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Single crystalline metal oxide nanowires formed via a vapor–liquid–solid (VLS) route provide a platform not
only for studying fundamental nanoscale properties but also for exploring novel device applications.
Although the crystal phase variation of metal oxides, which exhibits a variety of physical properties, is an
interesting feature compared with conventional semiconductors, it has been diﬃcult to control the
crystal phase of metal oxides during the VLS nanowire growth. Here we show that a material ﬂux
critically determines the crystal phase of indium-tin oxide nanowires grown via the VLS route, although
thermodynamical parameters, such as temperature and pressure, were previously believed to determine
the crystal phase. The crystal phases of indium-tin oxide nanowires varied from the rutile structures
(SnO2), the metastable ﬂuorite structures (InxSnyO3.5) and the bixbyite structures (Sn-doped In2O3) when
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only the material ﬂux was varied within an order of magnitude. This trend can be interpreted in terms of
the material ﬂux dependence of crystal phases (rutile SnO2 and bixbyite In2O3) on the critical nucleation
at the liquid–solid (LS) interface. Thus, precisely controlling the material ﬂux, which has been
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underestimated for VLS nanowire growths, allows us to design the crystal phase and properties in the
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VLS nanowire growth of multicomponent metal oxides.

1

Introduction

Single crystalline nanowires composed of metal oxides oﬀer an
interesting research platform not only for investigating fundamental nanoscale properties of metal oxides but also for
exploring novel engineering applications by utilizing the unique
and robust properties in air and/or water.1–4 Among various
nanowire growth methods, a vapor–liquid–solid (VLS) method
has proven great potential to synthesize well-dened single
crystalline nanowires. In the VLS nanowire growth, the size and
spatial position of nanowires are readily controllable by
adjusting the size and spatial position of the metal catalyst.5–7 In
addition, the heterostructures along axial or radial directions
can be sequentially designed by using the VLS process.8–11 These
unique and fascinating features of the VLS method are not
attainable by other nanowire growth methods.12
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Metal oxides exhibit various fascinating physical properties
including ferroelectric, ferromagnetism, transparent conducting, superconducting and others, which are not attainable by
conventional semiconductors.13–16 The crystal phase variation of
metal oxides plays an important role on a variety of such
fascinating physical properties. The crystal phase variation for
oxide thin lms has been controlled by varying the surrounding
thermodynamical conditions including temperature and pressure.17,18 The crystal phase variation should also be appropriately controlled for the VLS nanowire growth of metal oxides to
attain the desired physical properties. Unfortunately, the wide
range control of thermodynamical conditions, which has been
applied to oxide thin lm formations, is not applicable to the
VLS nanowire growth due to the narrow window of surrounding
conditions required for the VLS nanowire growth.19 In this
study, we propose a strategy to control the crystal phase of metal
oxides during VLS nanowire growth. We demonstrate that a
material ux critically determines the crystal phase stability
during the VLS nanowire growth of indium-tin oxides. Although
thermodynamical conditions were previously believed to
determine the crystal phase of VLS nanowires, we found that the
slight ux diﬀerence induces the completely diﬀerent crystal
phases of indium-tin oxide nanowires.
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2 Experimental section
Indium-tin oxide nanowires were fabricated by the vapor–
liquid–solid (VLS) method using pulsed laser deposition
(PLD).19–25 Prior to the nanowire growth, the chamber was
evacuated to a base pressure of 5  106 Pa. Then the oxygen
and Ar mixed gas (the molar ratio of O2 : Ar ¼ 1 : 106) was
introduced into the chamber. The total pressure of the chamber
was maintained to be 10 Pa. Aer heating the MgO(100)
substrate (with 0.7 nm Au layer) up to the growth temperature of
750  C, the SnO2 and In2O3 mixed target (the molar ratio of
Sn : In ¼ 80 : 20) was ablated using an ArF excimer laser (l ¼
193 nm, repetition rate ¼ 10 Hz). The supplied metal uxes were
controlled by tuning the laser power from 25 mJ to 60 mJ. We
analyzed the supplied metal uxes by measuring the volume of
thin lms deposited under room-temperature, where the evaporation events on the substrate were negligible. The volume of
thin lms was measured using a surface proler (Alpha-Step
IQ), and then the metal uxes were estimated by the material
density.19 The compositions of supplied uxes were measured
using an electron probe micro-analyzer (EPMA, JEOL, JXA8800R). Further details of the nanowire growth process can be
seen elsewhere.24,25 The morphologies of nanowires were
observed using the eld emission scanning electron microscope
(FESEM, JEOL, JSM-7001F). The crystallinity, phase and element
concentration of nanowires were examined using the highresolution transmission electron microscope (HRTEM, JEOL
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JEM-ARM200F), equipped with energy dispersive spectroscopy
(EDS) and selected area electron diﬀraction (SAED). The transport properties of nanowires were measured with the semiconductor parameter analyzer (Keithley 4200SCS).

3 Results and discussion
Fig. 1 shows the eﬀect of material ux on the SEM, TEM, SAED
and EDS data of fabricated indium-tin oxide nanowires. The
material ux was varied from 2  1017 to 16  1017 (metal atoms
cm2 s1) within an order of magnitude, and the other conditions were set to be constant. These nanowires were grown by
using the tin-rich target of Sn : In in the molar ratio of 80 : 20.
When the total material ux was relatively low – 2 
1017 cm2 s1, the fabricated nanowires only showed the rutile
crystal phase (space group: P42/mnm) of SnO2 without the
signicant indium component, as shown in EDS data of Fig. 1a.
When we increased the material ux to 6  1017 cm2 s1, the
fabricated nanowires exhibited the metastable uorite crystal
m) of InxSnyO3.5 (so-called ISO phase26).
phase (space group: Fm3
The uorite phase was conrmed by electron diﬀraction analysis taken along [001] and [011] directions, as shown in the
upper and lower SAED data in Fig. 1b. Note that these nanowires are entirely composed of the metastable ISO crystal phase,
which is in sharp contrast to previous reports that showed
the partial ISO crystal phase within nanowires.24,26 The
detailed microstructural analysis of ISO nanowires can be seen

Fig. 1 SEM, TEM, HRTEM, SAED and EDS data of indium-tin oxide nanowires when varying the supplied Sn/In ﬂuxes: (a) data for the ﬂux of 2 
1017 cm2 s1. (b) Data for the ﬂux of 6  1017 cm2 s1, the upper ED data were taken along [001] and the lower data were taken along the [011]
orientation. (c) Data for the ﬂux of 16  1017 cm2 s1, the upper ED data were taken along the [001] and the lower one was taken along the [011]
orientation.
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in ESI – Fig. S1.† When the material ux was further increased
to 16  1017 cm2 s1, the fabricated nanowires were of a
bixbyite crystal phase (space group: Ia3) of the conventional Sndoped In2O3 (ITO), as shown in Fig. 1c. Thus, interestingly the
material ux strongly inuences the crystal phase of fabricated
nanowires even when using the constant of other experimental
congurations for VLS nanowire growths. Although the tin
concentration of the target source was constant for all VLS
nanowire growths, the tin concentration incorporated into
nanowires was signicantly diﬀerent when varying only the
material uxes, as seen in the EDS data of Fig. 1. Fig. 2 shows
the eﬀect of material ux on the series of tin concentration data
incorporated into nanowires, which were measured by TEMEDS. We dene the tin concentration (%) as (Sn/(Sn + In)) 
100. Other growth conditions were the same as those for the
growth experiments of Fig. 1. Below 4  1017 cm2 s1 of the
material ux, the tin concentration was almost 100% with the
rutile crystal phase of SnO2. In the middle material ux range
(6  1017–14  1017 cm2 s1), the tin concentration was around
30% with the uorite crystal phase of metastable ISO. For the
higher material ux range – 16  1017 cm2 s1, the tin
concentration decreased to around 20% with the bixbyite crystal
phase of ITO. It is noted that these structural and composition
variations occur within an order of magnitude of the material
ux. These experimental data highlight that the material ux,
which was previously believed to aﬀect solely the growth
rate,19,27 determines the crystal phase of nanowires formed via
the VLS route.
Here, we discuss the inherent mechanisms of how the
material ux aﬀects the crystal phase of indium-tin oxide
nanowires during the VLS growth. Firstly, we examine the
composition diﬀerence between the target source and the
material species supplied onto the substrate when the material
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ux was varied. This is because the material composition
supplied from the target might be altered when the laser power
of ablation is varied to change the material ux. We measured
the material composition supplied onto the substrate by performing the composition measurements of lms deposited
under room temperature, where the evaporation events are
negligible.19,28 As shown in the inset of Fig. 2, the measured tin
concentration was nearly consistent with the nominal target
composition (80%) independent of the material ux variation.
Thus, we can exclude the scenario based on the composition
variation of the supplied species on the crystal phase variation
in the VLS nanowires of indium-tin oxides.
Next, we consider the nucleation probability of indium and
tin at the liquid–solid (LS) interface to explain the crystal phase
variations of nanowires. This is because, in principle, the crystal
nucleation at the LS interface determines the crystal phase of
VLS grown nanowires.29 When both indium and tin elements
exist within the metal catalysts,30 the crystals formed at the LS
interface can be various crystal phases comprised of indium, tin
and oxygen. If the diﬀerent crystal phases have diﬀerent critical
material uxes for nucleation,31 the critical ux dependence of
diﬀerent crystal phases might explain the present experimental
results of Fig. 1 and 2.
Although the complete understanding requires the knowledge as to the thermodynamics and kinetics of nucleation of all
components of Sn–In–O–Au (including the phase diagram),
such information of multicomponent systems is unfortunately
not available. As an alternative experimental approach to obtain
an insight into the nucleation events of tin and indium
elements at the LS interface, we measured the critical material
ux for the nucleation at the LS interface of the parent
compounds – In2O3 and/or SnO2. We measured the growth rate
of nanowires when varying the material uxes, as shown in

Fig. 2 The incorporated tin concentration data of nanowires, measured by EDS, when increasing the supplied Sn/In ﬂux. The detailed crystal
structural information of obtained single crystalline nanowires was shown on the right side. The inset ﬁgure shows the tin concentration data of
thin ﬁlms deposited at room temperature which were measured by EPMA.
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Fig. 3 Critical ﬂuxes for nucleation of the parent compounds (bixbyite
In2O3 and rutile SnO2 nanowires) when varying the material ﬂuxes.

Fig. 3. The x-axis of Fig. 3 is the metal ux of each pure
component, whereas the x-axis of Fig. 2 is the total metal ux of
the mixed supply. The same experimental congurations
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(temperature, pressure and others) in Fig. 1 and 2 were
employed for these nanowire growth experiments. As can be
seen, the critical ux for the nucleation of In2O3 nanowires is
lower than that for SnO2 nanowires. This diﬀerence is due to
their diﬀerent energy barrier heights for the nucleation at the LS
interface, as discussed in previous studies.24,31 This experimental trend of Fig. 3 can be utilized to semi-quantitatively
explain the crystal phase variation of Fig. 1 and 2 in the VLS
growth in terms of the critical material ux values, as given
below.
For the total mixed ux range below 4  1017 cm2 s1 (i.e., 0.8
 1017 cm2 s1 for indium and 3.2  1017 cm2 s1 for tin), only
the SnO2 crystal phase can nucleate at the LS interface. This is
because the material ux for tin only exceeds the critical ux for
SnO2, whereas the material ux for indium is still below the
critical ux for the In2O3 crystal phase. In this range, the supplied
indium species must evaporate to the vapor phase during the VLS
growth. In addition, indium species within Au catalysts cannot be
incorporated into rutile SnO2 nanowires due to low solubility.24
For the total mixed ux range around 4–6  1017 cm2 s1, the
material ux for indium can exceed the critical ux for In2O3
when considering the use of the present indium 20% target. i.e.,
the indium ux is 0.8–1.2  1017 cm2 s1, which is interestingly
in good agreement with the critical ux for In2O3 nanowires in

Fig. 4 Transport properties of single crystalline ISO nanowires. (a) A schematic image of the transport measurement system for ISO nanowires.
(b) A typical I–V curve of ISO nanowires using the four-probe measurement system. The inset ﬁgure shows the resistivity distribution data, and
the inset image shows the SEM data of the fabricated measurement system. (c) Typical temperature dependence data of resistivity (r–T) of ISO
nanowires and (d) Field eﬀect measurement data. The inset shows the conﬁguration of a ﬁeld eﬀect transistor (FET).
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Fig. 3. Thus, once the nucleation for In2O3 at the LS interface
emerges, indium-rich uorite ISO nanowires were formed via the
VLS route. In addition, our experimental results demonstrate that
the emerged nucleation of In2O3 fully suppressed the growth of
the SnO2 rutile phase at the LS interface. The preferential
nucleation of In2O3 at the LS interface can be interpreted in terms
of the thermodynamical stability of each compound (e.g. the
melting points of In2O3 – 1910  C and SnO2 – 1630  C).24
Considering the thermodynamical stability, tin species within
catalysts can be easily incorporated into the In2O3 – based
compounds rather than forming SnO2 crystal structures at the LS
interface, although the direct experimental evidence as to the
physical events at the LS interface should be examined by in situ
measurement techniques.32,33 Further increasing the mixed
material ux above 15  1017 cm2 s1 resulted in the change
from ISO to the ITO crystal phase, which can be qualitatively
explained in terms of the increased indium composition within
nanowires via the increased growth rate of In2O3 compounds at
the LS interface as seen in Fig. 3. Although the exact nucleation
mechanisms of multicomponent systems at the LS interface are
still open questions, the present simple model based on the
presence of diﬀerent critical material uxes for various crystal
phases gives a rigorous qualitative explanation for the material
ux dependence on the crystal phase of indium-tin oxide VLS
nanowires. This approach should be applicable to various VLS
growths of multicomponent metal oxides to experimentally
design the crystal phase.
Finally, we examine the transport properties of newly fabricated metastable ISO single crystalline nanowires. This is
because the ISO nanowire fabricated in this study is the rst
demonstration that the metastable crystal phase of indium-tin
oxides can be extracted as an entire single crystalline entity,34,35
as seen in the ESI – Fig. S2.† In previous works, ISO phases have
been found as the secondary phase.24,26 Therefore, the physical
properties of ISO single phases have never been measured to
date. We measured the transport properties of fabricated ISO
single crystalline nanowires by utilizing the measurement
system, which has been reported elsewhere.24 As shown in
Fig. 4b, we found that the ISO nanowires are conductive
(resistivity range of 104 U cm) with metallic behavior, proved
by the resistivity–temperature (r–T) measurement shown in
Fig. 4c. The FET measurements (the back gate of 100 nm thick
SiO2) demonstrate the n-type behavior, as shown in Fig. 4d. In
fact, these trends are not consistent with the predictions of ISO
crystal phase properties by a rst principle calculation, where
they predicted the emergence of a semiconductor with the
narrow band gap for the ISO phase.36 One possible reason for
this is the composition diﬀerence between the present ISO and
that assumed in the calculation. Thus, the present material ux
control method oﬀers a strategy to explore new crystal phases
and their properties of multicomponent metal oxide nanowires
via the VLS route.

4 Conclusion
In summary, we demonstrated that the material ux critically
determines the crystal phase of VLS nanowires composed of

This journal is © The Royal Society of Chemistry 2014
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indium-tin oxides although surrounding thermodynamical
parameters, including temperature and pressure, were previously believed to determine the crystal phase. The crystal phase
of indium-tin oxide nanowires varied from the rutile structure
(SnO2), the uorite structure (ISO) and the bixbyite structure
(ITO) when only the material ux was varied within an order of
magnitude. The ux induced crystal phase variation can be
interpreted in terms of the material ux dependence of crystal
phases (rutile SnO2 and bixbyite In2O3) on the crystal nucleation
at the LS interface. The present experimental results highlight
that precisely controlling the material ux, which has been
underestimated, is a key issue to experimentally design the
crystal phase of multicomponent metal oxide nanowires via the
VLS route.
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