel interfaces. From a diﬀerent perspective,
ATO electrodes have better thermal stability than ITO
electrodes because the low contact resistivity can be
maintained even after air annealing. Thus, these experimental
results highlight that ITO electrodes in contact with nanoscale
single-crystalline oxide channels are required to exhibit a
reversible interfacial electrical change induced by atmospheric
oxygen.
Since the observed reversible interfacial electrical change
occurs at several orders of magnitudes, one plausible model to
explain this huge electrical change is solely based on the
existence of some microscopic structural changes at the
interface, which are electrically insulative. Thus, we perform
STEM analysis to examine whether microscopic structural
changes are induced at the interface during reversible
resistance change via atmospheric oxygen. Figure 4a,b shows
the cross-sectional HAADF STEM images of the air-annealed

Figure 4. Cross-sectional HAADF STEM images of single-crystalline
ATO nanowire (core)/ITO electrode (shell) structure (a) after air
annealing (400 °C, 10 min) and (b) just after fabrication (as fab.).
Energy-dispersive X-ray spectrometer (EDX) images of the core/shell
structure (O-K, Sn-L, and In-L edges) are also shown for air-annealed
sample.

and as-fabricated single-crystalline ATO nanowire (core)/ITO
electrode (shell) structure, respectively. The details of TEM
sample preparation are provided in the Methods section.
Single-crystalline structure and oriented-grain structures with
low-angle grain boundary are observed for the ATO channel
core and ITO electrode shell after air annealing, respectively.
The clear oriented-grain structure of the ITO electrode shell
was formed during air annealing (Figure 4a,b). As can be seen
in the image, there are no distinct intermediate layers or
speciﬁc structures at the interface between the ATO channel
and the ITO electrode. Energy-dispersive X-ray spectrometry
(EDX) was also performed to analyze the element distribution
at the interface. The EDX mapping images of O-K, Sn-L, and
In-L edges for the air-annealed sample are shown in Figure 4a.
Similar to the HAADF images, any speciﬁc features such as
element segregations at the interface are not observable. The
HR-STEM analyses indicate that an oxygen-induced reversible
interfacial resistance change occurs at least without observable
structural electrically insulative byproducts at the interface, and
another model has to be considered to explain the observed
reversible interfacial insulation.
Oxygen-induced Sn-dopant deactivation within ITO electrodes at an interface between ITO electrodes and singlecrystalline channels is the other possible model. A formation of
Sn−Oi (Oi denoting interstitial oxygen) clustering within ITObixbyite crystal structure, which occurs below the spatial
resolution of the current HR-STEM techniques, could be a
mechanism of Sn-dopant deactivation. The reason why such
52932
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interstitial oxygens can be assumed is that a bixbyite crystal
structure of ITO has inherently two vacancy sites of a closepacked ﬂuorite crystal structure.40,41 Theoretical and experimental studies have reported that interstitial oxygen reacts
with Sn-dopant ions to form neutral Sn−Oi clusters ((2Sn+)O2−
i ), resulting in an oxygen-induced dopant deactivation in
ITO.40,42−48 Our experimental results on the air-annealing
temperature dependence of contact resistivity are qualitatively
consistent with this model based on the formation of Sn−Oi.
As shown in Figure 5, the contact resistivity has a maximum

potential barrier prevents electron transport across the
interfaces, resulting in an increase of contact resistance. On
the other hand, in polycrystalline channel devices, this
potential barrier should partially cross the interface where
electron transport is not prevented. The potential barrier
model is also consistent with the huge increase in contact
resistance (Figure 2c), which is diﬃcult to be quantitatively
explained by only the interfacial dopant Sn deactivation.
Although a Sn-dopant deactivation induced by Sn−O i
clustering and formation of interfacial potential barrier are
plausible origins of the observed reversible interfacial resistance
change, further investigations such as instability of local
structure around dopant Sn within In2O3 at the interface are
required to reveal why the reversible interfacial resistance
change occurs only at the interface between ITO electrodes
and single-crystalline oxide channels.

Research Article

■

CONCLUSIONS
In summary, we demonstrate an unusual reversible dopant
activation/deactivation phenomenon, which only emerges at
an interface between indium tin oxide (ITO) and singlecrystalline oxide channel. We found that the interface electrical
resistance between ITO electrodes and single-crystalline oxide
nanowire channel can be repeatedly switched between a
metallic state and a near-insulative state by applying thermal
treatments in air or vacuum. Interestingly, this electrical
switching phenomenon disappears when the oxide channel
changes from the single-crystalline structure to lithographydeﬁned polycrystalline structure. Atmosphere-controlled annealing experiments reveal that atmospheric oxygen induces
the repeatable change in the interfacial electrical resistance.
Systematic investigations on metal cation species and channel
crystallinity demonstrate that the observed electrical switching
is related to an interface-speciﬁc reversible Sn-dopant
activation/deactivation of ITO electrode in contact with a
single-crystalline oxide channel.

Figure 5. Air- or vacuum-annealing temperature dependence of
contact resistivity of single-crystalline ATO channel devices with ITO
electrodes. All annealings were performed for 10 min.

value in its air-annealing temperature dependence, indicating
that the reversible interfacial resistance change mechanism is
most eﬀective in the temperature range around 500 °C. This
trend is also consistent with oxygen-induced dopant
deactivation model because the existence of an optimal
temperature for the interfacial resistive change can be
understood through the thermodynamic dependence of
interstitial oxygen density in metal oxides annealed in
oxygen-containing atmospheres.49 Since a Sn−Oi clustering
phenomenon should not be limited to nanowire channels, we
examine the existence of reversible interfacial resistance change
for single-crystalline ITO ﬁlm50,51 devices with ITO electrodes,
as shown in Figure S5. The details of the fabrication and
characterization of ITO ﬁlms are provided in the Supporting
Information. The reversible interfacial resistance change is also
observed at an interface between the ITO electrode and the
single-crystalline ITO ﬁlm channel. Although these experimental results consistently support the Sn-dopant deactivation
induced by Sn−Oi clustering to explain the observed reversible
interfacial resistance change, there are several interesting issues
to further understand the origin of reversible interfacial
insulation. For example, there are no appropriate explanations
for why such Sn−Oi clustering preferentially occurs at the
interface between the ITO electrode and single-crystalline
ATO channels and not on the polycrystalline ATO channel. In
addition, during the transition from initial metallic contacts
into an insulating interface, the entire ITO contact area
surrounding the channel must be completely depleted via Sn−
Oi clustering. The potential barrier at this interface induced by
oxygen adsorption is an additional possible model to explain
why the interfacial switching occurs only in single-crystalline
channel devices. Previous studies of electronic structures at
grain boundaries of polycrystalline oxide semiconductors have
reported that excess oxygen adsorbed on grain boundaries
induces a potential barrier at the grain boundaries through
formation of mid-gap energy states, which cause Fermi level
pinning.52 This potential barrier could be formed at the entire
interface between ITO and single-crystalline channels. This

■

METHODS

Single-Crystalline Oxide Nanowire Growth. Sb-doped SnO2
(ATO) and indium tin oxide (ITO) nanowires were grown on the
Al2O3 (110) and (100) substrates by pulsed-laser deposition (PLD)
through the vapor−liquid−solid (VLS) process, respectively.25,26 A
0.7 nm Au ﬁlm was deposited on the Al2O3 substrates using direct
current (DC) sputtering, followed by annealing at 750 °C for 10 min
to form agglomerated Au nanoparticle catalysts. Then, ATO or ITO
nanowires were grown at 750 °C in 10 Pa of an O2/Ar gas mixture
(O2/Ar = 1:1000, purity: 99.9999%) by an ArF excimer laser (λ = 193
nm, Coherent COMPex-Pro) ablation under the following conditions: pulse repetition time of 10 Hz and laser energy of 40 mJ.
SnO2 mixed with Sb2O3 (1 atom %) and In2O3 mixed with SnO2 (10
wt %) were utilized as the PLD targets for ATO and ITO nanowires,
respectively.
Device Fabrication. For oxide nanowire devices, the grown
nanowires were dispersed in isopropanol by sonication. The
nanowires were then dropped onto a 100 nm SiO2/n-type Si
substrate. Oxide contact electrodes (20 nm, ITO or ATO) with a 100
nm Pt pad layer were patterned by lift-oﬀ processes of electron beam
(EB) lithography. ITO electrodes were deposited by radio frequency
(RF) sputtering (target: 10 wt % SnO2 in In2O3) at room
temperature. ATO electrodes were deposited by PLD (target: 10
atom % Sb2O3 in SnO2, 10 Pa O2, 10 Hz, 60 mJ). After the lift-oﬀ,
devices with ATO electrodes were annealed at 400 °C for 10 min in
air to decrease the electrical resistivity of the sputtered ATO ﬁlms. For
ATO nanobeam devices, the ATO nanobeam channel region was
fabricated using EB lithography, PLD, and annealing by the same
52933
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process as that of the ATO electrodes of the nanowire devices. ITO/
Pt electrodes were then fabricated on the ATO nanobeam by the
same process as that of the ITO electrodes of the nanowire devices.
For single-crystalline ITO nanoﬁlm devices, a 100 nm ITO thin ﬁlm
was grown on a YSZ (111) substrate at 800 °C in 10 Pa O2/Ar (100
ppm O2 in Ar). SiO2 (100 nm), which prevents direct current ﬂow
from the pads to the ITO channel, was then deposited and patterned
using RF sputtering with a stencil mask. ITO/Pt electrodes were then
fabricated on the ITO thin ﬁlm channel by the same process as that of
the ITO electrodes of the nanowire devices.
Characterizations. The two- and four-probe I−V characteristics
were measured using a semiconductor parameter analyzer (Keithley,
4200SCS) with a probe station having a temperature-controlling
system. Resistivity (nanowire: ρnw, electrode: ρelec) and contact
resistivity ρc were extracted from the four-probe measurements of the
four-terminal devices. ρnw was calculated by assuming a square
nanowire cross section: ρnw = R4W2nw/Lnw, where R4, Wnw, and Lnw are
the four-probe resistance, nanowire width, and length between the
two voltage electrodes of each four-terminal device, respectively. ρelec
was calculated based on the size-deﬁned rectangle channel of oxide
thin-ﬁlm devices. ρc was calculated as an area-normalized contact
resistivity: ρc = Lc(W + 2H)(R2 − R4), where W, H, R2, and Lc are
channel width, channel height, two-probe resistance, and length of
contact electrodes on the nanowires, respectively. The dimensions of
the nanowires, nanobeam, and electrodes were determined using a
ﬁeld emission scanning electron microscope (FESEM, JEOL, JSM7610F). For the thermal annealing experiments, annealings were
performed at 400 °C for 10 min unless otherwise speciﬁed. Dry air
(N2/O2 = 4:1, purity: >99%) was used for air annealings. Crystallinity
of the fabricated oxide thin ﬁlm was investigated using XRD
(PHILIPS, X’Pert MRD 45 kV, 40 mA). The nanowires observed
by STEM were embedded in epoxy resin on the substrate and then
thinned by Ar ion milling following mechanical polishing. The
HAADF and EDS observations were performed with an accelerating
voltage of 200 kV and a convergence semiangle of 22 mrad by an
aberration-corrected STEM (JEM-ARM200F) equipped with two
silicon drift detectors.
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